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Mutations in the LKB | tumour suppressor are frequently detected

in tumours from Caucasian but not Asian lung cancer patients
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Somatic mutations of LKBI tumour suppressor gene have been detected in human cancers including non-small cell lung cancer
(NSCLC). The refationship between LKBI mutations and clinicopathological characteristics and other common oncogene mutations
in NSCLC is inadequately described. In this study we evaluated tumour specimens from 310 patients with NSCLC including those
with adenocarcinoma, adenosquamous carcinoma, and squamous cell carcinoma histologies. Tumours were obtained from patients
of US (n=143) and Korean (n=67) origin and screened for LKBI, KRAS, BRAF, and EGFR mutations using RT—PCR-based
SURVEYOR-WAVE method followed by Sanger sequencing We detected mutations in the LKB/ gene in 34 tumours (1 1%), LKBI
mutation frequency was higher in NSCLC tumours of US origin (17%) compared with 5% in NSCLCs of Korean origin (P=0001).
They tended to occur more commoenly in adenocarcinomas (13%) than in squamous cell carcinomas (5%) (P=0.066). LKBI
mutations assodiated with smoking history (P=0.007) and KRAS mutations (P = 0,042) were almost mutually exclusive with EGFR
mutations (P = 0.002). The outcome of stages | and Il NSCLC patients treated with surgery alone did not significantly differ based on
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Peutz - Jeghers syndrome (P]5) is caused by mutations in the LXBI
tumour suppressor gene (Hemminki et al, 1998), LKBI is serine~
threonine kinase, which has been shown to regulate cell cycle
progression, apoptosis, and cell polarity (Tiainen ef al, 1999). The
major target of LKB1 kinase activity is thought to be
AMP-activated protein kinase (AMPK), AMPK is activated under
low cellular energy conditions by raising AMP levels and it
phosphorylates multiple downstream targets including tubero-
sclerosis complex 2 gene, which represses mTOR signalling.
Phosphorylation of AMPK by LKBI is needed for full activity of
AMPK and suppression of mTOR activity under low energy
conditions (Shaw et al, 2004), The hallmarks of PJS include
mucocutaneous pigmentation and hamartomatous polyps of the
gastrointestinal tract. Patients with PJS have an increased risk of
developing gastrointestinal, pancreatic, breast, gynecological, and
non-small cell lung cancers (NSCLC). The overall risk for cancers
is increased 5- to 12-fold in different age groups compared with the
general population (Hearle et al, 2006). Somatic mutations of the
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LKB| mutation status, Our study provides dinical and molecular characteristics of NSCLC, which harbour LKB! mutations.
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LKBI tumour suppressor have rarely been found in cancers from
patients who do not have PJS except for NSCLC (Avizienyte ef al,
1999). Previous reports have suggested the LKB] mutation rate to
be as high as 30% in NSCLC tumours and cell lines derived from
patients of Caucasian origin (Carretero et al, 2004; Matsumoto
et al, 2007) and to be infrequent in NSCLC patients of Asian origin
{3%) (Onozato et al, 2007). Furthermore, LKB! mutations have
been shown to be associated with adenocarcinoma histology, male
gender, and smoking history (Matsumoto et al, 2007). A recent
report of using 8 mouse model for lkb! inactivation in NSCLC has
provided insights into the role of the gene in this cancer. This
study showed that lkb! inactivation in combination with activating
mutations of kras using inducible promoters in the lung was
associated with decreased survival compared with kras mutation
alone (Ji et al, 2007).

Current screening techniques for LKBI tumour suppressor
mutations rely on conventional exonic sequencing of the DNA,
which can identify single base pair changes and small deletions/
insertions (Ballhausen and Gunther, 2003). The addition of
multiple ligation-dependent probe amplification (MLPA), which
enables detection of exonic and whole gene deletions, with exonic
sequencing has increased the mutation detection rates to 80% in
patients with P]S phenotype (Volikos ef al, 2006). Conventional
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sequencing has also been used to dgt.m mutations of LKBI at
mRNA level and some ing at the DNA
level have been discovered by mRNA- based es (Abed
gr al, 11!0:) However, mutant forms of LKBJ mlmm can have a
i half-life b of di , which can
potentially interfere with mutation detection (Abed et al, 2001).

We have recently described a rapid and sensitive enzymatic
method to detect mutations in epidermal growth factor (EGFR) of
DNA from fresh tissue and paraffin-embedded tissues (Janne et al,
2006). This method includes amplification of region of interest
with PCR, SURVEYOR endonuclease digestion of the products,
which cleaves mi hed | duplex DNAs, and detection of
DNA fragments by sensitive high-performance liquid chromato-
graphy (HPLC) WAVE HS system. Subsequently, SURVEYOR-
positive specimens are fractionated in denaturing
conditions and are Sanger-sequenced. The major advantages of
SURVEYOR-WAVE method are the fast exclusion of wild-type
specimens without laborious conventional sequencing and high
sensitivity. The SURVEYOR-WAVE method is more sensitive than
conventional sequencing as it can detect mutant DNA sequences
when they are present in 1% or more of total DNA (Janne et al,
2006).

The current study was designed to analyse the incidence of LKB1
mutations in NSCLC. Purthermore, we wanted to investigate the
LKBI mutational frequency in different histologies and ethnic
backgrounds, and assess their correlation to smoking history,
gender, stage, survival, and other oncogenic mutations in NSCLC.

MATERIALS AND METHODS
Cell lines and tumour specimens

The NSCLC cell lines A549, NCI-H1395, NCI-H1650, NCI-H1666,
NCI-H1781, NCI-1975, NCI-H23, NCI-H2126, NCI-H441, NCI-
H820, HCC2935, HCCA006, and HCCB27 were purchased from
ATCC (Manassas, VA, USA), H3255, H3255GR, HCC2279, and
PC-9 have been previously described (Ono er al, 2004; Tracy et al,
2004; Engelman et al, 2006), Mal, and Ma70 are NSCLC cell lines
harbouring EGFR mutations that were established at the Kinki
University, Dsaka, Japan. A549, NCI-H1395, NCI-H 1666, NCI-H23,
NCI-H2122, NCI-H2126, and NCI-H460 have previously been
reported to contain LKB] mutations (Sanchez-Cespedes er al, 2002;
Bamford et al, 2004; Carretero et al, 2004).

NSCLC tumours (n =310) were collected from surgical resec-
tions from patients with stages [-1V NSCLC when sufficient
material for RNA extraction was available. The majority of the
specimens (n = 167) was collected at the Samsung Medical Center,
Seoul, Korea. Frozen tumour tissues were collected from 809 out of
2442 patients who underwent curative resection for NSCLC from
November 1995 to February 2007 at Samsung Medical Center. One
or two pieces from the periphery of the - avoidin,
necrotic regions - were immediately frozen at -80°C until
retrieved. Medical records and haematoxylin and eosin-stained
slides of the specimen were reviewed by a single pathologist. Only
frozen tumour tissues from adenocarcinoma or squamous cell
carcinoma (according to the 2004 World Health Organization
hmnp-lhnloglrﬂ criteria) were included. Only frozen tumour

with a cell ¢ of more than 70% were used for
further analysis. In addition, frozen tumour tissues of the following
patients were excluded from the study: patients who had received
preoperative neoadjuvant treatments, patients with double pri-
mary lung cancer, and patients who had undergone incomplete
resections or who had not been subjected to mediastinal lymph
node dissections. Selected frozen tumour tissues were used for the
microdissection. Briefly, frozen tissues were lightly stained with
haematoxylin-eosin to improve visualisation, and necrotic
tumour tissues and intervening normal tissues were removed.
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Each of the microdissected tumour tissues with a tumour cell
content of more than 90% was placed in 1 ml Easy Blue reagent of a
commercially available RNA isolation kit (easy-spin™ Total RNA
Extraction Kit, INIRON Biotechnology, Gyeonggi-do, Korea),
immediately b i and the total RNA was
mm!dneqmmyandqm]uydm.\m using a
spectrometer (Nanodrop Technologies, Rockland, DE, USA) and
Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit, Agilent
Technologies Inc., Béblingen, Germany), respectively. Finally, 167
frozen tissues with acceptable quality of RNA (RNA Integrity
Number (RIN) value over 7.0) were used for the current studies.

All patients provided written informed consent,

The t from C jan patients (nn = 143) were collected
at the Brigham and Women's Hospital, Boston, MA, USA between
1991 and 1997 and have been previously published for patient
characteristics and , and for profile-based
clustering of the tumours (Bhattacharjee et al, 2001; Hayes et al,
2006). Prozen samples of resected lung tumours were obtained
within 30min of resection and subdivided into 100mg samples
and snap frozen at —80°C, Each specimen was associated with an
immediately adjacent sample embedded for histology in an

1 cutting dium and stored at —80°C. Six
mmnmﬂruuﬁrmuctmmuf:mbddrdumplumdmth
haematoxylin and eosin were used to confirm the postoperative

pathological di is and to esti the cellular composition of
adjacent n.mplu All specimens underwent pathological review by
two pathologists. In all 109 tu btained during the same time

pmodm:xdud:dbcuwlheydtd not meet one or more of the
ity criteria. Tissue samples were homogenised in Trizol (Life
Technologies, Gaithersburg, MD, USA) and RNA was extracted
and purified by using the RNeasy column purification kit (Qiagen,
Chatsworth, CA, USA), Denaturing formaldehyde gel electrophor-
esis followed by northern blotting using a f-actin probe assessed
RNA integrity. Samples were excluded if fi-actin was not full
length. All patients provided written informed consent. The US
cohort included specimens that have previously undergone
analyses and the results have been published for EGFR, KRAS,
and BRAF mutations (Bhattacharjee et al, 2001; Naoki et al, 2002;
Hayes ef al, 2006). We reconfirmed the mutations in 30 of these
specimens using the SURVEYOR-based analysis (see section
SURVEYOR digestion and HPLC analysis) and found 100%
concordance between the two methods (data not shown).

