K lakauch ot &

kL)

4

=

4

4]

P}

44

4

L

46

47

4

k-

Beltnun J. McCormick F & Cook SJ (1996) The selee-
tive prolein kinase C inhibitor, Ro-31-8220, inhibils
mitogen-activaled protein kinase phosphatase-1 (MK P-
1} expression, induces c-Jun expression, and sctiviies
Jun N-tevminal kinase. J Riol Chen 271, 27018 -27024
Sinchez-Perez 1. Murgoia JR & Perony R (1998)
Cisplatin induces 1 persistent activalion of INK that is
related Lo cell death. Oneogene 16, 533540,

Li J. Gorospe M, Hutter D, Barnes J, Keyse SM &

Liu Y (2001) Transcriptional induction of MKP-1 in
response to stress is associated with histone H3 phos-
phorylation-acetylation. Mol Cell Biol 21, 8213 8224
Hitsch DD & Stork PJ (1997) Mitogen-activated
protein kinuse phosphatuses inaclivale stress-activaled
protein kinuse puthways in vive. J Biol Cliem 272, 4568
4575

Brondello IM, Brunet A. Pouysségur ] & McKenzie FR
(1997) The dual specificity mitogen-activated protein
kinase phosphatase-1 and -2 are induced by the
p42/pddMAPK cuscade. J Biol Chen 272, 1368 1376
Cook 81, Beltman J, Cadwallader KA, McMahon M &
McCormick F (1997) Regulation of mitogen-actuvated
protein kinase phosphatase-1 expression by exteacellula
signal-reluted kinuse-dependent and Ca® ' -dependent
signul pathways in Rat-1 cells. J Biol Chem 272, 13309
11319

Ryser S, Tortola S, van Huasteren G, Muda M, Li S &
Schlegel W (2001) MAP kinase phosphatase-1 gene
teanseription in ral peuroendocrine cells is modulated
by o caleium-sensitive block to elongalion in the first
exon. J Biol Chem 276, 33319-33327.

Lin YW, Chuang SM & Yang JL (2003) ERK 1/2
achieves sustained activation by stimulating MAPK
phosphatasc-1 degradation via the ubiguitin- protensome
pathway, J Biol Chemn 278, 21534 21541,

Brondello JM, Pouysségur J & McKenzie FR (1999)
Reduced MAP kinase phosphatase-1 degradation after
42/ p44MAPK-dependent phosphorylation. Seiener
W6, 2514- 2517,

Tournier C, Hess P, Yang DD, Xu J, Tumer TK,
Nimnual A, Bar-Sagi D, Jones SN, Flavell RA & Davis
RJ (2000) Requirement of INK for stress-induced
activation of the cytochrome c-mediated death puthway
Scienve MR, RT0-874.

=

4y

3

5

bl
(]

W
-

54

55

56

-1

5

336

JNK pctivation is eritical for AG1478-induced spoplosis

Lei K. Nimnunl A, Zong WX. Kennedy NI, Flavell
RA. Thompson CB, Bar-Sagi D & Davis RJ (2002) The
Bux sublumily of Bel2-relaled protems is essential for
upoplotic signal transdoction by ¢ Jun NH{2}terminal
kinase. Mol Cell Biol 22. 4929 4942

Tsuruia F. Sunayama J. Mon Y, Hattori S. Shimizu S,
Tsujimoto Y. Yoshioka K, Masuyama N & Gotoh Y
(2004} INK promotes Bax translocation to mitochon-
dnia through phosphorylation of 14-3-3 proteins.
EMBQ J 23, 1889 1899

Scaflidi C, Fulda 8. Srimvasan A, Friesen C, Li F,
Tomaselli KJ, Debatin KM, Krummer PH & Peler ME
(1998) Two CDYS (APO-|/Fas) signaling pathways.
EMBO 117, 1675- 1687

Chang GC, Hsu SL, Tsui JR. Liang FP, Lin 8Y, Sheu
GT & Chen €Y (2004) Molecular mechanisms of
ZD183-induced Gil-cell cycle arrest and apopiosis

in lung arcinoma A 549 cells. Biochem
Pharmavol 68, 1453 1464,

Kolbus A, Herr 1, Schreiber M, Debutin KM, Wagner
EF & Angel P (2000) e-Jun-dependent CD95-L expres.
sion is o rate-limiling siep in the induction of apoplosis
by alkyluating agents. Mol Cell Biol 20. 575 582.
Srikanth S, Franklin CC, Duke RC & Kralt RS (1999)
Humun DUIL4S prostate cancer cells overexpressing
milogen-uctivaled protein kinase phosphatase-1 are
resistant to Fas hgand-indvced mitochondrial perturba-
tions and cellular apoptosis. Mel Cell Biovhen 199,
169-178.

Denkert C, Schmitt WD, Berger S, Reles A, Pest S,
Siegert A, Lichiencgger W, Dietel M & Haupimann §
(2002) Expression of mitogen-uctivated protein kinase
phosphatase-1 (MKP-1) in primary human ovarian
carcinoma, M J Cancer 102, 507-513,

Wang HY, Cheng Z & Malbon CC (2003) Overexpres-
sion of mitogen-activated protein kinase phosphatases
MKPI, MKP2 in human breast cancer. Cancer Lett
191, 229-237

Taukeuchi K, Motoda Y & lto F (2006) Role of tran-
scription factor activator protein 1 (A1) in epidermal
growth lactor-mediated protection against npoptosis
induced by n DNA-damaging agent. FEBS J 273, 3743
3755

I




British Journal of Cancer (1008) 98, 507 -914 .
© 1008 Cancer Rasesrch UK Al nghts reverved 00070920008  $30.00

m.b[c-ur-wm

Multicentre prospective phase Il trial of gefitinib for advanced
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The purpose of this study was to evaluate the efficacy of gefitinib and the feasibility of screening for epidermal growth factar receptor
(EGFR) mutations among select patients with advanced non-small cell lung cancer (NSCLC), Stage INBAV NSCLC, chemotherapy-
naive patients or patients with recurrences after up to two prior chemotherapy regimens were sligible. Direct sequencing using DINA
from tumour specimens was performed by a central laboratory 1o detect EGFR mutations. Patients harbouring EGFR mutations
received gefitinb. The primary study objective was response; the secondary objectives were toxicity, overall survival (OS),
progression-free survival (PF5), | -year survival (1Y-S) and the disease control rate (DCR). Between March 2005 and january 2006, | 18
patients were recruited from |5 institutions and were screened for EGFR mutations, which were detected in 32 patients - 28 of whomn
were enrolled in the present study. The overall response rate was 75%, the DCR was 96% and the median PFS was | 1.5 months, The
median OS5 has not yet been reached, and the |Y-5 was 79%. Thus, gefitinb chemotherapy in patients with advanced NSCLC
harbouring EGFR mutations was highly effective. This trial documents the feasibility of performing a multicentre phase Il study using a
central typing laboratory, demanstrating the benefit Lo patients of selecting gefitinib treatrment based on their EGFR mutation status.
British Journal of Cancer (2008) 98, 907—9 4. dot10.1038/bjc 6604249  www.bicancer.com
Published online |9 February 2008

© 2008 Cancer Research UK
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Gefitinib, a tyrosine kinase inhibitor (TKI), is an orally active
small molecule that functions as a selective epidermal
growth factor receptor (EGFR) inhibitor (Ranson et al, 2002).
Two phase 11 trials (Fukuoka et al, 2003; Kris et al, 2003) for
previously treated non-small cell lung cancer (NSCLC) (IDEAL-1
and -2, respectively) have documented favourable objective
responses in 14-18% of patients. However, in a phase NI
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E-maik:

Recetved 4 October 2007; revised | | January 2008; accepted |5 january
2008; published online |$ February 2008

trial (Thatcher et al, 2005), no survival benefit of gefitinib
was observed when compared with best-supportive care (BSC)
for previously treated NSCLC. In contrast, we have scen a
significant survival benefit of erlotinib compared with BSC
us a salvage therapy (BR21); erlotinib is also an EGFR-TKI
and its chemical structure, which is based on quinazoline, is
quite similar to that of gefitinib (Shepherd ef al, 2005). Although
we do not know whether differences between gefitinib
and erlotinib were responsible for these different outcomes,
appropriate patient selection to identify good responders is
likely crucial for revealing the clinical benefits of the EGFR-TKI
family.

