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Identification of expressed genes characterizing long-term survival

in malignant glioma patients
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Better understanding of the underlying biclogy of
msllgoznt gliomas is critical for the development of early
detection strategies and mew therapeutics. This study
almed to define genes associated with survival, We
investigated whether genes coupled with a class prediction
mode] could be used fo define subgroups of high-grade
gliomas in a more objective manner than standard
pathology, RNAs from 29 malignant gliomas were
analysed using Agllent microarrays, We identified 21
genes whose expression was most strongly and consis-
tently related to patient swrvival based on unlvariate
proportional hazards models. In six out of 10 genes,
changes in gene expression were validated by quantitative
real-time PCR. After adjusting for clinical covariates
based on a multivariate analysis, we finally obtalned a
statistical significance level for DDR1 (discoldin domain
receptor family, member 1), DYRK3 (dual-specificity
tyrosine-(Y)-phosphorylation-regulated kinase 3) and
KSP37 (Esp37 protein), In independent samples, it was
confirmed that DDR1 proteic expression was also
correlated to the prognosis of gliomn patients detected
by immunchistochemical stsining. Furthermore, we ana-
Iysed the efficacy of the short interfering RNA (siRNA)-
mediated Inhibition of DDR1 mRNA synthesis in glioma
cell lnes. Cell proliferation and Invasion were significantly
suppressed by siRNA against DDRL. Thus, DDR1 can be
a novel molecular target of therapy as well as an
important predictive marker for survival in patients with
glioma. Ounr method was effective at classifying high-
grade gliomas objectively, and provided a more accurate
predictor of prognosis than histological grading.
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Introduction

Glioblastoma, which is pathologically the most aggres-
sive form, has a median survival range of only 9-15
months (Karpeh ¢ al,, 2001; Stewart, 2002; Stupp &! al.,
2005). Advances in the basic knowledge of cancer
biology and surgical techniques, chemotherapy and
radiotherapy have led to little improvement in the
survival rates of patients suffering from glioblastoma
(Stewart, 2002). Poor prognosis is attributable to
difficulties of early detection, and to a high recurrence
rate during post-initial treatment observation periods,
Therefore, it is important to devise more effective
therapeutic approaches, to reveal more clearly the
biological features of glioblastoma, and identify novel
target molecules for diagnosis and therapy of the
disease. Several histological grading schemes exist, but
the two-tiered World Health Organization (WHO)
system is currently the most widely used (Kleihues and
Cavenee, 2000). A high WHO grade correlates with
clinical progression and decreased survival. However,
there are still many individual variabilities within
diagnostic categories, leading to the need for developing
&dditional prognostic markers. As prognostic markers
are based on morphology, identification of new treat-
ment strategies is limited. Identification of distinct
molecular pathways has become critical for developing
molecular targeted therapies. .

Recently, developed microarray technology has per.
mitted development of multi-organ cancer classification
including gliomas (Ramaswamy et al., 2001; Rickman
et al,, 2001; Kim er al, 2002; Hunter e¢ al., 2003;
Mischel et al., 2004), identification of twmor subclasses
{Khan et al., 2001; Mischel e? al., 2003; Shai ef al,, 2003;
Sorlie er al., 2003; Liang et al., 2005; Nigro ef al., 2005;
Wong &t al., 2005), discovery of progression markers
(Sallinen et al., 2000; Agrawal et al., 2002; van de Boom
et al.,, 2003; Godard et al., 2003; Hoelzinger et al., 2005;
Rich er al,, 2005; Somasundaram et al, 2005) and
prediction of disease outcomes (van't Veer et al., 2002;
van de Vijver ef al,, 2002; Nutt ef al., 2003; Freije et al.,
2004). Unlike clinicopathological staging, molecular
staging can predict long-term outcomes of any indivi-
dual based on gene expression profile of the tumor at
diagnosis. Analysis of expression profiles of genes in



clinical materials is an essential step toward clarifying
the detailed mechanisms of oncogenesis and discovering
target molecules for the development of novel thera-
peutic drugs.

The humnan 1 cDNA microarray (Agilent Technologies,
Palo Alto, CA, USA) contains 12811 clones from more
than 7000 UniGene clusters, Each clone is represented
by a PCR-amplified, double-stranded complementary
DNA (cDNA) product, immobilized on the slide.
mRNAs obtained from two biclogical samples were
separately converted to cDNA labeled with distinct
fluorescent dyes, usually cyanines 3 (Cy3) and 5 (Cy5),
mixed together and hybridized to a single array.
Hybridization intensities from the two dyes were
measured, and compared for each gene within the array,
to identify gene expression differenices between the two
samples. Utilization of a common reference sample for
each array allowed objective comparisons between
samples on separate arrays. In the present study, we
used agilent ¢cDNA microarrays to define expression
patterns to distinguish between short-term and long-
term survival of malignant gliomas,

Resulis

High-grade gliomas in this study

Patients initially showed histologically proven glioblast-
oma (grade IV), anaplastic astrocytoma or other
malignant gliomas (grade II) corresponding to the
WHQ critetia, Seven patients with grade ITI and 22
patients with grade IV were included in this study
{Table 1). Univariate analysis of clinical features was
performed against pathological diagnoses, age, gender
and performance status (PS) with respect to survival.
Pathological diagnoses, age and gender were not
independent predictors of survival (Table 2). Once all
gliomas were sorted according to PS, significant
difference was found between survival of patients with
PS 0-60 and patients with PS 70-100 in our cases
(Table 2).

Identification of prognosis-related genes

We performed the univariate proportional hazard model
to identify a set of genes that better correlated with
censored survival time, Genes were selected if their
P-value was less than 0.005 and the P-value was then
used in a multivariate permutation test, We identified 21
genes whose expression was most strongly and consis-
tently related to survival, These genes are listed in
Table 3, and include several genes that we believe to be
biologically active such as DDR1 (discoidin domain
receptor family, member 1) and XSP37 (Ksp37 protein)
(see Discussion).

Relationships between resulis obtained by microarray
analysis and by real-time PCR

We chose 10 genes thal were not previously associated
with gliomas, to measure their mRNA levels by real-
time quantitative reverse transcription~PCR. From 29
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TFable 1 Patient chamcteristics

No. Histological diagnosis Age, WHO PS Survival
gender  grade time
1  Anaplastic oligoastrocytoma 59, M  IH 80 263
2 Anaplastic oligodendrogliome 60,M LI 90 294
3 Anaplastic oligedendroglioma 72, M I 90 305
4  Ansplastic astrocytoma M I 100 545
S  Anaplastic astrocytoma M i 70 617
6 Annplastie sstrocytoms 45, M i 60 698
7 Anvagplastic astrocyloma 6, M I 00 762
8 Glioblastoma 18, F v 60 i
9 Glioblesioma &, F v 50 154
10 Glioblestoma 28, M v 70 202
11  Glioblastoms 4M 1V 60 261
12 Glioblaztoma MM IV 40 268
13  Glioblastoma aM IV 80 286
14  Glioblastoma 2M IV 70 347
15 Glioblastoma 8O.M IV g0 343
i6  Glioblastoma 8, F v 66 350
17 Glioblestoma oM IV S0 35
18  Glioblastoms LM IV 50 396
13 Glioblastoma .M IV 60 405
20 Qlioblastoma mF v 90 417
21  Glioblastoma 7,M IV 80 43
22 Glioblastoma LM Iv 80 453
23 Globlastorpa M Iv 80 506
24 QGlioblastoma 5.M IV 80 630
25 Glioblastoma 52,F v 50 641
26 Gliob!sstoma 2, F v 90 157
27 Glioblastoma 42, F vy 70 880
28  QGlioblastoma 4a.M IV 50 908
2%  Glioblastoma 2.M IV 80 1189

Abbreviation: PS, performance siatus; WHO, World Health Organiza-
tion,

Teble 2 Univeriatc analysis of chnical features

Varlable No. of Medlen survival P
patients time (days)  (log-rank test)
WHO grade
Grade I 7 617 0.55
Grade IV 2 417
Age (yesrs)
<60 16 641 0,069
=60 13 352
Gender
Male n 436 0.979
Female 7 417
S
T0-100 21 617 0.0033
0-40 [ kit

Abbrevistion: PS, performasce status; WHO, World Health Organiza-
tion.

microarray-measured tumor samples, total RNAs from
27 tumor samples (14 long-term survivors and 13 short-
term survivors) were analysed for expressions of
ALCAM (activated leukocyte cell adhesion molecult),
DDR!, DYRK3 (duval-specificity tyrosine-(Y)-phos-
phorylation-regulated kinase 3), ITGAS (integrin alpha
5), ITGB2 (integrin beta 2), KSP37, LDHC (actale
dehydrogenase C), LOC (hypothetical protein
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Table 3 Identification of prognosis-related genes

GenBank Symbof Descriprion Harard ratlo P-vakue
BCG05261 SLN Sarcolipin 0.41 0.000263
U13680 LDHC Lactate dehydrogrnase-C 0.24 0.000851
ALl 37662 NRBP2 Nuclear receplor binding protein 2 5.5 0.00101
ABO021123 KSP37 Ksp37 protein 0.12 0.00102
M20681 GLUT3 Glucose transporter-like protein-1i 0,37 0.00107
BC0O7952 PKM2 Pyruvate kinnse, muscle 0.15 0.0013
N92498 PDCDY Programmed cell death 4 i1 0.00205
M10036 TPIL Ttiosephosphate jzomernse | 0.16 0,00222
BCO15061 RAB32 RAB32, member RAS oncogene family 0.51 0,00260
V20362 TTCI0 Intraflagellar transport 88 homolog 45 0.00250
BEG45I90 DDRI1 Dilscoidin domain receptor family, member 1 42 0.00308
AF327561 DYRK3 Dual-gpecificity tyrosine-(Y)-phosphorylation regulated kinase S 017 0.00312
BCO0S861 ITGB2 Integrim, beta 2 4.1 0.00352
BAB22510 Putative 890 0.00365
BC007835 STK40 Serine/threonine kinaso 40 0.40 0,00169
ABO26706 EMILIN2 Elastin microfibril interfacer 2 0.27 0.08389
AF231512 RBMSB RNA binding motif protcin 8B 4.3 0.00403
BCOD3786 ITGAS Integein, elphin § 0.36 0.00419
AA4DAGS2 1SGF3G Enteeferon-stimulated transcriplion factor 3, gamma (48 kD) 28 0.00431
Y10183 ALCAM Activated lzukocyte ccll adhesion molecule 28 0.00440
MI 9482 ATP synthaso Human ATP synthase bets subunit gene, exons 1--7 0.28 0.00445

A subset of the 21 genes expressed differentially in good and poor prognesis group, listed by category. Included with name of each gene is the
GencBank eccession number, 8 bricf description of the gene and the P-valus that was computed,

Table 4 mRNA Ievels by real-lime quantitative RT-PCR

Toble 5 Multivariate anslysis

Shori-term survivor  Long-term survivor P
{n=13) fn=1I4)
ALCAM (pg/ml) 6.6+14.3 0.0610.1 <0.05
DDRI (pg/m!) 416.8456.5 4061111 <001
DYRK3 (ng/m!) 11614962 449,34 108.7 <0.05
ITGAS (pg/ml) 38.7447.1 707.6185.6 <0,01
ITGE2 (pg/mi) 00240.01 6,0310.05 NS
KSPa7 (pg/mi) 18.9424.6 B402.9+855.6 <001
LDHC {pg/ml) l4z1.0 T5¢125 NS
LOC (pg/mi) L2411 1.742.1 NS
SLN (pg/ml) 89118 15.544.5 <0.05
SLC2A3 (ngfml) 7.518.3 19.1£23.9 NS

Varlable Hazard ratio $35% CI P
WHO grade 9.55 1.24-73 8 0.0305
Age (>60) 588 1.1-31.4 0,038
Gender (male) 8.16 0,748-88.9 0.0851
PS (70-100) 18.2 2.47-134 0.0044
DDRI 215 212-17 0.0094
DYRK) 0.067 0.006-0.798 0.0325
KSP3a7 0.008 0,000-0,235 0.0053
ITGAS 0.698 0.146-3.34 0.6525
SLN 285 0.658-12.4 0.1615
ALCAM 1.67 0.446-6.274 0.4453

Abbrevistions: NS, not significant; RT-PCR, reverse transcription—
PCR. For other abbreviations, see Table 3.