Cell line specimens were snap frozen and stored at -80°C. RNA
was extracted from tumours and cell lines using Trizol (Invitrogen,
Carlsbad, CA, USA), purified with Rneasy Mini Kit (Qiagen,
Valencia, CA, USA) and was used for cDNA synthesis using the
QuantiTect reverse transcription kit (Qiagen, Valencia, CA, USA).

PCR primers and cycling conditions

For LKB1 gene analysis, PCR primers were designed to amplify the
cDNA in two amplicons, PCR primers of the first amplicon were
designed to hybridise to the noncoding area of the mRNA
upstream of exon | (5'-agggaagtcggaacacaagg-3) and to exon 5
(5"-ccagatgtccaccttgaage-3') generating a PCR product of 797 bp.
The primers for the second amplicon located at exon 5 (5'-aacggec
tggacaccitct-3’) and to noncoding exon 10 (5'-gasccggcaggaagact
g2g-3') generating a product of 702bp, which has an overlapping
part with first amplicon. For SURVEYOR-WAVE analysis of KRAS,
PCR primers (5'-ggectgciganaatgactge-3', 5'-tcctgagecigungtget-
3') were designed to generate an amplicon of 407bp covering
codons 12, 13 and 61, which are the codons commonly mutated in
lung cancers. For SURVEYOR-WAVE mutation analysis of BRAF,
cDNA was amplified in two overlapping amplicons (5'-aggattt
cgtggigatggag-3', 5'-gatgactrctggtgeeatce-3', and 5 gt
gatgat-3', 5'-ggtatcctegteccaccata-3’) covering codons 387-673.
For SURVEYOR-WAVE analysis of EGFR, PCR amplification
was done in a single amplicon (5-ggagectcttacacccagtg-3',
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5'-aggtcatcaactcccaaacg-3'), which covered exons 18-21 of the
gene. PCR amplification was done using JumpStart Taq (Sigma, St
Louis, MO, USA) under the manufacturer's guidelines. A part of
the specimens (n = 103) was previously characterised for KRAS,
BRAF, EGFR mutations using reverse transcritase (RT)-PCR and
direct sequencing of the PCR products (Naoki er al, 2002; Hayes
et al, 2006).

SURVEYOR digestion and HPLC analysis

SURVEYOR digestion and HPLC analysis were carried out as
described previously (Janne ef al, 2006). In brief, PCR products
were digested in reaction mixture containing equal volumes of
SURVEYOR enzyme (Transgenomics, Omaha, NE, USA) and
Enhancer (Tt ics, Omaha, NE, USA) at 42°C for 20 min
followed imation of the reaction by Stop Solution
(T Omaha, NE, USA). Specimens were then loaded
to the WAVE HS HPLC (Transgenomics, Omaha, NE, USA) at
50°C, eluted with an increasing acetonitrile gradient, and detected
by UV detector using DNA intercalating fluorescence dye
(Transgenomics, Omaha, NE, USA). When cell lines known to be
homozygous for specific mutation were analysed, PCR products
were mixed 1:1 with PCR products of a wild-type cell line,
denatured by heating, and slowly renatured to generate hetero-
duplexes.

Sequencing and fractionation

Specimens that showed an altered pattern on the SURVEYOR
tracings were purified using QIAquick kit (Qiagen, Valencia, CA,
USA) and sequenced bi-directionally by molecular biology core
facility of Dana- Farber Cancer Institute. If a specimen showed an
altered pattern on the SURVEYOR tracing but had a wild-type
sequence by direct DNA sequencing, it underwent fractionation by
WAVE HS HPLC in partially denaturing conditions. Running
temperatures for specific amplicons were by the
Navigator Softy (Transg ics, Omaha, NE, USA). Collected
fragments were amplified with PCR using the same primers as in

the original amplification, purified and sequenced as previously
described above.

Statistical analysis

Fisher’s exacl test was used to assess the association of LKBI
mutation status with other clinical, pathological, and genetic
characteristics. To adjust for any difference between ethnic groups,
the association between LKB! mutation rate and each character-
istic was also evaluated as stratified contingency tables. If we did
not reject that the odds ratios were the same across ethnic groups,
we then tested whether the common odds ratios were unity

on the stratified Mantel- Haenszel estimate (Breslow and Day,
1980). Overall survival was estimated using the Kaplan-Meier
method, with differences between the groups compared using the
log-rank test. All P-values were based on a two-sided hypothesis,
with P<0,05 considered to be statistically significant and
0.05< P<0.10 considered to be borderline significant.

RESULTS

SURVEYOR-WAVE mutation detection of LKB] tumour
suppressor in NSCLC cell lines

The impact of the stability of LKBI mRNA on detecting LKBI
mutations was tested using RT-PCR with mRNA extracted from
NSCLC cell lines that had previously been characterised for LKB1
mutations. These included NCI-H441 (wild type) and A549, NCI-
H1395, NCI-H23, and NCI-H2126 (all containing LKBI mutations).
Reverse transcriptase-PCR amplification of the whole coding

© 2008 Cancer Research UK

LKBI mutations in NSCLC
|P Ecivunen et of

region of the LKB] mRNA showed that cell lines with nonsense
(A549, NCI-H23) mutations or 1bp deletion (H1395) expressed
mRNA with comparable size to the wild-type H441 cell line
(1460bp), H2126 cell line, which is known to have homozygous
deletion of exons 4 - ﬁ.exprﬁsulmkNAmthmhﬂmhallrmuﬂu
size (~1000bp) c to deletion of 398bp. RT-PCR
meﬂedmmnjordﬂmculnlﬂ! mRNA expression levels
between LKB] mutant or wild-type cell lines (Figure 1A).

As LKB! mutant and wild-type cell lines comparable
amounts of LKB] mRNA with RT-PCR, we studied the cDNA for
mutations using the SURVEYOR-WAVE method. The WAVE
mmlmtomnﬂamumﬂuﬂam
900bp and therefore we designed two overlapping am
covering exons 1-5 (797bp) and 5-9 (702bp) to a.mplify lhe
whole coding region of LKEl mRNA. PCR products of LKBI
mutant cell lines were mixed 1: 1 with the products from wi
cell lines (H441) to generate heteroduplexes as LKBI mutant cell
lines were previously reported to be homozygous for the
inactivation of the gene. SURVEYOR-WAVE analysis of the
amplicon covering exons 1-5 revealed novel peaks with the cDNA
for A549, and NCI-H1395 cell lines compared with the wild type
from NCI-H441 (Figure 1B). SURVEYOR-WAVE analysis of exons
5-9 showed novel peaks for the NCI-H23 cell line as well. The
muuﬁom detected with SURVEOR-WAVE were confirmed by

ional DNA sequencing and they corresponded to previous
tepuru (Sanchez-Cespedes ef al, um Carretero et al, 2004). We
could not detect the LKBI mutation of H2126 cell line with
SURVEYOR-WAVE method using a two approach
because this cell line has a homozygous deletion of exons 4-6
and the reverse primer of the first amplicon and the forward
primer of the second amplicon, which lie on the deleted part of the
gene (data not shown).

LKB! tumour suppressor gene mutations in NSCLC
tumours

We next used the SURVEYOR-WAVE method to screen NSCLC
tumour specimens (n=310) for LKBI mutations, We detected 34
LKB! mutations (11%) in the NSCLC tumour specimens (Table 1).
The majority of the LKB] mutations detected was deletions or
insertions (n = 25, 74%). The remainder was missense (n = 7, 21%)
and nonsense (n = 2, 6%) mutations (Table 2, Figure 1C). About
one-half of the deletions and insertions were small, covering
<15bp (n=14, 56%), whereas larger deletions (n=11, 44%)
covering hundreds of base pairs were detected in the remaining
specimens. Some mutational hotspots were discovered. The areas
that had the same mutation in more than one tumour specimen
included deletion of exon 4 (n=4), deletion of exons 2 and 3
(n=3), DI94Y (n=12), and P28IL (n=2). Interestingly, a
significant portion of the mutations was located in exon |
(n=11, 32%) but there was no area of recurrent mutations in
this exon (Table 2). Of the missense mutations detected in the
current study, all except R426W are in the kinase domain of the
protein, Missense mutations in codons 176 and 194 have been
previously characterised in PJS (Launonen, 2005). We also found
four F354L alterations (data not shown) but we did not consider
these as missense mutations as this alteration has previously been
reported to be a rare polymorphism of the gene (Launonen et al,
2000). We did not have access to the corresponding normal tissues
and therefore, we could not verify if some of the missense
mutations were somatic or germline.

