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Table 2. Differentially expressed ABC transporters ordered by significance

Gene Genback Parametric % CV support RD® pCR®  Fold Description

symbol p-value* difference®

ABCC5  AF146074 0.000368 100 6009.1 24275 248 ABC, sub-family C (CFTR/MRP), member 5

ABCC5  BES530362 0.000463 100 35715 12344 2.89 ABC, sub-family C (CFTR/MRP}, member 5

ABCAI2 ALQB0207 0.000795 100 711.7 93.1 7.64 ABC, sub-family A (ABCY), member 12

ABCAl  ALR33227 0.000859 100 166.8 50.5 3.3 ABC, sub-family A {ABCI), member i

CFTR NM_000492  0.007030 100 277 1044 027 cystic fibrosis transmembrane conductance
regulator, ABC {sub-family C, member 7)

ABCF2  NM_005692 0.015901 160 494 1541 032 ABC, sub-family F (GCN2(), member 2

TAP2 M74447 0.019345 89 543.4 10085 0.54 Transporter 2, ABC, sub-family B (MDR/TAP)

ABCCI3 NM_172025 0.019377 160 157.5 209 7.54 ABC, sub-family C (CFTR/MRP), member i3

ABCB6  NM_005689 0.027077 89 14719 6775 217 ABC, sub-family B (MDR/TAP), member 6

TAP2 AASTIS02  0.042069 58 17405 2802  0.62 Transporier 2, ABC, sub-family B (MDR/TAP)

ABCCl1  AF352582 0.048626 42 160.9 594 271 ABC, sub-family C (CFTR/MRP), member 11

Table sorted by p-value, * p by random variance f-esl.
2Geometric mean of intensities in the RD group.
bGeometric maean of intensities in the pCR group.
“Fold difference of geometric means RD: pCR.

pCR RD

ABCCI1  AF352582 1554911 _at
ABCAl  AL333227 1565776 _at
ABCB6  NM_005689 203192 at
ABCAIZ  ALOS0207 215465 a
ABCCI13 NM_172025 1555265 a
ABCCS  AF146074 209380 a
ABCCS  BESS0362 226363 a
ABCF2  NM_005692 207623 at
CFTR  NM_000492 205043 a
TAPZ  M74447 204769_s_at

. TAP2  AAST3S02 225973t

Figure 1. Hierarchical clustering of differentially expressed ABC transporters associated with the response to neoadjuvant chemotherapy in
breast cancer patients, The cluster imnage map shows patterns of differential ABC transporier gene expression in breast cancer patients in respect
to the response 1o neoadjuvant chemotherapy. The hierarchical clustering on each axis was performed using the complete linkage algorithm.
Relatively highly expressed genes are shown in red, low expressed genes are shown in green.

an individual basis, there is a real need to develop an
appropriate predictor to identify those cancer patients
most likely to reguire or benefit from particular thera-
pies. Resistance to chemotherapy is significant obstacle
to appropriate treatment of cancer patients and afTects
the treatment outcome. Numerous cellular mechanisms
exist which are responsible for the treatment failure due
to chemoresistance. ABC transporters are the one of the
major factors leading to drug resistance. Extensive study
has been conducted on the ABC transporters, and
ABCBl (MDRI-P-gp) [1,2], ABCC1-MRP1 [3], and
ABCG2-MXR [4] are particularly well known for their
role in resistance to several chemotherapeutic agents.
Because the members of the ABC transporters are
grouped by sequence homology, the remained members

may play roles in absorption, distribution, and excretion
of chemotherapeutic agent and probably be related to
drug resistance although little has been known about
most of the functions of these genes. Characterization of
the expression of the genes related to chemoresistance is
an interesting subject and may lead to clinically useful
predictors of response to chemotherapy. The profiling of
ABC transporter genes in relation to the clinical re-
sponse to chemotherapy may also be useful to determine
the patient’s underlying risk and choose the optimal
therapeutic regimen to which the individual cancer pa-
tient is most likely to respond.

Focusing on the ABC transporters, we analyzed the
gene expression profile in breast cancer patients using
microarray data that contain the transcripts of all the
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Figure 2. Multivariate predictive classification models it leave-one-out
cross-validation and permutation test with an increasing significance
threshold at which genes were selected as a classifier. The x-axis rep-
resents the significance threshold p value used to select the discriminate
genes as classifiers. The y-axis shows the average of the misclassifica-
tion esror rate determined by leave-one-out cross-validation and the
average clagsifier p-value, the probability that a similar low error rate
could happen by chance calculated after 2000 permutations, Classifier
genes selected as differentials between the 2 classes at a significance
threshold p = 0.003 level showed the highest discriminate value.

members of ABC transporter family. We compared the
expression pattern of the ABC transporters between two
classes of pretreatment tumor samples divided by the
pathologic response to neoadjuvant chemotherapy (RD
versus pCR).

On microarray analysis, several ABC transporters
showed differential expression between the two groups
of tumors. Of interest, several ABC transporters showed
increased expression in the pCR group, including CFTR
(NM_000492, ABCC7, fold ratie 0.27, p= 0.007030),
ABCF2 (NM_005692, fold ratio 0.32, p= 0.015901) and
ABCB3 (M74447, TAP2, fold ratio 0.54, p= 0.019345).
ABCB3 is known to be involved in antigen presenting by
transporting peptides necessary for the assembly of
major histocompatibility complex (MHC) class I mole-
cules from the cytoplasm to the endoplasmic reticulum
[18]. It is also known that its reduced expression is
associated with HLA class I deficient human tumor cell
lines [19] and it has been suggested that it is related to
the aggressive features of some kinds of tumors [20-22].
Its increased expression has been found to be associated
with pathological complete response in our clinical
samples, but any clinical significance in the treatment of
in breast cancer remains to be elucidated,

Five ABC transporters ABCC5 (AF146074, fold ratio
2.48, p= 0.000368), ABCA12 (A1.080207, fold ratio 7.64,

Table 3. Performance of the multivariate classifier; the sensitivity, specificity, PPV and NPV for the pCR group of each predicior model at a

significance threshold of p=0.003

ccv INNC* 3NNC® Nee! SVM® 1DDf Average®

Sensitivity 100 85.7 85.7 85.7 N4 100 38,1
Specificity 100 91.7 91.7 100 100 91.7 959
PPV 100 85.7 85.7 100 100 82.5 932
NPV 100 91.7 91.7 92.3 85.7 100 93.6
Misclassification error 0 0.05 0.11 0.11 0.05 0.11 0.072
Percent cogzectly classified 100 95 89 89 935 89 92.8
Classifier P 5.00E-04 0.014 0.025 0.006 0.023 0.005 0.01225

*Compourd covariate predictor classifier.

®]-Nearest neighbor classifier.

®3.Nearest neiphbor classifier.

9Nearest centroid classifier.

“Support vector machine classifier.

fLinear diagonal discriminant analysis classifier.

EAverage value of six multivariate classifier models.

Table 4. ABC transporters selected as best classifiers at a significance threshold of ¢.003
Gene symbol Genbank  -Value Parametric % CV  RD? pCR" §Fold Description

p-value* support difference

ABCCS AF146074 443 0.000368 160 6009.1 2427.5 2.48 ABC, sub-family C (CFTR/MRP), member 5
ABCCS BES50362 4.32 (.000463 100 3571.5 12344 2.89 ABC, sub-family C (CFTR/MRP), member §
ABCA12 ALGR020T  4.07 (.000795 100 711.9 93.1 7.64 ABC, sub-family A {ABC]), member 12
ABCAl ALR33227 404 0.000859 100 166.8 50.5 3.30 ABC, sub-family A (ABCl), member |

Table sorted by p value,
*Parametric p-value by random variance -test.
#Geometric mean of intensities in the RD group.

bGeometric mean of intensities in the pCR group. §Fold difference of geometric means; RD: pCR.
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p= 0.000795), ABCA1 (AL833227, fold ratio 3.30, p=
0.000859), ABCC13 (NM_172025, fold ratio 7.54, p=
0.0194), ABCB6 (NM_005689, fold ratio 2.17,
p= 0.0271) and ABCCI1 (AF352582, fold ratio 2.71,
p= 0.0486) showed significantly increased expression in
the RD group associated with a decreased responsiveness
to sequential weekly paclitaxel/FEC (5-fluorouracil, epi-
rubicin and cyclophosphamide) neoadjuvant chemo-
therapy. Of these, ABCCS5 was selected with the highest
significance (p= 0.000368) and the highest expression
level (RD: pCR 6009.1: 2427.5) although correlation be-
tween the gene expression level and the functional protein
level remains to be seen, The ABCCS (MRPS5) transporter
on human chromosome 3q27 has been known to be in-
volved in the transport of nucleoside analogs {23] and has
been reported to confer resistance to several drugs
including methotrexate, GW1843 and ZD1654 (raltitr-
exed) [24]. Recently, Pratt et al. demonstrated that
ABCCS confers resistance against 5-fluorouracil [17] that
was nsed in our neoadjuvant chemotherapy regimen.
These results suggest that ABCCS mediates transport of
several chemotherapeutic agents and may contribute to
resistance against S-fluorouracil which is presently used in
neoadjuvant chemotherapy.