337




a
E)
o
|
w
g
-
&

%08

Phase Il of gefitinib for NSCLC with EGFR mutation
K Tarmurs et o

Patient subset analyses of these randomised phase II1 trials or
retrospective trials (Kaneda et al, 2004; Miller et al, 2004) clearly
show the existence of populations that are more likely 10 respond
to gefitinib and erlotinib, including women, patients with
adenocarcinoma (especially with bronchial alveolar carcinoma
(BAC)), nonsmokers and Asian patients (compared with Cauca-
sians). Somatic mutations in specific regions of exons 18, 19 and 21
of the ATP-binding domain of EGFR have recently been shown to
have strong associations with sensitivity to gefitinib or erlotinib

received up 1o two prior ch including
those performed in an adjuvant sel'.l.lng. were eligible. Other
eligibility criteria included an age =20 years, measurable
disease, the availability of sufficient amounts of tumour specimen
for EGFR mutation analysis, an Eastern Cooperative Oncology
Group performance status  of 0.2, te organ
function (WBC<3000ul~", platelets=75000ul ', AST and
ALT<100TU1-", serum creatinine < twice the upper limit of the
r:fmu range; P.u;;SDmm Hg). The exclusion criteria included

AR |

(Lynch et al, 2004; Paez et al, 2004; Pao et al, 2004), C
with these findings, the frequencies of these EGFR mutations were
higher in women, patients with adenocarcinoma, nonsmokers and
Asians, all of whom are among the more frequent responders, as
mentioned above (Shigematsu et al, 2005). There are two
characteristic types of EGFR mutations. One is the presence of
in-frame deletions, including the amino acids at codons 746-750
in exon 19, and the other is an amino-acid substitution at codon
858 (L858R) in exon 21. Recent analyses (Bell er al, 2005) of phase
11 and 111 trials for EGFR-TKI, in which patients were not selected
based on their mutation status, have suggested that EGFR
mutations are correlated with to therapy but are not
correlated with overall survival [OS) Furthermore, EGFR gene
amplification/copy number (Cappuzzo et al, 2005; Hirsch et al,
2005) or overexpression (Hirsch el al, 2003) has been shown to be
a more useful prognostic marker of response to gefitinib
treatment. Patient selection according to EGFR mutation status
may yield a superior survival rate by excluding patients who are
unlikely to respond to gefitinib treatment. However, other
populations that might obtain a clinical benefit from gefitinib
treatment, even in the absence of EGFR mutation, may exist.

Three Japanese groups (Asahina et al, 2006; Inoue ef al, 2006;
Yoshida et al, 2007) have reported tive 11 studies of
gefitinib for advanced-stage NSCLC that were designed to consider
the EGFR mutation status of the patients. All of these studies have
reported a high response rate and extended progression-free
survival (PFS) period, compared with historical controls, However,
all of these studies had a relatively short observalion period,
making the data preliminary. Moreover, the original sample size
was calculated after patient selection, and a critical consideration
of the suitability of the assay used to detect the mutations (which
was performed using small paraffin-embedded i obtained
from bronchoscopic biopsies), and the estimated EGFR-positive
rate were lacking. Additionally, all the trials were conducted at
single institutions located in one small area of Japan. Thus, the
published data may not be representative of the situation found in
general clinical practice throughout Japan and therefore may not
directly translate to the general feasibility of gefitinib treatment in
Japan.

l:rl view of this situation, we performed a multicentre prospective
phase 11 trial of gefitinib for advm:ed NSCLC harbouring EGFR

i We prospectively registered patients from 15 different

institutes in Japan at the beg,mn[ng of EGFR mutation screening
using a central database, Whether or not tissue was available from
a bronchoscopic biopsy or surgery was not an inclusion criterion.
All the clinical samples from the registered patients were delivered
to a central laboratory that then determined the EGFR mutation
status or the histological BAC fi The analysis of the survival
data wus based on a minimum observation period of at least 15
months from the time of entry of the last patient.

MATERIALS AND METHODS

Eligibility criteria

Eligible patients had histologically confirmed stage I1I NSCLC for
which thoracic irradiation was not indicated or were stage IV.
Chemotherapy-naive patients or those who had previously
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P Y ﬁbmu. the p e of symp ic brain
active conc ali y, severe heart disease, active
gastrointestinal bleeding “and continuous diarrhoea, All the
patients signed a written informed consent form. Approval of this
study and the gene analyses were oblained from the Institutional
Review Board and the Ethics Committee of each hospital.

EGFR gene analysis

Tumour specimens were oblained using bronchial fiberscope or
surgical procedures. The specimens were fixed with formalin and
embedded in paraffin. Four slices (4-5um) from the embedded
block were sent to a central laboratory (Mitsubishi Chemical Safety
Institute Ltd., Ibaraki, Japan) for genetic analysis. Most of the
tumour specimens were available prior to the registration of this
study. Genomic DNA was isolated from specimens using QlAamp
Micro kits (QIAGEN KK, Tokyo, Japan). The EGFR mutations in
exons 18, 19 and 21, as previously reported (Lynch et al, 2004; Paez
et al, 2004), were determined using polymerase chain reaction
(PCR) amplification and intron~exon boundary primers accord-
ing to the published method. An EGFR registrant mutation in exon
20, which was reported by Pao et al (2005) was also examined
using PCR and the previously reported primers. Polymerase chain
reaction was performed using a Gene Amp PCR System 9700
(Applied Biosystems, Foster City, CA, USA), and the PCR products
were confirmed using a Bioanalyzer 2100 (Agilent Technologies
Inc,, Santa Clara, CA, USA), then sequenced directly using the Big
Dye Terminator v3.1 Cycle Sequencing Kit {(Applied Biosystems)
and ABlI PRISM 3100 (Applied Biosystems). All sequencing
reactions were performed in both forward and reverse directions
and were analysed using the Basic Local Alignment Search Tool
(BLAST); all the electropherograms were reanalysed by visual
inspection to check for mutations. The presence of an EGFR
mutation was confirmed using at least three independent PCR.
All sequence data were sent from the central laboratory to Kinki
University. A principle investigator then confirmed whether or not
the EGFR mutation status was positive, and the results were sent to
the West Japan Thoracic Oncology Group (WJTOG) data centre.
The data centre then informed each participating centre of the
results of the genetic analysis and requested that the eligibility
criteria of the patients be rechecked to insure that only EGFR-
positive subjects were rq:i.slcrcd in the trial. Each tumour was
categorised according to h gy by a pul y pathologist
(JF). The percentage of area a BAC pattern was also
examined to determine the WHO plthologncli category.

Treatment plan

Gefitinib (250 mgday ') was administered once daily. Treatment
was continued uninterrupted until disease progression or intoler-
able toxicity (grade 4 nonhaematological toxicities, any incidents
of interstitial pneumonia or a treatment delay of more than 2
weeks because of adverse effects). Gefitinib administration was
delayed if the patient's leukocyte and platelet counts were lower
than 1500 and 5000 il ', respectively, and was withheld until these
counts had recovered. Gefitinib administration was also delayed if
grade 3 or greater nonhaematological toxicities without nausea,
vomiting or alopecia occurred and was withheld until recovery to

grade 2.
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Routine clinical and lsboratory assessments and chest X-ray
assessments were performed weekly or biweekly, where possible;
CT examinations of the target lesion were performed every month,
and magnetic resonance imaging of the whole brain and 3 bone
scan were performed every 3 months. The objective responses of
the patients were evaluated every month using the Response
Evaluation Criteria in Solid Tumours (RECIST) guidelines
(Therasse ef al, 2000), Tumour response was centrally evaluated
by independent reviewers at an extramural conference and was
performed for the intent-to-treat population. All adverse effects
that occurred during gefitinib treatment were reported, and the
severity of the effects was graded according to the National Cancer
Institute Common Terminology Criteria for Adverse Events,
version 3,0,

Statistical analyses

The primary end point of this study was the response rate. A one-
stage design using the binominal probability was used 1o
determine the sample size, A ing that a resp rate of 50%
would indicate potential usefulness, whereas a rate of 25% would
be the lower limit of interest, and with 2 =10, !0 (two side) md
fi = 0.20, the esti 1 accrual ber was 23 p ts. Fsti

that the EGFR-positive rate would be about 10%. the urlerung
number required to accrue 23 EGFR-positive patients was 115,
After assuming an inevaluability rate of <10%, the final required
screening number was 125,

The secondary end points of this study were toxicity, OS, PFS,
I-year survival (1Y-5) and the disease control rate (DCR). Survival
analyses were conducted on the intent-to-treat population using
follow-up data available as of 30 April 2007, The survival curves
were estimated using Kaplan- Meier plots.

RESULTS

Patient characteristics

Between March 2005 and January 2006, 118 patients were
prospectively screened from 15 institutions; 117 of them under-
went EGFR mutation analysis (tumour tissue was not available for
one patient). The median time required for the EGFR mutation
analysis was 12 days (range: 7-28 days). Among the 117 patients,
EGFR mutations were detected in 32 patients (27%), 14 of whom
had a deletion in or near E746-A750 (including one del E746-T751
ins A, two del L747-T751 and one del L747-T753 ins S) in exon 19.
A further 17 had L858R, and one had a L861Q point mutation in
exon 21 (Table 1).

Tissue samples from 17 patients (53%) were obtained by
transbronchial biopsy. The EGFR detection rates for the surgical
specimens and the bronchoscopic biopsy speci were simil
(30 vs 25%). The EGFR mutations were significantly more frequent
in women (P<0.02), in pati with ad arcinoma (P - 0.001)
and in people who had never smoked (P<0.001) (Table 2). Finally,
28 patients (14 with deletions in exons 19 and 14 with point
mutations in exon 21) were actually ed and received
treatment with gefitinib, whereas four patients were dropped from
the study as they became ineligible because of tumour progression
during the time required for the mutation analysis.