Association of LKB] tumour suppressor mutations in
NSCLC with clinicopathological characteristics

The mutation frequency of LKB1 gene was significantly higher in
NSCLCs in the Caucasian cohort (Table 1). Twenty-five (17% of
specimens) of the LKB! mutations were detected in NSCLCs
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Figure | Mutation analysis of LKB| gene in NSCLC cell lines and tumours. RT-PCR amplification of cDNA from LKBI wt (H441) and LKB/ mutant
(A549, H1395, and H23) cell fines display the full length LKBI mRNA (1.4kbp) while the LKBI mutant cell line, H2126 with 2 deletion of exons 4-6
a shorter mRINA (1.0kbp) (A), HPLC tracings of SURVEYOR-WAVE mutation analysis of NSCLC cell lines A549, H1395, or H23 {continuous
line), and H44| (dashed line). Time in minutes is shown on the X-axs, voltage in mV on the Y-axis (B). AS49 and HI395 show novel peaks (*) in the
m&pﬁcm:ovwrragemi 5 {ex|=5) corresponding to 109C>T, Q37X and 165_169delG, frameshift and truncation (FS truncation) mutations. The
is from H23 demonstrates novel peaks in the amplicon covering exons 5—9 (ex5-9) comresponding to 996G > T, W332X mutation. LKB| wid-type
:DNAM!)msaddedtnPCRpmdml 1, denatured by heating and slowly renaturated 1o generate heteroduplexes since AS49, H1395, and H23
have previously reported to be homozygous for the LKB] mutations. SURVEYOR-WAVE mutation analyses of NSCLC tumours (C), AD367 and AD348
tumours showed novel peaks in the ex | -5 amplicon corresponding to 475C > T, QI59X, and 142_143delA, F5, truncation mutations, AD362 tumour had
novel peais in ex5-9 amplicon comresponding to deletion of exon & Mutant sequences for AD367 and AD368 are displayed from sequences usng the
forward primer while mutation of the AD367 & showed with reverse primer.
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Table | Frequency of LKBI mutations in NSCLC tumours and ther
assocdation with dinicopathological charactenstics
LKBI mutation
+ - Pvalue®
Al t:;n;tn = 34 (11%) 176 (89%)
Age. median 612 622
Ethniaty
Caucasian cohort 25 (17%) 118 (B3%) 000l
Asian cohort 9 (5%) 158 (95%)
Gender
Male 20 (11%) 167 (89%) NS
Female 14 (12%) 107 {88%)
Smoking
Mever (< |0py) 2 (%) 70 (97%) 0.007
Smokes (> 10py) 26 (14%) 161 (86%)
Tumour stoge
1 19 (10%) 169 (90%) NS
] 8 (14%) 51 (86%)
(] 5 (11%) 47 (89%)
v 1 (12%) 7 (88%)
Histology
Adenocarcinoma 7 (13%) 180 (87%) 007
Squamous carcinoma 5 (5%) 87 (95%)
1 (11%) 7 (78%)

“Flsher's exact test, NS = not statisticalty significant (P> 005),

collected from patients in the United States, whereas only nine
mutations (5% of s ) were detected in the Korean cohort
(P=0.001) (Table 1). The LKB1 mutuion rate tended to be l‘u;hu
in adenocarcinomas (13%) « with

carcinomas (5%) (P =0.067). Differences in hmologiu.l lubg.roups
were relatively modest in the US cohort with mutations in 18 out of
94 (19%) adenocarcinomas vs 5 out of 38 (13%) in squamous cell
cancers (P=0.461). This is in contrast to the findings in the Asian
patients where all of the LKB! mutations were detected in
adenocarcinomas (9 out of 113 (%)) and none were detected in
squamous cell cancers (0 out of 54 (0%); P=0.032). Nevertheless,
the higher rate of LKBI mutation in adenocarcinomas compared
with squamous cell carcinomas retains the same level of statistical
significance (stratified P=0.064) after adjusting for fluctuation
bﬂmnnhnicmeScnhoﬂllmmdud:dnine
specimens from ad carc and two out of nine
{22%) had LKBI mutations, which is similar to the frequency in
adenocarcinomas in this population (Table 1). There was no
association between LKB! mutations and the clinical stage of the
NSCLC patients. l(aplm-Mder survival curves of stages I and 11
NSCLC patient dency for shorter survival in patients
with LKBI mutant tumourl but this, however, did not reach
statistical significance (P=10.17) (Figure 2). No differences in
survival were observed in patients who harboured both LKBI and
KRAS mutations compared with those with KRAS or LKB! alone but
the total number of patients with both mutations who had stages 1
or I NSCLC was small (n=9; data not shown). We detected an
association of LKB] mutations with a smoking history (P =0.007)
and only two mutations were detected in tumours from 72 NSCLC
patients who were either never or light (<10 pack years) former
smokers (Table 1). After adjusting for ethnic group, the higher rate
of LKB] mutation among patients with a smoking history is
borderline significant (stratified P=0.067). The reduction in
statistical significance is likely owing to the loss of power associated
with the overall rarity of LKBI mutations among never or light
former smokers. For these analyses we combined both never
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Table 2 The specific LKB| mutations in NSCLC tumours

Amino
Mutation No. acid
type (%) Mutation change Exon Histology
Missense 70 2G>T DI7eY 4 Ad
SBOG > 1 Di94Y 4 Ad
S80G>T D194y 4 Sq
B29G>T DY 6 AdSq
'842C>T P2BiL 6 Ad
BIC>T P2BIL 6 Ad
12776C>T R426W 9 Ad
MNomsense 2 (6) 206C> A 569X I Ad
475C>T QISIX 4 Ad
Deletion/ 25 (74) *75_76cel28insT FS, truncates | Ad
Insertion
120,_130del! | FS, truncates | Ad
125_127insGG FS, truncates | Ad
128_129deiC FS, truncates | Ad
142_143delA FS. truncates | Ad
180delC FS. trurcates | Ad
209dels, FS, truncates | Ad
217_218deiC FS, truncates | Ad
47_651 delg0d FS, truncates 15 Sq
153_536de/384 FS, truncates  |-4 AdSq
‘oon 2-3del Truncates  2-3 Sq
femeon 2-3del Truncates  2-3 Ad
exon 2-3del Truncates  2-3 Ad
exon 2-4del FS. truncates  2-4 sq
464_465delinsTTTGCT FS, truncates 3.4 5q
562_563delG FS truncates 4 Ad
*exon 4del FS, truncates 4 Ad
exon 4del FS, truncates 4 Ad
exon 4del FS truncates 4 Ad
exon 4del F5, truncates 4 Ad
610_623del |4 FS, truncates 5 Ad
*837_B44delC FS, truncates 6 Ad
837_B44insC FS truncates 6 Ad
exon bdel FS truncates 6 Ad
1038_1040msG FS truncates 8 A
Ad= L AdSq = A 5q=5 cell

cartinoma: . 'ThuemmmwednmndnmeSCLCmm

__100
£ —
E 75
50
1wt
25 LKB1 mutant
g4 P=017

0 20 40 60 80 100 120
Months
Figure 2 Kaplan—Meyer strvival curves of stage | and Il NSCLC patients

with LKB| wildtype (red line, n = 198) vs LKBI mutant (blue line, n=23)
tumours.

smokers and light (<10 pack years) smokers as the frequency of

mutations in other oncogenes such as EGFR is similar in these two

plﬂ-ﬁ'll groups (Pham et al, 2006), There were no correlations
LKBI tions and gender or age of a patient.

Association of LKB1 mutations with K-Ras, B-Raf, and
EGFR mutations in NSCLC

Previous reports have suggested that in NSCLC cell lines, LKB!
mutations often occur concurrently with KRAS or BRAF mutations
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(Sanchez-Cespedes et al, 2002; Carretero et al, 2004). Furthermore,
EGFR mutations are often mutually exclusive with KRAS mutations
mﬂm(Kmnﬂmmﬂlh 2005). We used
combined data from papers ( ef al,
2002; Carretero et al, 2004) and from Sanger institute’s databases
(Bamford et al, 2004) to analyse association of LKB! mutations
with mutations of KRAS, BRAF, and EGFR. A of LKBI
mutation harbouring NSCLC cell lines (A-427, A549, NCI-H1395,
NCI-H1666, NCI-H2122, NCI-H2126, NCI-H23, and NCI-H460)
showed that five of the cell lines (63%) had concurrent LKB! and
KRAS mutations, two (25%) had concurrent LKB! and BRAF
mutations, and only one (13%) had neither KRAS nor BRAF
mutations. None of these cell lines had EGFR mutations,

As our findings in NSCLC cell lines suggested concurrency of
KRAS or BRAF and mutual exclusiveness of EGFR mutations with
LKBI mutations, we analysed the mutational status of these genes
in our NSCLC tumour specimens. KRAS mutations were
detected in 49 (16% in the whole tumour set, 25% in Caucasian and
8% in Asian specimens) tumour specimens with 10 (20% of KRAS
mutants) of these occurring with an LKBI mutation
(P=0.042) (Table 3). Four BRAF mutations (1%) were found in
the tumour set (G465V, N5815, L596R, and T5991) and one of these
(N5815) occurred concurrently with LKB! mutation (P=0373).
Seventy tumours (23% in the whole tumour set, 9% in Caucasian,
34% in Asian specimens) had EGFR kinase domain mutations with
only one of them concurrently with an LKBI mutation
(P=0.002). The with a ent EGFR and LKB1
mutation had a missense mutation of LKBI outside the kinase
domain (R426W). No germ line DNA was available from this
patient. However, a recen! report has that R426W is in
fact a rare polymorphism of the gene (Onozato et al, 2007). Taken

Table 3 Assocition of KB/ mutations with KRAS, BRAF, and EGFR
mutations in NSCLC wmours

LKBI mutation
+ - P-value*

EGFR mutation + i ] Qo2

- 33 07
K-Ras mutation + 10 » 0042

- 4 237
B-Ral mutoton + | 3 0373

- 3 73

*Fisher's exact test

Table 4 LKBI genotypes of NSCLC cell lines with EGFR or ERBS2
mytations

Cell line EGFR genotype HER2 genotype  LKBI genotype
H1650 ET46_AT50del Wt Wi
Hi781 wa G776V, Cns Wt
HI1975 LBSER, T790M wr wt
H3255 LB58R wr Wi
H3255GR LASER, T790M wa Wt
Ha20 L747_L751del. T790M wi Wt
HCC2279 ET46_A750de Wi W
HCC2935  EP46_T751del, 5752 Wit Wi
HCC4006  L747_ET49del AT50P wh Wt
HCCBY7 F746_AT50del Wt wi
Ma-| E746_AT750del W Wi
Ma-70 LBS8R w wa
PC-S E746_AT50del wt w
Wi = wild type.
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together our findings suggest that unlike KRAS, mutations in EGFR
mus:mmmmadmmuscl,c

chez-Cespedes et al, 2002; Carretero et al,
ZWIMCulmGampmiadbywmmthfwd
et al, 2004) have extensively characterised LKBJ mutations in
NSCLC cell lines with KRAS and BRAF mutations, but LKB] status
of EGFR mutant NSCLC cell lines has not been extensively
analysed. Therefore, we analysed the LKB! genotype of NSCLC cell
lines with known EGFR or EREBZ mutations. Twelve EGFR mutant
and one ERBB2 mutant cell lines were analysed for LKB]
No LKB! mutations were detected in these cell lines (Table 4).