In our clinical trial setting, ABCBI, known to confer
resistance to several chemotherapeutic agents including
paclitaxel, did not significantly increase in tumors with
decreased response to neoadjuvant chemotherapy.
Samples used in this study were all from chemotherapy-
naive patients and the time of exposure to the drug may
not have been sufficient to induce the gene expression of
this transporter. Although several ABC transporters
showed high expression levels in the pretreatment sam-
ples, ABCB1 did not show significantly high expression.
ABCB! may thus play a greater role in resistance to
chemotherapy in a secondary chemotherapy clinical
setting than in first line chemotherapy when the expo-
sure time is sufficiently long to induce the gene expres-
sion of the tramsporters known to be inducible by
exposure to that chemotherapeutic agent [25,26].

But, some ABC transporters may also play signifi-
cant role in chemoresistance in early breast cancer. Re-
cently, it was reported that ABCCI expression predict
shorter relapse free survival and overall survival and
play important role in resistance to chemotherapy in
early breast cancer who underwent CMF (cyclophos-
phamide, methotrexate, and fluorouracil) adjuvant
chemotherapy [27].

A variety of compounds are transported by ABC
transporters through the lipid bilayer and still little has
been known about the function of individual trans-
porters in transport of chemotherapeutic agents.
ABCAI has been implicated in the control of the
extrusion of membrane phospholipids and cholesterol
toward specific extracellular acceptors [28] and macro-
phage interleukin-1 beta secretion and apoptosis [29].
ABCC13, highly expressed in the RD group mapped to
chromosome 21q11.2 has been suggested that it might
be associated with hematopeiesis. It has also been

reported that ABCCI3 shows decreased expression
during cell differentiates [30]. ABCCI11, called MRPS is
known to be a cyclic nucleotide efflux pump and a
resistance factor for fluoropyrimidines 2/,3’-dide-
oxycytidine and 9’-(2-phosphonylmethoxyethyl) ade-
nine [31]. Szakacs etal [10] suggested ABCCII
mediated resistance may not be confined to nucleoside
analog, demonstrating that the ABCC11 transfected cell
confers resistance to NSC 671136 by 2~3 fold. ABCB6 is
a mitochondrial half transporter that is known to be
involved in the transport of a precursor of the Fe/S
cluster from mitochondria to the cytosol [32]. A recent
report showed that several ABC transporters including
ABCB6 amplified drug resistance in a non small cell
lung cancer cell line (A549/CPT) in comparison with its
parental cell [33].

Although the role in chemoresistant of individual
transporters selected in our study to discriminate be-
tween the pCR and RD groups remains to be revealed,
the transporters may also play roles in response to
chemotherapy by influencing absorption, distribution,
and excretion of chemotherapeutic agentis.

To evaluate the predictive signature of ABC trans-
porters, we examined multigene predictor model of
response to neoadjuvant chemotherapy using differen-
tially expressed ABC transporters. Six different multi-
variate classification models were examined. When the
ABC transporters differentially expressed between the
two classes at a significance threshold level of 0.003 were
used for class prediction, an average 92.8% of predic-
tive accuracy was observed, with a 93.2% positive pre-
dictive value for the pCR group, 93.6% negative
predictive value, sensitivity for the pCR group of 88.1%,
and 95.9% specificity. The classifier p-value, the proba-
bility that a similar low error rate could happen by chance,
was also low (p= 0.012). The optimum classifier model
ineluded ABCCS, ABCA1, and ABCAI12. These genesall
showed high expression in tumors in the RD group.

Of interest, although we developed the class predic-
tion mode] from a small subset of genes, ie., genes
belonging only to the ABC transporter family, the pre-
dictive accuracy reached above 90% with quite a low
classifier p-value although these prediction models based
on ABC transporter genes need to be validated in future
studies by comparing the classification model with all
subsets of genes and with larger numbers of samples.

Our result suggest that several ABC transporters in
human breast cancer cells may contribute to the clinical
response to neoadjuvant chemotherapy and gene
expression profiling of these ABC transporters may be
useful in prediction of the pathologic response to
sequential weekly paclitaxel/FEC in breast cancer
patients.
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A Literature Review of Molecular Markers Predictive of
Clinical Response to Cytotoxic Chemotherapy in Patients
with Lung Cancer

Tkuo Sekine, MD,* John D. Minna, MD,} Kazuto Nishio, MD, I
Tomohide Tamura, MD,* and Nagahiro Saijo, MD*

Background: To find candidate genes for a predictive chemosensi-
tivity test in patients with lung cancer by using a literature review.
Methods: Using MEDLINE searches, “in vitro chemosensitivity
associated genes” and articles on association of the gene alteration
with clinical chemosensitivity in lung cancer patients were selected,
We calculated odds ratios (ORs) and their 95% confidence intervals
{95% Cls) of response rates for patients who had tumors with or
without gene alteration. Combined ORs and 95% Cls were estimated
using the DerSimonian-Laird method.

Results: Of the 80 in vitro chemosensitivity-associated genes iden-
tified, 13 penes were evaluated for association with clinical chemo-
sensitivity in 27 studies. The median (range) number of patients in
each study was 50 (range, 28-108). The response rates of lung
cancer with high and low P-glycoprotein expression were 0% and
73% to 85%, respectively (p < 0.001). Glutathione S-transferase pi
expression (OR 0.22, 95% CI 0.06-0.79), excision repair cross-
complementing 1 alterations (combined OR (.53, 95% C1 0.28-1.01;
p = 0.055), and tumor suppressor p33 mutation (combined OR 0.25,
95% CI 0.12-0.52) were associated with clinical chemosensitivity.
Conclusion: In total, 80 in vitro chemosensitivity-associated genes
were identified in the literature, and high and low P-glycoprotein,
glutathione S-transferase pi expression, excision repair cross-com-
plementing 1 alterations, and tumor suppressor p53 mutation were
candidates for future clinical trials of chemosensitivity tests in lung
cancer patients.

Key Words: chemotherapy, drug response, molecular markers,
prediction, lung cancer

{(J Thorac Oncol. 2006;1: 31-37)

ung cancer is the leading cause of death in many countries
despite extensive basic research and clinical trials. Ap-
proximately 80% of patients with lung cancer have developed
distant metastasges either by the time of initial diagnosis or
during recurrence after surgery for local disease. Systemic
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chemotherapy against lung cancer, however, has limitations
in efficacy such that patients with distant metastases rarely
live long.!

Tumor response to chemotherapy varies among pa-
tients, and objective turnor response rates to standard chemo-
therapy regimens are approximately 20 to 40% in patients
with non—small-cell lung cancer and 60 to 90% in patients
with small-cell lung cancer. Thus, it would be extremely
useful to know in advance whether patients have tumors that
respond to chemotherapy agents and whether the tumors
would be resistant to such therapy. For this purpose, cell
culture-based chemosensitivity tests have been investigated
for more than 20 years, but they are not widely accepted
because of technical problems such as the large amount of
material required, a low success rate for the primary culture,
length of time required, and poor correlation with the clinical
response.?-%

To overcome these obstacles, DNA-, RNA-, and pro-
tein-based chemosensitivity tests have been created, but gene
alterations that are predictive of the clinical drug response are
not established. Recently, as many as 400 genes whose
expression was associated with diug response were identified
by cDNA microarray studies, but their functions do not seem
to be related to drug sensitivity or resistance.6-19 In addition,
the genes identified by microarray studies were highly unsta-
ble and depended on the selection of patients used for gene
identification.!112 The purpose of this study was to provide an
overview of gene alterations in lung cancer that are associated
with chemotherapy drug response to identify candidate genes
for predictive chemosensitivity tests in patients with lung
cancer.