Patient characteristics are listed in Table 3. In the initial
screening, there were 56 female patients (48%), 97 patients (83%)

Phase |l of gefitinib for NSCLC with EGFR mutation
¥ Tamura et of

Table | Type of EGFR mutations (n=31)

Characteristics No. of patients %

Exon 18 0

Exon 19 14 ad
del E746-ATS0 10 2
del E746-T751 as A I i
del L747-T751 2 &
deA L7427 T753 i § I 3

Exon 2] 8 56
L858R 17 53
18510 [ 3

EGFR = epiderrnal growth tactor receptor.

Table 1 Relationship between patient charactenistics and EGFR mutation
status

EGFR mutation EGFR mutation

positive (n —32)  negative (n - 85)

Characteristics Mo. of Patients % Mo. of Patients % P
Sex

Mile 1] L) 50 59

Female il &6 35 4 <002
Histology

Adenocartinoma Ell 97 66 78

Monadenotarcinoma | 3 19 2 =0001
Smoidng stotus

Never 2 &6 3 36

Currentfiormer 1 EL 5 &4 <0001

EGFR = epidermul growth factor receptor.

(619%) were chemotherapy naive. Thoracic irradiation was contra-
indicated in one patient with stage IITA disease because of the large
irradiation field that would have been required. All five pati
with stage ITIB diseases had malignant effusions. Four patients had
received adjuvant therapies; five had received platinum doublets or
a combination of gemcitabine and vinorelbine as their first-line
therapy. Two patients had received two regimens of platinum
doublets followed by docetaxel or pemetrexed. One patient had
received local radiahion for pain control.

Response and survival

The objective tumour responses are listed in Table 4. The overall
response rate and DCR were 75% (95% CI: 57.6-91.0%) and 96%
(95% Cl: 87.0-96.4%), respectively. Five out of ten male patients
{50%), six out of nine smokers (67%) and five out of eight male
smokers with adenocarcinoma (63%) achieved a PR. One female
nonsmoker with squamous cell carcinoma also achieved a PR
Among the registered patients with EGFR mutations, the response
rate was no different between current/former smokers and those
who had never smoked (67 vs 79%) or between chemotherapy-
naive and pouchemolhenpy pamnu (77 vs 73%). Female and

with adenocarcinoma and 53 (45%) who had never smoked. The
frequency of these characteristics was higher among the patients
with EGFR mutations who were actually registered; ly, 18

p with a in exon 19 tended to have a
h:gher response rate than male (89 vs 50%) and patients with a
ion in exon 21 (86 vs 64%), respectively.

patients (64%) were women, 27 (96%) had adenocarcinoma and 19
(68%) had never smoked. The median age of the 28 actually
registered palients was 68 years; 24 palients (86%) had a good
performance status {0-1), 22 (79%) had stage [V diseases and 17

& 2008 Cancer Research LK

The median follow-up time was 18.6 months (range: 13.8-23.4
months). The median PFS time was 11.5 months (95% CI: 7.3
months to -) (Figure 1A). The median OS has not yet been reached,
and the 1Y-5 was 79% (95% CI: 63.4-93.8%) (Figure 1B).
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Table 3 Pavent charactenstics of all repsteced patents (n = 28)

Characteristics Me. of patients (%)
Age
Meduan 68
Range 19-89
Performence stotus
[\] 1 (39)
| 13 (47)
2 414
Sex
Male 10 (38)
Ferrale 18 (54)
Histology
Adenocarunoma 27 (96)
Squamous cell caronoma | (%)
Large cell carunama 0 (0)
AdennsquEmous caranoma 0 (0)
Other 0
Smoking stotus
Never 19 (68)
Curent/lomer 9(32)
Stoge
s | (3)
na 5(l8)
™ (")
Prigr concer theropy
Na 17 (61)
One regimen (adjuvant) 4(14)
One regmen (not adjuvant) 5 (18)
Two regimens 1(7)
Returrence after surgery 1139
Radiation I (1)

“Unresectable. no ndication for thomcic radation because of a lage radiation feld

lung fields on day 25, and steroid therapy was initiated.
Nonetheless, the patient died of respiratory failure on day 48.
Two patients also experienced grade 1 ILD. They recovered
without steroid administration.

Subsequent treatment after disease progression

Of the 14 patients who become refractory to gefitinib and exhibited
discase progression, 10 received chemotherapy as their first
treatment regimen after gefitinib (Table 6); 5 patients received
platinum doublets and 1 patient reccived vinorelbine as a second-
line treatment; and 3 received docetaxel and | received platinum
doublet 85 a third-line treatment. In all, 4 out of the 10 patients
(40%) had a PR. Of the nine patients who become refractory to the
first treatment regimen after gefitinib, six received chemotherapy
as their second regimen after gefitinib, including one who received
gemcitabine, one who received docetaxel, and one who was re-
treated with gefitinib as a third-line therapy; two other patients
received docetaxel and one was re-treated with gefitinib as o
fourth-line therapy. Two of the six patients (33%) had a PR. The
two patients who received gefitinib re-treatment both had 5D,

BAC features, EGFR amplification and T790M mutation in
exon 20

A total of 110 tissue samples were available for pathological review,
of which 90 were from adenocarcinoma; 33 of these specimens
(37%) revealed proportional BAC components in the specimen.
Among them, 15 were considered extensive and the remaining 18
were found to have minor BAC components, The 39 surgical
specimens included 36 from adenocarcinomas. The EGFR muta-
tions were detected in 12 out of the 36 adenocarcinoma specimens.
None of the samples with a BAC component, micropapillary
pattern or mucin production was associated with an EGER
mutation (Table 7).

Data on EGFR gene copy numbers were available in only 12
samples. We used the criteria for defining a high EGFR gene copy
number (gene amplification or high polysomy, as determined
using FISH) that were described in a previous report (Capp
et al, 2005). A total of 7 out of the 12 nmplu had a high gene copy
number (FISH positive), and 6 (3 with EGFR mutations) out of the
7 samples had proportional BAC ¢ ts. In all, 5 out of the 12

Table 4 Response rate (n=28)

Response No. of patients  Response rate (%)  95% CiI
Complete respome I 16

Parial resporss 20 T4

Stable disease 6 ik}

Progressve dsease 0 00

Not evaluable® I 35

Overall response H 750 576~91.0
Diease control rate 27 964 870-964

Cl=confidence interval. "One patieet was net evahioble becane ol a poor
=aluation of efficacy.

Safety and toxicity

Toxicity was evaluated in all eligible patients (Table 5). The most
frequent adverse events were rash, dry skin, diarrhoea, stomatitis
and elevated AST/ALT levels, Two patients experienced grade 3
rash and one patient experienced grade 3 keratitis; however, these
patients all achieved a PR, and the adverse effects subsided after
pausing gefitinib treatment for around 2 weeks. Four patients
experienced grade 3 hepatotoxicity; three of these patients had o
discontinue treatment for this reason.

One patient developed titial lung di (ILD) (Ando et al,
2006). qund-g[nss opacity was detected in the right upper lobe
19 days after the start of gefitinib administration, resulting in the
cessation of treatment. However, the lesion enlarged into bilateral

Beitish Journal of Cancer (2008) 98(5), 207-914
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les were FISH negative, only 1 (with no EGFR mutation) of
which had a BAC « Two pati that were FISH
negative, BAC negative and EGFR mutation positive had 5D when
treated with gefitinib.

Another EGFR mutation, T790M in exon 20, has been reported
to be associated with resistance to gefitinib (Kobayashi et al, 2005;
Pao et al, 2005), We checked for this mutation in six patients who
did not respond to gefitinib; however, the mutation could not be
identified in any of the patients.

DISCUSSION

We performed a multicentre phase 11 study examining the use of
gefitinib for advanced NSCLC in patients with EGFR mutations,
prospectively recruiting patients at the time of genetic screening
and avoiding a selection bias, All patients were registered in a
central database. All tissues were delivered from the local
participants to the central facility, where they were reviewed by a
pathology specialist and the EGFR mutation status was evaluated.
The median time for the EGFR mutation detection analysis was 12
days, which is probably an acceptable time lag before the start of
treatment for advanced NSCLC. However, a shorter period would
clearly be desirable for routine clinical practice. [ndeed, 4 out of
the 32 EGFR-positive patients were dropped from the study
because of disease progression before their actusl registration

© 2008 Cancer Research UK
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Table 5 Common adverse events (n = 28)

10 12 14 L] 18 20 2 Fo] 28
Survival tene (monfhs)

(A) Progression-free sunvival (PFS) and (B) overall sunmval (OS) of all eligible pabents (n = 28). The median PFS was | 1.5 months. The median
05 has nol yet been reached. The |-year survival rate was 79%

samples were found to be the same as those in surgical specimens,
suggesting that this assay can also accommodate stage IV NSCLC.