DISCUSSION

The present study characterised LKBI mutstion frequency in
NSCLC using one of the largest tumour sets to date (n = 310). Our
study analysed tumours from different histologies and of both a US
and Korean origin to determine potential histological and ethnic
variation in LKB! mutational frequency. The large size of our
study enabled us 1o study associations of LKBI mutations with
clinocopathological factors, which have been i tely char-
acterised in previous studles (Sanchez-Cespedes et al, 2002;
Carretero ef al, 2004; Fernandez ef al, 2004; Matsumoto et al,
2007; Onozato ef al, 2007). In addition, we used a modification of a
sensitive mutation screening technique that we have previously
developed to facilitate the rapid detection of LKB! mutations
(Tanne et al, 2006).

Findings from our study confirm the high frequency of LKB!
mutations in NSCLC (11%), which in contrast, are rare (0-4%) in
other common solid malignancies (Avizienyte er al, 1998, 1999),
The reason behind these observations is presently unknown but
m;l:“:ﬁectthed.lﬁcunm incumngmupouminlhtlungl
compared with other ti In support of this hyp
that LKB1 mutations are significantly (P= Dm)mmmmmnin
smokers than in never or light (< 10 pack years) cigarette smokers
(Table 1). Male PIS patients (age =50 years) have an increased risk
of developing lung cancer compared with the population
but the relationship of smoking and the increased risk of lung
uncermPlShunhwwn(Hudeud 2006). Interestingly, the
LKBI mutation found in the current study is very similar
to those previously published for PJS (deletions 34%, insertions
15%, splice site mutations 14%, missense mutations 21%, and
nonsense mutations 12%) (Launonen, 2005) and, as in PJS, no
clear mutational hotspots were detected.

Our study also demonstrated that the LKB] mutation frequency
was significantly higher in cancers derived from a US population

with those found in Korean patients (17 ws 5%;
P=0.001). These differences also track with cigarette smoking,
as the number of never/light former smokers was much higher in
the Korean cohort with the US cohort of patients (38 vs
13%), Similarly, a recent study of 100 Japanese NSCLCs found that
only 3% contained an LKB! mutation (Onozato et al, 2007). These
findings are in contrast to EGFR mutations, which are more
frequently detected in tumours from never/light cigarette smokers
and from Asian patients (Janne and Johnson, 2006). Our studies
further highlight ethnic and environmental differences in the
origins of NSCLC.

Given the differences in LKB} ion fi ies in smokers
wmﬂi;hllmokmmdinth:tﬁmpu«!ldﬂlm
patients, we further determined whether these were also associated
with other mutations known to vary in these subgroups
of patients. Consistent with prior studies we found a significant
association with concurrent KRAS mutations, which are common
in smokers (Ahrendt et al, 2001), in one out of three of NSCLC
with LKB! mutations (Table 3). In contrast, there was a significant
inverse relationship of LKB! mutations with EGFR mutations in
both NSCLC tumours and cell lines, which has not previously been
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described (Tables 3 and 4). These differences may relate to the
biological role of LKB1 in lung cancer. It is possible that in EGFR
mutant lung cancers there is already maximal activation of the
PI3K/Akt/mTOR signalling pathway and thus an LKBI mutation
may not be required to further potentiate this signalling pathway,
In contrast in KRAS mutant cancers, a concurrent LKBI mutation
may be required to enhance mTOR activation. Mice with
concurrent KRAS mutations and LKB] inactivation have more
aggressive tumours and a shorter survival than those with only
KRAS mutant cancers (Ji et al, 2007). In our study, we were not
able to detect a significant survival difference for patients whose
tumours contained LKBI mutations alone or concurrently with
KRAS mutations (data not shown) likely because of the limited
number of tumour specimens. Additional studies are needed to
clarify the prognostic impact of LKBI mutations in humans
with NSCLC. In the present study ~2 out of 3 of LKBI mutant
tumours were KRAS wild type (Table 3). One possibility is that such
tumours contain a concurrent mutation in another that
activates the same signalling pathway as KRAS. For this reason, we
examined our tumours for BRAF mutations, which are found in 1-
2% of NSCLC (Naoki et al, 2002). We detected a concurrent LKBI
mutation in one of the four BRAF mutant tumours (Table 3), This
tumour was wild type for KRAS (data not shown). In addition, some
of the BRAF mutant NSCLC cell lines (NCI-H1395, G469A;: NCI-
H1666, G466V) also contain a concarrent LKBI mutation (Sanchez-
Cespedes ef al, 2002; Bamford et al, 2004; Carretero et al, 2004).
Future studies will help further clarify whether LKBI mutations
occur concurrenily with other genomic alterations in NSCLC and
the impact of this on patient outcome.

Our study employed a mutation scanning technology to screen
for LKB1 mutations at the cDNA level (Janne et al, 2006). This was
advantageous as the entire coding region of LKEI could be rapidly
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N-Glycan fucosylation of epidermal growth factor
receptor modulates receptor activity and sensitivity
to epidermal growth factor receptor tyrosine
kinase inhibitor
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The glycosylation of cell surface proteins is important for cancer biology
processes such as cellular proliferation or metastasis. a1,6-Fucosyltrans-
ferase (FUTB) fers a fu idue to n-linked oligosaccharides
on glycoproteins. Hereln, we study the effect of fucosylation on
epidermal growth factor receptor (EGFR) activity and sensitivity to
an EGFR-specific tyrosine kinase inhibitor (EGFR-TKI). The increased
fucesylation of EGFR significantly promoted EGF-mediated cellular
growth, and the decreased fucosylation by stable FUT8 knockdown
weakened the growth response in HEK293 cells. The overexpression
of FUTE cells were more sensitive than the control cells to the EGFR-
TKI gefitinib, and FUT8 knockdown decreased the sensitivity to
gefitinib. Finally, to examine the effects in a human cancer cell line,
we constructed stable FUT8 knockdown A549 cells, and found that
these cells also decreased EGF-mediated cellular growth and were
less sensitive than the control cells to gefitinib. In conclusion, we
demonstrated that the modification of EGFR fucosylation affected
EGF-mediated cellular growth and sensitivity to gefitinib, Our results
provide a novel insight into how the glycosylation status of a receptor
may affect the sensitivity of the cell to molecular target
{Cancer 5ci 2008; 9%: 1611-1617)

The glycosylation of cell surface proteins and lipids is
modified during the course of differentiation, growth and
aging, and various %}rmprouin structures are important for
biological functions.”’ Proteins and lipids are modified with
n-linked oligosaccharides in the endoplasmic reticulum and
Golgi apparatus. n-Linked oligosaccharides contribute to the
folding and stability of glycoproteins.®) Various glycosyltrans-
ferases have been cloned and are known to be involved in the
formation of n-linked oligosaccharides.”* Accumulating data
has demonstrated that the modification of glycoforms can even
change the phenotype of cells.*)

Regarding the relationship between malignancy and n-linked
oligosaccharides, glycoproteins on the cell surface are known to
be altered in both quantity and quality during cancerous trans-
formation.® Genes are known to determine the specific structures
of oligosaccharides during regulated biological processes involved
in cancer, such as metastasis.” For example, the knockout of
n-acetylglucosaminyltransferaseV (GnT-V) has been reported to
decrease metastasis in mice, indicating that GnT-V is deeply
involved in cancer metastasis,™

Epidermal growth factor receptor (EGFR) is frequently
expressed or highly expressed in lung cancer, ovarian cancer and
many other solid tumors,”'¥ and a high expression level in
tumor cells is closely related to a poor prognosis."*'¥ Therefore,
EGFR is considered an important therapeutic target for the
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treatment of solid tumors. Tyrosine kinase inhibitors gl"l(l)
that target EGFR, like gefitinib (IRESSA, ZD1839)¢*'" and
erlotinib (Tarceva),"® and the anti-EGFR antibody cetuximab
(IMC-C225),%" have been reported to exhibit potential antitumor
effects in some solid tumors. Dramatic responses to gefitinib
have been observed in non-small cell lung cancer (NSCLC)
patients harboring activating mutations in the EGFR genc
involving an exon 19 deletion or an L858R point mutation in
exon 21.%30 However, the scnsitivity of a cell to EGFR-TKI
cannot be completely defined by these mutations because tumor
response and disease stabilization with gefitinib have also been
reported in some NSCLC patients with wild-type EGFR.%*#
We have searched for predictive biomarkers that determine
sensitivity to molecular targeted agents, including gefitinib,#*%
Of additional interest, EGFR contains 11 potential n-glycosylation
sites in its extracellular domain ®® ol 6-Focosyltransferase (FUTS)
catalyzes the transfer of a fucose group to the innermost n-
acetylglucosamine residue of complex n-glycans via al,6-linkage
in mammals, Wang ef al. clearly demonstrated that the fucosylation
of EGFR catalyzed by FUTS regulates its receptor activity and
signaling in murine cells.™ However, whether receptor fuco-
sylation affects the sensitivity of buman cells to molecular target
agents remains uncertain.