MATERIALS AND METHODS

Because one set of genes associated with chemosensi-
tivity is those directly involved in drug resistance mecha-
nisms, we conducted a MEDLINE search for articles on
tumor drug resistance published in the years 2001-2003. This
search yielded 112 studies, including several review articles.
By searching manually through these articles, we identified
134 genes or gene families that may be involved in drug
resistance based on their function. We conducted the second
MEDLINE searches for papers of in vitro studies on the 134
genes or gene families by using their names as a keyword.
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From the 134 genes, we selected genes that met the following
definition of “in vitro chemosensitivity associated genes™: 1)
alteration of the gene was identified in a human drug-induced
resistant, solid tumor cell line; 2) transfection of the gene
induced drug resistance; or 3) down-regulation of the gene or
its encode protein increased drug sensitivity. In this latter
category, we included studies in which the gene expression or
function was suppressed by antisense RNA, hammerhead
ribozyme, or an antibody against the gene product. We
excluded studies in which drugs were used to inhibit function
because the specificity of the drug against the target may not
have been complete. We performed a third MEDLINE search
for articles on the association between the gene alteration and
chemosensitivity of lung cancer cell lines by using the name
of the gene as a keyword. Articles in which the association
was evaluated in 20 or more cell lines were included in this
study. Finally, we searched MEDLINE for studies on the
association between the gene alteration and clinical drug
response in patients with Jung cancer by using the name of the
gene as a keyword. Articles in which the association was
evaluated in 25 or more patients with advanced lung cancer
were included in this study. Studies in which gene expression
was evaluated with microarray were excluded because result
analysis and interpretation of this technique have not been
established, as indicated by the fact that the list of genes
identified by microarray studies was highly variable without
overlap between these gene sets.!l1? Clinical studies on
concurrent chemoradiotherapy were excluded. We con-
structed 2 X 2 tables from the response data and calculated
odds ratios {ORs), their variances, and 95% confidence inter-
vals (95% Cls) for the patients who had tumors with gene
alteration relative to those who had tumors without gene
alteration. Combined ORs and 95% Cls were estimated using
the DerSimonian-Laird method.!? When a response rate was
0, association with gene alteration was evaluated using the e
test because 95% Cls for ORs cannot be calculated. The name
of each gene was standardized according to Human Gene
Nomenclature Database of National Center for Biotechnol-
ogy Information.

RESULTS

Of the 134 genes or gene families found, a gene
alteration in drug-induced resistant cells, an increased or
decreased resistance in transfected cells, and an altered sen-
sitivity in gene down-regulated cells were reported for 45, 57,
and 32 genes, respectively. In total, 80 genes met the defini-
tion of “in vitro chemosensitivity associated gene” (Table 1).

Gene alieration was associated with in vitro chemosen-
sitivity in 15 (50%) of 30 studies on 15 (56%) of 27 gene
alterations (Table 2). Clinical drug response was evaluated in 27
studies on 13 gene alterations. The methods used to identify
gene alteration included immunohistochemical protein expres-
sion analysis (n = 18), polymerase chain reaction (PCR)-
based mRNA expression analysis (# = 3), and PCR-based
mutation analysis (n = 6). All but one clinical study was
retrospective, and the median (range) number of patients in
each study was 50 (28-108). Gene alteration was associated
with clinical response in 8 of the 27 (30%) studies (Table 2).

TABLE 1.

Transporiers: ABCA2, ABCB1, ABCB11, ABCCl, ABCC2, ABCC3,
ABCC4, ABCCS, ABCG2, MVP, ATP7A, ATP7B, SLC29A1,
SLC28A1, SLCI9A1

Drug targets: TUBB, TUBB4, TUBA, TYMS, TOP1, TOP2A, TOPZB,
DHFR,

Target-associated proteins : MAP4, MAP7, STMNI, KIFSB, HSPAS,
PSMD14, FPGS

Intracellular detoxifiers: GSTP1, GPX, GCLC, GGT2, MT, RRMZ,
AKRIBIL

DNA damage recognition and repair proteins: HMGBI, HMGB2, ERCC1,
XPA, XPD, MSH2, MLH1, PMS2, APEX1, MGMT, BRCAI1, GLO1

Cell cycle regulators: RB1, GML, CDKNIA, CCNDI, CDKN2A,
CDKNIB

Mitogenic signal regulators: ERBB2, EGFR, KRAS2, HRAS, RAF]
Survival signal regulators: AKT1, AKT2

Integrin: ITGBI

Transcription factors: JUN, FOS, MYC, NFKB1

Apoptosis regulators: TP53, MDM2, TP73, BCL2, BCLZL1, MCLI,
BAX, BIRC4, BIRCS, TNFRSF6, CASP3, CASPS, HSPBI

In Vitro Chemosensitivity-Associated Genes

We evaluated the association between transporter P-
glycoprotein/multidrug resistance 1 (ABCBI) expression and
clinical chemosensitivity in four studies. The response rate of
lung cancer with high ABCB] expression was consistently
0%, whereas that for lung cancer with low ABCBI1 expres-
sion was 73 to 85% (Table 3). Among drug targets, only
topoisomerase 1l-beta (TOP2B) expression was associated
with clinical drug response in patients with small-cell lung
cancer (OR 0.29, 95% CI 0.09-0.95). The intracellular detox-
ifier glutathione s-transferase pi (GSTP1) was associated with
both in vitro and clinical drug response (OR 0.22, 95% CI
0.06-0.79) (Table 4), DNA repair gene excision repair cross-
complementing 1 (ERCC1) alterations were associated with
drug response among patients with non—small-cell lung
cancer with marginal statistical significance; the combined
OR (95% CI) for ERCCI alteration was 0.53 (0.28-1.01; p =
0.055) (Table 5). Tumor suppressor p53 (TP53) mutation was
the only alteration associated with drug response among
patients with non—small-cell lung cancer among genes in-
volved in cell eycle and apoptosis. A combined OR (95% CI)
for TP53 among patients with non—small-cell lung cancer
was 0.25 (0.12-0.52) (Table 6). B-cell CLL/lymphoma 2
(BCL2) and its family protein expression was not associated
with clinical drug response (Table 7).

DISCUSSION

We identified 80 in vitro chemosensitivity-associated
genes in our literature search. Of these, 13 were evaluated
clinically in 27 studies; ABCB1, TOP2B, GSTP1, and
ERCC1 expression and TP53 mutation were associated with
changes to drug responses among patients with lung cancer.

Classical drug resistance is believed to be the result of
molecular changes inhibiting the drug-target interaction.
ABCB]1, an ATP-binding cassette protein, acts as an energy-
dependent transmembrane efflux pump and decreases the
intracellular accumulation of anticancer drugs, including an-
thracyclines, vinca alkaloids, taxanes, and epipodophyllotox-
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TABLE 2. Chemosensitivity-Associated Genes and Association with Chemosensitivity

Association with chemosensitivity

In vitro studies ()

Clinical studies (7}

Category No of Genes Total Yes Yo Total Yes %
Transporter 15 9 5 55 4 4 100
Drug target 8 2 i 50 5 1 20
Target-associated protein 7 0 0 0 0
Intracellular detoxifier 7 3 3 100 1 1 100
DNA repair 16 1 1 100 6 0 0
Damage recognition protein 2 o 0 0 0
Cell cycle 6 4 2 50 2 0 0
Mitogenic signal 5 3 1 33 1 0 0
Survival signal 2 0 0 0 0
Transcription factor 4 3 0 0 0 0
Cell adhesion-mediated 1 0 0 0 0
drug-resistance protein
Apoptosis 13 5 2 40 8 2 25
Total &0 30 15 50 27 8 30

TABLE 3. ABCB1 (P-Clycoprotein) and Clinical Response to Chemotherapy

Author Histology Drugs Method Expression Patients () RR (%) Odds ratio
Yeh et al.’® Non-small cell Paclitaxel [HC Low 35 20 0

High 15 0 p < 0.001*
Kawasaki et al>! Small cell CAV or EP [HC Low 26 85 0

High 4 0 p < 0.001*
Hsia et al.*? Smali cell EP IHC Low 37 73 0

High 13 0 P <0.00]*
Savaraj et al.®® Small celt CAYV, CEV, or EP RT-PCR Low 24 75 0

High 7 0 p<0.00t*

Combined odds ratio for ABCB expression in patients with SCLC: 0

IHC, Immunohistechemical analysis: RR, response rate; RT-PCR, reverse transcriptase-polymerase chain reaction,

*Calculated using the ¥* test because the confidence interval cannot be calculated.

ins. Overexpression of this protein gives twmor cells a mui-
tidrug resistance phenotype in vitro, which is thought to be
associated with clinical chemoresistance.’ Our review
showed that the response rate of tumors with ABCB1 over-
expression was 0 in all studies of lung cancer, whereas that
for lung cancer tumors with low ABCB1 expression was 73
to 85% (Table 3).