We detected the two characteristic types of EGFR mutations (in

No. of patien
— e — exons 19 and 21) in 44 and 56% of the patients, respectively
Adverss svents Grada! Grade? Grade3 Graded (Table 1); these percentages are identical to those in previous
reports from Japan (Shigematsu er al, 2005; Asahina er al, 2006;
Hoematologic Inoue et al, 2006; Yatabe et al, 2006; Yoshida ef al, 2007). In
Araemia 12 (43) 3(in 0O 0@ summuary, we confirmed the feasibility of using the EGFR detection
Levcopaena : E::; : E':; f g} g% assay in daily practice.

detropasnis. The overall response rate was 75%, which was comparable to
i o LU U PR °® those of other phase 1T studies of gefitinib in patients with EGFR
Norihaematoioge mutations (Asahina et al, 2006; Inoue er al, 2006), despite our
Rashy 10 (36) I (39) i 0 (0) study permitting the entry of patients who had previously received
Dry sin 9 (32) 10 (36) 0(0) 0 (0) up to two chemotherapy regimens. The DCR of 96% was relatively
Mall thanges 5(18) M o (o) o (o) high, and the median PFS of 11.5 months and 1Y-S of 79% were
Keratitis 0 (@ 0@ I (%) 0O also very promising. In a Korean study, Lee et al (2006) also
Fever 9 1N oo 0{0) reported a very promising response rate (56%) and 1Y-5 (76%) for
Fatigue g(lm 319 3 (10) 0@ gefitinib in a prospective study of selected NSCLC patients with
Lvhosn ) (9 0 2O adenocarcinoma and never/light smokers, defined as having
Coospputicn ] 0 0O oM smoked no more than 100 es d one's lifetime. In th
Stomatitis 8 (29) I (4) 0 {0) 0 Eigarites ducing <
Gastritis 1 (4) o 0 () 0@ l:rumng process for the pment “udr EGFR mutations were
Anorexs 10 I (4) 0 (0) 0 [ signi more fi with adenocarci-
MNausea 31N I (%) 0(0) o noma und those who had never smoked. However, among the
Vomiting i 1(n I (4) 0 (0) patients who were selected according to their EGFR mutation
Dyspnoea 2 0@ | (4) 0 ©) mlunodtﬂmucnlnmpommobmhcmnm

&-D : m ??2 gg ; S; smokers and current/former smokers or b
ertigo naive and postchemotherapy patients. [n a retrospective smdy.
?ﬂﬂﬂ'mfNT Ig ?l]&} ; g} ?ﬁl) ? ﬁ;, Han er al (2006) directly compared clinical predictors (smoking
FI: sl 20 | (4) 10 00 history, gender and histology) and the EGFR mutation status for

their ability to predict response and survival. They showed that

ALT = alanine transaminates AST = aypartate tramaminate: LD = interatitial hung

disease. ‘Same patient.

could occur. Yatabe et al (2006) has developed a rapid assay to
detect EGFR mutations, and we have decided to use this assay in a
phase 111 trial. The EGFR mutation rates in transbronchial biopsy possible to optimise resp P

© 7008 Cancer Research LK

female never smokers with adenocarcinoma (three clinical
pudxc‘lon) had a 33% response rate, whereas patients with a
positive EGFR mutation status }ud a 62% response rate.
Furthermore, in a multivari is, only a posi EGFR
mutation status was associated with an ampmvcd 05, suggesting
that the EGFR mutation status lhouid be w whenever
i bnl:d on clinical
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Table § Subsequent wreatments after falure to respond 1o gefitinib (n= 28)

Ist regimen
Geltiuth t.rulmwtt MNo. of Patients after gefitinib
Ist Iru_- 7 Pl doubler
VNR
2nd line” 4 Doce
Pit doublet
ind hne 5 Deoxe
3rd lne 2 -
Totl 18

Respone

Ind regimen
MNo. of patients after gefitinib No. of patients
5 Gem or Doce 1
Gefitmty' |
I —_ »
2 Doce I
| Doce 1
I Cefitmity” I
10
40 e

Doce = docelaset Gem = gemoilsbine: Pl = platmurm: VNR = wnorslbine. *floth patients had an SO resporse after gefitind re-treatment. "Frst regrmen o systern

chematherapy after aduvant treatment.

Table 7 Bronchial alveolar carcinoma (BAC) features and EGFR
mutation status

have a higher impact on the selection of responders to gefitinib
treatment among these kinds of Asian patient subset (for example,

EGFR mutation
+ - Povalue

Surgically resected adenccarcnoma case 12 i
BAC componens

Yes 8 17 1o

No 4 7
Micropapdicry pattem

Yes 4 12 048

Mo 8 12
Muci production

Yes I 5 10

Mo 1] 19

EGFR = epidermal growth factor recepton,

background factors. In the present study, EGFR mutations were
detected in 16 out of 40 (40%) female never smokers with
adenocarcinoma who underwent the screening process, and 14 out
of these 16 patients (88%) achieved a response after

gelitinib therapy. We could not compare the predictive powers of
clinical predictors and the EGFR mutation status with regard to the
clinical benefits of gefitinib in this study. Thus, the need for EGFR
mutation testing among clinically favourable patients remains
uncertain, Decisions regarding the first-line therapy of choice for
patients with EGFR mutations or a clinically favourable profile
(nonsmoker with adenocarcinoma) must also await the results of
an ongoing randomised phase 1l study in an Miu\ popul.nion
(TPASS: Iressa Pan-Asian Study) c ing p

with gefitinib,

In contrast, 50% of the men, 67% of the smokers and 63% of the
men who were amoktrs uhncved a PR in this study, Furthermore,
one fi cell carcinoma also
responded to gefitinib. Thc hmolnglca] type of this tumour was
reassigned by n pulmonary pathologist, and the tumour was finally
confirmed to be a squamous cell carcinoma. Squamous cell
carcinoma harbouring an EGFR mutation is rarely seen but has
been previously reported (Asahina et al, 2006). In a Japanese phase
Il trial of gefitinib for unselected chemotherapy-naive patients
{(Niho et al, 2006), the response rates among smokers, men, and
patients with nonadenocarcinoma were 19, 13 and 10%, respec-
t:vel}f Thl.u NSCLC pntlents who are either smokers, men or have

arcinoma hi gy are unlikely to receive gefitinib
1ru:mem as a first-line treatment instead of standard chemothera-
pies (platinum doublets), which yield a response rate of about 30%
(Schiller et al, 2002). Therefore, EGFR mutation screening may
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kers with adenocarcinoma, and king men or women
with nonadenocarcinoma).

The benefit of chemotherapy in general among patients with
EGFR mutations, compared with EGFR mutation-negative patients,
remains uncertain. Previous studies (Bell er al, 2005) have
suggested that patients with EGFR mutations tend to be more
sensitive to chemotherapy than those with wild-type EGFR. In the
present study, 40 and 33% of the patients responded to first- and

second-line s after gefitinib, respectively.
These relatively high rates for refractory NSCLC suggest
that patients with an EGFR mutation-positive status are generally
sensitive to . Large-scale multivariate analyses, using

pooled data from prospective phase Il or Il trials in which the
EGFR mutation status was clearly confirmed, are needed to clarify
this point.

The toxicities observed in the present study were mostly
tolerable. Most of the common adverse events, like rash, di
or hepatatoxicity, were mild and subsided after gefitinib admin-
istration was paused for a short period. One male smoker with
adenocarcinoma died of ILD. Thus, even among patients who are
selected based on their EGFR mutation status, men or smokers
may still be at risk for developing ILD; therefore, biomarkers to
predict ILD are needed.

Patients with exon |9 mutations tended to have a higher response
rate than those with a missense mutation in exon 21, consistent with
the findings of previous reports (Jackman et al, 2006; Riely ef al,
2006). The Spanish Lung Cancer Group also reported on a
prospective phase I1 study of erlotinib in advanced NSCLC patients
with EGFR mutations (Paz-Ares et al, 2006). The overall response
rlt: was 82%. They also showed a difference in response rates

ients with i in exons 19 and 21 (95 and 67%,
rupccn\fdy} Exon 11 c-kit mutations are more closely correlated
with a good prognosis in patients with gastrointestinal stromal
tumour, who may benefit from lower doses of imatinib, whereas
patients with exon 9 mutations may require higher doses (Debiec-
Rychter et al, 2006). In the case of EGFR, functional differences
between mutation types may also exist.

We found no discernible associations between the EGFR
mutation frequency and the presence of a BAC component,
Several reports, including that of Hirsch ef al (2005) suggest that a
higher EGFR copy number is correlated with BAC histological
features. We also an association between a high BGFR copy
number and the presence of a BAC component, even though the
number of specimens examined was relatively small. In a study on
erlotinib, the presence of a BAC component was clearly associated
with EGFR amplification. As the EGFR mutation rate is lower in
western populations than in Asian populations, the EGFR gene
copy number might be a more useful biomarker in western
populations, especially with regard to the use of erlotinib.

© 2008 Cancer Resesrch UK



tients with advanced

for

In conclusion, gefitinib tr F

NSCLC hlrbounns an EGFR ion d 1 apr
activity in patients with a good performance status, Patient
screening according to EGFR mutation status may be a uscful
tool in daily practice and will likely have a great impact on the
sefection of patients who are likely to benefit from gefitinib
freatment.