Accordingly, we studied the relationship between the fuco-
sylation status of EGFR and sensitivity to gefitinib in HEK293
and a human NSCLC cell, A549.

Materlals and Methods

Reagents. Gefitinib (IRESSA, ZD1839) was provided by
AstraZencca (Cheshire, UK).

Expression constructs and viral production. A full-length cDNA
of FUTS, originating from a NSCLC cell line (A549),% was
amplified using a reverse transcriptase Elymm chain reaction
(RT-PCR). A High Fidelity RNA PCR Kit (TaKaRa, Otsu, Japan)
was used for the RT-PCR, and the following primer set was
synthesized: forward, GGA AGT GAG TTG AAA ATC TGA
AA; reverse, ACT GAG TTT GGT CGT TTA TCT CT. The
PCR products were amplified again using Pyrobest DNA
polymerase (TaKaRa) and the following primer set: forward,
GCG CTA GCA ATG CGG CCA TGG ACT GGT TC; reverse,
CGT GGT ACC TTT CTC AGC CTC AGG ATA TGT. After
confirming the sequence, FUT8 ¢cDNA was transferred to
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peDNA3.] (Invitrogen, Carlsbad, CA. USA) with a FLAG-tag at
its C-terminus. EGFR cDNA with a myc-tag in pcDNA3.1 and
FUTS c¢DNA with a FLAG-tag were cut out and transferred into
a pQCLIN retroviral vector (BD Biosciences Clontech, San
Dicgo, CA, USA) together with d green fluo
protein (EGFP) followed by the internal ribosome entry site
sequence (IRES) to monitor the expression of the inserts
indirectly. A pVSV-G vector (Clontech, Palo Alt, CA, USA)
for the constitution of the viral envelope, pGP vector (TAKARA
Bio) and the pQCXIX constructs were co-transfected into the
HEK293 cells using FuGene6 transfection reagent (Roche
Diagnostics, Basel, Switzerland). Briefly, 80% confluent cells
cultured in a 10-cm dish were transfected with 2 pg pVSV-G
plus 6 pg pQCXIX vectors. Forty-cight hours after transfection,
the culture medium was collected and the viral particles were
concentrated by centrifugation at 15 000g for 3h at 4°C. The
viral pellet was then ded in fresh RPMI-1640 medium.
The titer of the viral vector was calculated by counting the
EGFP-positive cells that were infected by serial dilutions of a
virus-containing medium and then determining the multiplicity
of infection (MOI).

FUTB knockdown by shRNA. We constructed a retroviral vector
that stably expressed short hairpin RNA (shRNA) targeting
buman FUTB. The DNA scquences were designed as follows:
forward, GAT CCG TCT CAG AAT TGG CGC TAT GCT GTG
AAG CCA CAG ATG GGC ATA GCG CCA ATT CTG AGA
CTT TTT TG; reverse, AAT TCA AAA AAG TCT CAG AAT
TGG CGC TAT GCC CAT CTG TGG CTT CAC AGC ATA
GCG CCA ATT CTG AGA CG. These oligonucleotides were
anncaled and inserted into an RNAi-Ready pSIREN-RetroQ-
ZsGreen vector (Clontech). The viral particles were produced as
described in the viral production section.

Cell culture and transfection. HEK293 (a human embryonic
kidney cell line) was maintained in Dulbecco's modified Eagle's
medium (DMEM) medium and A549 (an NSCLC cell line) was
maintained in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS). HEK293/EGFR cells were transfected
with retrovirus containing FUT8 gene or shRNA for FUTS
(shFUTS) or shRNA control construct and designed as 293/EGFR/
FUTS, 293/EGFR/shFUTS and 293/EGFR/control, res ively.
AS549 cells were transfected with either shFUTS or sh control
and designed as A549/shFUTS and A549/control, respectively.

al,6-Fucosyltransferase activity assay. Cells were lysed with
a lysis buffer containing 1% Triton X, 20 mM Tris-HCI (pH 8.0)
and 50 mM NaCl. The fluorescent substrate (GnGn-bi-Asn-PABA,;
Fig. 1a) was purchased from Peptide Institute (Osaka, Japan).
The standard mixture for measuring FUTS activity contained
50 uM substrate, 200 mM MES (pH 7.0), 1% Triton X, 500 uM
GDP-Fucose and the cell lysate in a final volume of 50 pL. The
reaction mixture was incubated at 37°C for 6 h, and the reaction
was stopped by heating at 100°C for 1 min. The sample was
then centrifuged at 15 000g for 10 min and the supcrnatant
(10 pL) was used for analysis. The product was se using
high-performance liquid chromatography (HPLC) with a TSK-
gel ODS-80TM column (4.6 mm x 150 mm). Elution was
performed at 55°C with @ 20 mM acetate buffer, pH 4.0,
containing 0.1% butanol. The fluorescence of the column elute
was detected using a fluorescence photometer (Hitachi Fluorescence
Spectrophotometer 650-10LC). The cxcitation and emission
wavelengths were observed at 320 and 400 nm, respectively. @

and immunoblotting. A549 cells were lysed
with a lysis buffer containing 1% Triton X, 20 mM Tris-HCI
(pH 7.0), 5 mM cthylenediaminetetraacetic acid (EDTA), 50 mM
NaCl, 10 mM Na pyrophosphate, 50 mM NaF, 1 mM Na or-
thovanadate, and a Complete Mini protease inhibitor mix (Roche
Diagnostics). The cell lysate (1 mg) was immunoprecipitated by
incubation with anti-EGFR antibody (Upstate Biotechnology,
Lake Placid, NYY, USA) ovemight, followed by further incubation

1612

with protein-G agarose (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) for 1 h and washed with lysis buffer three times. Whole
cell lysates and immunoprecipitated samples were separated using
sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and blotted on a polyvinylidene fluoride (PVDF) membrane.
The membranes were blocked with 3% bovine serum albumin
(BSA) in Tris-buffered saline with 0.05% Tween-20 (TBST) and
then probed with monoclonal anti-EGFR antibody (Upstate
Biotechnology), monoclonal phospho-tyrosine antibody, p44/
42 MAP kinase antibody or phospho-p44/42 MAP kinase antibody
(Cell Signaling, Beverly, MA, USA), followed by incubation
with a monoclonal or polyclonal HRP-conjugated secondary
antibody (Cell Signaling). An enbanced chemiluminescence
detection system (GE Healthcare, Buckinghamshire, UK) was
then used for visualization. Images were visualized by LAS-
3000 (Fujifilm, Tokyo, Japan) and the data were ified by
automated densitometry using Multigauge ver. 3.0 (Fuj ).

Lectin blotting. Whole cell lysates and immunoprecipitated
sumples were separuted using SDS-PAGE and blotted on a PYDF
membrane. The membrane was blocked with 5% BSA in TBST
for 1 h at room temperature. The membrane was probed with
biotinylated aleuria aurantia lectin (AAL, Seikagaku, Tokyo,
Japan) for 1 h at room temperature, washed, and treated using
the Vectastain ABC kit (Vector Laboratories, Burlingame, CA,
USA) as a second antibody.

Cell proliferation assay. To evaluate the growth response io
EGF stimulation, we used the tetrazolium dye (3,4,5-dimethyl-2H-
tetrazolium bromide, MTT) assay. The cells were seeded at a
density of 0.5-1.5 10° cells/well in 96-well plates under a serum-
reduced condition (HEK293 cells, 4% FBS; A549 cells, 2%
FBS). Twenty-four hours later, the cells were stimulated with
EGF (R&D Systems, Minneapolis, MN, USA) at 20 ng/mL.
After 48-72 h of incubation at 37°C, the MTT solution was
added to each well and the plates were incubated for 3 h at
37°C. After centrifuging the plates at 400g for 5 min, the
medium was discarded from each well, and 200 uL of
dimethylsulfoxide was added to each well, The optical density
was measured at 570 nm. For the growth curve experiments, the
cells were seeded at a density of 2 x 10P cells/well in 96-well
plates in the presence of 10% FBS or under the serum-reduced
condition in the presence of 20 ng/mL of EGF. Cell proliferation
was cstimated by measuring the absorbance at 570 nm at 24 h
intervals up to 72 h.

Growth inhibitory assay. To evaluate the growth inhibition in
the presence of various concentrations of gefitinib, we used the
MTT assay. The cells were sceded at a density of 1.5 or
2 x 10° cells/well in 96-well plates in the presence of 10% FBS
or under the serum-reduced condition in the presence of 20 ng/mL
of EGF. Twenty-four hours later, gefitinib was added and the
incubation was continued further for 72 h at 37°C. The assay
was conducted in triplicate.

Soft agar assay for colony formation. To confirm the data
obtained from the growth inhibitory assay, we performed colony
assays of AS49 cells. Five bundred cells in 0.35% agar in
DMEM containing 10% FBS and each concentration of EGF or
gefitinib were seeded onto 6-well plates on an underlayer of
0.5% agar containing DMEM. The plates were incubated at
37°C for 14 days, mftbeu the colonics were stained by crystal
violet and counted under a microscope. The colony assay was
performed in Iriplicate.

Statistical analysis. All statistical calculations were performed
using & Student's r-test by StatView ver. 5 software (SAS
Institute, Cary, NC, USA). P < 0.05 was considered significant.