There is a close relationship between drug sensitivity
and quantitative and qualitative alterations of the drug’s
target, including tamoxifen sensitivity and estrogen receptor
expression and trastuzumab response and Her-2/neu overex-
pression in breast cancer,!® imatinib resistance and BCR-
ABL gene amplification and mutations in Philadelphia chro-
mosome-positive leukemias, !¢ and imatinib response and KIT
gene mutations in gastrointestinal stromal tumors.!? In all of
these cases, the target molecule is a receptor or a mutated
tyrosine kinase located at the entry of growth-stimulating
signal transduction pathways. Recently, gefitinib, a tyrosine
kinase inhibitor of the epidermal growth factor receptor
(EGFR), has been developed, and two large phase II trials

showed a response rate of 18% and 12% in patients with
non-—small-cell lung cancer who were previously treated
with conventional chemotherapy.t®® Responses to the drug
have been unpredictable, but mutations of the EGFR gene
were identified in patients with gefitinib-responsive lung
cancer,2%21 Furthermore, all mutations in these tumors were
restricted to the activation loop of the kinase domain of
EGFR, which are in distinct contrast to mutations in extra-
celluar and regulatory domains of EGFR in glioblastoma,
which are unresponsive to gefitinib.?? Thus, molecular devel-
opments of structure and function of the targets hold the
promise of targeted cancer therapy. The target molecules of
many anticancer cytotoxic agents have not been clearly de-
fined; therefore, the relationship between the target molecule
status and sensitivity to the agent has not been established.
TOPZB expression was associated with drug response in
patients with small-celi lung cancer, with a response rate of
71% for high TOP2B expression tumors versus 90% for low
TOP2B expression tumors (OR 0.29, 95% CI 0.09-0.95).23
This result, however, is in contrast with the idea that a higher
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TABLE 4. Drug Targets, Intracellular Detoxifier, and Clinical Response to Chemotherapy

Author Histology Drugs Method Expression Patients (#)} RR (%) Odds ratio (95% CI)
Beta-tubulin class Il
Roseli et al.™ Non-smal celi  Paclitaxel, Real-time Low 13 46 0.39
Vinorelbine PCR High 24 25 (0.09-1.62)

Topoisomerase I1-alpha
Dingemans et al.* Small cell CEV or EP [HC Low 65 85 0.65

High 23 80 (0.20-2.17)
Dingemans et al» Non-smal} cell Platinum-based IHC Low 30 47 0.67

High 8 38 (0.14-3.40)
Topoisomerase 1I-beta
Dingemans et al.?? Small cell CEV or EP IHC Low 48 90 0.29

High 35 71 (0.09-0.95)
Dingemans et al.3* Non-small cell Piatinum-based IHC Low 18 50 0.86

High 13 46 (0.21-3.58)
Glutathione s-transferase pi
Nakanishi et al.>® Non-smafl cell Cisplatin-based ~ 1HC Low 17 47 0.22

High 37 16 (0.06-0.79)

Cl, confidence imerval; THC, immunohistochemical analysis; PCR, pelymerase chain reaction; RR, response rate; CEV, cyctophosphamide, etoposide, and vincristing; EP,

etoposide and cisplatia,

TABLE 5. DNA Repair Genes and Clinical Response to Chemotherapy

Odd ratio
Author Histelogy Drugs Method Alteration Patieats (1) RR (%) (95% CI)
Excision repair cross-complementing |
expression
Lord et al. 37 Non-small cell Cisplatin, Real-time Low 23 52 0.38
gemeitabine PCR High 24 36 (0.11-1.26}
Excision repair cross-complementing 1
(ERCCI) polymorphism at codon
118
Ryu et al® Non-small cell  Cisplatin-based ~ PCR ciC 54 54 0.61
Hybridization ~ C/T or T/T 53 42 {0.28-1.31)
Combined odds ratio (95% C.1.) for
ERCCI alteration in patients with
NSCLC0.53 (0.28-1.01, p = 0.035)
Xeroderma pigmentosum group D
polymorphism
At codon 231
Ryu et al.*® Non-small cell  Cisplatin-based ~ PCR GIG 100 48 1.08
Hybridization ~ G/A or A/A 8 50 (0.26-4.57)
At codon 312
Camps et al.** Norn-small cell  Cisplatin, PCR G/G 18 17 333
gemcitabine Sequencing G/A o1 AJA 15 40 (0.66-16.7)
At codon 751
Camps et al.? Non-smali cell  Cisplatin, PCR AJA 22 23 2.04
gemcitabine Sequencing A/C or C/C 16 38 (0.49-8.45)
Ryu et al*® Non-small cell  Cisplatin-based ~ PCR AJA 96 49 0.74
Hybridization ~ A/C 12 42 (0.22-2.51)

Combined odds ratio (95% CI) for XPD polymorphism in patients with NSCLC: 1.38 (0.68-2.78).

€}, confidence interval; PCR, polymerase chain reaction; RR, response rate; NSCLC, non—small-celt lung cancer; XPD, xeroderma pigmentosum group D.
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TABLE 6. Cell Cycle Regulators, Mitogenic Signals, Tumor Protein p53, and Clinical Response to Chemotherapy

Patients RR  Odds ratio
Author Histology Drugs Method Alteration (n) (%) (95% CI)
Retinoblastoma 1 expression
Gregosc et al.® Non-small cell  Cisplatin-based IHC Low 61 51 045
High 4] 32 (0.20-1.03)
Cyclin-dependent kinase inhibitor [A, p21 expression
Dingemans et al.® Smali cell CEV, EP HC Low 63 90 057
High 22 71 (0.17-192)
Kirsten rat sarcoms 2 viral oncogene homolog mutation
Rodenhuis et al. *" a Aenccarcinoma  Ifosfamide, PCR-MSH  Normal 46 26 065
carboplatin Mutated 16 19 (0.16-2.70)
Tumor protein p53 (P53) mutation
Nakanishi et al.* Non-small cell  Cisplatin-based THC Normal 11 45 0.9
Mutated 29 15 (0.04-0.94)
Gregore et al.*° Non-small cell  Cisplatin-based  IHC Normal 56 57 026
Mutated 46 26 (0.11-0.62)
Combined odds ratio {95% CI) for P53 mutation in
patients with NSCLC: 0.25 (0.12-0.52)
Kawasaki et al.®! Small cell CAV or EP IHC Normal 10 70 13
Mutated 20 75 (0.24-6.96)
Dingemans et al.> Small cell CEV or EP HC Normal 47 85 0.81
Mutated 45 82 (0.27-245)

Combined odds ratio (95% C.1.) for P53 mutation
in patients with SCLC: 0.93 (0.37-2.35).

Cl, confidence interval; IRC, immunohistochemical analysis; PCR-MSH, polymerase chain teaction-mutation specific hybridization; RR, respense rate; CEV, cyclophesphamide,

etoposide, and vincristine; EP, etoposide and cisplatin,
“Prospective study.

TABLE 7. B-Cell CLL/Lymphoma 2 (BCL2) Family Expression and Clinical Response to Chematherapy

Odds ratio
Author Histology Drugs Method Expression Patients (r) RR (%) {95% CI)
BCL2
Krug et al.* Non-small cell  Docetaxel, IHC Low 26 46 1.75
vinorelbine High 5 60 (0.25-12.3)
Dingemans et al.3 Small cefl CEV or EP [HC Low 20 79 1.36
High 71 85 (0.38-4.86)
Takayama et al.** Small cell CAV or EP IHC Low 17 76 0.50
High 21 62 (0.12-2.08)
Combined odds ratio {95% CI) for BCL2 expression in patients with SCLC: 0.87 (0.33-2.32)
BAX (BCL2-associated X protein)
Krug et al.* Non-small celi  Docetaxel, vinorelbine IHC Low 9 56 0.72
High 19 47 (0.15-3.54)

CI, confidence interval; IHC, immunohistochemical apalysis; RR, response rate; CEV, cyclophosphamide, etoposide, and vincristine; EP, etoposide and cisplatin.

expression of topoisomerase II enzymes correlates with
greater chemosensitivity in patients with breast cancer.?*

In addition to genes involved in classical drug resis-
tance, genes that act downstream of the initial damage in-
duced by a drug-target complex are thought to play an
important role in chemosensitivity.2* ERCC] is a key enzyme
in nucleotide excision repair, one of the key pathways by
which cells repair platinum-induced DNA damage. High
levels of ERCC1 mRNA have been associated with platinum

resistance in the treatment of ovaran and gastric cancer.26-%7
The codon 118 in exon 4 of ERCC1 gene is pelymorphic with
the nucleotide alteration AAC to AAT. Although this base
change results in coding for the same amino acid, it may
affect gene expression based on the usage frequency of
synonymous codons.?® The associations between drug re-
sponse and both ERCC1 gene expression and polymorphism
at codon 118 in patients with non~—small-cell lung cancer
have been reported in the literature. A combined OR (55%
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Cl) for these ERCC1 alterations was 0.53 (0.28-1.01, p =
0.055), although each study failed to show statistical signif-
icant association. Thus, ERCC] may be a candidate for
evaluation of the predictability of drug response in future
clinical trials.