REFERENCES

Asahina H, Y ki K, Kinoshita [, Sukoh N, Harada M, Yokouchi H,
Ishida T, Ogura §, Kojima T, Okamoto Y, Fujita Y, Dosaka-Akita H, Isobe
H, Nishimura M, on behalf of the Hokkaido Lung Cancer Clinical Study
Group (2006} A phase I trinl of gefitinib as first-line therapy for
advanced non-small cell lung cancer with epidermal growth factor
receptor mutations. Br [ Cancer 95: 998~ 1004

Ando M, Okamoto [, Yamamoto N, Takeda K, Tamura K, Seto T, Ariyoshi
Y. Fukuoka M (2006) Predictive factors for interstitial lung disease,
antitumor response and survival in non-ymall-cell lung cancer patients
treated with gefitinib. | Clin Oncol 24: 2549- 2556

Bell DW, Lynch TJ, Haserlat SM, Harris PL. Okimoto RA, Brannigan BW,

Phase Il of gefitinib for NSCLC with EGFR mutation
K Tamura et of

ACKNOWLEDGEMENTS

We thank Masaru Sekijima, PhD (Director, Research Division for
Advanced Technology, Kashima Laboratory, Mitsubishi Chemical
Institute Ltd) for technical support with the EGFR mutation
analyses, and Yuki Inoue, Erina Hatashita and Yuki Yamada for

data management.

Kris MG, Natale RB, Herbst RS, Lynch Jr T], Prager D, Belani CP, Schiller
JH, Kelly K, Spiridonidis H, Sandler A, Albain KS, Cella D, Wolf MK,
Averbuch SD, Ochs J], Kay AC (2003) Efficacy of gefitinib, an inhibitor of
the epidermal growth factor receptor tyrosine kinase, in symptomatic
paticnts with non-small-cell lung cancer. JAMA 290: 2149-2158

Kaneda H, Tamura K, Kurata T, Usjima H, Nakagawa K. Fukuoka M (2004)
Retrospective analysis of the predictive factors associated with response
and survival benefit of gefitinib in patients with advanced non-small cell
lung cancer. Lunyg Cancer 46: 247 -254

Kobayushi 5, Boggon T1, Dayaram T, Jinne PA, Kocher O, Meyerson M,
Johnson BE, Eck MI, Tmm DG, Halmos B (2005) EGFR mutation and

Sgroi DC, Muir B, Rlemenschneider M], lacona RB, Krebs AD, Jol
DH, Giaccone G, Herbst RS, Manegold C, Fukuoka M, Kris MG, Baselga |,
Ochs |5, Haber DA (2005) Epidermal growth factor receptor mutations
and gene amplification in non-small-cell lung cancer: molecular analysis
of the IDEAL/INTACT gefitinib trials, J Clin Oncol 23: 5081 - 8092

Cappuzzo F, Hirsch FR, Rossi E, Bartolini §, Cerescli GI, Bemis L, Haney |,
Witta §, Danenberg K, Domenichini I, Ludovini V, Magrini E, Gregorc V,
Doglioni C, Sidoni A, Tonato M, Franklin WA, Crino L, Bunn [r PA,
Varella-Garcia M (2005) Epidermal growth factor receptor gene and
protein and gefitinib sensitivity in non-small-cell lung cancer. /| Nat!
Cancer Inst 97t 643 -655

Debiec-Rychter M, Sciot R, Le Cesne A, Schi M, Hohenberger P, van
Oosterom AT, Blay [Y, Leyvraz S, Stul M, Casali PG, Zalcberg |, Verweij ],
Van Glabbeke M, HIFMEI]‘H A, Judson I, EO!TC Soft Tl!ln! .llld Hone

of ll-cell lung cancer to gefitinib. N Engl | Med 352:

TBE=-T92

Lee DH, Han Y, Yu SY, Kim HY, Nam BH, Hong EK, Kim HT, Lee JS
(2006) The role of gefitimb treatment for Korean never-smokers with
sdvanced or metastatic adenocarcinoma of lung: a prospective study.
| Tharac Oncol 1: 965-971

Lynch TJ, Bell DW, Sordella R, Gurubl la S, Oki RA, B
BW, Harris PL, Haserlar 5M, Supko |G, thuh FG, Louis DN, Ulﬂllluu
DC, Settleman ], Haber Dﬂ lmﬂ .\ctmrmg mutations in the epidermal
growth factor of non-small-cell lung
cancer to pﬂlinib N Engl | Med 350: 2129-2139

Miller VA, Kris MG, Shah N, Patel ], Arzoli C, Gomez |, Krug LM, Pso W,
Rizzo B, Tyson L, Venkatraman E, Ben- Fom | Memoll H. Zahm:lti M,
Rmch V. Heelan RT (2004) B hi I i

Sarcoma Group, The ltalian S Group, A I

uul Trial Gﬂ:lllp l‘.lml KIT mutations l.nd dou selection for imatinib in
p with [ s. Eur | Cancer
42: 1093 -1103

Fukuoka M, Yano §, Giaccone G, Tamura T, Nakagawa K, Douillard JY,
Nishiwaki Y, Vansteenkiste |, Kudoh 5, Rischin D, Eek R, Horai T, Noda
K, Takata [, Smit E, Averbuch 5, Macleod A, Feyereislova A, Dong RP,
Baselga J (2003) Multi-institutional randomized phase I1 trial of gefitinib
for previously treated patients with advanced non-small-cell lung cancer.
] Clin Oncol 21: 2237 - 2246

Han 5W, Kim TY, Lee KH, Hwang PG, Jeon YK, Oh DY, Lee SH, Kim DW,
Im SA, Chung DH, Heo DS, Bang Y] (2006) Clinical predictors versus
epidermal growth factor receptor mutation in gefitinib-treated non-
small-cell lung cancer patients. Lung Cancer 54: 201-207

Hirsch FR, Varella-Garcia M, Bunn Jr PA, Di Maria MV, Veve R, Bremmes
RM, Barén AE, Zeng C, Franklin WA (2003) Epidermal growth factor
receptor in ll-cell lung carch correlation between gene
copy number and protein expression and impact on prognosis. | Clin
Ongol 21: 3798 - 3807

Hirsch FR, Varella-Garcin M, McCoy |, West H, Xavier AC, Gumerlock P,
Bunn Jr PA, Franklin WA, Crowley ], Gandara DR, Southwest Oncology
Gtwp {2005] lncrmcd epidermal gfomh r.u:lor receptor gene copy

d by in situ l.uocillu Mth
increased itivi fitinit i with b h 1
carcinoma iuh'lype:. 2 m:hmt Oncniogr Group Study. J Clin Oncol 23:
6838 - 6845

Inoue A, Suzuki T, Fukuhara T, Maemondo M, Kimura Y, Morikawa N,
Wl!lnlb: H, Swu T, Nuklwn T (2006) Prospective phase 1! study of
b for ients with advanced non-small cell
lung cancer with rpldmnal growth factor receptor gene mutations. | Clin
Onecol 24: 3340 =346

Jackman DM, Yeap BY, Sequist LV, Lindeman N, Holmes A}, Joshi VA, Bell
DW, Huberman M5, Halmos 8, Rabin MS, Haber DA, Lynch TI,
Meyerson M, Johnsan BE, Janne PA (2006) Exon 19 deletion mutation of
epidermal growth factor receptor are assoclated with prolonged survival
in non-small cell lung cancer patients treated with gefitinib or erlotinib.
Clin Cantcer Res 12: 3908-3914

ve p

€ 2008 Cancer Reseach UK

g history predicts sensitivity to gefitinib in advanced non-small-
cell lung cancer, ] Clin Oncal 22: 1103-1109

Niho 5, Kubata K, Goto K, Yoh K, Ohmatsu H, Kakinuma R, Saijo N,
Nishiwaki Y (2006) First-line single agemt treatment with gefitinib in
patients with advanced non-small-cell lung cancer: a phase IT study,
] Clin Oncol 24: 6469

Paez |G, Janne PA, Lee |C, Tracy S, Greulich H, Gabriel S, Herman P, Kaye
F], Lindeman N, Boggon T], Naoki K, Sasaki H, Fujii ¥, Eck M],
Sellers WR, Johnson KE, Meyerson M (2004) I!GFR mutillon in lung
cancer: correlation with clinical resp to gefitinib py. Sclence
304: 1497 - 1500

Paz-Ares L, Sanchez |M, Garcia-Velasco A, Masuti B, Majem M, Lopez-
Vivanco G, Provencio M, Montes A, Amador M, Rosell R (2006) A
prospective phase 11 trial if erlotinib in advanced non-small cell lung
cancer (NSCLC) p with jons in the Ly kinase (TK)
domain of the epidermal growth factor receptor (EGFR). Proc Am Soc
Clin One 24(5uppl): abstract 7020

Pao W, Miller VA, Zakowski MF, Doherty [, Politi KA. Sarkaria 1, Singh B,
Varmus H [mﬂ EGF ptor gene i in lung
cancers from ‘never smokers’ and are associated vmh sensitivity of
tumors to gefitinib and erlotinib. Proc Natl Acad Sci USA 101: 13306~
1331

Pao W, Miller VA, Politi KA, Riely GI. Somwar R, Zakowski MF, Kris MG,
Varmus i (2005) Acquired resistance of lung adenocarcinomas to
gefitinib or erlotinib is associated with a second mutation in the EGFR
kinase domain, PLoS Med 2: 1-11