Result

Establishment of FUTB overexpression and knockdown cells. To ex-
amine whether an increase or decrease in the fucosylation of

dok 10.11114.1345-7006.2008.00847 x
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EGFR affected EGF-mediated cellular growth and sensitivity to
gefitinib, we transfected EGFR and Flﬁ% retrovirally. We
constructed 293/EGFR/shFUTS cells by the stable knockdown
of intrinsic FUTB. FUT8 enzyme activity was measured by
reverse-phase HPLC using a fluorescent substrate (GnGn-bi-
Asn-PABA; Fig. 1a). FUTR activity was 25-times higher in 293/
EGFR/FUTS cells than in 293/EGFR (44.1 U/L and 1.8 U/L,
respectively; Fig. 1b). On the other hand, the activity in 293/
EGII’:RI::I:FUTS cells was 43% of that in 293/EGFR/control cells
(Fig. 1c). We next col EGFR between 293/EGFR
and 293/EGFR/FUTS cells using lectin blotting with Aleuria
aurantia lectin, which recognizes core fucosylation on n-glycans.
The fucosylation of EGFR was increased in 293/EGFR/FUTS
cells, compared with that in 293/EGFR cells (Fig, 1d). These
findings indicated that the overexpression or knockdown of
FUTB was functional and FUTR regulated the fucosylation of
EGFR, as expected.

EGFR fucosylation regulates EGF-mediated cellular growth in
HEK293 and A549 cells. We next examined whether EGFR fucosyl-
ation affected the cellular growth in response to EGF ligand
stimulation. Overexpression of FUT8 was associated with a
significant increase, by approximately 20%, of the cellular
growth in response to EGF stimulation (£ < 0.05; Fig. 2a). In
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growth curve experiments, the proliferative activity of 293/
EGFR/FUTB cells was slightly increased as compared with
that of 293/EGFR cells under normal conditions of culture in
the presence of 10% FBS (Fig.2b). The doubling times of
203/EGFR/FUTS and 293/EGFR cells were 27.5 and 28.5 h,
respectively. However, remarkable increase of the proliferative
activity of 293/EGFR/FUTS cells was observed as compared
with that of the 293/EGFR cells in the presence of EGF
stimulation (P < 0.05; Fig. 2¢); the doubling times under this
condition were 23.9 and 25.4 h, respectively. Next, FUT8
knockdown significantly decreased, by approximately 20%,
the cellular growth in response to EGF stimulation (P < 0.05;
Fig. 2d). In growth curve cxperiments, there was no difference
in the proliferative activity between 293/EGFR/shFUTS cells
and 293/EGFR/control cells under normal conditions of culture
(Fig. 2e), but significant decrease of the proliferative activity of
293/EGFR/shFUTS cells was found as compared with that of
the 293/EGFR/control cells in the presence of EGF stimulation
(P<0.05; Fig.2f); the doubling times of the 293/EGFR/
shFUTS and 293/EGFR/control cells under this condition were
28.8 and 27.3 h, respectively. These findings suggest that the
level of EGFR fucosylation regulated the cellular growth in
response to EGF. To study whether the same phenomenon
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occurs in human cancer cells, we constructed AS49/shFUTS,
in which FUTB was stably knocked down, and examined the
relationship between the fucosylation level of EGFR and the
response to EGF ligand stimulation. No FUTS catalytic activity
was detected by FUT8 knockdown in the A549 cells (Fig. 3a).
A lectin blot analysis demonstrated that the fucosylation of
EGFR was decreased in A549/shFUTS cells, while the expression
level of EGFR was similar in the control cells (Fig. 3b), We
cxamined whether this reduction in EGFR fucosylation affected
the EGF-mediated growth response. We found that AS549/
shFUTS cells had significantly decreased EGF-mediated cellular
1 imately 20%, compared with control cells
< 0.05; Fig. 3c) by the MTT assay. In the growth curve
experiments, a slight decrease of the proliferative activity of the
AS549/shFUTS cells was observed as compared with that of
the AS49/control cells under normal conditions of culture in
the presence of 10% FBS (Fig. 3d); the doubling times of the
A549/shFUT8 and A549/control cells were 23.1 and 22.7h,
respectively. However, the A549/shFUTS cells showed marked
decrease of proliferative activity as compared with A549/control
cells in the presence of EGF stimulation (P < 0.05, Fig. 3e); the
doubling times of the A549/shFUT8 and AS549/control cells
were 22.2 and 20.8 b, respectively. These results suggest that the
level of EGFR fucosylation regulated the cellular growth in
response to EGF even in human cancer cells.

Modification of EGFR fucosylation affects cell sensitivity to
gefitinib, We then examined whether an increase or decrease in
EGFR fucosylation affected the sensitivity of HEK293 cells 1o
gefitinib. Overexpression of FUTS significantly enhanced the
cellular sensitivity to gefitinib as compared with that of the

164

a serum-reduced condition. OD value, 570 nm. *P < 0.05; scale lines, standard deviation (SD).

control cells in the presence of EGF under a serum-reduced
condition; the IC,, values of the drug for these cells were
3.5%0.1 and 5.6 £ 0.3, respectively (¥ <0.05; Fig. 4a). However,
no significant difference in the IC,, values of the drug was noted
between the two types of cells under normal culture conditions
in the presence of 10% FBS (Fig. 4b). In addition, FUTS
knockdown significantly decreased the cellular sensitivity to
gefitinib as compared with that of the control cells in the
presence of EGF under the serum-reduced condition; the
values of the drug for these cells were 7.3£0.4 and 44 £ 1.0,
respectively (P <0.05; Fig.4c). On the other band, no
significant difference in the ICy, values of the drug were noted
among the cells when they were cultured under normal conditions
(Fig. 4d). Thmmwumum&nlmmﬁmhﬂmmodm
the cellular sensitivity to gefitinib.

We also examined the sensitivity of A549 cells to gefitinib.
mmmwumxmtyﬁm
A549 cells to gefitinib in the presence of 20 ng/mL of EGF
under the serum-reduced condition; the ICy, values of the AS549/
shFUTS and AS549/control cells were 3.1£0.3 and 1.320.2,
respectively (# < 0.05; Fig. 5a). However, no significant difference
in the ICy, values were noted among the cells when they were
cultored under normal conditions, similar to the observations for
HEK293 cells (Fig. 5b). These results suggest that the EGFR
fucosylation level affected the sensitivity of human cancer cells

fitinib. To confirm the data obtained from the growth
inhibitory assay, we performed colony assays with the A549
cells. Colony formation of A549/control, but not of the A549/
shFUT8 cclls, was significantly inhibited by 1 puM gefitinib
(¥ < 0.05; Fig. 5¢c).
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Fucosylation status of EGFR regulates EGFR signaling. We examined
the effect of FUTR knockdown on the phosphorylation levels of
EGFR and the EGFR-mediated intracellular signaling pathway
in A549 cells. FUT8 knockdown decreased the phosphorylation
levels of EGFR in the presence of EGF stimulation (Fig. 5d).
FUTS knockdown also decreased the EGF-mediated phosphoryl-

bisecting GlcNac residue. Rebbaa er al. reported that the overex-
pression of Gn'T 111 in glioma cells modifies the glycosylation of
its receptor, ruu]!.mgwm a decrease in EGF binding and EGFR
autophosphorylation;®” this finding suggests that the carbohy-
drate structure at the extracellular domain of EGFR affects the
binding affinity with its ligand and the receptor activity. This

ation of mitogen-activated protein kinase in the pr of 0.2
and 2 ng/mL of EGF (Fig. 5¢). These results suggest that low
EGFR fucosylation levels decrease the EGFR-mediated intracellular
signaling pathway's response to EGF stimulation.

Discussion

The e of this study was to investigate whether the
modification of BEGFR fucosylation affected EGF-mediated
cellular growth and cell sensitivity to gefitinib. We found that
the increase in EGFR fucosylation resulting from FUT8 over-
expression enhanced the response to EGF stimulation and the
sensitivity of the cells to gefitinib. A decrease in EGFR
fucosylation resulting from FUTE knockdown weakened the
EGF-mediated cellular growth response and cell sensitivity.
Two ible mechanisms may explain how EGFR fucosylation
affects the EGF-mediated growth response. First, the binding
affinity of EGFR to the EGF ligand might be affected by the
modified fucosylation of the receptor. n-Acetylglucosuminyl-
transferase 11 (GnT MI) is known to catalyze the addition of
n-acetylglucosamine in f1-4 linkage to the -linked mannose of
the trimannosyl core of n-linked oligosaccharides to produce a

Matsumoto et al.

evid supports this first possible mechanism. Another possi-
bility is that the ability of the receptor to form dimers might
be affected by the glycosylation of the receptor. Tsuda er al.
reported that a specific n-glycosylation mutant of domain ITI
of EGFR leads to ligand-independent dimerization and phospho-
rylation, resulting in the spontaneous activation of the receptor.”
These findings indicate that n-linked oligosaccharides in
extracellular domain III of EGFR play a crucial role in receptor
dimerization, independent of ligand binding. The type II
EGFR (EGFRvIII), which lacks exons 2-7 in the extracellular
domain, is constitutively phosphorylated independently of
EGF-ligand stimulation. Fernandes ef al. demonstrated that
the receptor—receptor self association is highly dependent on a
conformation induced by n-linked glycosylation, suggesting
that n-linked o].iggsaccbaridcs play an important role in this
antodimerization.