TP53, which is mutated or deleted in more than half of
lung cancer cells, has a remarkable number of biological
activities, including cell-cycle checkpoints, DNA repair, ap-
optosis, senescence, and maintenance of genomic integrity.
Because most anticancer cytotoxic agents induce apoptosis
through either DNA damage or microtubule disruption, mu-
tated TP53 may decrease chemosensitivity by inhibiting ap-
optosis or, in contrast, may increase chemosensitivity by
impairing DNA repair after drug-induced DNA damage.??
This review showed that mutated TP53 was associated with
poor drug response in patients with non-—small-cell lung
cancer (Table 6).

No other genes located downstream (including xero-
derma pigmentosum group D, retinoblastoma 1, cyclin-de-
pendent kinase inhibitor 1A, Kirsten rat sarcoma 2 viral
oncogene homolog, B-cell CLL/lymphoma 2, and B-cell
CLL/Aymphoma 2-associated X protein) were associated with
clinical drug response (Tables 5-7). The association was
evaluated for only 8 of 43 in vitro chemosensitivity-associ-
ated downstream genes; therefore, key genes may be among
the remaining 35 genes. Most clinical studies included a
limited number of patients with various background charac-
teristics such as tumor stage and chemotherapy regimen
administered, which resulted in low statistical power to iden-
tify the association. Finally, because all but one study was
retrospective, the quality of tumor samples may vary, and it
is therefore unclear whether the gene alteration was detected
in all samples. Thus, in future prospective clinical studies, the
method of tumor sample collection and preservation, as well
as immunohistochemistry and polymerase chain reaction-
based methods, should be standardized, and the sample size
of patients should be determined with statistical consider-
ation.

The recently developed microarray technique enables
investigators analyze mRNA expression of more than 20,000
genes at once, and as many as 100 to 400 genes were selected
statistically as chemosensitivity-related genes.$-%1% Among
them, however, only a limited number of genes were func-
tionally related to chemosensitivity, and only ABCBI and
BAX corresponded with the 80 chemosensitivity-associated
genes identified in this literature review, which were picked
because of their known function and contribution to in vitro
chemosensitivity. Thus, it will be interesting to evaluate the

_tole of expression profile of these genes using microarray
analysis.

The association between the expression and alterations
of genes and clinical drug responses should be studied further
in prospective trials. ABCB1, GSTP1, ERCCI, and TP33,
and other genes identified by exploratory microarray analyses
should be evaluated in those trials. Simple methods to iden-
tify genc alterations, such as immunohistochemistry and
polymerase chain reaction-based techniques, will be feasible
in future clinical trials because of their simplicity, cost, and

time. The median number of patients in retrospective studies
analyzed in this review was 50 (range, 28-108). In future
prospective trials, sample size consideration for statistical
power will also be important,

In conclusion, we identified 80 in vitro chemosensitiv-
ity-associated genes in a review of the literature; ABCBI,
GSTP1, and ERCC1 expression and TP53 mutation were
associated with drug responses among patients with lung
Cancer.
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Identification of expressed genes characterizing long-term survival

in malignant glioma patients

R Yamanaka', T Arao®, N Yajima', N Tsuchiya', ] Homma', R Tanaka', M Sano', A Oide?,

M Sekijima® and K Nishio?

! Department of Neurosurgery, Brain Research Institute, Niigata University, Niigata City, Japan; * Pharmacology Division, National
Cancer Center Research Institute, Chuo-ku, Tokyo, Japan and * Mitsublshi Chemical Safety Instite, Ibaraki, Japan

Better understanding of the underlying biology of
malignant gllomas Is critical for the development of early
detection strategies and new therapeutics. This study
aimed to define genes assoclated with survival. We
investigated whether genes coupled with a class prediction
model could be nsed to define subgroups of high-grade
gliomas in s more cbjective manner than standard
pathology. RNAs from 29 malignant gliomas were
analysed using Agllent microarrays. We jidentified 21
genes whose expression was most strongly and consls-
tently related to patient survival based on univariste
proportional hazards medels. In six out of 10 genes,
changes In gene expression were validated by quantitative
real-time PCR. After adjusting for clinical covarlates
based on a multivariate avalysis, we finally chtained a
statistical significance level for DDRI (discoldin domsin
receptor family, member 1), DYRK3 {dual-specificity
tyrosine-(Y)-phosphorylation-regulated kinase 3 and
KSP37 (Ksp37 protein). In independent samples, it was
confirmed that DDR]1 protein expression was also
correlated to the proguosis of glioma patients detected
by immunchistochemical staining. Furthermore, we ana-
lysed the efficacy of the short interfering RNA (siRNA)-
medinted inhibition of DDR1 mRNA synthesis in glioma
cell lines, Cell proliferation and invasion were significantly
suppressed by siRNA against DDR1. Thus, DDR1 can be
a novel molecular target of therapy as well as an
important predictive marker for survival in patients with
glioms. Our method was effective at classifying high-
grade gliomas objectively, and provided a more accorate
predictor of prognosis than histological grading.
Oncogene (2006) 25, 5994-6002. doi:10.1038/sj.0nc.1209585;
published online 1 May 2006
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Introduction

Glioblastoma, which it pathologically the most aggres-
sive form, has a median survival range of only 9-15
months (Karpeh ef al., 2001; Stewart, 2002; Stupp et 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-tiecred World Health Organization (WHO)
system is currently the most widely nsed (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
additional 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 microsrray technology has per-
mitted development of multi-organ cancer classification
including gliomas (Ramaswamy et al., 2001; Rickman
et al,, 2001; Kim et al, 2002; Hunter et al, 2003;
Mischel ef al., 2004), identification of tumor subclasses
(Khan et al., 2001; Mischel et al., 2003; Shai ef al., 2003;
Sorlie ef al., 2003; Liang et al,, 2005; Nigro et al., 2005;
Wong et al., 2005), discovery of progression markers
(Sallinen ef al., 2000; Agrawal et al., 2002; van dc Boom
et al., 2003; Godard et al., 2003; Hoelzinger et al., 2005;
Rich et al., 2005; Somasundaram er al, 2005) and
prediction of disease outcormes (van't Veer ef al, 2002;
van de Vijver ef al., 2002; Nutt et ol., 2003; Freije et al.,
2004). Unlike clinicopathological staging, molecular
staging can predict long-term outcomes of any indivi-
dua) 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 human | cDNA microacray (Agilent Technologies,
Pale Alto, CA, USA) contains 12811 clones from more
than 7000 UniGene clusters. Each clone is represented
by a PCR-amplificd, double-stranded complementary
DNA (cDNA) product, immobilized on the slide.
mRNAs obtained from two biological 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 differences between the two
samples. Utilization of a common reference sample for
each ammay 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,

Results

High-grade gliomas in this study

Patients initially showed histologically proven glioblast-
oma (grade IV), anaplastic astrocyloma or other
malignant gliomas (grade III) corresponding to the
WHO criteria. Seven patients with grade IIf 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 pragnosis-related genes

We performed the univariate proportional hazard mode)
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 arc listed in
Table 3, and include several genes that we believe to be
biologically active such as DDRI {discoidin domain
receptor family, member 1) and KSP37 (Ksp37 protein)
(see Discussion).