LOC340371), SLN (sarcolipin) and SLC2A3 (solute
carrier family 2 member 3). Results are shown in
Table 4, and are expressed as means+standard devia-

"tion (s.d.). Patterns of gene expression between long-

and short-term survivors analysed by microarray
paralleled patterns observed using real-time PCR for
ALCAM, DDRI1, DYRKS3, ITGAS, KSP37 and SLN
{Table 3).

DDR], DYRK3 and KSP37 were selected based on

a multivariate analysis

To adjust for relevant clinical covariates against six
PCR-confirmed genes, we performmed a multivariate
analysis (Table 5), In incorporating multivariate analy-
sis, high DDR1 expression was negatively correlated
with survival (P = (,0094; hazard ratio =21.5; 95% confi-
dence interval (CID, 2.12-217), high DYRK3 expression
was positively correlated with survival (P=0.0325;
hazard retio=0.067; 95% CI, 0.006-0.798) and

Oneogane

Abbreviations: Cl, confidence inlerval; PS, performance status; WHO,
‘World Health Organization. For other abbreviations sze Table 3, -

high KSP37 expression was positively correlated with
survival (P=0.0053; hazard ratio=0.008; 95% CI,
0.000-0.235). The expression of DDRI1 and KSP37
were more closely correlated with survival compared to
histological grade (Table 5). Thus, in gliomas, these
results suggested that expression of DDRI, DYRK? and
KSP37 might be a strong predictive factor for patient’s
survival better than ' WHO grading.

Immunohisiochemical analysis of potential candidate
genes

To confirm our results from microarray analysis, we
chose to investigate DDRI1 expression as a8 prognostic
marker for glioma and performed the immunohisto-
chemical analysis. Firstly, we analysed the protein
expression of DDR] against 29 microarray-measured
specimens, end investipated the correlations with patient
survivals, DDR1 was expressed in the cytoplasm of
reoplastic cells and patients were divided into two
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Figure I DDRI] protein expressions and patient survivals,
Kaplan-Mcicr aurvival curves for patients, stratified according to
levels of DDRI expreztions in tumors {low DDRI staining: 0-1
score: high DDRI staining 2-3 score; log-ramk test). (a) A
significant trend for worse cutcome was observed in the DDRI-
positive group (P=0.043). () DDR1 protein expressions and
patient survivals in independent groups of giomas. Kaplan-Meler
survival curves for patients, stratified according to levels of DDRI
expressions in tumors (low DDRI1 staining: 0-1 score; high DDRI
staining: 2-3 score; Jog-rank test). A zignificant trend for worse
oulcomo was observed in the DDR1-positive group (P=0.049).

groups: positive and negative groups according to
immunostaining score. Positive staining for DDRI1 was
confirmed te be associated with unfavorable overall
survival time (P=0.043; Figure la), Next, in new
independent 19 glioma samples, similar results were
obtained (P=0.049; Figure 1b). Although our results
were based on relatively small sample size, the correla-
tion between DDR expression and survival was con-
firmed by real-time quantitative PCR and also confir-
med immunohistochemical analysis in independent
samples.

Gilioma cell proliferation and invasion are inhibited by
DDRI siRNA

DDR1 overexpression was linked to aggressiveness of
glioma in our analysis. In order to determine whether
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downregulation of endogenous DDR1 suppresses pro-
liferation and invasive behavior of gliomas, we synthe-
sized short interfering RNA (siRNAs) against DDR1
mRNA to reduce expression of DDRI protein. We
analysed efficacy of siRINA-mediated inhibition of
DDR! mRNA synthesis in U251, GI-1, and T98G cells
by real-time PCR. As shown in Figure 2a, when U251
cells were transfected with siRNAs against DDR-]
{DDRI1-#1 and DDR1-#2), DDR! mRNA was down-
regulated 48 h later (P <0.01), whereas transfection with
a related control siRNA failed to modify DDR1 mRNA
expression. When GI-1 and T98G cells were transfected
with siRNAs against DDR-1 {PDR1-#1 and DDRI-
#2), DDR]1 mRNA was downregulated by 10-15% of
control siRNA (P<(0.01).

After transfection with siRNAs against DDR-1, U251
cell counts within 48h were approximately 40-60% of
untreated or control-siRNA-treated cells during this
same periad of time (P<0.01; Figure 2b), GI-1 and
T98G cell counts within 48h were approximately 35
50% of untreated or control-siRNA-treated cells during
this same period of time (P<0.01). Cell proliferation
was significantly suppressed by siRNA sgainst DDR],
as reflected in reduction of mRNA expression.

For invasion assays, transfectants were seeded onto
Matrigelcoated invasion chambers, incubated for 24h
and total numbers of cells on the underside of each filter
were determined, As shown in Figure 2c, transfections
of U251 cella with anti-DDRI1 siRNA inhibited cell in-
vasion through the Matrigel by more than 80%, whereas
the use of control siRNA hed no effect (P<0.01).
Transfections of GI-1 and T98G cells with anti-DDRI1
siRINA inhibited cell invasion through the Matrigel by
more than 70-80%, whereas the use of contro] siRINA
had no effect (P <0.01). Therefore, invasion by cells was
significantly suppressed by siRNA ageainst DDRI, as
reflected by reduced mRNA expression.

Discussion

Several works (Sallinen e¢ al., 2000; Khan et al., 2001;
Ramaswamy et al., 2001; Rickman et al., 2001; Agrawal
et al., 2002; Kim et al., 2002; Veer et al., 2002; Vijver
et al., 2002; Boom ef al, 2003; Godard ef al., 2003;
Hunter et al.,, 2003; Mischel et af., 2003; Nutt er al.,
2003; Shai e al., 2003; Sorlie et al., 2003; Freije et al.,
2004; Mischel et al., 2004; Hoelzinger et al,, 2005; Liang
et al,, 2005; Nigro er al, 2005; Rich er al, 2005;
Somasundaram et al, 2005; Wong et al., 2005) showed
the usefulness of utilizing methods of analysis of
multiple forms of data including both clinical and
maultiple genes, to achieve a more precise discrimination
of outcomes for individual patients, The same logical
use of multiple forms of data and methods of analysis
has been applied in the present study to accurately
achieve better classification and prediction of glioma
patients, In the present study, we used expression arrays
to identify genes that reflect patient’s survival. The
groups of patients used represented the two extremes of
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glioma with respect to outcomes. Nutt ef af, (2003) and
Freije et al. (2004) reported the use of microarrays to
predict outcomes for glioma patient. Nutt ef al. involved
& group of 50 glioma patients who were not selected
based on survival duration. The investigators used
Affymetrix U 95 GeneChips to develop 2 model to
classify cases into unfavorable end favorable groups
that exhibited significantly different survivals. They
picked up 20 genes different from our study that highly
correlated with class distinction. On the other hand,
Freije et al. (2004) also reported the use of microarrays
to predict outcomes for all histological types of 85
gliomas, The investigators used Affymetrix HG 133
GeneChips to develop a 44-gene mode] 1o classify cases
into unfavorable and favorable groups that exhibited
significantly different survivals, From these two studies,
there were no attempt to predict survivals of individual
patients, but resulls were consistent with ours, and
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together sugpested that clinical differences in outcomes
were reflected in global patterns of gene expression that
could be appreciated using microarrays.

Some of the genes that were critical components of
patierns that were used to discriminate between long-
term and short-term survivors are Enown to affect
virulence of the malignant pheriotype. Several groups
have confirmed prognostic markers of glioma such as
Insulin-like growth factor-binding protein 2 (IGFBP2)
(Kim et al, 2002; Godard et al, 2003), vascular
endothelial growrh factor (VEGF) (Godard et al,
2003), Osteonectin, Doublecortex, Semaphorin 3B (Rich
et al.,, 2005) and brain-type fatty acid-binding protein
(FABP7) (Liang er al,, 2005).

We have selected DDRI, KSP37 and DYRK3 from a
21-gene model (21 genes derived from multivariate
analysis} to classify cases into unfavorable and favorable
groups that exhibited significantly different survivals.
We observed that glioma cell proliferation and invasion
were significantly suppressed by siRINA against DDRI.
The DDRI1 is a tyrosine receptor kinase activated by
various types of collagen, and 15 involved in cell-matrix
communication (Vogel, 1999). DDRI1 is activated
independently of f1 integrin (Vogel er al,, 2000).
DDR]-collagen interaction facilitates the adhesion,
migration, differentiation/maturation and cytokine/
chemokine production of leukocytes (Yoshimura er al.,
2005). DDRI1 is overexpressed in several tumors
including high-grade brain, ecsophageal and breast
cancers (Weiner and Zagzag, 2000). Based on our data
and Ram et al. (2005), DDR) may play a potential role
in proliferation and invasion of gliomas. Invasive
phenotype is caused by activation of matrix metallo-
proteinase-2 in DDRI1-overexpressing cells (Ram ez al.,
2006). Glioma cell adhesjon, including intercellular and