Regarding fucosylation, Wang et al. reported that EGF
decreased EGF binding to EGFR in Fut8 knockout mice, result-
ing in a higher responsivencss of the Teceptor to its ligand.””
Many studies have reported that the mutant EGFR (i.e. 15-base
deletion or L858R) signaling is constitutively active without
ligand condition. Thus, we speculated that wild-type EGFR
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might be suitable for a study of the effects of fucosylation. Our
results also demonstrate that modifications of EGFR fucosyla-
tion through the overexpression or knockdown of FUTS alter
EGF-mediated cellular growth responses in both HEK293 and
A549 cells,

Epidermal growth factor receptor is overexpressed in various
human tumors, and the overexpression of EGFR is associated
with a poor prognosis.”*” Many rescarchers have studied the
biological and clinical significance of EGFR mutations, including
exon 19 deletions and the L858R point mutation in exon 21,
which behave like constitutively-active receptors.®**! Paticnts
with constitutively-active mutants of EGFR are more sensitive
to gefitinib. However, some patients respond to EGFR-TKI even
thongh they do not carry such EGFR mutations;**" suggesting
the presence of one or more undefined factors that affects sensi-
tivity to gefitinib in addition to EGFR mutations. Although the
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BACKGROUND. The efficacy and safety of chemotherapy with irinotecan plus doc-
etaxel were retrospectively evaluated for olfactory neuroblastoma.

METHODS. Twelve patients with histologically proven advanced or metastatic ol-
factory neuroblastoma were treated with chemotherapy with irinotecan plus doc-
etaxel at the study institution between 2001 and 2005. Of these, 7 patients with
locoregional disease and no prior radiotherapy received irinotecan plus docetaxel
followed by definitive radiotherapy, 1 with photon radiotherapy and & with pro-
ton radiotherapy, whereas 3 patients with distant metastases and 2 with locore-
gional disease who had received prior radiotherapy received irinotecan plus
docetaxel only.

RESULTS. The most common toxicities of >grade 3 among the 12 patients receiv-
ing irinotecan plus docetaxel were leukopenia (33%), neutropenia (50%), febrile
neutropenia (8%), and diarrhea (25%), all of which were manageable. Partial
response was achieved in 3 patients, giving an overall response rate of 25%. The
response rate was higher in patients aged <50 years (3 of 4 patients) compared
with those aged =50 years (0 of 8 patients) (P = ,018). With a median follow-up
period of 22.2 months, the median progression-free survival and overall survival
were 13.6 months and 36.6 months, respectively. Of the 7 patients with locaregio-
nal disease also receiving definitive radiotherapy, the 2-year survival rate was
100% and 6 patients were alive at the time of last follow-up.

CONCLUSIONS. Chemotherapy for olfactory neurcblastoma with irinotecan plus
docetaxel is safe and manageable. Patients aged <50 years may be sensitive to
chemotherapy. Induction chemotherapy followed by definitive radiotherapy may
represent a promising option for patients with locally advanced olfactory neuro-
blastoma. Cancer 2008;112:885-91. © 2008 American Cancer Society.

KEYWORDS: olfactory neuroblastoma, chemotherapy, irinotecan, docetaxel, proton
radiotherapy.

Ifactory neuroblastoma (ONB), also known as esthesioneuro-

blastoma, is a rare tumor arising from the olfactory epithelium
of the upper nasal cavity,"”” ONB accounts for 3% of all intranasal
tumors® and its etiology is unknown. Since its first description by
Berger and Luc in 1924, approximately 1000 cases have been
reported in the literature.” The sex distribution is roughly equal.**
Although several authors have demonstrated a bimodal distribution
in the age of diagnosis, with peaks in those aged 11 to 20 years and
51 to 60 years,”" others have described a unimodal distribution con-
centrating in the fifth decade of life.”

Published online 11 January 2008 in Wiley inferScience (www.interscience.wiley.com).
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With regard to treatment, the combination of
surgery and radiotherapy is the most frequent
approach and offers the highest cure rates,"'* but
definitive radiotherapy as a nonsurgical treatment
is also used.?'%!2-1" However, despite definitive local
treatment, local recurrence and distant metastases
are often reported,®®'? with the latter observed in
25% to 50% of cases.'"”™* Chemotherapy is there-
fore often also implemented in patients with recur-
rent or metastatic ONB. Experience at several
institutions using various chemotherapeutic regi-
mens has suggested that this tumor might be sensi-
tive to chemotherapy,"®!%**** but its rarity has
prevented any clear determination of the role
of chemotherapy or the optimal chemotherapy
regimen.

Between 1995 and 2005, our group at the
National Cancer Center Hospital East treated 20
patients with either or both advanced or metastatic
ONB with chemotherapy. Results with a variety of
chemotherapy regimens used before 2001, including
platinum-based regimens,*” were unsatisfactory, lead-
ing us to speculate on the possibility of using irinote-
can plus docetaxel (ID). In addition, in patients with
locoregional disease we adopted proton radiotherapy
after induction chemotherapy with ID because of its
lower radiotoxicity to adjacent tissues (brain, optic
nerve, eyeball, etc).?*

Investigation of this regimen in 3 ONB patients
in a phase 1 study of ID for solid cancer produced a
good response in 2.%° The first, who had previously
received platinum-based chemotherapy at our insti-
tution, was responsive to ID, with a response dura-
tion of approximately 10 months. The second, a
chemotherapy-naive patient with locoregional dis-
ease, achieved a partial response with ID, and a
subsequent complete response (CR) after proton
radiotherapy after ID. We therefore decided to treat
not only recurrent or metastatic ONB but also locor-
egional ONB with ID, and since 2001 have treated 12
patients with this regimen. Of these, 7 with locore-
gional disease and no prior radiotherapy received 1D
followed by definitive radiotherapy, namely, photon
radiotherapy in 1 patient and proton radiotherapy in
6 patients.

In this retrospective analysis, we evaluated the
efficacy and toxicity of chemotherapy with ID for
ONB and the efficacy of ID followed by definitive
radiotherapy for locally advanced ONB. After sugges-
tions from several authors that the pathologic fea-
tures of ONB might correlate with prognosis and
response to chemotherapy,''%'%2%20 we also ana-
lyzed the correlation between response and the his-
tologic grading of Hyams.*®

372

MATERIALS AND METHODS

We reviewed the clinical records of the 12 patients
with ONB treated with 1D at the National Cancer
Center Hospital East between 2001 and 2005. All 12
had histologically proven ONB and pathologic speci-
mens were available for 10 patients. These were
reviewed according to the histologic grading system
of Hyams?®, and the correlation between Hyams
grade and response to ID was analyzed.

Response to chemotherapy was evaluated using
the World Health Organization (WHO) standard
response criteria.®® Chemotherapy-related toxicities
were graded by the National Cancer Center Institute
Common Toxicity Criteria (version 2). Overall sur-
vival time was calculated from the initiation of
chemotherapy with ID to the date of death or last
follow-up, whichever occurred first. Progression-
free survival time was calculated from the initiation
of chemotherapy with 1D to the documentation of
progression or death. Actuarial survival was esti-
mated by the Kaplan-Meier method.” Statistical
analysis of categoric data was performed using a
Fisher exact test. Differences were considered sta-
tistically significant at P <.05. All analyses were
conducted using the statistical analysis software
Stat View-] (version 5.0) for Windows (SAS Institute
Inc, Cary, NC).

RESULTS

Patient Characteristics

Patient characteristics are summarized in Table 1.
The 4 males and 8 females ranged in age from 24 to
73 years, with a median age of 58.5 years. According
to the clinical staging system of Kadish and Wang,' 2
patients had stage B disease at the time of chemo-
therapy and 10 had stage C disease. The primary site
was determined by either or both computed tomog-
raphy scanning and magnetic resonance imaging.
Intracranial invasion was noted in 5 patients, re-
gional lymph node metastases in 6, and distant me-
tastases in 3. The site of metastases in these 3
patients was the lung and liver; cervical lymph
node, lung, and bone; and cervical lymph node and
bone in 1 patient each. Of the 12 patients, 9 pre-
sented with locoregional disease and 3 initially pre-
sented with distant metastases. Of the 9 patients
with locoregional disease, 2 had received prior
radiotherapy, whereas 7 had not.

Of the 12 patients with histologically proven ONB,
specimens for pathologic review were available for 10.
Of these, 2 tumors were low grade (Hyams grade 1/11)
and 8 were high grade (Ilyams rade III/1V).
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TABLE 1
Patient Characteristics and Treatment Course in Individual Patients
Age. ECOG  Kadish Metastatic  Prior Subsequent Survival,
year Gender PS stage  IC1 LR/DM olie treatment Chemotherapy Response  treatment RT/PRT months  Status
(] Woman | L] ‘ DM LH S AT D PD Chemathesapy - 57 DWD
) Woman 0 C DM IN.LB — 1] 2] Paliiative KT - 65 WD
3%  Woman | c + DM INB §, chemotherapy, KT [D PR Chemaotherapy - s DWD
54 Man 0 C IR IN S, RT, chemotherapy (D NC - - 161 WD
55  Woman | C - AR IN SRT D NC - - a7 AWD
73 Man 0 C - 1R - 5 D FD PRT R 148 AWD
%8  Woman 0 c + IR - - D NC PRT CR 161 ANED
@ Woman 0 C S ) | LN - D PR PRT CR 136 ANED
6l Man 0 B - IR - - D NC RT CcR 22 ANED
6 Woman 0 B - IR - - D NC PRT PR 656 DWD
2 Mm 0 C + I - - D PR PRT CR 514 ANED
61 Woman 1 C + IR LN Chemotherapy D NC PRT, chemotherapy PR 0 AWD
locoregionak: DM: distani L. radioth PRI, proton py; ECOG, Eastern Cooperative Oncology Group: +, positive; L

PS5 inaficates performance status ICL indescranial invasior: LR
lung, M, liver; 5, sargery, D, itk pls e
compiete response; ANED, alive with no evidence of disease

L, PD), progressive disease; W), dead with disease; -, negative; LN, lymph node; B, bone; PR, partial response: NC. no change: AWD, alive with disease; CR,