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

We chose 10 genes that were not previcusly associated
with gliomas, to measure their mRINA levels by real-
time quantitative reverse transcrption-PCR. From 29
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Table 1 Patient characleristics
No. Histological diagnosis Age, WHO PS Survival
gender  grode ilme
1  Apsaplastic oligosstrocyloma 59, M III 80 263
2 Anaplastic oligodendroglioma 60, M  IH 90 294
3 Aneplastic oligedendroglioma 72, M  IH 9% 305
4  Ansplastic astrecytoma M oW 100 545
5 Ansplastic aatrocyloma BM 0 617
6  Anaplastlc astrocyloma 4s.M 1T 60 698
7 Anaplastic astrocyloma 65, M It o0 761
8 Glioblastoma 18, F v &0 111
9  Qlioblagtoma 64, F v 50 154
10 Glioblastoma 2BM IV 70 202
11  Glioblastoma 4.M IV 60 261
12 Glioblestoma MM IV 40 268
13 Glicblestioma s,M IV g0 286
14  Glioblastoma 2,M IV T kLY]
15 Glioblastoma 80, M v 80 349
16 QGlicblastome %P v 60 s
17  QGlioblsstoma oM Iy 90 352
18  Glicblastoma 6, M v 50 396
19  Glioblastoma 63, M IV 60 405
20 Glioblastloms 20, F Iv 90 417
21  Glioblastoma 71L,M IV 80 436
22  QGlioblastoma LM v 90 453
23 GHoblastoma 6,M IV 80 506
24  Glioblastoma 5M IV 80 620
25 QGlioblastoma 5, F v 9% 641
26  Glioblastoma 2L F v % 757
27 Glioblastoma 2. F v 70 880
28 Glioblastoma 4a9M IV 50 908
29  Glioblastoma 42.M IV 50 1i8%

Abbreviation: PS, performance status: WHO, World Health Organiza-
tion,

Table 2 Univariate analysis of clinical features

Varlable No. of Medlan survival P
paiients time (days)  (log-rank test)
WHO grade
Grade I11 7 617 0.56
QGrade IV 22 417
Age [years)
<60 16 64] 0.069
=260 13 352
Gender
Male 2 436 0.979
Female 7 417
PS
70-1G0 21 617 0.0033
0-50 8 309

Abbreviation: PS, performance 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 leukocyie cell adhesion molecule),
DDR1, DYRK3 (dual-specificity tyrosine-(Y)-phos-
phorylation-regulated kinase 3), ITGAS (integrin alpha
5), ITGB2 (integrin beta 2), KSP37, LDHC (lactste
debydrogenase C), LOC (hypothetical protein

Oncogena
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Teble 3 Identification of prognosis-related genes

GenBank Symbol Description Hazard ratio P-value
BCODS26) SLN Sarcolipin 0.41 0.000263
U13680 LDHC Lectate debydrogenase-C 0.24 0.000851
ALl 37662 NRBP2 Nuclear receptor binding protein 2 55 0.00101
AB021123 KSP37 Ksp37 protein 0.12 0.00102
M20681 GLUT3 Glucose transporter-like protein-11 037 0.00107
BCGDT052 PKM2 Pyruvate kinase, muscle 0.15 0.0013
No2498 PDCD4 Programmed cell desth 4 il 0.00208
M10036 TPIL Triosephosphats isomerase 1 0.16 0.00222
BCOiS061 RAB32 RAB3Z, member RAS oncogene family 051 0.00260
U20362 TIClO Intraflagellar transport 88 homolog 45 0.00290
BEMS190 DDRI1 Discoidin domain receptor family, member | 42 0.00308
AF127561 DYRK3 Dual-speificity tyrosine-{¥)-phosphorylation reguiated kinase 5 0,17 0.00312
BCGO5861 ITGB2 Intsgrin, beta 2 4.1 0.00352
BAB22510 Putative 2.0 0.00365
BC007835 STK40 Serinefthreonine kinase 40 040 0.00369
AB026706 EMILIN2 Elastin microfibril interfacer 2 0z 0.0038%
AF231512 RBMER RNA binding mutil protein 8B 4.3 0.00403
PCOOBT86 ITGAS Integein, alphs 3 0.36 0.00419
AALDAG52 ISGF33 Interferon-simulated transcription factor 3, gamma (48kD) 28 0.00431
Y10183 ALCAM Activated leukocyte cell adhesion molecule 28 0,00440
M1 9482 ATP synthase Humen ATP synthese beta subunit geno, exons 1-7 028 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 ths
GeneBank accession number, & biief deseription of ths gene and the P-value that was computed,

Tahle 4 mRNA levels by real-time quantitative RT-PCR

Table 5§ Multvariate analysis

Short-term swvivor Long-term survivor P Variable Hazard ratlo 95% CI )
{n==13} (nw=l4)

WHO grade 9,55 1.24-73.8 0.0305
ALCAM (i 6.6 14.5 0.0620.1 <0.05 Age (>60) 5.88 1.i-314 0.038
DDR (pg/ml) A16.8456.5 4061111 <001 Gender (male) 8.16 0.748-88.9 0.0851
DYRK3 (ng/mb) 116.14£962 449,34 108.7 <0.05 PS (70-100) 182 247-134 0.0044
ITGAS (pg/mi) 38.7447.1 707.6185.6 <0.01
ITGB2 (pg/ml) 0.0240.01 0.031+0.05 NS DDRA 215 2.12-217 0.00%4
KSP37 {pg/mh 189424.6 8402.9:+855.6 <0,01 DYRK3 0.067 0.006-0.758 0.0325
LDHC (pg/mf) 14410 754125 NS KSP37 0.008 0.000-0.235 0,0053
LOC (pp/ml) L2411 17421 NS ITGAS 0.698 0.146-3.34 0.6525
SLN (pg/ml) 89419 15.5+4.5 <0.05 SLN 285 0.658-12.4 0.1615
SLC2A3 (ng/ml) 7.548.3 19.1423.9 NS ALCAM 1.67 0.446-6.214 0.4453

Abbreviations: NS, not zignificant; 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, DDRI, DYRK3, ITGAS, KSP37 and SILN
(Table 3),

DDRI, DYRK3 and KSP37 were selected based on

a multivariate analysls

To adjust for relevant clinical covariates apainst six
PCR-confirmed genes, we performed a multivariate
analysis (Table 5). In incorporating multivariate analy-
sis, high DDRI expression was negatively correlated
with survival (P=0.0094; hazard ratio =21.5; 95% confi-
dence interval (CI), 2.12-217), high DYRK3 expression
was positively correlated with survival (P =0.0325;
hazard ratio =0.067; 95% CI, 0.006-0.798) and

Oncogone

Abbreviations: CI, confidence interval; PS, performance status; WHO,
World Health Organizatlon, For other abbreviations see 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 DDRI and KSP37
were more closely correlated with survival compared to
histological grade (Table 5). Thus, in gliomas, these
results suggested that expression of DDRI, DYRK3 and
KSP37 might be a strong predictive factor for patient’s
survival better than WHO grading.

Immunohistochemical analysis of potential candidate
genes

To confirm our results from microarray analysis, we
choss to investigate DDRI1 expression as a prognostic
marker for glioma and performed the immunohisto-
chemical analysis. Firstly, we analysed the protein
expression of DDR! against 29 microarray-measured
specimens, and investigated the correlations with patient
survivals. DDRI! was expressed in the cytoplasm of
neoplastic cells and patients were divided into two
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groups: positive and negative groups according to
immunostaining score, Positive staining for DDRI1 was
confirmed to 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 jmmunohistochemical anmalysis in independent
samples.

Glioma 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 DDRI
mRNA to reduce expression of DDRI protein. We
analysed efficacy of siRNA-mediated inhibition of
DDR1 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-1
{DDR1-#1 and DDRI1-#2), DDR1 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 (DDR1-#! and DDRI-
#2), DDR] mRNA was downregulated by 10-15% of
contro} siRNA (P<0.01).

After transfection with siRNAs against DDR-1, U251
cell counts within 48h were approximately 40-60% of
untreated or control-siRINA-treated cells during this
same period of time (P<0.01; Figure 2b). GI-1 and
T98G cell counts within 48h were approximately 35—
50% of untreated or control-siRINA-treated cells during
this same period of time (P<0.01). Cell proliferation
was significantly suppressed by siRNA against DDR1,
as reflected in reduction of mRNA expression.

For invasion assays, transfectants were seeded onto
Matrigel-coated invasion chambers, incubated for 24h
and total numbers of cells on the underside of each filter
were determined. As shown in Figure 2¢, transfections
of U251 cells with anti-DDR1 siRNA inhibited cell in-
vasion through the Matrigel by more than 80%, whereas
the use of control siRNA had no effect (P<0.01).
Transfections of GI-1 and T98G cells with anti-DDR1
siRNA inhibited cell invasion through the Matrigel by
more than 70-80%, whereas the use of contro] siRNA
had no effect (P<0.01). Therefore, invasion by cells was
significantly suppressed by siRNA against DDR], as
refiected by reduced mRNA expression.