Ranson M, Hammond LA, Ferry D, Kris M, Tullo A, Murray P1, Miller v,
Averbuch §, Ochs |, Morris C, Feyereislova A, Swaisland H. Rowinsky EK
(2002) Z111839, a selective oral epidermal growth factor receptor-tyrosine
kinsse inhibi is well tol d and active in patients with
solid, malignant rumors: results of a phase 1 wial. | Clin Oneol 20
2140- 2250

Ricly GI, Pao W, Pham D, Li AR, Rizvi N, Venkatraman ES, Zakowski MF,
Kris MG, Ladamyi M, Millar VA (2006} Clinical course of patients with
non-small cell lung cancer and epidermal th factor receptor exon 19
and exon 21 mutations treated with gefitinib or erletinib, Clin Cancer Res
IZ: B39 -R44

British Journal of Cancer (2008) 98(5). 907-9|4

519

W
=
v

b= |

it
4]
I
-
=
-
o




2.
3,
A
-
L4
g
B

Phase Il of gefitinib for NSCLC with EGFR mutation
. K Tamura et of

914

Schﬂlﬂ JH, Hln’ll‘lslclﬂ I). Belani CP, Langer C, Sandler A, Krook ], Zhu J,
DH, E perative Oncology Group (2002) Comparison
of four chemotherapy rqiumu for advanced non-small cell lung cancer.
N Engl ] Med 346: 92-98
Shepherd FA, Rodrigues Pereira ], Ciuleanu T, Tan EH, Hirsh V,
Thongprasert §, Compos D, Macleekoonpiroj 5, Smylie M, Martins R,
van ICon'Im M, Dediu M, Fmdlnr B, 'hl D, Johnston D, Bezjak A, Clark G,
bara P, Seymour L, N 1 Cancer Institute of Canada Clinical
Trials Group mns: Erlotinib in previously treated non-small cell lung
cancer. N Engl ] Med 353: 123132
Shi, H, Lin L, Takahashi T, Nomura M, Suzuki M, Wistuba [I, Fong
m.heH.Tmth.ﬂunimN Fujisawa T, Feng Z, Roth JA, Herz ],
Minna JD, Gazdar AF (2005) Clinical and biological festures associated
with epidermal growth factor receptor gene mutations in lung cancers,
J Natl Cancer Inst 97; 339 - 346
Thatcher N, Chang A, Parikh P, Rodrigues Pereira ], Ciuleanu T,
von Pawel [, Thongprasert 5, Tan EH. Pemberton K. Archer V.,

Brtsh Jounal of Cancer (2008) 98(5), 907-914

344

Carroll K (2005} Gefitinib plus best supportive care in previously
treated patients with rdrlc!nry lllumd uon-mlll l:el! lung
cancer: results from a d d
study (Iressa Survival Evaluation in Lung Cancer). Lancer 366:
1527- 1537

Therasse P, Arbuck 5G, Eisenhauer EA, Wanders ], Kaplan RS, Rubinstein
L, Verwei] |, Van Glabbeke M, van O AT, Christian MC, Gwyther
$G (2000) New guidelines to evaluate the response to treatment in solid
tumors. | Nat! Cancer Inst 92: 205-216

Yatabe Y, Hida T, Horio Y, Kosaka T, Takahashi T, Mitsudomi T (2006) A
rapid, sensitive assay to detect EGFR mutation in small biopsy specimens
from lung cancer. | Mol Diagn 8: 335-341

Yoshida K, Yatabe Y, Young Ji P, Shimizu ], Horio Y, Matsuo K,
Kosaka T, Mitsudomi T, Hida T (2007) Prospective validation for
prediction of gefitinib sensitivity by epidermal growth factor receptor
gene mutation in patients with non-small cell lung cancer. | Thoracic
Oneol 2: 22-28

£ 2008 Cancer Research UK




iChica Daigaku Inochana)] At: 06:27 17 January 2009

Downloaded By

Experimental Lung Resevovh, 31:313-323, 2008 nforma
Copyrighi © Informa Healthcare UTSA. Tne. !W!

ISSN: 0190-2148 prin / 15210499 online
DOL: 10,1080/ 01902 1 10802093204

MURINE PULMONARY RESPONSE TO CHRONIC HYPOXIA
IS STRAIN SPECIFIC

Yuji Tada O Division of Pulinonary Sciences and Critical Care Medicine, University of
Colorado Health Sciences Center, Denver, Colorado, USA; and Department of Respirology,
Graduate School of Medicine, Chiba University, Chiba, Japan

Sven Laudi 01 Division of Pulmonary Sciences and Critical Care Medicine, University
of Colorado Health Sciences Center, Denver, Colorado, USA; and Departmnent of
Anesthesiology and Intensive Care Medicine, University of Leipzig, Leiprig, Gerinany

Julie Harral, Michelle Carr, and Charles lvester () Division of Pulmonary
Sciences and Critical Care Medicine, University of Colovado Ilealth Sciences Center, Denuver,
Colorado, USA

Nobuhiro Tanabe, Yuichi Takiguchi, Koichiro Tatsumi, and Takayuki Kuriyama
O Department of Respirology, Graduate School of Medicine, Chiba University,
Chiba, Japan

William C. Nichols O Division of Human Genetics, Cincinnati Children’s Hospital
Medical Center, Cincinnati, Ohio, USA

James West [ Division of Pulmonary Sciences and Critical Care Medicine, Universily
of Colovado Health Sciences Cenler, Denver, Colorade, USA

O Information concerning the effects of genetic variation between different background strains
on hemodynamic, morphometric, and gene expression response fo hypoxia would be vseful. Three
strains of mice were kepl in hypoxia and phenolyped followed by gene profiling analysis. Among the
variables examined, hematocrit, right heart muscularization, and right ventricular systolic pressure
showed a strain-specific effect. Increased gene expnession of inflammatory, muscle, and angiogenesis
genes were seen in all strains, though the specific genes changed varied among groups. These resulls
suggest thal different strains wse different gene expression mechanisms to adapt to the challenge of
chronic hypoxia, resulting in modified phenotypic changes.

Keywords gene expression, hypoxia pulmonary circulation, strain difference,

Received 29 Ociober 2007; accepied 20 March 2008,

This work wis supported by NITFIILO71506, NIHITLO79315, NITHULO72058, wnd Minisiry of Edu-
cution, Scicnce, Colture wid Sports of Japan grant 1959088 |

Address conrespondence 1o Yuji Tada, MD, Department of Respirology, Graduae School of
Medicine, Chiba University, 181 Inolana, Clinoku, Chila 2608670, Japan, E-mail: yada®faculty.
chibau jp

313



06:27 37 January 2004

[Chiba Daigaku lnohana] A

Downloaded By

314 Y. Tada et al.

Chronic hypoxia as a contributing factor to pulmonary arterial hypertension
(PAH) is associated with a variety ol human diseases. Chronic obstructive
pulmonary disease [1], eystic fibrosis [2], interstitial fibrosis [3], upper air-
way obstruction, and bronchopulmonary dysplasia [4], among others, are
all associated with exposure to chronic hypoxia. Understanding the effects
of and potential treatments for chronic hypoxia is thus relevant to many
human disorders [5].

Hypoxic pulmonary hypertension is often studied in mouse models
[6, 7]. These studies, examining molecular mechanisms or interventions,
use many of the same phenotypic markers of PAH. Standard measurements
include right venuricular systolic pressure (RVSP), cardiac output, right ven-
tricular hypertrophy, muscularization of sinall pulmonary vessels, counts of
alveoli, hematocrit, and blood gas measurements. Together, these are used
to both gauge extent of PAH, as well as physiologic response to it.

Three of the most widely used experimental mouse strains are FVB/N,
C57BL/6, and SV129, The goal of our current study was to determine
whether these 3 strains had a differential response to chronic hypoxia
according to the metrics listed above, and if so, whether this could be corre-
lated with a differential response by gene expression. This would be useful
Lo the mouse modcling community in understanding the dilferences among
strains in previous studics of hypoxic pulmonary hypertension and in plan-
ning future studies. Morcover, strainsspecific differences in gene expression
may suggest modifier genes if correlated to a less severe phenotype.

We measured 16 different phenotypic variables in each of the 3 strains,
under either normoxia or 4 weeks' hypobaric hypoxia. Although most
variables had significant changes with hypoxia, and some had significant
differences at baseline, only 3 had significant differences in hypoxic re-
sponse among strains. SV129 had greater increase in RVSP with hypoxia,
FVB/N had less right ventricular hypertrophy, and C57BL/6 had less of an
increase in hematocrit, although from a higher baseline.

By gene array, we found that all of the strains had changes in similar
pathways, including muscle, angiogenesis, growth, adhesion, G-protein, and
differentiation pathways, and that all strains had changes in some common
genes within these pathways, but that each strain also had a large number of
changed genes within these pathways that were strain specilic,

METHODS
Animals

FVB/NJ, C57BL/6], or 129X1/Sy] mice, 6 to 8 weeks old, were ordered
from The Jackson Laboratory (Bar Harbor, MA) and allowed to acclimatize
for 1 week to Denver altitude. Fifteen mice from each strain were kept
ar either Denver altimde (~85 kPa) or at 50 kPa in hypobaric hypoxia
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chambers. After 4 weeks, animals were phenotyped by echocardiography,
followed by RVSP measurement and blood and tissue collection. All animal
studies were preapproved by the University of Colorado Health Sciences
Center (UCHSC) Institutional Animal Care and Use Committee (IACUC).