Treatment Results
Treatment results are also listed in Table 1. All 12
patients received chemotherapy with ID, given as 3
weekly administrations of both irinotecan at a dose
of 50 to 60 mg/m* on Day 1 and docetaxel at a dose
of 30 to 35 mg/m? on Day 1, repeated every 4 weeks,
The recommended dose of this regimen had been
previously determined as irinotecan at a dose of
50 mg/m® and docetaxel at a dose of 30 mg/m? in a
phase 1 study at our institution.®® Of the 12 patients,
3 had been recruited in this phase 1 study and the
other 9 were treated with ID in clinical practice after
the recommended dose had been determined. A me-
dian of 3 cycles of ID were given, ranging from 1 to 6
cycles. In the 7 patients with locoregional disease
and no prior radiotherapy, the treatment plan called
for ID followed by definitive radiotherapy. Radiother-
apy was administered after a median of 3 cycles of
ID (range, 1-6 cycles). One patient refused further
administration of ID because his nasal bleeding was
not improved after 1 cycle and he wished to receive
definitive radiotherapy as soon as possible. A second
patient received 6 cycles of ID because she wished to
continue ID as long as a response was observed. The
other 5 patients received 2 or 3 cycles of ID. Of the 7
patients, the 1 patients with Kadish stage B disease
underwent definitive radiotherapy with photon radia-
tion (total of 66 grays [Gyl in 2-Gy fractions),
whereas the 6 patients with Kadish stage C disease
received proton radiation (total of 65 cobalt Gray
equivalents |GyE]| in 2.5-GyE fractions).

All 12 patients demonstrated an assessable
response to ID, Three of the 12 achieved a partial

373

'
B
2z
§ 5
§ 4
|
5 ¢ -
Qo

-

' 2 2 % o “
Survival period (months)

FIGURE 1. Progression-fres survival (n = 12).

response (PR). One PR patient had distant metastatic
disease and the other 2 PR patients had locoregional
disease. The median progression-free survival was
13.6 months (range, 1.3-53.4 months) (Fig. 1). In the
7 patients with locoregional disease and no prior
radiotherapy who received definitive radiotherapy
after chemotherapy, 5 achieved a CR and 2 a PR.

The median follow-up period in survivors was
22.2 months (range, 14.8-63 months). Estimated 1-
year and 2-year survival rates were 83.3% and 53.3%,
respectively. The median overall survival was 36.6
months (Fig. 2). The median survival of the 6 of 12
patients with recurrent or distant metastatic disease
was 16.1 months (Fig. 3). Of the 7 of 12 patients with
locoregional disease who had received no prior
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FIGURE 3. Survival in patients with recurrent or metastatic disease
in = 6).

radiotherapy, 1 received ID followed by photon radia-
tion and 6 received ID followed by proton radiation.
Among them, the 2-year survival rate was 100% and
6 patients were alive at the time of last follow-up
(Fig. 4). Of the 5 CR patients who received definitive
radiotherapy (1 with photon radiation and 4 with
proton radiation), 4 patients were alive at the time of
last follow-up with no evidence of disease. Toxicity of
definitive photon or proton radiotherapy was mild
and manageable. None of the 7 patients experienced
treatment-related death or severe late toxicity due to
irradiation, including vision impairment, brain ne-
crosis, or others. Nevertheless, ongoing follow-up to
ensure safety is required.

The most common grade 3 or 4 chemotherapy-
related toxicities were leukopenia (33%), neutropenia
(50%), febrile neutropenia (8%), and diarrhea (25%),
all of which were manageable.
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FIGURE 4. Survival in patients treated with irnotecan plus docetaxel
followed by definitive radiation therapy (n = 7).

TABLE 2
Response According to Patient Characteristics

No. of patients
responding

E

Characteristic

Age <50y 0B

Age 250y
Male

Female
Distant metastasis
Present
Absent
Kadish stage B
Kadish stage C
Intracranial invasion
Present
Absent
Low Hyam grade (1/11)
High Hyam grade (IIL/TV)

»99

0 = 00 i
e

>89

w W

>3

-
=4
N

{4

>89

o M =3
w e oW

The correlation between response to chemother-
apy and clinical and histologic variables is summar-
ized in Table 2. The response rate to 1D was 75% (3
of 4 patients) in the group aged <50 years, but was
0% (0 of 8 patients) in those aged >50 years
(P =.018). Furthermore, the response rate was 60%
(3 of 5 patients) in patients with intracranial inva-
sion, but was 0% (0 of 7 patients) in those without
(P =.045). Although the sample size was small, no
response was observed (0 of 2 patients) in the Hyams
low-grade (grade I/IT) patients, whereas 3 responses
were observed (3 of B patients) in the Hyams high-
grade (grade I11/IV) patients. No significant correla-
tions between response to chemotherapy and other
clinical variables were identified.



DISCUSSION

As ONB is a rare tumor, and to our knowledge no
consensus exists regarding treatment, particularly for
advanced cases. Review of the literature suggests that
ONB is a surgical disease; the advent of craniofacial
resection has clearly improved disease-free sur-
vival®'® and many authors recommend surgery as
the initial treatment.*'**'*? To improve locoregional
control and survival, several authors recommend
surgery faollowed by adjuvant radiotherapy.'®'*3*3
Together, these reports suggest that the optimal
treatment for surgically resectable cases is surgery
followed by adjuvant radiotherapy.

Of our 12 patients with ONB, 5 had recurrent
disease, 3 had intracranial invasion, 1 each had cervi-
cal lymph node metastases and distant metastases,
and 2 were staged as Kadish B. Because these Kadish
stage B patients declined surgery, treatment was
initiated with chemotherapy and, if the disease was
locoregional, continued with definitive radiotherapy
after chemotherapy with ID.

Many authors have commented on the effec-
tiveness of chemotherapy in the treatment of
ONB. 7121418193437 Notwithstanding that these pre-
vious reports were based on single-institution experi-
ence with relatively small sample sizes, platinum-
based chemotherapy was well regarded and consid-
ered effective."**%*7 We previously reported that 2 of
8 ONB patients responded to chemotherapy with
mainly platinum-based regimens® In our present
analysis in 12 patients treated with ID, the response
was also 25% (3 of 12 patients), but toxicities were
mild and manageable. The median survival in the
setting of recurrent or metastatic disease was
approximately 12 months in previous reports,“~' but
was 16.1 months in the current study. Although our
sample size was small (n = 6), this result might indi-
cate that chemotherapy for recurrent or metastatic
ONB contributes to improving survival.

On univariate analysis, response rates to 1D were
significantly higher in patients aged <50 years and
those with intracranial invasion. Rates for high-grade
(Hyams grade IT1/IV) and low-grade (Hyams grade I/
1) ONB were 37.5% (3 of 8 patients) and 0% (0 of 2
patients), respectively, but this difference was not
statistically significant. Several authors have reported
that the pathologic features of ONB correlate with its
prognosis and response to chemotherapy,'!%18:26-20
whereas McElroy et al.'® suggested that high-grade
ONB (Hyams grade I11/IV) may be sensitive to chem-
otherapy. Data from the current study may also sug-
gest that ONB in younger patients and in those with
aggressive disease extension may be sensitive to
chemotherapy. The question of which subset of ONB
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patients will respond to chemotherapy is important
but remains to be answered. The ability to predict
response will allow the identification of those
patients who should receive chemotherapy before
definitive radiotherapy. Our present and previous
reports may suggest that younger patients, those
with aggressive disease extension, and those with
high-grade histology (Hyams grade III/IV) may be
sensitive to chemotherapy.''*!®#* ONB is a rare
disease, and identification of the clinical determi-
nants of a response to chemotherapy will require the
further accumulation of patients.

Although craniofacial resection is effective in
controlling ONB, it is not without substantial risk
and morbidity. Levine et al®® reported that of 27
patients undergoing this treatment, 20% experienced
cerebrospinal fluid leakage and 12% had sympto-
matic  postoperative pneumocephalus. Similarly,
Richtsmeier et al.*® reported 1 death and 9 major in-
tracranial complications among a total of 26 patients.
Radiotherapy as the initial treatment has been pro-
posed as 1 means of obviating these complications.
Elkon et al.? found that radiotherapy and surgery
provided equivalent results in patients with early-
stage disease. Similarly, a review from the Mayo
Clinic indicated no significant difference in survival
between patients receiving either radiotherapy or
surgery alone.'” However, recurrence with radiother-
apy alone was approximately 60%.>" Bhattacharyya
et al.' reported excellent results in 9 cases of esthe-
sioneuroblastoma (olfactory neuroblastoma) or neu-
roendocrine carcinoma treated using induction
chemotherapy with cisplatin and etoposide followed
by proton radiotherapy, with 8 of 9 patients exhibit-
ing a dramatic response to therapy and remission of
their tumor, which obviated the need for resection.
Fitzek et al.'* also reported promising results with the
combination of induction chemotherapy and proton-
photon radiotherapy for patients with advanced ONB,
Nineteen patients with a sinonasal tumor (10 olfactory
neuroblastoma and 9 neuroendocrine carcinoma)
received chemotherapy with 2 courses of cisplatin
and etoposide, followed by high-dose proton-photon
radiotherapy to 69.2 GyE. Thirteen of the 19 re-
sponded to chemotherapy, with a 5-year survival rate
of 74% and 5-year local control rate from the time of
initial treatment of B88%. These findings demon-
strated the possibility of nonsurgical treatment for
ONB.

Nevertheless, radiotherapy for ONB is challen-
ging because of the surrounding critical organs, in-
cluding the optic pathway, brain, and brainstem.
Thanks to its physical characteristics, proton
radiotherapy provides better dose distribution than
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