<
Figore 2 Effects of DPR] knockdown by RNA interference on
proliferation and invasivoness of human glioma cell lnes. U251
cells were tramsiontly transfected with short interfering RNAs
(siRNA) and subjected to semiquantitative PCR analysis, prolif-
eratlon zssay or Matrigel Invasion assays. (s) Reduction of DDRI
mRNA expression by siRNAs agninst DDR1 was determined by
semigquantitative PCR. enalysis. Transfection with DDR1 nRNAs
glgnificantly reduced DDRI, whereas transfection with sIRNAs
targeted to an unrelsted mRNA had no effect on DDRI
expression. *P<0.01 compared with both control groups. (b) Cell
proliferation asssy, Cells were cultured in 96-well plates in 100 1 of
serum-enricked medium. When 80% confluence was reached, 25l
of 100nM =iRNA in cylofectin was added drop wize, Numbers of
viablo cclls wers evalusted after 48h culture by incubation with
Tetra color one, and numbers oblained were compared with those
of controls. After transfection with DDRI siRNAs, U251 cell
counts within 48h were approximately 40-60% of untreated or
conteol-siRNA-treated cells during this same pesriod of time,
*P«<0.01 compared with both control groups. () For the invasion
asays, transfectants wers seeded onlo Matrigel-coaled invasion
chambers and incubated for 24 h. Tolal numbers of cells on the
underside of each filler were determined, Invading cells wers
significantly suppressed by slRNAs egainst DDRI, as reflected by
reduction of mRNA expression. Control, no siRNA treatment:
negalive control, control siRNA treatsd. DDRI-#1, DDRI1-#2Z;
DDR! siRNA treated. **F<0.0]1 compared with holh control
groups,




cell-matrix adhesions, is critical to the maintenance of
structural integrity, polarity and cell-cell communica-
tion, and their expression is frequently observed in
tumor cells concordant with & breakdown of cellular
organization, causing an uncontrolled leakage of nu-
trients and other factors necessary for the survival and
growth of tumor cells, and loss of cell-ceil contact
inhibition leading to increased cell motility, Thus,
DDRI may be & novel molecular target for therapy,
and provide an important predictive marker for survival
in patients with glioma, KSP37 protein is constitutively
secreted by Thl-type CD4-positive lymphocytes and
fymphocytes with cytotoxic potential, and may be
involved in an essential process of cytotoxic lympho-
cyte-mediated immunity (Ogawa et al., 2001). Down-
regulation of KSP37 protein may correlate with poor
prognosis of glioma patients with immunosuppressive
state, DYRK3 is & member of dual-specificity tyrosine-
regulated kinases with roles in cell growth and develop-
meat. DYRK3 was reported to be expressed in erythroid
progenitor cells, and to play roles in kinase activation
(Li et al., 2002), Although KSP37 and DYRK3 are
unique molecules, their roles in glioma progression ere
unclear, and should be further investigated in the future.

Regardless of their roles in tumorigenesis, all these
markers offer potential clinical applications for the
treatment and detection of malignant gliomas, To our
knowledge, this study is the first to address these
molecules as molecular targets for therapeutics. Values
of gene-expression-based predictors for prognosis of
malignant glioma patients will not be fully realized until
additional therapies are available for patients destined
to have poor survival, following conventional chemo-
therapy. In this regard, expression profiles may not only
predict the likelihood of long-term survival following
nitrosourea chemotherapy, but may also yield clues
on individual genes involved in tumor development,
progression and response to therapy. It is likely that
some of the most differentially expressed genes such as
those discussed above will represent therapeutic mole-
cular targets. Moreover, the ability to histologically
distinguish ambiguous gliomas will enable appropriate
therapies to be tailored to specific tumor subtypes. Class
prediction models based on defined molecular profiles
allow classification of malignant gliomas in a manner
that wilf better correlate with clinical outcomes than
with standard pathology.

Materials and methoda

Patients )

Mean age of patients was 53.2 years old (range, 18-80)
Twenty-two patieats were men and seven were women. Tissues
were snap-frozen in liquid nitrogen within 5 min of harvesting,
and stored thereafter at —80°C. Clinical stage was estimated
from accompanying surgical pathology and clinical reports.
Samples were specifically re-reviewed by a board-certified
pathologist in our institetion, using observation of sections of
paraffin-embedded tissues that were adjncent or in close
proximity to the frozen sample from which the RNA was
extracted, Histopathology of each collected specimen was
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reviewed to confirm adequacy of the sample (i.e., minimal
contamination with non-necplastic elements), and to assess the
extent of tumoral necrosis and cellularity, Histological
characteristics of tumor samples and clinical disease stage
were included as supplements in Table 1.

After surgical resection of tumor, patients had a course of
external beam radiation therapy (standard dose of 40 Gy to the
tumor with a 3-cm margin, and 20Gy boost 1o the whole
brain) and nitrosourea-based chemotherapy. Patients were
monitored for recurrences of tumor during the initial and
maintenance therapy by magnetic resonance imaging or
computed tomography. Treatments were carried out at the
Department of Neurcsurgery, Niigata University Hospital,
Informed consent was obtained from all patients for the usc of
samples in accordance with the guidelines of the Ethical
Committee on Human Research, Niigata University Medical
Scheol. Overall survival was measured from the date of
diagnosis. Survival end points corresponded to dates of death
or last follow-up,

RNA extraction

Total RNA was extracted with 1ml Jsogen (Nippongene,
Toyams, Japan) per 100mg frozen glioma tissues, following
the manufacturer’s instructions. Bach tissue type was homo-
genized with a Polytron (Fisher Scientific) for 30# and cleared
by a 10-min centrifugetion at 10000g. For each ml ¥sogen,
0,2m! chloroform was added and samples were vigorously
shaken for 208 and then jncubated on ice for 10min, The
aqueons phase was separated by centrifugation at 100005 for
10min, decanted and an equal volume of isopropano] was
added, The mixture was allowed to precipitate for 10 min and
the precipitate was collected by centrifugation at 12000 for
10 min. The pellet was washed with 70% ethanol, collected by
brief centrifugation, air dried and re-suspended in HyO. RNA
was further purified using an RNeasy column (Qiagen,
Valencin, CA, USA). The purified RNA was quantificd using
a UV spectrophotometer, and RNA quality was cvaluated by
capillary clestrophoresis on an Agilent 2100 Bioanalyzer
(Agilent Technologies), Only samples with 2B5/18§ ratioz
>0.7 and with no evidence of ribosomal peak degradation
were included in the study.

Agilent cDNA micrearrays

Agilent humen | cDNA microarrays {Agilent Technologies)
contained 13 156 clones from Incyte's human ¢DNA library.
Test and normal brain RNAs were Jabeled with both Cy3-
dCTP and Cy5-dCTP nucleotides (Amersham Biosciences,
Tokyo, Japan) and hybridized on two slides (dye-swep
hybridizations) according to the direct-labeling method
provided by the manufacturer. Following hybridization, slides
were scanned and analysed using the Feature Extraction
software (version A.4.0.45, Agilent Technologies), as recom-
mended by the manufacturer. Spots thet did not pass quality
control procedures in the Feature Extraction software were
flagged and removed from further analysis. Clones with the
same GenBank accession number were averaged.

Expression profiling on Agilent cDNA microarrays

Total RNA (20 ug) was reverse transcribed using the Agilent
direct-labe] cDNA synthesiz kit (Agilent Technologies),
following the manufacturer’s directions, Labeled cDNA was
purified using QIAquick PCR Purification columns (Qiagen,
Valencia, CA, USA), followed by concentration by vacuum
centrifugation, cDNA was suspended in hybridization buffer
and hybridized to Agilent human 1 ¢DNA microarrays
{Agilent Technologies) for 17h at 65°C, according to the
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Agilent protocol, To avoid generation of false between-group
differences by randomly pairing glioma samples on the two-
channel cDNA arrays, each sample was individually labeled
and co-hybridized with a normal brain sample labeled with a
complementary dye. Normal brain samples were generated by
pooling equal amounts of RNA from each control sample and
labeling as for individua! samples. In addition, Cy dye switch
hybridizations were performed for cach sample. Normal brain
samples were purchased from Ciontech (Tokye, Japan). All
microarray data and clinical features have been submitted to
Gene Expression Omnibus (GEO, http://www.ncbi.nim.nih.
gov/geo; accession no. GSE4381).

Statistical analysis
Univariate analysis for clinical features was performed by log-
rank fest using SAS software ver. 9.1.3 (SAS Institute Inc,,
Cary, NC, USA). In microarray analysis, normalization and
survival analysis were performed using the BRB Arcay Tools
software ver. 3.3.0 (http://linus.nci.nih.gov/BRB-Array-
Tools,html) developed by Dr Richard Simon and Amy Peng.
In brief, a log base 2 transformation was applied to the
microartay raw data, and global normalization was used to
median the center of log ratios on cach array in order to adjuat
for differences in labeling intensities of the Cy3 and Cy5 dyes.
Genes showing minimgl veriation across the set of arrays were
excluded from the anslysit. Genes whose expression differed
by at least 1.5fold from the median in at least 20% of ibe
arrays were retained. Genes were also excluded if percent of
data missing or filtered out exceeds 50%. Then, genes that
paseed filtering criteria were considered for further analysis,
We computed a statislical significance level for each gene
based on univariste proportional hazards models (P<0.005)
and identified genes whose expression was significantly related
to survival of the patient, These P-values werc then used in 8
multivarinte permutation test in which survival times and
censoring indicators were randomly permuted among arrays.
To adjust the expression of six candidate genes (DDRI,
DYRXK3, KSP37, ITGAS, SLN and ALCAM) for clinical
features (WHOQ grade, rge, gender, PS), clinical data and
pormalized microarray expression data of six gemes were
imported into SAS softwere ver. 9.1.3 (SAS Institute Inc,) and
Cox regression model was performed for multivariate analysis
against each variable (WHO grade, nge, pender, PS, expression
levels of aix genes). Three samples were excluded for multi-
variate analysis because there were a few defecled expression
date. A P-value <005 was considered significant. The
differences between subgroupz of DDR1 siRNA and control
groups were tested for statistical significance using the analysis
of variatuce test and siatistical significance was determined at
the P<0.01 level.

Validation of difjerential expression by real-time

quantitative PCR .