Echocardiographic Measurements

Transthoracic echocardiography was performed using 10- and 13-MHz
ultrasound probes with a Vivid Five System (General Electrics Vingmed
Ultrasound, Torton, Norway). Echocardiographic dala were analyzed with
EchoPac 6.3.6 software (General Electrics Vingmed Ultrasound). Left heart
dimensions were obtained in shortaxis view. The diameters of the aorta
and pulmonary artery as well as flow in the pulmonary artery were obtained
in parasternal longitudinal axis. The flow in the aorta was measured using
a suprasternal longitudinal view. Cardiac output and pulmonary vascular
resistance was calculated in standardized fashion [8-10]. All echocardio-
graphic measurements were performed in triplicate by one investigator and
averaged.

RVSP Measurements

Animals were anesthetized with intraperitoneal injections of ketamine
200 mg/kg and xylazine 10 mg/kg. If further anesthesia was necessary,
repeat doses of ketamine 100 mg/kg and xylazine 5 mg/kg were admin-
istered. Stmdies were conducted with mice positioned supine on a heated
operating table while spontaneously breathing room air. Right ventricular
(RV) pressure was directly measured with a 1.4-French Pressure Volume
Conductance System SPR-839 (Millar Instruments, [louston, TX) inscrted
into the right ventricle via the surgically exposed right jugular vein. Hemo-
dynamics were continuonsly recorded with a Millar MPVS-300 unit coupled
to a Powerlab 8-SP A/D converter, acquired at 1000 Hz, and captured to
a Macintosh G4 computer utilizing Chart5.3 software. Blood was drawn for
gas measurements by cardiac puncture, and immediately transferred to a
Radiometer Medical (Copenhagan, Denmark) ABL5 blood gas analyzer.
After lethal injection of pentobarbital, the heart and lungs were removed.
Lungs were divided and processed for immunohistochemistry or molecular
studies.

Mormphometry

Tissue blocks were made from the left lungs. The embedded tissue was
cut at 4 gm on an AO 820 microtome (American Optical, Southbridge,
MA) and placed onto Superfrost Plus slides (Fisher Scientific, Pittshurgh,
PA). Slides were baked for 1 hour at 60°C: and then deparaffinized through
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Citrisolv (Fisher Scientific, Pittsburgh, PA) and a graded alcohol series. Anti-
gen retrieval was then performed by heating the slides 4 x 3 minutes at 30%
power in a 1650-watt microwave in a solution containing 16 mM sodium
citrate~trisodium and 4 mM citric acid, pH 5.6. Slides were then rehydrated
in phosphate-buffered saline (PBS) and incubated in a blocking solution of
PBS/4% serum/0.1% Triton X-100 for 30 minutes and then in primary an-
tibody overnight at 4°C in PBS/4% serum/0.1% Triton X-100 (PBS). Poly-
clonal anti-smooth muscle actin was purchased from Abcam (Cambridge,
MA) and used at a dilution of 1:1000.

Images from 12 random 20x fields per slide were taken using a Zeiss
Axioscop Il microscope, and medial thickness, fully muscularized (FM) ves-
sels of <100 pm diameter, partally muscularized (PM vessels) of <100 um
diameter, and alveoli per field were counted in a blinded fashion using tools
included in the Axioscop software.

Affymetrix Arrays

Samples were prepared for Affymetrix arrays using 2.5 ug of 1otal RNA.
First- and second-strand complimentary DNA was synthesized using stan-
dard techniques. Biotin-labeled antisense complimentary RNA was pro-
duced by an in vitro transcription reaction. Mouse Genome 430 2.0 mi-
croarrays (Affymetrix, Foster City, CA) were hybridized with 20 ug cRNA.
Target hybridization, washing, staining, and scanning probe arrays were
done following an Affymetrix Gene Chip Expression Analysis Manual, All
array results have been submitted to the National Center for Bioinformat-
ics (NCBI) gene expression and hybridization array data repository (GEO;
hitp://www.nebinlm.nih.gov/geo/), as scrics GSE7823.

Array Analysis

Affymetrix Cel files were loaded into dChip 2005 array analysis software.
The dChip algorithm is capable of detecting significant diflerences at sig-
nal strengths lower than those usable in Microarray Suite(11) (Alfymetrix,
Santa Clara, CA). Overall signal strength from arrays was normalized to
the median array, and expression levels determined using the perfect
match/mismatch (PM/MM) algorithm. Gene ontology was determined us-
ing the Classify Genes tool within dChip(12), with gene ontology files down
loaded from the Gene Ontology Consortium (www.geneontology.org) (13).
In order to avoid problems with cither false negatives, or with determining
an arbitrary fold-change cutoff, we set very loose definitions for changed
genes (1.4%, with a minimum change of 200) and then determined statisti-
cally overrepresented gene ontology groups at a high stringency (p < .001)
within the genes called as differentially regulated. By this method, the num-
ber of gene ontology groups produced by chance should be close to zero.
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Other specific details of analytic methods are included in Results. Statistics
for array analysis were handled by algorithms internal to dChip.

RESULTS
Murine Phenotypic Response to Chronic Hypoxia Is Strain Specific

Fifteen animals per group of each of FVB/N, SV129, or C57BL./6 were
subjected to either hypobaric hypoxia (50 kPa) or normoxia (85 kPa). Af-
ter four weeks, mice were weighed, and examined by echocardiography.
Echocardiography was used to determine the diameters of the aorta and
pulmonary artery (PA), measurc cardiac output (CO), and calculatc pul-
monary vascular resistance (PVR). Next, closed-chesied catheterization by
pressure transducer was used to determine right ventricular systolic pres-
sure (RVSP) and heart rate under anesthesia. Blood was drawn and imme-
diately analyzed for hematocrit, pH, pCOg, and POgy. Hearts were dissected
and weighed to determine right venwricular muscularization (RV/LV+S).
Finally, lung sections were fixed and analyzed by immunohistochemistry for
numbers of alveoli and vessel muscularization. Total numbers of mice used
for each measurement varied between 6 and 15, with average and median
of ~11. Results are summarized in Table 1 and Figure 1.

We found that 5 of these 16 metrics were different between strains in
baseline animals at P < .05 by 2-way analysis of variance (ANOVA), 11 out
of 16 were changed by hypoxia at P < .05, but only 3, hematocrit, RVSP, and
RV/LV+S, showed a differential responsc o hypoxia by strain. Hematocrit
was less increased in C57BL/6 mice, although starting from a higher basc-
line (Figure 1A); RVSP was more increased in SV129 mice (Figure 1 B); right
heart muscularization was less pronounced in FVB/N mice (Figure 10).

Murine Transcriptional Response to Chronic Hypoxia
Is Strain Specific

In order to examine (ranscriptional response to chronic hypoxia,
Affymetrix arrays were probed with RNA from whole lung from hypoxic or
normoxic FVB/N, 5V129, or C57BL/6 mice. Array data were analyzed by
dChip software and sorted into gene ontology groups. We found that gene
expression changes in all strains fell into the same categories, and many
of the same genes were differentially regulated in the same direction in all
strains. However, some transcriptional changes were specific to a particular
strain, or 2 of the 3 strains.

All strains had changes in muscle, angiogenesis, growth, adhesion,
CG-protein, differentiation, apoptosis, and stress-response genes. For most of
these, there were many genes in common across strains (Table 2). However,
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TABLE 1 Measurements + SEM

Echocardiogram
Bl 3
Aorta PA o PVR o o
Pressure {mm) diameter  (mL/mm) (ealenlated) pH pe0y I

C57BL/6 B85kPa 1.03+008 1.08+£005 68+ 1.0' 089025 7.38+005 36+3 7042
30 kPa 096+ 003" 1.01 £0.02" 6805 147016 737008 4643 32+ 3
FVB/N B5kPa 0944002 109+004 8B+08 091008 7271005 3942 762
50 kPa 0.90 £ 0.02° 1.01 £ 0.08" 5.7+ 06! 202:£0.19*° 725000 41+£2 50+ 2°
SVi29 BokPa 0964002 LOAE£004 BOE£09 0794008 7264005 38+4 77+2
S0 kPa 0924002 100008 B.14£07 1.78+0381 7224008 43+3 o3+ 3

Muorpliometry
Heart FM/ PM/ Alveoli/  Medial
Presssure  Body mass rate field field field  thickness

C57BL/6G 85kPa 23.9+03 18422 10£02 55+05 159+9 93415
50kPa 220403 196+£9 35.1:£03 65+£06" 1768 96+1.0
FVB/N B5kPa  24.6+038 217+11 14%04 3905 1565 76£1.3
0kPa 28405 174x12 28+06° 6.1+£06" 176+£6 92108
svi29 B5kPn 24004 195414 12+£02 5406 18510 B7x13
30kPa 21304 189%9 22£03" 5105 169+£8 79405

All p values are for 2.way ANOVA with Fisher's poet hoc for differences caused by strain or hypoxia.

'p < .01 for difference compared across strains,

*p < .01 for differences caused by hypoxia, except pCOg (p = .029), PM (p = .047), PA diameter (p =
029).