Discassion

Several works (Sallinen et al., 2000; Khan et af., 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 et al, 2003; Godard et al., 2003;
Hunter ef al., 2003; Mischel er al., 2003; Nutt er al.,
2003; Shai et al., 2003; Sorlie ef al., 2003; Freije et al.,
2004; Mischel ¢ al., 2004; Hoelzinger ef al,, 2005; Liang
et al., 2005; Nigro et al, 2005; Rich et al., 2005;
Somasundaram et al, 2005, Wong er al., 2005) showed
the usefulness of utilizing methods of aralysis 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
nchieve better classification and prediction of glioma
palients, 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 al. (2003) and
Freije et al. (2004) reported the use of microatrays to
predict outcomes for glioma patient. Nutt ef al. involved
a group of 50 glioma patients who were not selected
based on survival duration. The investigators used
Affymetrix U 95 GeneChips to devciop a model to
classify cases into unfavorable and favorable groups
that cxhibited significantly different survivals. They
picked up 20 genes different from our study that highly
correlated with class distinction. On the other hand,
Freije ef 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 model to classify cases
into unfavorable and favorable groups that exhibited
significantly different survivals. From these two studies,
there were no aitempt to predict survivals of individual
patients, but results were consistent with ours, and
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together suggested 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
patterns that were used to discriminate between long-
term and short-term survivors are known 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 er al., 2003), vascular
endothelial growrh factor (VEGF) (Gedard et al.,
2003), Osteonectin, Doublecortex, Semaphorin 3B (Rich
et al,, 2005) and brain-type fatty acid-binding protein
(FABP7) (Liang ez al., 2005).

We have selected DDR], KSP37 and DYRK3 from a
21-gene model {21 genes derived from muitivariate
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 siRNA against DDR1.
The DDR1 is a tyrosine receptor kinase activated by
various types of collagen, and is involved in cell-matrix
communication (Vogel, 1999). DDRI1 is activated
independently of A1 integrin (Vogel et al, 2000).
DDRl-collagen interaction facilitates the sadhesion,
migration, differentiation/maturation and cytokinef
chemokine production of leukocytes (Yoshimura et al.,
2005). DDRI1 is overexpressed in several tumors
including high-grade brain, csophageal and breast
cancers (Weiner and Zagzag, 2000). Based on our data
and Ram ef al. (2005), DDR1 may play a potential role
in proliferation and invesion of gliomas. Invasive
phenotype is caused by activation of matrix metallo-
proteinase-2 in DDR1-overexpressing cells (Ram et al.,
2006). Glioma cell adhesion, including intercellular and

Figure 2 Effects of DDR1 knockdown by RNA intarference on
proliferation end Invasiveness of human glioma cell lines, U251
eells wern trapsiontly tramsfected with shoet interforing RNAs
(siRNA) end subjected to semiquantitative PCR analysis, prolif-
eratlon assay or Matrigel invaxion assays, (s) Reduction of DDR1
mRNA expreasion by SiRNAs against DDR1 was determined by
semiquantitative PCR. gnalysls. Transfection with DDR1 siRNAs
significantly reduced DDRI, whereas transfection with sIRNAs
targeted to an unrelated mRNA hed no effest on DDRI
oxpresaion. *P<0.01 compared with both contro! groups. (b) Cell
proliferation assay. Cells wero cultured in 96-well plates in 100 1l of
serum-enriched medium. When B0% confluence was reached, 25 ul
of 100 nM 5iRNA in cytofectin was added drop wise. Numbers of
viable cells wero evaluated afler 48h culture by incubation with
Teirs color one, and numbers cbtained were compared with those
of controls. Afier transfection with DDRI siRNAs, U251 ol
counts within 48h were approximately 40-60% of untreated or
control-siRNA-treated colls during this same period of time.
*P.c0,01 compared with both control groups, (¢) For the invasion
assaya, transfectants wers seeded onto Matrigel-coated invasion
chambers and incubated for 24h. Total numbers of cells on the
underside of each filier were determined, Invading cells were
significantly suppressed by sIRNAs against DDRI, a3 reflected by
reduction of mRINA expression. Control, no siRNA treatment;
negative conlrol, controt siRNA treated. DERI-H1, DDRI-$Z
DDR! siRNA trealed. **P<0.0] compared with both contro)

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 cellcell contact
inhibition leading to increased cell meotility. Thus,
DDR! may be a novel molecular target for therapy,
and provide an important predictive marker for survival
in patients with glioma. KSP37 protein is constitutively
secreted by Thi-type CD4-positive lymphocytes and
lymphocytes 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, DYRKS is a member of dual-specificity tyrosine-
regulated kinases with roles in cell growth and develop-
ment. DYRK3 was reporied 10 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 are
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 molecuniar targets for therapeuties, 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 oaly
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. Morcover, 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 will better correlate with clinical outcomes than
with standard pathology.

Materials and methods

Patients

Mean age of patients was 53,2 years old {range, 13-80).
Twenty-two patients were men and seven were women. Tissues
were snap-frozen in ligquid nitrogen within 5 min of harvesting,
and stored thereafter at ~80°C. Clinical stage was estimated
from accompenying surgical pathology and clinicsl reports.
Samples were specifically re-reviewed by n board-certified
pathologist in cur institution, using observation of scctions of
pareffin-embedded tissues that were adjacent 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 10 confirm adequacy of the sample (i.e., minimal
coniamination with non-neoplastic clements), 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 & course of
external beam radiation therapy (standsrd dose of 40Gy to the
tumer with a 3-cm margin, and 20Gy boost 1o the whole
brein) and nitrosourea-based chemotherapy. Patients were
monitored for recurrences of tumor during the initial and
maintenance therapy by msagnetic resonance imaging or
computed tomography. Treatments were carried out at the
Department of Neurosurgery, Niigata University Hospital.
Informed consent was obtained from all patients for the use of
samples in accordance with the guidelines of the Ethical
Comumittes on Human Research, Niigata University Medical
School. Overall survival was measured from the date of
diagnosis, Survival end points corresponded to dates of death
or lust follow-up.

RNA extraction

Tota] RNA was extracted with 1mi Isogen (Nippongene,
Toyama, Japan) per 100mg frozen glioma tissues, following
the manufacturer’s instructions. Each tissue type was homo-
genized with a Polytron (Fisher Scientific) for 30 s and cleared
by & 10-min centrifugation at 10000¢. For each ml Isogen,
0.2m! chioroform was added and samples were vigoroualy
shaken for 20g and then incubated on ice for 10min. The
aqueous phase was separaied by centrifugation at 10000 for
10min, decanted and an equal volume of isopropanol was
sdded. The mixture was allowed to precipitate for 10min and
the precipitate was collected by centrifugation at 12000 ¢ for
10 min, The pellet was washed with 70% ethanal, collected by
brief centrifugation, air dried and re-suspended in HoO. RNA
was further purified using an RNeasy column (Qiagen,
Valencia, CA, USA). The purified RNA was quantified using
8 UV spectrophotometer, and RNA quality was cvaluated by
capillary electrophoresis on an Agilent 2100 Bjoanalyzer
(Agilent Technologies). Only samples with 285/18S ratios
>(.7 and with no evidence of ribosomal peak degradation
were included in the study.

Agilent cDNA microarrays

Agilent human 1 cDNA microarrays (Agilent Technologics)
contained 13156 clones from Incyte's human ¢DNA library,
Test and normal brein RNAs were labeled with both Cy3-
dCTP and CyS$-dCTP nucleotides (Amersham Biocsciences,
Tokyo, Japsn) and hybridized on two slides (dye-swap
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 that 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-label cDNA synthesis kit ¢Agilent Technologies),
feliowing the manufacturer’s directions. Labeled ¢cDNA was
purified using QIAquick PCR Purification coclumns {Qiagen,
Valencia, CA, USA), followed by concentration by vacuum
centrifugation, cDNA. was suspended in hybridization buffer
and hybridized 10 Agilent human 1 cDNA microsrrays
(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 semple was individually labeled
and co-hybridized with 2 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 individuat samples, In addition, Cy dye switch
hybridizations were performed for each sample. Normal brain
samples were purchased from Clontech (Tokyo, Japan). All
microarray data and clinical features have been submitted to
Gene Bxpression Omnibus (GEO, htip:/fwrww.ncbinlm.nih.
gov/geo; accession no. GSE4381).