Total RNA (2 ug) was subjectsd to DNase treatment in a [ ul
reaction conteining 1 g4 10 x DNase [ reaction bufTer (Invitro-
gen, Tokyo, Jepan) and 1 pug DNase I at room temperature for
10min, Ethylenediamine tetraacetic acid (I xl, 25 mM}) and [ gl
oligo dT (0.5pug/ul; Invitrogen) were added to the DNase
reaction, and heated to 70°C for 15min to inactivate DNasz I
activity and eliminate RNA secondary structure, Samples were
placed on ico for 2min and collected by brief centrifugation.
RNA was then reverse-transcribed into cDNA by adding 8 ul
master mix containing 4ul of 5x first strand buffer, 24l
dithiothreitol (0.1M), 1pul dNTPs (10mM cach) and 14l
SuperScript 11 (200 U/ul) (Qnvitrogen), followed by incubation

Uncagenn

at 42°C for 45min. The reaction was diluted 10-fold with
dH,0 and stored at 4°C,

Bach sample was subjected to 40 cycles of real-time PCR
with a LightCycler (Ideho Technology, Ssalt Lake City, UT,
USA). PCR reagents contained 1 x LightCycler DNA Master
SYBR Green I (Roche Molecular Biochemicals, Mannheim,
Germany), 0.5 gM of each primer, 3mM MgCl; and 2 ul cDNA
template. PCR conditions were as follows: one cycle of
denaturing at 95°C for 10min, followed by 40 cycles of 95°C
for 155, 55°C for 5s and 72°C for 10s. A melting curve was
obtained at the end of amplification cycles to verify specificity
of the PCR. products, Points at which signal fluorescence
exceeded background, for cach sample and for cach gene, were
compared {o a standard curve generated by four, 10-fold serial
dilutions of concentrated ¢cDNA control of each sample
subjected to real-time analysis to determine an expression
value, All determinations were performed in duplicate. A
Student’s t-test was conducted to analyse expression values for
long- and short-term survivors to determine statistical
significance. For amplification of target genes, the following
primers were used (Takara, Yotsvkaichi, Japan):

ALCAM-FW:  5-CCAGATGGCAATATCACATGGTA
CAY,

ALCAM-RW;  STCCAGGGTGGAAGTCATGGTATA
GA-3

DDRI-FW: S ACTTTGGCATGAGCCGGAAC-Y,

DDRI-RW:  SACGTCACTCGCAGTCGTGAAC ',

DYRK3-FW: XAGCF’ GCCTCCAGTTGTTGGGAAT
G-3

DYRK3-RW:  STGCATCTCTGGGCATATCTCTG
TC.¥

ITGAS-FW:  STCCCAGTAAGCGACTGGCATCY,

ITGAS-RW:  S'GTTCCAGCACACCCTGGCTAA-3,

ITGB2FW:  SATCGTGCTGATCGGCATTCTC.Y,

ITGR2-RW:  S'GGTTCATGACCGTCGTGGTG-Y,

KSP37-FW: S CITCCGAGGGTGACAGGTGA-Y,

KSP37-RW:  S'TCCAGTGTGAGAACGTTGGATT
G-y

LDHC-FW: grg?mcramcrmrmceccm
X

LDHCRW:  SYACGGCACCAGTTCCAACAATAG
TAA-3

LOC340371-FW: S¥GGAACATGCCAGGGCTTCA-3,

LOC340371-RW: S'CTGCTCAACACGGTCTGGA-3,

SLN-FW: SGOAGTTGGAGCTCAAGTTGGAG
ACY,

SLN-RW: 5GAACTGCAGGCAGATTTCTGAG
G,

SLCIA3-FW: S GCCTTTGGCACTCTCAACCAG-%,

SLC2A3RW:  S'GCTGCACTTTGTAGGATAGCAG
GAA-.

Immunohistochemisiry

Sections {5 gm) from formalin-fixed, paraffin-embedded tissue
specimens were deparaffinized in xylene and dehydrated in a
graded series of ethanol, followed by a phosphete-buffered
saline (PBS) wash. Antigen retrieval was carried out by
incubation at 121°C for 10min in 10mM godium citrate (pH
'6.9), followed by incubation with 0.3% Hy0; to quench
endogenous peroxidase activity, Slides were blocked in 10%
normal serutn and incubated with rabbit polyclonal enti-
DDRI antibody (dilution 1:50; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 16k at 4°C. ARer washing, the
slides were incubated with an avidin-biotin—peroxidase system
(Vectastain eclite ABC kit, Vector Labs, Burlingame, CA,



USA). Finally, sections were exposed for 10~20min to 0.01%
3,3-dieminobenzidine (Sigma, Tokyo, Japan) and PBS con-
taining 0.01% hydrogen peroxide. lmmunohistochemistry
scoring was performed as follows. Staining intensity was
classified as none (0 point), weak (1 point), moderate (2 point)
or strong (3 point). Intensity of signal of stained aress was
estimated by light microscopy, based on 25 percentiles in a
representative field. Scores were calculated as weighted
averages (sum of points x area%). Averages of three indepen-
dent measurements were calculated to the first decimat place
and used for statistical analysis, Observers were not aware of
case numbers,

SIRNA treatment and cell proliferation assay

Specific siRNA oligonucleotides directed against human
DDRI were purchased from Invitrogen. The Validated Stealth
sequence information is DDR1-#1: 5-GCUAUGUGGAGAU
GGAQUUUGAGUU-3 and DDRI-#2: 5.GGCCCUGG
UUACUCUUCAGCGAAAU-3. siRNAs were introduced
into pliomn cell lines by cytofectin-mediated transfection
according fo the manufacturer's instructions {Qiagen, Tokyo,
Japan). Celis were cultured in 96-well plates in 100 ul of serum-
entiched medium, When 80% confivence was reached, 25pl
100nM siRNA in cytofectin was added drop wise to the ¢cll
culture, Numbers of visble cells were evaluated 48h after
culture, by incubating with Tetra color one (Seikagaku CO.,
Tokyo, Jepan), and numberz obtained were comparsd with
thost of controls. Control experiments were performed using
Cy3-labeled siRNA (Qiagen) directed against an unrelated
mRNA (Luciferaze; siRNApuc: Qiagen). Transfection effi-
clency was confirmed with Cy3-labeled siRNApuc in cach
assay, All proliferation experiments were repeated as indepen-
dent experiments at least twice. Results wess reported as
means£5.d. of two independent experiments.

Cell invasion of Matrigel

A Transwell containing an 8-ym diameter pore membrane
(Becton-Dickinson, Tokyo, Japan) was coated with 5004
Matrige) (Becton-Dickinson) at 100 ug/ml, Cells were either
Ieft untreated, treated with control or DDRI-#1, #2 siRNAs
and transfected as described above. After 24-h incubation, cells
were detached with cel] dissociation solution (Sigma), washed
twice with PBS and resuspended in minimum essential medium
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Abstract The biological background for the clinical
and prognostic heterogeneity among tumors within the
same histological subgroup is due to individual vari-
ations in the biology of tumors. The number of
investigations looking at the application of novel
technologies within the setting of clinical trials is
increasing. The most promising way to improve cancer
treatment is to build clinical research strategies on
intricate biological evidence. New genomic technolo-
gies have been developed over recent years. These
technigues are able to analyze thousands of genes and
their expression profiles simuitaneously. The purpose
of this approach is to discover new cancer biomarkers,
to improve diagnosis, predict clinical outcomes of
disease and response to treatment, and to select new
targets for novel agents with innovative mechanisms of
action. Gene expression profiles are also used to assist
in selecting biomarkers of pharmacodynamic effects of
drugs in the clinical setting. Biomarker monitoring in
surrogate tissues may allow researchers to assess
“proof of principle” of new treatments. Clinical
studies of biomarkers monitoring toxicity profiles have
also been done. Such pharmacodynamic markers
usually respond to treatment earlier than clinical re-
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sponse, and as such may be useful predictors of effi-
cacy. Epidermal growth factor receptor (EGFR)
mutation in lung cancer tissues is a strong predictive
biomarker for EGFR-targeted protein tyrosine kinase
inhibitors. Monitoring of EGFR mutation has been
broadly performed in retrospective and prospective
clinical studies. However, global standardization for
the assay system is essential for such molecular
correlative studies. A more sensitive assay for EGFR
mutation is now under evaluation for small biopsy
samples. Microdissection for tumor samples is also
useful for the sensitive detection of EGFR mutation.
Novel approaches for the detection of EGFR muta-
tion in other clinical samples such as cytology, pleural
effusion and circulating tumor cells are ongoing.

Keywords Biomarker - Proof of principle -
Pharmacodynamic marker - EGFR mutation

Correlative studies at the National Cancer Cenler
Hospital

Molecular correlative studies are essential for the devel-
opment of anticancer molecular-targeted drugs. One of
the major purposes of a correlative study is “proof of
principle” (POP). However, clinical POP studies for
small molecules are often more difficult to complete than
those for antibodies,

Since 2001, the National Cancer Center Hospital
(Tokyo, Japan) has been operating as a laboratory for
translational studies to develop molecular correlative
studies. The laboratory members include medical on-
cologists, basic researchers, CRC research fellows, in-
vited researchers from abroad, technicians and
statisticians. The laboratory is located next to the phase
I wards in the hospital, enabling more than ten molec-
ular correlative studies to be simultaneounsly performed.
New clinical samples can be quickly obtained from
patients (including outpatients), prepared for storage
and stored in the laboratory. The medical doctors
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Table 1 Classification of

biomarkers and their goals Biomarker -

Goal

Diagnostic markers
Prognostic markers

Predictive markers (patient selection}

Pharmacodynamic markers
Response and efficacy markers

Toxicity prediction markers

Selection of patients most likely to benefit from given
treatment

Dose finding and schedule

To measure or infer patient benefit/relate patient benefit to
target inhibition

working in the laboratory are often research fellows
supported by government grants as these individuals are
often interested in this kind of research.

The location of the laboratory also gives frequent
opportunities to medical oncologists to communicate
with researchers. The significance of study endpoints,
study design, technical and statistical information and
feasibility are often discussed, especially among young
medical oncologists and researchers. As a result, young
oncologists and researchers often collaborate in the
proposal of new molecular correlative studies.

The major activities of the laboratory are pharma-
cokinetics and pharmacodynamics studies for early
clinical trials (phase I-JI) and reverse translational
studies. Essentjally, ““biomarker monitoring” using var-
ious biological technologies in these clinical studies are
preformed. The selection and validation of biomarkers is
a major endpoint for molecular correlative studies. Bi-
omarkers are defined as described in Table 1. Tissue
banking and quality control are two of the most
important activities. Part of clinical sample testing is
performed in collaboration with the Contract Research
Organization (CRO) (Fig. 1).

Gene expression profiles

Gene expression array (DNA chips) has been widely
used in clinical studies to predict response and in POP

Fig. 1 Flow of clinical samples
in molecular correlative studies
at the National Cancer Center
Hospital. {(GI gastrointestinal,
JCOG Japan Clinical Oncology
Group, P clinical phase I
study, PIT7 clinical phase II
study, GDS gene delivery
system, SCLC small cell lung
cancer, NSCLC non-small cell
lung eancer, NCC National
Cancer Center, CRO Contact
Research Orpanization, GMP
Good Manufactoring Practice)

VMuIlicenie'r

I

studies [3]. Many kinds of DNA chip are now available.
Oligonucleotide arrays containing > 40,000 genes have
recently become popular. These chips can be used dif-
ferentially depending on the requirements. Before the
clinical use, however, an array’s quality (linearity and
reproducibility) should be determined in preclinical
studies. At the National Cancer Center Hospital, the
quality of each array is evaluated and expressed as the
Pearson’s product-moment coefficient of correlation.
Based on the validated quality of the cDNA, protocols
based on “‘experienced designs™ are then established.

In clinical settings, sample quality and protocol fea-
sibility are often major limitations in the design of new
studies. To maintain the quality of clinical samples, a
system for sample flow has been established. First,
purity of the nucleotides must be carefully examined.
Purification methods largely depend on the tumor types.
For example, brain tumors contain large amounts of
carbohydrate chains, lung cancer samples are sometimes
very hard, and breast cancer biopsy samples are lipid
rich. These sample characteristics influence the purifi-
cation quality and efficiency.