10.94 for strain-specific and p = .057 for pressure specific differences in CO.

in the case of stress response and apoptosis, cach strain activates different
sets of genes (Table 3).

DISCUSSION

The goal of this study was to determine mouse strain=specific differences
in phenotype and gene expression in response to chronic hypoxia. As a sec-
ondary benefit, we believe we have produced a more complete characteri-
zation ol murine responsc (o hypoxia than was previously available. Most of
the changes to hypoxia we saw have been found in many previous studies:
decreased body mass [14], increased hematocrit [14], increased RVSP [15],
right heart and pulmonary vessel muscularization [15], and pulmonary vas-
cular resistance [15]. Decreased aortic and pulmonary artery diameters are
similar to results found in humans in the Operation Everest 111 study [16].
Because the mice were at room air for approximately half an hour prior to
phenotyping, the increased pCOy and decreased pOg in chronically hypoxic
animals likely resulted from ventilation-perfusion mismatch,

There were interesting baseline differences between strains, as well. We
found that C57BI./6 mice had higher baseline hematocrit but lower base-
line RVSP and right heart weight than the other strains, with a slightly

350



[Chiba Daigaku Inohass] At: 06:27 17 January 2009

Downloaded By

Murine Strain Difference in Response to Hypoxia 319

A® e
LR .
L] i
5™ P |
%“ 1 1 ’ -
0 1 . -
. — £ - .
28 | R
(=1 V. ) v Wi
B % T
W50 ufn

Right Vertncuiar Sysaic Pressune [mm Mg
] & -4 =
|

(&2, VL]
[ =
L l‘i"l
LRt
035
g W ——
<
e
Ty
-
020 —o+
a1
cE7BL0 N svize

FIGURE 1 Hematocrit (A), RVSP (H), and RV/LV4S (€) all have significant differences dependent
on pressure, strain, and pressure<dependent on strain by 2amy ANOVA, Differences in individual values
were determined using Tukey's post hoe test. All values at 50 kPa are significantly different (p < .05)
than the withinstrain 83 kPa value. (A) Hematocrit in C37BL/6 is higher ar 85 kPa than other strains
(*) but increases leas with 50 kPa hyposxia (4). Hematocrit in FVB/N at 50 kPa is less than in other strains
(1). (A) RVSP a1 85 kPA in CSTBL/6 is significantly lower than in SVI29 (*), but neither are different
than FVB/N. RVSP a1 B5 kPa in C37RL./6 is lower than other strains (1), and increase in RVSP between
&5 and 50 kPa is greater in SV129 than in other straing (§). () Righi heart muscularization is Jower at
85 k'a in C37BL/6 than FVB/N mice but neither is different than SVI29, RV/ILV4S is different ar 30
kPa in all strains, and increase in RV/TV4S hetween pressures is lower in FVB/N than in other strains
(t)
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TABLE 2 Genes Changed In All Sumins (Examples)

BLG FVBN SVi29
Muscle
caldesmon | 1.7 2.3 21
myocyte enhancer factor 2C 1.7 26 26
myosin X LT 24 1.7
restin 1.6 5.9 24
tropomodulin 2 1.6 24 24
tropomyasin [, alpha 2.1 5.4 2
Angiogenesis
angiopoietin 1 1.6 25 L6
quaking 2 2.6 1.4
semaphorin BA 2 2.1 L7
transforming growth factor, bew 2 1.4 1.5 1.5
vascular endothelial growth factor A 13 1.5 14
vascular endothelial growth factor G 1.4 23 1.4
Growth
cell division cycle associated 5 - 1.8 -5.2 ~1.7
ephrin Bl 1.R 27 1.6
growth associated proiein 18 24 2.2 1.8
large wmor suppressor 2 22 2.2 2
RAD21 homolog -3.3 -2.2 -3
lumor necrosis factor receplor 5 1.7 LN 1.6
Adhesion
integrin alpha 8 14 25 L4
integrin beta 6 5.2 18 24
integrin, betadike | 1.3 2.3 1.8
LIM and scuescent ccll | 1.9 2.7 .2
nephronectin 1.7 24 24
nidogen 1 14 28 1.5
G-Protein
A kinase anchor protein 9 ¥ ) 28 29
calmodulin 1 -1.7 =14 -1.4
guanine nucleotide bp alpha 13 18 1.8 14
guanine nucleotide bp alpha inh. 3 -39 -2.8 -2.9
phosphodiesterase 7A 1.6 1.8 14
protein kinase, cAMP dep, catalytic, b 1.8 22 14
Development
GLI-Kruppel family member GLI2 =13 -1.5 -1.2
jagged 1 = -29 -1.9
MAP3KI10 -1.3 ~1.9 -14
nuseleblind-like 3 L5 1.9 L6
Notch gene homolog % 1.4 2 1.9
transducer of ErbB-2.1 —-1.8 -3 =14

Note. Number is fold change from control.

(2]

larger aortic diameter. Because the study was performed at Denver ambient
pressure (85 kPa), it is unclear whether any of these are an early responsc
to mild hypoxia.

Only 3 of our metrics had a differential response to hypoxia by strain.
Hematocrit had a smaller increase in C57B1./6 than the other strains, but to
approximately the same final value. RVSP was increased to a greater extent
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TABLE 3 Genes Changed Differentially Between Strains

BLG FVBN svi29
Development
BMP2 1.4 2 —
BMPR2 -14 2 -
forkhead box O3a -1.6 - -19
KruppeHike factor 9 -13 — -
SMADI -13 — =14
spondin 2 53 1.8 —
Muscle
adrenergic receptor, alpha la 24 - L6
chloride channel 3 —_ —28 —_
chloride channel 5 - -4.2 —
miyosin 1B —_ 21 —
myosin IC — 2 —
phospholipase C, beta 4 -2.2 - -1.5
Stress
chemokine CXCL12 21 — 1.6
coagulation factor M1 -24 — -14
Fibronectin | - 14 15
heat shock protein 1B 53 14 —1.7
5100 calcium binding A8 ~1.6 — -39
sialophaorin — - =17
Growth
c-fos induced growth factor 23 — 2.7
cyclin D2 — 238 i4
cyclin T2 - L8 —
cysteine rich protein 61 —_ -5.2 —
retinoblastomadlike 2 -1.9 —_ o
Zinc finger and BTB domain 16 ~1.8 =17 -24
Apoptosis
caspase recruitment domain 4 -_— 1.6 —_
cytochrome ¢, somatic — —4.7 —
deoxyribonuclease II alpha -1.9 -6.3 -1.7
phosphatidylinositol 3-ki a -2 — -2.3
programmed cell death 8 — -8.6 -
TSC22 domain family 3 -23 - -1.9

in SV129 than the other strains, by ~14 mm Hg instead of 9 to 10 mm Hg in
C57BL/6 and FVB/N mice. FVB/N mice showed less right heart muscular-
ization than the other strains, with onlya 20% increase in RV/IV4S, instcad
of the ~60% increase seen in C57BL/6 and SV129.

Gene expression changes also generally followed expectation, with in-
creased expression of muscle, angiogenesis, and adhesion-related genes,
and differential regulation of growth, differentiation, G-protein, stress, and
apoptosis genes. All of these are pathways long associated with hypoxic

response[17-19]. ;
The most interesting finding of the array data was that, whereas the over-

all pathways were the same, the specific genes dysregulated were strain spe-
cific. This suggests that it is possible to accomplish the same phenotypic
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ends with different molecular means, and indeed that different strains use
different genes to do so.

Althongh ours is the first study to reach this conclusion in comparisons
among strains in the pulmonary vasculature of mice, similar results have
been obtained in studies of the systemic vasculature and in comparisons
between mice and rarts.

In the systemic vasculature, Korshunov and Berk showed the magnitude
of remodeling of the carotid artery after partial ligation is significantly dif-
ferent among the mouse strains using C3H/He], SJL/], DBA/2], C57B1/6],
and FVB/N]J strains. Their study suggested fundamental alterations in sens-
ing or transducing hemodynamic signals among strains| 20], Similarly, Ward
and colleagues showed that cerebral expression of the angiogenic factors,
such as vascular endothelial growth factor (VEGF), angiopoietin (Ang)-1
and -2, are different in response to long-term hypoxia, and are variable
among frequently used mouse strains, including CD1, C57B1/6,129/8V, and
Balb/c [21]. Both of these studies show that, in other organs, different
mouse strains have similar but unique responses to hemodynamic stress,

Hoshikawa and colleagues compared some hemodynamic markers and
gene expression between C57B16 mice and Sprague-Dawley rats [17]. They
reported that mice showed less vascular remodeling than rat, though both
demonstrated pulmonary hypertension. Although both had alterations in
cell eyele and vasodilation-related genes, the precise changes were unique
to each species,

Thus, the literature supports the hypothesis that although in broad
terms the morphologic changes and molecular pathways involved in re-
sponse to vascular stress are conserved, genotypic background determines
the precise mechanisms used in this response. Because humans all have dif-
ferent genotypic background, human response to vascular stress is also likely
to conserve pathways, but with different specific genes used depending on
the individual genetic background, with implications for both modifier gene
searches and the practice of molecular medicine.
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