Statistical analysis
Univariate anelysia for clinical features was performed by log-
rank test using SAS sofiware ver. 9.1.3 (SAS lnstitute Inc.,
Cary, NC, USA), In microarray analysis, normalization and
survival analysis were performed using the BRB Array Tools
goftware ver. 3.3.0 (http://linus.nci.nih.gov/BRB-Array-
Tools.html) developed by Dr Richard Simon and Amy Peng.
In brief, 2 log base 2 transformation was applied to the
microarray raw dats, and global normalization was used to
median the ceater of log ratios on cach array in order to adjust
for differences in labeling intensities of the Cy3 and Cy5 dyes.
Genes showing minimal variation across the set of arrays were
excluded from the analysis. Genes whose expression differed
by at least 1.5-fold from the median in at least 20% of the
arrays were retained. Genes were also excluded if percent of
data missing or fillered out exceeds 50%. Then, genes that
paseed filtering criteria were considered for further analysis.
We computed = statistical significance level for each gene
based on univariate proportional hazards medels (P<0.005)
and identified genes whosc expression was significantly related
to survival of the patient. These P-values were then used in &
multivariate permutetion test in which survival times and
censoring indicators were randomly permuted among arrays.
To adjust the expression of six candidate genes (DDR1,
DYRK3, KSP37, ITGAS, SLN and ALCAM) for clinical
festures (WHO grade, ege, gender, PS), clinicel data and
normalized microarray expression data of six gemes were
imported into SAS software ver. 9.1.3 (SAS Institute Inc,) and
Cox regression model was performed for multivariate analysis
against each variable (WHO grade, age, gender, PS, expression
levels of six genes). Three samples were excluded for multi-
variate anaiysis because there were a few defected expression
data. A Povalue <005 was considered significant. The
differences between subgroups of DDR1 siRNA and control
groups were tested for statistical significance using the analysis
of variance test and statistical significance was determined at
the P<0.01 lovel.

Validation of differential expression by real-time

qumntitative PCR

Total RNA (2 pg) was subjected to DNase treatment in & 10 il
reaction contsining | 1 10 x DNase I reaction buffer (Invitro-
gen, Tokyo, Japan) and 1 g DNase I at room temperature for
10min. Ethylenediamine tetraacetic acid (1 ul, 25mM) and 14
oligo dT (D.5ug/pl; Invitrogen) were added to the DNase
reaction, and heated to 70°C for 15min to inactivate DNase I
activity and climingte RNA secondary structure. Semples were
placed on ico for 2min and collected by brief centrifugation.
RNA was then reverse-transcribed into cDNA by adding 8 u
master mix containing 4l of 5x first strand buffer, 21
dithiothreitol (0.1M), |l dNTPs (10mM each) and 1 M
SuperScript 11 (200 UfpY) (nvitrogen), followed by incubation

Oncegens

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

Bach sample was subjectzd to 40 cycles of real-time PCR
with a LightCycler (Idsho Technology, Salt Lake City, UT,
USA). PCR reagents contained 1 x LightCycler DNA Master
SYBR Green I (Roche Molecular Biochemicals, Mannheim,

" Germany), 0.5 #M of each primer, 3mM MgCl, and 2 21 cDNA

template. PCR conditions were as follows: one cycle of
dennturing at 95°C for 10 min, followed by 40 cycles of 95°C
for 153, 55°C for 53 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 each sample and for each gene, were
compared to 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 ¢-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, Yotsukaichi, Japan):

ALCAM-FW: :é'quGATGGCAATATCACATGGm
3

ALCAM-RW: 5“"1;CC'3AGGGTGGAAGTCATGGTATA
GA3

DDRI-FW: §ACTTTGGCATGAGCCGGAAC-¥,

DDRI-RW:  SACGTCACTCGCAGTCGTGAAC-¥,

DYRK3FW:  SAGCTGCCTCCAGTTGTTGGGAAT
AG-3

DYRK3-RW:  STGCATCTCTGGGCATATCTCTG
TC¥

ITGAS-FW: STCCCAGTAAGCGACTGGCATC-¥,

ITGASRW:  S'GTTCCAGCACACCCTGGCTAA-¥,

ITGB2-FW: §'ATCGTGCTGATCGGCATTCTC-Y,

ITGE2-RW:  SGGTTCATGACCGTCGTGGTG-¥,

KSP37-FW: S CTTCCGAGGGTGACAGGTGA-Y,

KSP37-RW: STCCAGTGTGAGAACGTTGGATT
G-¥,

LDHC-FW: STCATCTGTACTGATTGCGCCAA
G,

LDHCRW:  SACGGCACCAGTTCCAACAATAG
TAA-Y

LOC340371-FW: $GGAACATGCCAGGGCTITCA-Y,

LOC340371-RW: S'CTGCTCAACACGGTCTGGA-%,

SLN-FW: 5GOAGTTGGAGCTCAAGTTGGAG
AC3,

SLN-RW: SGAACTGCAGGCAGATTTCTGAG
G-,

SLCZA3-FW:  S'GCCTTTGGCACICTCAACCAG-¥,

SLC2A3.RW:  S'GCTGCACTTTGTAGGATAGCAG
GAA-Y,

Immnohistochemisiry

Sections (5 pm) 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 sodium citrate (pH
6.0), followed by incubation with 0.3% Hy0; to quench
endogenous peroxidase aciivity. Slides were blocked in 10%
normal serum and incubated with rabbit polyclona! anti-
DDR! antibody (dilution 1:50; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 16h at 4°C. After washing, the
slides were incubated with an avidin-biotin-peroxidase system
(Veclastain elite ABC kit, Vector Labs, Burlingame, CA,



USA). Finally, sections were exposed for 10-20min to 0.01%
3,3-diaminobenzidine (Sigma, Tokyo, Japan) and PBS con-
taining 0.01% hydrogen peroxide, Immunohistochemistry
scoring was performed as follows. Staining intensity was
classified as none (0 point), weak (1 point), moderats (2 point)
or strong (3 point). Intensity of signal of stained areas was
estimated by light microscopy, based on 25 percentiles in a
representative field. Scores were calculated s weighted
averages (sum of points x area%), Averages of thres indepen-
dent measurements were calculated to the first decimal 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 infarmation is DDR1-#1: 5-GCUAUGUGGAGAU
GGAGUUUGAGUU-¥ and DDRI-f2: ¥-GGCCCUGG
UUACUCUUCAGCGAAAU-¥, siRNAs were introduced
into glioma cell Lines by cytofectin-mediated transfection
according to the menufacturer’s instructions (Qisgen, Tokyo,
Japan), Cells were cultured in 96-well plates in 100 ul of serum-
enriched medium, When 80% confluence wrs reached, 254
100 nM £RNA in cytofectin was added drop wise to the cell
culture, Numbers of viable cells werc cvaluated 48h after
culture, by incubating with Tetra color one (Seikagaku CO.,
Tekyo, Japan), and numbers obtained were compared with
those of controls. Control experiments were performed using
Cy3-labeled siRNA (Qiagen) directed against an unrelated
mRNA (Luciferase; siRNA;uc: Qiagen). Transfection cffi-
ciency was confirmed with Cy3-labeled siRNALuc in each
assay. All proliferation expetiments were repeated as indepen-
dent experiments at feast twice, Results were reported as
meansts.d, of two independent experimenta. '

Cell invasion of Matrigel

A Transwell containing an 8-ym diameter pore membrane
(Becton-Dickinson, Tokyo, Japan) was coated with 500l
Matrigel (Becton-Dickinson) at 100 yg/ml. Cells were either
left untreated, treated with control or DDRI1-#1, #2 siRNAs
and transfected as described above, After 24-h incubation, cells
were detached with cell dissociation solution (Sigma), washed
twice with PBS and resuspended in minimum essential mediuvm
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(MEM) (Nissui Pharmaceutical Inc., Tokyo, Japan) contain-
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Cell lines and culture

All glioma cell lines were cultured in MEM supplernented with
10% FBS. The T98G, GlI-1 and U251 cell lines were purchased
from )Cell Bank, RIKEN BioResource Center (Tsukuba,
Japan).
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receptor family, member 13 DYRKSY, dual-specificity tyrosine-
(Y)-phosphoryiation-regulated kinase 3; FBS, fetal bovine
serum; TTGAS, integrin alpha §; ITGB2, integrin beta 2;
KSP37, Ksp37 protein; LDHC, lactate dehydrogenase C;
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5.d., standard deviation; SIRNA, shori intesfering RNA.
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