After the gene expression profiles have been obtained
for each sample, the data are analyzed by standardiza-
tion, clustering, statistical analysis and validation meth-
ods. Statistical and biclogical validation are essential.
Ideally, clinical cross-validation studies should be per-
formed for independent clinical studies. On the other
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hand, biomarkers can be validated in the same clinical
study by the “leave-one-out” method. The endpoint of
these correlative studies is usually the selection of bio-
markers for predicting response or toxicity. For such
endpoints, the quality of the clinical study itself is also
very important.

‘We have also used other endpoints in early clinical
studies, such as comparing clinical samples obtained
before and after the treatment. Analysis of gene altera-
tions after treatment can be utilized to reveal pharma-
codynamic effects. We have completed such correlative
studies as part of a clinical assessment of multitarget
tyrosine kinase inhibitors (TKI), farnesyl transferase
inhibitor, and eytotoxic drugs [7].

For biological confirmation, we usually perform real-
time RT-PCR and immunostaining. However, we re-
cently discovered that “pathway analysis” is a powerful
method for improving our understanding of the alter-
ation of genes related to biological signal transduction
pathways. To analyze transcription factors, “‘network
analysis” can be used to identify their signaling path-
ways (Fig. 2).

Toxicogenomic project for breast cancer

As an approach of gene expression profiling in clinical
samples, we monitored gene expression in breast cancer

Gene expression
pre post

prediction

Vs
Wy tumor Y
furegete O == )

i. 150pts - 120pts(trial set) + 30pts {test set)

Z. independent validation study

Fig. 3 Gene expression monitoring to distinguish the outcome of
treatment for breast cancer patients

patients during treatment with FEC followed by weekly
paclitaxel = trastuzumab in the adjuvant setting. The
purpose of this approach was to predict outcormnes as
well as to study the pharmacedynamic effects of each
treatment. Gene expression profiles of peripheral blood
mononuclear cells obtained pre- and posttreatment and
of tumor biopsy samples obtained pretreatment were
determined (Fig. 3). An algorithm to distinguish out-
comes using the dataset of these three sampling points
was created and expected to be more powerful than
conventional outcome assessment techniques.

It seems quite an unusual approach to use normal
cells in gene expression profiling in oncology; however,
this has proved to be a useful way to menitor drug
pharmacodynamic effects and to select biomarkers.
Using this approach, we selected biomarkers to capture
adverse cffects of the treatments. Such “biomarker
monitoring” is a rapidly growing field of research.

Biomarker monitoring for tyrosine kinase inhibitors

Recently, EGFR mutation has become an exciting topic
in research on TKI [4, 6]. Mutation analysis is now
essential for any correlative studies for TKI. Patients
with tumors containing the EGFR mutation in different
exons are thought to have different responses to TKI. A
short, in-frame deletional mutant (E746-A750del) is one
of the major mutant forms of EGFR in Japanese pop-
ulations, and a determinant for EGFR-specific TKT such
as gefitinib and ZD6474 (Fig. 4) [1, 8]. We investigated
the biological and pharmacological functions of this
mutated EGFR to determine whether tumors with del-
etional-EGFR status are responsive to ligand stimula-
tion, whether mutated EGFR is constitutively active,
and whether the downstream intracellular signaling
pathway is altered. We concluded that deletional EGFR
is constitutively active and that its downstream events
are shifted to the AKT pathway (Fig. 3). In addition, a
celi-free kinetic assay using mutant EGFR proteins
demonstrated differential affinity to TKI among differ-
ent EGFR mutants. Additional mutations after treat-
ment are also generating interest with regard to their role
in acquired resistance to TKI [2). Thus, the mutation
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sensitivity to tyrosine kinase inhibitors (gefitinib and ZD6474),
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HEK 293 cells were transfected with empty vector (293-mock), wild-
type EGFR (293 p-EGFR), and deletional EGFR (293-pA15).
Reprinted with permission of the American Association for Cancer
Research Inc., from Arao et al. [I]
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Fig. 5 Constitutive phosphorylation of mutant EGFR. Phosphor-
ylation of EGFR was determined by immunoblotting in 293 cells
transfected with Mock, wild-type EGFR, and deletional EGFR
cDNA. Increased phosphorylation was observed in the 293-pAlS

status of EGFR is one of the determinants for the pre-
diction of tumeor response to EGFR-targeted TKI. On
the other hand, the clinical impact of EGFR mutation
on survival in patients treated with these TKI remains
unclear. Therefore, molecular correlative study includ-
ing EGFR mutation analysis is quite important for
prospective studies. Various technologies for EGFR
mutation assay have been develeped and some of these
assays have been validated in the clinical situation [5].
Gene mutation analysis in prospective studies of TKI
using standardized technologies is very important.

Protein arrays

Proteomics technology has been developed and sue-
cessfully used to identify biomarkers for target-based
drugs in a few clinical studies. Additional approaches
such as antibody arrays and “PowerBlots®”, especially
those using phospho-specific antibodies, should enable
us to perform *kinome” analyses. Hence, these protein
analysis technologies are now powerful tools for re-
search on TKI.
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cells under no ligand stimulation. Reprinted with permission of the
American Association for Cancer Research Inc., from Arao et al.
[1]. (EGF epidermal growth factor receptor, 78 immunoblotting)
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Enhancement of Sensitivity to Tumor Necrosis Factor o in
Non—Small Cell Lung Cancer Cells with Acquired
Resistance to Gefitinib

Koichi Ando, Tohru Ohmori,*2 Eumike Inoue, 2 Tsuyoki Kadofuku,? Takamichi Hosaka,'
Hiroo Ishida," Takao Shirai,’ Kentaro Okuda,! Takashi Hirose,! Naoya Horichi,'
Kazuto Nishio,? Nagahiro Saijo,® Mitsuru Adachi,® and Toshio Kuroki®

Abstract

Tumor cells that have acquired resistance to gefitinib through continuous drug administration
may complicate future treatment. To investigate the mechanisms of acquired resistance, we
established PC-9/ZD2001, a non-small-cell lung cancer cell line resistant to gefitinib, by
continuous exposure of the parental cell line PC-8 to gefitinib. After 6 months of culture in
gefitinib-free conditions, PC-9/ZD2001 cells reacquired sensitivity to gefut:mb and were
established as a revertant cell line, PC-8/ZD2001R. PC-9/ZD2001 cells showed collateral sen-
sitivity to several anticancer drugs (vinorelbine, paclitaxel, camptothecin, and 5- fluorouracil)
and to tumor necrosis factor @ (TNF-o). Compared with PC-8 cells, PC-8/ZD2001 cells were
67-fold more sensitive to TNF-a and PC-9/ZD2001R cells were 1.3-fold more sensitive.
Therefore, collateral sensitivity to TNF-a was correlated with gefitinib resistance. PC-9/
7D2001 cells expressed a lower level of epidermal growth factor receptor (EGFR) than did
PC-9 cells; this down-regulation was partially reversed in PC-9/ZD2001R cells. TNF-a-
induced autophosphorylation of EGFR {cross-talk signafing) was detected in ali three cell lines,
However, TNF-a-induced Akt phosphorylation and kB degradation were observed much less
often in PC-9/ZD2001 celis than in PC-9 cells or PC-2/ZD2001R cells. Expression of the
inhibitor of apoptosis proteins c-JAP1 and c-lAP2 was induced by TNF-a in PC-8 and PC-9/
7D2001R cells but not in PC-9/ZD2001 cells. This weak effect of EGFR on Akt pathway might
contribute to the TNF-a sensitivity of PC-8/ZD2001 cells. These results suggest that therapy
with TNF-o would be effective in some cases of non-small-cell lung cancer that have acquired

resistance to gefitinib.

Gefitinib (iressa, ZD1839), a small-molecule epidermal
growth factor receptor (EGFR} tyrosine kinase inhibitor, has
been approved for the treatment of refractory and relapsed non-
small-cell lung cancer (NSCLC) patients in a number of
countries around the world. This drug, which is given
continuously as a once-daily oral dose, showed antitumor
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activity in patients with relapsed or recurrent NSCLC; however,
tumor responses were observed in 129 to 18% of patients with
chemotherapy-Tefractory advanced NSCLC (1, 2). Even in cases
sensitive to gefitinib, resistance might be acquired through
continuous drug administration. Additional treatments for
cases of NSCLC relapsing during treatment with gefitinib are
urgently needed.

To investigate the mechanism of acquired resistance to
gefitinib, we previously established gefitinib-acquired resistant
cells, PC-9/ZD2001, from a NSCLC, PC-9, which is hypersen-
sitive to gefitinib and has a 15-del mutation in exon 19 of EGFR
{data not shown). After >6 months of culture in gefitinib-free
conditions, the sensitivity of PC-9/ZD2001 cells to gefitinib was
restored, and the cells were subsequently established as a
revertant cell line, PC-9/ZD2001R. The active mutation of EGFR
was sustained in both the resistant and the revertant cell lines
and the existence of revertant cell line suggests the additional
mutation of EGFR, such as a secondary mutation of T790M in
EGFR that causes resistance to gefitinib (3, 4), is unlikely to be
contribute to this gefitinib resistance. In the gefitinib-resistant
cells, the expression levels of EGFR and mRNA decreased 1o 30%
10 50% of those in parental cells. A ligand-induced EGFR
activation minimally activated mitogen-activated protein kinase
signaling pathways and the inhibitory effect of gefitinib on this
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pathway was significantly decreased in the resistant eells.” To
elucidate the cross-resistance to other anticancer agents, we
examined the sensitivity to the conventional anticancer agents
and tumor necrosis factor o (TNF-). PC-9/2D2001 showed
cross-Tesistance to another EGFR inhibitor, AG1478, Interest-
ingly, gefitinib-resistant cells were ~ 3-fold more sensitive than
PC-9 cells to the cytotoxic effects of vinorelbine, paclitaxel,
camptothecin, 5-fluotouracil, and a cytokine, TNF-o.® The same
tendency was confirmed in the other gefitinib-resistant clones
established along with PC-9/ZD2001. The restoration of these
collateral sensitivities (except 5-flucrouracil) in revertant PC-9/
ZD2001R cells suggests that such sensitivities are correlated with
the mechanism of gefitinib resistance.

TNF-a is the prototype of ~20 related cytokines that act
through specific members of the TNF receptor (TNFR) super
family (5-7). Several cancer therapies exploiting the cytotoxic
effect of TNF- on solid tumors and soft-tissue sarcomas have
recently been examined in clinical tdals (8, 9). The TNF-w
stimulates inflammation by turning on gene transciption
through signaling cascades such as the Akt/nuclear factor kB
(NF-xB) pathway. This signaling subsequently serves as the
primary mechanism to protect cells against apoptotic stimuli
through several transcriptional genes, such as inhibitor of
apoptosis proteins (IAP), the specific inhibitor of caspases
(10, 11). In contrast, TNF-a-mediated signaling also triggers
apoptosis through the activation of caspase-8 and the down-
stream caspase-3 or caspase-7 in awide variety of cells {12). From
these cbservations, it is possible to say that TNF-a has two
different signaling pathways that contradict each other. The
cytotoxic effect of TNF-a might be determined by ratios between
the apoptosis-inducing and the apoptosis-inhibiting effects.

Akt/NF-«<B signaling also occurs downstream of EGFR and
this signaling mediates cell proliferation and antiapoptotic
signaling through this pathway (13). In the case of the
antiapoptotic signaling of TNF-o, TNFR is known to activate
Akt/NF-«B in three ways: directly through phosphatidylinositol
3-kinase activation, or indirectly through cross-talk signaling
to EGFR, or both together (5-7, 12, 14, 15), Moreover, several
recent articles report that the TNFR-mediated cross-talk signa-
ling to EGFR occurs in a ligand-dependent and -independent
manner (16-21). Therefore, to investigate the mechanisms of
the collateral sensitivity to TNF-« in gefitinib-acquired resistant
cells, we focused on TNF-a-induced cross-talk signaling to
EGFR and analyzed the Akt/NF«B signaling pathway in
response to TNF-a.

In this article, we show that a weakness of Akt/NF-«B signaling
from TNF-a-mediated eross-talk signaling via EGFR causes the
collateral sensitivity to TNF-« in the gefitinib-acquired resistant
cell line. Moreover, this coss-talk signaling is thought to be a
dominant pathway of TNF-a-mediated Akt activation.

Materials and Methods

Chemicals and antibedies. Gefitinib was donated by AstraZeneca
Phanmaceuticals (Wilmington, DE). An anti-phospho-EGFR antibody
(Tyr1068) was purchased from Cell Signaling Technology (Beverdy,
MA). Other antbodies and chemicals were purchased from Santa Cruz

& T Yamaoka, T, Ohmari, F. Inoue, et al. Characteristics of gefitinib-acquired resis-
tance in non-small cell lung cancer cell fines, submitted for publication.
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Biotechnology, Inc. (Santa Cruz, CA) and Sigma-Aldrich Co. (St. Louis,
MO), respectively, unless otherwise specified.

Cell lines and cultures, The PC-9 human NSCLC cell line, established
from a previously untreated patient, was kindly donated by Prof. K.
Hayata (Tokyo Medical College, Tokyo, Japan.). The PC-S cells were
cultured with RPMI 1640 supplemented with 10% FCS and maintained
in a 5% CO, incubator at 37°C under humidified conditions.

Establishiment of gefitinib-resistant cell lines. To establish gefitinib-
resistant cell lines, PC-9 cells were continuously exposed to increasing
dosages of gefitinib for >1 year. The surviving cells were cloned and
three gefitinib-resistant cell lines, designated as PC-9/ZD2001, PC-9/
ZD2002, and PC-9/ZD2003, were established. These cell lines can
survive exposure to 200 nmol/L gefitinib. Sensitivity to gefitinib was
restored by culture of PC-9/ZD2001 in gefitinib-free conditions for »6
months. The restored cells were cloned and subsequently established as
a revertant cell line, PC-9/ZD2001R.

Established resistant cell lines were maintained by culture in a
medium containing 200 nmal/L gefitinib. To eliminate the effects of
gefitinib, the resistant cells were cultured in a drug-free medium for at
least 2 weeks before all experiments. As the relative resistance values of
these cell lines were stable for at least 3 months after culture under
drug-free conditions (data not shown), we used the cells for exped-
ments during this period.

Growth inhibition assay. To measure sensitivity to gefitinib, a 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide assay was done
{Cell Titer 96 assay kit, Promega Corp., Madison, WI). In brief, PC-9,
PC-9fZD2001, and PC-9/ZD2001R cells were seeded onto 96-weli
plates and preincubated ovemight. The cells were continuously exposed
1o the indicated concentrations of gefitinib for 4 or 5 days. Absorbance
was measured at 570 nm with a microplate reader (Model 550, Bio-Rad
Laboratories, Hercules, CA).

Analysis of tumor necrosis factor cc—induced apoptotic cell death, The
PC-9, PC-9/ZD2001, and PC-9/ZD2001R cells were reated with 100
ng/mL TNF- for the indicated time periods, They were then fixed with
4% paraformaldehyde at 4°C for 30 minutes. After 100 pl, of 70%
ethanol were added, the cells were permeabilized by incubation
ovemight at —20°C. Apoptotic DNA fragments were probed with the
terminal deoxyribonucleotidyl transferase-mediated dUTP nick end
labeling merhod (MEBSTAIN Apoptosis TUNEL Kit Direct, Medical &
Biological Laboratories, Nagoya, Japan) and subpopulations of
apoptotic cells were measured with 2 flow cytometer {FACSCalibur,
BD Biosciences Immunocytomery Systems, San Jose, CA).

Activity assays for CPP32fcaspase-3 and FLICEfcaspase-8. Activities
of CPP32{caspase-3 and FLICE/caspase-8 were measured with caspase-3
and caspase-8 colorimetric assay kits (MRL Diagnostics, Cypress, CA)
according to the instructions of the manufacturer. The PC-9, PC-9f
ZD2001, and PC-9/ZD2001R cells were incubated for 12 hours with 10
ng/mL TNF-¢ and then resuspended in 50 uL of chilled cell lyses buffer.
The cells were incubated on jce for 10 minutes and the protein
concentration of the supernatant was assayed with a bicinchoninic acid
protein assay kit (Sigma-Aldrich). A certain amount of each sample was
added to 50 pL of 2% reaction buffer containing the respective
substrates DEVD-pNA and IEFD-pNA, then incubated at 37°C for
1 hour. After incubation, absorbance was measured at 400 and 405 nm
with a microtiter plate reader (Model 550, Bio-Rad laboratories).

Immunoblot analysis.  Cells were treated with 10 ngfmL of TNF-« for
30 minutes, then washed twice with ice-cold PBS and lysed in EBC
buffer [50 mmol/L Tris-HCI (pH 8.0), 120 mmol/L NaCl, 0.5% NPao,
100 pmolfL NaF, 200 pmol/L. Na orthovanadate, and 10 pg/mL of
leupeptin, aprotinin, and phenylmethylsulfony! fluaride] with an ultra-
sonic disrupter (Tomy Digital Biclogy Co., Ltd., Tokyo, Japan). The cell
lysate was precleared by centrifugation, resolved by 10% SDS-PAGE,
transferred to nitrocellulose membrane, and probed with antibodies
against EGFR, phospho-EGFR (Tyr1045), phosphatase and tensin
homologue, Akt, phospho-Akt, 1kB, cAP1, and ¢JAP2. Bound
antibodies were detected with horseradish peroxidase-linked immuno-
globulin {Amersham Biosciences, Buckinghamshire, United Kingdom)
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and enhanced chemiluminescence reagents (Perkin-Elmer Life and
Analytical Sciences, Boston, MA).

Real-time reverse transcription-PCR method. Total RNA was isalated
with the guanidium isothiocyanate method using an RNA purification
kit (RNeasy Mini Kit, Qiagen, Venlo, the Netherlands) according to the
instuctions of the manufaciurer. After RNA lsolation, ¢<DNA was
prepared in the presence of random 9-mers with a reverse transeription-
PCR (RT-PCR} kit (Takara Shuzo Co., Ltd., Kyoto, Japan). Expression
levels of EGFR, c-IAPl, and cJAP2 mRNA were quantified with
a fluorescence-based real-time detection method (GeneAmp 5700
Sequence Detection System, Applied Biosysiems, Foster City, CA).
Cyding conditions were 40 cydes at 94°C for 20 seconds, 55°C (EGFR)
and 64°C {c-1APs) for 20 seconds, and 72°C for 30 seconds. Expression
of the mRNA wag measured with the following primer sets: EGER,

L ACCAATGGGCCTAAGATC-3 and S*TGCITACCCGGATTCTAGG-3}
cJAP1, 5-ATGTGGGTAACAGTGATCGATGTCA-3' and 5-AAACCAC-
TIGCGCATGTTGAAC-3; and cIAP2, 5-CTAGTGTTCATGITGAAC-3'
and 5-CCTCAAGCCACCATCACAAC-3. The expression of B-actin
mRNA was used as an internal control.

Statistical analysis. Statistical analysis was done with the StatView 11
software program (Abacus Concepts, Berkeley, CA). Activides of
CPP32/caspase-3 and FLICE/caspase-8 were analyzed with paired
Student's ¢ test. P < 0.05 was considered significant.

Results

Establishment of acquired gefitinib-resistant cell lines. To
elucidate the mechanism of acquired resistance against
gefitinib, we established gefitinib-resistant NSCLC cell lines
through continuous exposure of this drug. Resistance against
gefitinib developed quite slowly; the relative resistant values of
3- 10 4-fold were reached after >1-year exposure to gefitinih, We
picked the clones of gefitinib-resistant cell lines named PC-9/
ZD2001, PC-9/ZD2002, and PC-9/Z2D2003, These cell lines can
survive in 200 nmol/L gefitinib-contained medium. Sensitivi-
ties to gefitinib were measured by 3-(4,5-dimethylthiazol-2-y1}-
2,5-diphenyltetrazolium bromide assay. In the case of PC-5/
ZD2001 cells, the cell line was able to survive by >50% at the
concentration of >500 nmol/L gefitinib. This concentration
caused maximum inhibition in PC-9. The IC4, value of
gefitinib in PC-9 cells was 53.0 + 8.1 nmol/L. The gefitinib-
resistant cell line PC-9/ZD2001 showed a 4-fold higher
fesistance to gefitinib than PC-9 cells (IC4 = 2111 *
32.4 nmol/L; Fig. 1). Culture of the cells in gefitinib-free
conditions for 6 months restored sensitivity to gefitinib in
PC-9/2D2001 and subsequently established a revertant cell
line, PC-9/ZD2001R, in which sensitivity to gefitinib was
completely restored {IC,p = 46.3 £ 10.2 nmol/L).

Analysis for tumor necrosis factor o~induced apoptotic cell
death. TNF-z-induced cytotoxic effect was measured by 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide assay.
The ICyo values of TNF-« in PC-9, PC-9/ZD2001, and PC-9/
ZD3001R cell lines were 815.0 * 44.8, 12.2 + 1.4, and 626.2 &
185 ng/ml, respectively. PC-9/ZD2001 cells acquired new
sensitivity to TNF-a. PC-9/ZD2001 was ~67-fold more
sensitive 1o TNF-x as compared with PC-9, but this sensitiza-
tion was restored to 1.3-fold in PC-9/ZD2001R (Fig. 2A). This
collateral sensitivity to TNF-a was confirmed in the other
gefitinib-resistant cell lines, PC-9/ZD2002 and PC-9/ZD2003
(data not shown).

Additionally, we measured TNF-a-induced apoptotic cell
death by flow cytometry. The apoptotic cells weie stained by
the terminal deoxyribonudeotidyl transferase-mediated dUTP
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Fig.1. Cytotoxic affects of gefitinib in a gefitinib-resistant NSCLC cell line, The cells
(2 % 10% per well) wers seeded onto a 96-well plate and preincubated overnight,
then continuously exposed to the indicated concentrations of gefitinib for 4 or

& days. The growth inhibition rate was analyzed with 3-(4,5-dimethylthiazol-2-yl) -
2,5-diphenyltetrazofium bromide assay as described in Matarials and Methods.

Q, PC-9; @, PC-9/ZD200% 11, PC-9/ZD2001R. Points, mean of three dilferent
expariments; bars, SD. *, P {0.001, PC-9 versus PC-98/2D200t **, P (0.001, PC-9/
ZD2001R versus PC-9/2D2001.

nick end labeling method. No significant apoptosis was
observed in these three cell lines until 24 hours of exposure
to TNF-a {10 ng/mL). Forty-eight hours of TNF-a exposure
induced a 6-fold higher apoptotic cell death in PC-9/ZD2001
cells {70.3%) as compared with the parental PC-9 cells
(11.8%). This enhancement was completely recovered in PC-
9/ZD2001R cells {16.6%; Fig. 2B; Table 1). These results suggest
that the collateral sensitivity to TNF-a might be conrelated with
the resistance to gefitinib in these cell lines.

Analysis of tumor necrosis factor a—mediated activations of
CPP/caspase-3 and FLICE[caspase-8. To clarify the difference of
TNF-a-induced apoptotic cell death in these cell lines, we
analyzed TNF-a-mediated CPP32/caspase-3 and its upstream
FLICE/caspase-8 activations by caspase-8 and caspase-3 color-
imetric protease assay kits (Medical and Biological Laboratories),
respectively. PC-9, PC-9/ZD2001, and its revertant PC-9/
ZD2001R cells were incubated with the indicated concentrations
of TNF-a for 12 hours. In the case of caspase-3, TNF-a did not
cause any increases in the activity in PC-% and PC-9/ZD2001R
cells even at the highest concentration of 100 ng/mL. In contrast,
TNF-a significantly enhanced caspase-3 activity in PC-9/Z2D2001
cells even at the concentration of 1 ng/mL within this time
course (Fig. 3A). In the case of caspase-8, TNF-« enhanced
the activities in all three cell lines from 10 ng/mlL (Fig. 3B). TNF-a
at 100 ng/mL activated caspase-8 ~1.6-, 2.9-, and 1.9-fold
higher in PC-9, PC-9{ZD2001, and PC-9/ZD2001R, as com-
pared with the respective untreated cells. In PG-9/ZD2001 cells,
TNF- caused the highest relative induction of caspase-8 (Fig. 3B).

Immunoblot analysis for the tumor necrosis factor ce—induced
crass-talk signaling to epidermal growth factor receptor and Aluf
nuclear factor xB pathway activation. EGFR expression was
significantly lower in PC-9/ZD2001 than in PC-9 cells (Fig. 44).
When measuring the expression of EGFR protein by a
densitometer (calculated by the NIH image sofiware}, the
expression was decreased to 52.4 + 2.6% of that in parental
cell line, Moreover, we measured the expression levels of EGFR
mRNA by a real-time RT-PCR method. The expression level in
PC-9/ZD2001 was decreased 10 37.0 + 3.2% of that in parental
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Fig. 2. Gefitinib-resistant cells acquired sensitivity 10TNF-a,
A, the cells were continuously treated with the indicated
concentzations of TNF-« for 4 or 5 days. The growth inhibition
rate was analyzed with 3+ (4,5-dimethylthiszol-2-yI)
-2,5-diphenyltetrazolium bromide assay as described in
Materials and Methods. C, PC-9; ®, PC-9/2D2001; O,
PC-8/ZD2001R. PC-9/ZD2001cells were ~67-fold more
sensitive toTNF-ce than were PC-9 cells but the sensitivity of
revertant PC-8/Z2D2007R cells decreased 10 1.3-fald that in
PC-9 cells, Points, mean of three different experiments;

bars, SD. *, P { 0.001, PC-9 versus PC-9/ZD2001,

**, P £0.001, PC-9/ZD2001R versus PC-9/ZD 2001,

B, the cells warae treated with 10 ng/mL TNF-a for the
indicated time periods. After treatment, the cells were fixed
with 4% paraformaldehyde at 4 °C and pesmeabilized with
70% ethanol. Fragments of apoptotic DNA were staned
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cells. The same down-regulation of BGFR was seen in the other
tesistant cell lines (data not shown). In the case of PC-9/
ZD2001R, expression levels of EGFR protein and mRNA were
also decreased to 69.3 + 1.1% and 56.8 + 2.2%, respectively, as
compared with PC-9. The expression of EGFR was restored, but
not comnpletely, in the revertant cell line.

In PC-9 cells, cross-talk signaling from TNFR to EGFR was
observed and treatment with 10 ng/mL TNF-« for 30 minutes
induced significant autophosphorylation of EGFR (Fig. 4A).
According to the autophosphorylation of EGER, definite
phosphorylation of Akt and a decrease in IkB content were
observed. The activation of Akt and down-regulation of IxB were
inhibited by gefitinib at concentrations <10 nmol/L. Because
gefitinib (100 nmol/L) mostly inhibited this signaling, we
concuded that the cross-talk signaling from TNFR to EGFR
might be the dominant pathway of TNF-a-mediated Akt/NE.kB
activation in this cell line rather than the direct signaling from
TNEFR to Akt. In contrast, although EGFR autophosphorylation
was observed, only partial phosphorylation of Akt and down-
regulation of IB, compared with those in PC-9, were observed
after TNF-o exposure in PC-9/ZD2001 cells {Fig. 4A and B).
Treatment with gefitinib inhibited this cross-talk signaling to
EGFR but had no effect on downstream Akt phosphorylation.

These observations suggest that TNF-a-mediated EGFR
signaling has less effect on the Akt/NF-kB pathway in the
gefitinib-resistant PC-9/ZD2001 cell line. Other stimuli might
activate Akt in an EGFR-independent manner. In the revertant
PC-9/ZD2001R cell line, this weak effect of EGFR was largely
reversed and TNF-a exposure induced autophosphorylation of
EGEFR and subsequent activation of the Akt/NF-«xB pathway. The
expression levels of phosphatase and tensin homologue, a
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suppressor of Akt signaling, did not differ significantly among
PC-9, PC-3/ZD2001, and PC-9{ZD200IR cells. This decreased
effect of EGFR might be partially caused by the down-regulation
of EGFR expression in PC-9/2D2001. However, although the
EGFR-mediated signaling and the resistance to gefitinib were
mostly restored, EGFR expression remained only partially
restored in PC-9/ZD2001R. For this reason, we speculated that
the down-tegulation of EGFR expression might not fully explain
the weak EGFR signaling to Akt pathway in PC-9/ZD2001 cells.

To clarify the decreased EGFR signaling in PC-9/ZD2001,
we examined the inhibitory effect of a phosphatidylinositol
3-kinase inhibitor, wortmannin, on the TNF-a-induced acti-
vation of this pathway (Fig. 4B). Interestingly, wortmannin
inhibited the TNF-c-mediated phosphorylation of Akt in
PC-9/ZD2001 cells at the same level as it did in PC-9 and
PC-9/ZD2001R cells,

Expresstion of ¢-IAP1 and c-IAP2 on treatment with tumor
necrosis factor o, After treatment with TNF-a (10 ng/mL) for
30 minutes, expression of c-IAP1 and clAP2 proteins was

Table 1. Percentage of apoptotic subpopulations

YApoptosis PC-9 PC-9/2001 PC-3/2001R
Control 11 1.2 1.1
24h i4 2.3 3.2
48h 1.8 70.3 6.6

NOTE: After 72 howrs of exposure to TNF-«, significant apopiotic cell death
was observed in PC-8/ZD2001 cells but not in PC-8 or PC-9/ZD2001R cells.
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significantly increased in PC-9 and PC-9/ZD2001R cells but not
in PC-9/2D2001 cells (Fig. 4A and B). According to the results
of Akt phosphorylation, induction was inhibited by gefitinib in
PC-9 and PC-9/ZD2001R cells but not in PC-9/ZD2001 cells.
Wortmannin could inhibit induction in all three cell lines.
Consistent with the results of protein expression, treatment with
TNF-ux increased the expression level of -1AP1 and c-IAPZ mRNA
in PC-9 and PC-9/ZD2001R cells in a dose-dependent manner
{Fig. 5A and B). After treatment with 100 ng/mL TNF-a for
12 hours, the expression levels of both ¢-]AP1 and ¢-IAP2 mRNA
were significantly increased in PG-9 cells (¢-JAP1, 7.05 + 0.62;
c-1AP2, 18.22 + 0.25) and PC-9/ZD2001R cells (c-1AP1, 7.02 &
0.54; ¢1AP2, 11.56 + 0.75) but not in PC-9/ZD2001 cells
(c-1AP1, 2.60 £ 0.58; ¢-1AP2, 2.83 + 0.66). These observations
suggest that TNF-o-induced apoptotic signaling is not inhibited
by its own antiapoptotic effects, such as IAPs induction, owing
to the weak effect of TNF-s-mediated signaling and the Ak
NF-kB pathway via EGFR in this gefitinib-resistant cell line.

Discussion

We have shown that the gefitinib-acquired resistant NSCLC
cell line PC-9/ZD2001 acquired collateral sensitivity to the
apoptotic effect of TNF-a., Because this collateral sensitivity was
significantly diminished in the revertant PC-9/ZD2001R, it
might be correlated with gefitinib resistance. As desaibed
before, PC-9/ZD2001 also acquired collateral sensitivities to
some anticancer drugs, such as vinorelbine, paclitaxel, campto-
thecin, and 5-flucrouracil, However, this cell line did not show
the collateral sensitivities to cisplatin, etoposide, mitomycin G,
and cyclophosphamide.” Moreover, there was no difference of
susceptibility to serum-starved condition between PC-3 and
PC-9/ZD2001 (data not shown). From these observations, it
can be candluded that the collateral sensitivities of the gefitinib-
resistant cells are specific to some cell siresses and are not
caused by the fragility of the cells. Because the same tendency of
sensitivity was seen in the other resistant clones, PC-9/ZD2002
and PC-9/ZD2003, the acquired sensitivity to the anticancer
drugs and TNF-e could be a general phenomenon even in the
clinical gefitinib-resistant cells,

TNF-o activates not only apoptotic signaling but also
antiapoptotic signaling via the Akt/NF-kB activation (22, 23}
Activation of the downstream transcription factor NF-xB
inhibits various types of apoptotic cell death by inducing
apoptotic inhibitory proteins (22, 23), such as bd-2 (24), bel-=d
(25), forkhead (26), and 1APs (10, 11, 27, 28). As desaibed
before, it is thought that the cytotoxic effect of TNF-« is
determined by ratios between the apoptosis-inducing and the
apoptosis-inhibiting effects (5-7, 12, 14, 15).

In parental PC-9 cells, TNF-o induced EGFR autophosphor-
ylation and subsequent Akt/NF-xB pathway activation (Fig. 4A
and B). This autophosphorylation was completely inhibited by a
low concentration of gefitinib (10 nmol/L). From these
observations, we think that TNF-a-induced Akiy/NF-«B pathway
activation occurs mainly through cross-talk from TNFR to EGFR
in this cell line. Because the expression level of EGFR was
significantly decreased in PC-9/ZD2001 as compared with the
parental PC-9, the dedine of the aoss-talk signaling might
partially diminish the TNF-a-induced activation of the Akt
NE-kB pathway. Our results are supported by those of an earlier
study showing that resistance to the cytotoxic effect of TNF-a
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is associated with high expression of Her family receptors, such
as EGFR (Her1), erbB2/Her2/neu, or Her3, in a panel of human
tumor cell lines (29). However, the decreased EGFR signaling
from the Aki/NF-xB pathway could not be fully explained
by the lower EGFR expression in PC-9/ZD2001 because EGFR
expression remained only partially restored in the revertant
PC-9/ZD2001R cell line. In light of these observations, to darify
the mechanisms of collateral sensitivity to TNF-« in the gefitinib-
resistant cells, we focused on the cross-lalk signaling from TNFR
to EGFR in PC-9, PC-9/ZD2001, and PC-9/ZD2001R cells.
Several recent articles have reported that TNFR mediates
cross-talk signaling to EGEFR through a ligand-dependent and
-independent manner (16-19, 21, 23). Chan et al. (17)
have reported that exposure of human mammary epithelial
cells to TNF-o results in transactivation of EGFR through
metalloprotease-dependent shedding of EGFR ligand(s). Hirota
et al, {18) reported that EGFR transactivation by TNF-a is
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Fig. 3. TNF-o-mediated activation of CPP32/caspase-3 and FLICE /caspase-8 in
PC-9, PC-9/2D2001, and PC-9/ZD2001R cells. Activation of CPP32/caspase-3
and FLICE/caspase-B was measured as described in Matesials and Methods. The
cells were exposed to the indicated concentrations of TNF-« for 12 hours; alter
which equivalent amounts of samples were reacted with the substrales DEVD-pNA
and [ETD-pNA. Absorbance was measured at 400 and 406 nm with a microtiter
plate reader. 4, CPP32/caspase-3. B, FLICE/caspase-8. TNF-o activated

FLICE /caspase-8 in all three cefl lines but activated CPP32/caspase-3 only in
PC-9/ZD2001 cells. Data calculated as the percentage increase compared with
respective untreated controls. Points, mean of three ditferent experiments each done
in triplicate; bars, SD. Open columns, PC-9; closed columns, PC-9/ZD200%;
hatched columns, PC-9/2D2001R. *, P {0,001, PC-9 versus PC-9/ZD2001.

**, P =0,02, PC-3 versus PC-8/ZD2001.
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regulated by means of redox-dependent mechanisms. The
transactivation of EGFR was observed to occur quickly, after
<30 minutes of exposure 1o TNF-¢ in PC-9 cells (Fig, 44 and B).
No additional induction of ligands, EGF and transforming
growth factor-a, were detected by ELISA in the culturing medium
of the cells even after 6 hours of 100 ng/mL TNF-a exposure
{data not shown). From these observations, we think that this
activation could occur independently of ligands but not
through TNF-a-mediated ligands synthesis or proteolytic releas-
ing of preexisting ligands from the disrupted cells. Although
TNF-o induced the same levels of EGFR autophosphorylation
in all three cell lines, this EGFR activation is minimally trans-
mitted to the downstream Alt/NF-«xB pathway in the resistant
PC-9/ZD2001 cells (Fig. 4A). Moreover, an inhibitory effect
of gefitinib on TNF-a-induced Akt/NF-xB activation was not
observed although wortmannin, a phosphatidylinositol 3-
kinase inhibitor, completely inhibited this signaling in PC-9/
ZD2001 cells (Fig. 4B). These results suggest that the weak
effect of EGFR on Akt/NF«B signaling could occur between
EGFR and phosphatidylinositol 3-kinase in PC-9/ZD2001 cells.

Several articles reported that the sensitivity to gefitinib is
regulated by active mutant EGFR (30, 31), by the expression

level of phosphatase and tensin homologue/MMAC/TEP (32),
and by levels of Akt phosphorylation (13, 33, 34). Because the
gefitinib-hypersensitive PC-9 cells originally had 15-bp deletion
mutation in exon 19 of EGFR, they were thought to have a
gefitinib-sensitive active mutant EGFR (35); however, because
we found no alteration of the EGFR mRNA sequence in PC-9/
ZD2001 cells (data not shown), we conclude that this gefitinib-
resistant cell line was a good model for acquired gefitinib
resistance. In our previous study, EGFR signaling mediated by
transforming growth factor-e, an EGFR ligand, could not
activate the mitogen-activated protein signaling pathway but
could partially activate the Akt signaling cascade in PC-9/
ZD2001. In PC-9/ZD2001R cells, the association between
EGFR and mitogen-activated protein kinase signaling was
completely reconstituted. On the basis of this result, we
conclude that the decrease of EGFR signaling to the mitogen-
activated protein kinase signaling pathway might contribute to
acquired gefitinib resistance,” In this study, TNF-« significandy
induced EGFR autophosphorylation but subsequent activation
of the Akt signaling cascade was little observed in PC-9/ZD2001
(Fig. 44 and B). This decreased EGFR signaling on Akt could be
partially caused by the decrease in EGFR expression but we have

A

Fig. 4. Inhibitory effect of gefitinib an TNF-a-induced
phospherylation of Akt and degradation of IkB. Cells were
treated withTNF-« with or without gefitinib {A) or wortmannin
{8) simultanecusly for 30 minutes at 37°C. Cell lysates were
prepared and equivalent amounts of protein from each cell
lysate were resolved with 10% SDS-PAGE, trnsferred to
nitrocelktlose membranes, and subjected toWestarn blotting
with specific antibodies (as described in Materials and
Methods). The EGFR and Aktl membranes were stripped and .
reblotted with antibodies against phospho-EGFR (Tyr1045) B
and phospho-Ake, respectively. Expression of B-actin wasused
as internal control. Although treatment with TNF-c significantly

phosphotylated EGFR in ail three cell linas, downstream TNF-z (10ng/ml)
Akt/NF-xB activation wes observed in PC-9 and PC-9/

ZD2001R but weakly in PC-8/2D 2001, Gefitinib inhibited

cross-talk signaling in PC-9 and PC-9/ZD2001R cells but not EGFA

in PC-9/ZD2001 cells (A). A phosphatidylinositol 3-kinase
inhibitor, wartmannin, completely inhibited this signaling in all
three cell lines (8).

Gefitinlb (nM}
TNF-a (10ng/mi}

Wartmaninn (200nk)

PC-9 FC-9/202001 PC-9/2D2001R
G 0 00 1 10 100 & 0 for 1 0 W0 O © 100 T 1T 100

A T T T S S S R

.wma.g. !

A A i

bR L Aol e I SRS TR S S e
. P -

|3k G-t T e e |
PTEN | o Sy I Ty T SR YY)

PC-§ PC-8/ZD2001 PC-8/ZD2001R

ionle fde

wwvvvy.aacrjournals.org

8877

Clin Cancer Res 2005;11(24) December15, 2005



Cancer Therapy: Preclinical

>

10+

o

i-S

% expression of clAP-1

+ T

0 1 10 100
TNF-g. (ng/mf)

20 -

15+

10

% expression of clAP-2

0 T 1 L) 1
o 1 10 100
TNF-o. (ng/mi)

Fig. 5. TNF-a induced c-14P1 and c-IAP2 mRNA expression in PC-9 and
PC-9/ZD2001R cells but not in PC-8/ZD2001 cells. The cells were exposed 1o

the indicated concentrations of TNF-a for 12 howrs; after which mRNA was isofated
with the gusnidium isothiocyanate method, Induction of ¢-lAP1 (4} andc-1AP2 (B)
miRNA was measured with a fluorescence-based real-time RT-PCR method using
specific primer sets {as described in Materials and Methods), The axpression levels
of c-1AP1 and c-IAP2 mANA were significantly and dose-dependently increased by
exposure 1o TNF-« In PC-9 and PC-9/ZD200R cells but this enhancement was
rarely observed in PC-9/ZD 2001 celis. Results expressed as the percentage of each
cell line compared with the internal contral, exprassion of B-actin mANA, O, PC-9;
®, PC-9/2D200% O, PC-9/ZD2001R. Points, mean of three different experiments;
bars, SD. *, P {0.001.

no data to explain the disaepancy between transforming
growth factor-a-mediated and TNF-a-mediated EGFR signaling
in this cell line. Nevertheless, TNF-o-mediated cross-talk
signaling 1o EGFR, although ligand independent, seems to
cause downstream activation in a different way flom that
caused through ligand-mediated direct EGFR activation. Akt/
NF-kB signaling is also known to be downstream of other
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Human IAPs, ¢-JAP1 and c-1AP2, have been reporied to block
the apoptotic events caused by caspase-8 activation by directly
combining with caspase-3 and caspase-7 and restraining them
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effect of TNF-« superfamily of proteins {39) and various
anticancer drugs (40, 41); for this reason, IAPs are considered
promising targets in anticancer therapy (42, 43). To evaluate
TNF-a-mediated antiapoptotic signaling. we measured 1AP
induction in these cell lines by means of Westemn blotting
analysis and real-time RT-PCR. As might be expected, IAPs and
their mRNAs were markedly induced by TNF-« in PC-9 and PC-
9/ZD2001R cells but not in PC-9/ZD2001 cells (Fig. 5A and B).
TNF-a-induced activation of caspase-3, but rarely of caspase-8,
was significantly lower in PC-9 and PC-9/ZD20C1R as
compared with PC-9/ZD2001 (Fig. 3A and B). These results
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Several dlinical studies of TNF-o as an anticancer treatment
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new anticancer therapies using TNF-a have been developed,
such as RGD-V29 (F4614) and TNF-erade {Biologic), in an
attempt to reduce adverse effects (8, 9, 50, 51). We have shown
that a NSCLC cell line with acquired resistance to gefitinib
acquired collateral sensitivity to TNF-o. These data strongly
suggest that treatment with TNF-o might be effective against
tumors that have acquired resistance to gefitinib after long-term
administration of this drug. Further analysis is required before
clinical application.

In summary, the aoss-talk signaling from TNFR to EGFR and
subsequent 1AP induction play important roles in the resistance
to TNF-a-induced apoptosis in PC-9 cells. Because this
signaling cascade is decreased in the gefitinib-resistant PC-9/
ZD2001 cells, TNF-o did not activate the Akt/NF-xB cascade.
This decrease of EGFR signaling to Akt/NF-xB pathway, which
is related to gefitinib-acquired resistance, may contribute to the
acquisition of hypersensitivity to TNF-a in this cell line.
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