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cells by siRNA against LY6K. Response
of RERF-LC-A! cells to si-LY6K-1 and
si-LYBK-2 or control siRNAs (EGFP or
SCR). Left top, the level of LY6K protein
expression detected by Western blot
analysis in cells treated with either
conirol or si-LY6Ks. Left bottomn, colony
formation assays using RERF-LC-Al cells
transtected with si-L Y6K-1 and si-LY6K-2,
si-EGFP, or si-SCR. Right, the effect of
siANA against LY6K on cell viability,
detected by 3-(4,5-dimethyithiazol-2-yl)-
2,5-diphenyltetrazolium bromide assays.
All assays were performed thrice and

in triplicate wells.

with NSCLC and 52.5% of ESCC were diagnosed as positive
whereas 6.8% to 9.5% of healthy volunteers were falsely diagnosed
as positive. On the other hand, the sensitivity of the combination
of conventional serum tumor marker, CEA and CYFRA 21-1 in the
same set of serum samples, was 51.8% for NSCLC (53.0% for
adenocarcinoma and 48.1% for SCC) and 34.4% for ESCC, whereas
false-positive cases for either of the two tumor markers among
normal volunteers (control group) were 6.8% (Supplementary
Fig. $1B and D). Although additional validation with a larger set
of serum samples covering various clinical stages will be
necessary, the data presented here sufficiently show a potential
clinical application of LY6K itself as a serologic/histochemical
biomarker for lung and esophageal cancers., It should also be
noted that we observed activation of LY6K in more than half of a
series of other types of cancers, such as cervical carcinomas (data
not shown), suggesting its diagnostic and therapeutic application

In summary, we have shown LY6K cancer-testis antigen as a
potential biomarker for diagnosis of lung and esophageal cancers,
as well as for monitoring patients with these diseases. LY6K,
combined with other tumor markers, could significantly improve
the sensitivity of cancer diagnosis, whereas it could be used at
initial diagnosis to identify patients who might benefit from early
systemic treatment. Moreover, LY6K is likely to be an essential
contributor to aggressive features of NSCLC and ESCC and a likely
target for development of therapeutic approaches, such as
molecular targeted drugs and immunotherapy to any types of
cancers overexpressing this molecule.

Acknowledgments

Received 8/22/2007; revised 10/17/2007; accepted 10/22/2007.

The costs of publication of this article were defrayed in part by the payment of puge
churges. This acticle must therefore be hereby marked advertisement in accordance
with 18 US.C. Section 1734 solely to indicate this fact.

to a wide range of tumors.

References

1. Berwick M. Schantz 8. Chemoprevention of aerodi-
gestive cancer. Cancer Metastasis Rev 1997:16:329-47,
2. Jemal A, Siegel R, Ward E, et al. Cancer statistics, 2006

CA Cancer ) Clin 2006;56:106-30.

3. Shimada H, Nabeya Y, Ochiai T, et al. Prediction of
survival with squamous cell carcinoma antigen in
patients with ¢ b} phageal s cell
carcinoma. Surgery 2003;133:486~94.

4, Tamoto E, Tada M, Murakawa K et al Gene-
expression profile changes correlated with tumor
progression and lymph node metastasis in esophageal
cancer. Clin Cancer Res 2004;10:3629-38.

5. Parkin DM. Global cancer statistics in the year 2000.
Lancet Oncol 2001;2:533-43.

6. Naruke T, Tsuchiya R, Kondo H, Asamura H. Prognosis
and survival after resection for bronchugenic carcinoma
based on the 1997 TNM-stuging classification: the
Japanese experience. Ann Thorac Surg 2001;71:1759-64.

7. Rastel D, Ramaioli A, Cornillie F, Thirion 8. CYFRA 21~
1, a sensitive and specific new tumour marker for
squamous cell lung cancer. Report of the first European
multicentre evaluation, CYFRA 21-1 Multicentre Study
Group. Eur J Cancer 1994:30A:601~6.

8. Kawaguchi H. Ohno §, Miyazaki M. et al. CYFRA 21-1
determination in patients with esophageal squamous
cell carcinoma: clinical utility for detection of recur-
rences. Cancer 2000,89:1413-7.

9. Boon T, Old 1J. Cancer tumor antigens. Curr Opin
Immunol 1997:9:681-3.

10, Scanlan MJ, Simpson AJ, Old L), The cancer/testis
genes: review, lardization, and ary. Can-
cer Immun 2004:4:1.

11. Kakiuchi S, Daigo Y, Tsunoda T, Yano S, Sone §,
Nakamura Y. Genome-wide analysis of organ-preferen-
tial metastasis of human small cell fung cancer in mice.
Mot Cancer Res 2003;1:485-99,

12, Kikuchi T, Daigo Y, Katagiri T, et al. Expression
profiles of non-small cell lung cancers on ¢DNA
microarrays: identification of genes for prediction of
lymph-node metastasis and sensitivity to anti-cancer
drugs. Oucogene 2003;22:2192-205.

13, Kakiuchi S, Daigo Y, Ishikawa N, et al. Prediction of
sensitivity of advanced non-small cell lung cancers to
gefitinib (Iressa, ZD1839). Hum Mol Genet 200413
3029-43.

14. Kikuchi T, Daigo Y, Ishikawa N, et al. Expression
profiles of metastatic brain tumor from lung adenoc-
carcinomas on ¢DNA microarruy. Int J Oncol 2006;28:
799-805.

15, Taniwaki M, Daigo Y, Ishikawa N, et al Gene
expression profiles of small-cell lung cancers: molec-
ular signatures of lung cancer. Int } Oncol 2006,29:
567-75.

16. Yamabuki T, Daigo Y, Kato T, et al. Genome-wide
gene expression profile analysis of esophageal squa-
mous-cell carcinomas. Int J Qncol 2006;28:1375-84.

17. Saito-Hisaminate A, Katagiri T, Kuakiochi S,
Nakamura T, Tsunoda T, Nukamura Y. Genome-wide
profiling of gene expression in 29 normal human tissues
with a ¢DNA microarray. DNA Res 2002;9:35-45.

18. Ochi K, Daigo Y, Katagiri T, et al. Expression profiles
of two types of human knee joint cartilage. ] Hum Genet
2003;48:177-82.

19. Suzuki C, Daigo Y, Kikuchi T, Katagiri T, Nakamura Y.
Identification of COX17 us u therapeutic target for non-
small cell lung cancer. Cancer Res 2003:63:7038-41.

20. Ishikawa N, Daigo Y. Yasui W, et al. ADAMS as u novel
serological and histochemical marker for lung cancer.
Clin Cancer Res 2004;10:8363-70.

21, Kato T, Daigo Y, Hayama S, et al. A novel human
tRNA-dihydrouridine synthase involved in pulmonary
carcinogenesis. Cancer Res 2005:65:5638-46.

22. Furukawa C, Daigo Y, Ishikawa N, et al. Plakophilin 3
oncogene as prognostic marker and therapeutic target
for lung cancer. Cancer Res 200565:7102~10.

23, Ishikawa N, Daigo Y, Takano A, et al. Increases of
amphiregulin and transforming growth factor-o in
serum as predictors of poor response to gefitinib among
patients with advanced non-small cell lung cancers.
Cancer Res 2005:65:9176-84.

24, Suzuki C, Daigo Y, Ishikawa N, et al. ANLN plays o
critical role in human lung carcinogenesis through the
activation of RHOA and by involvement in the
phosphoinositide 3-kinase/AKT pathway. Cancer Res
2005;65:11314-23.

Cancer Res 2007; 67: (24). December 15, 2007

11610

—639—

www.aacrjournals.org



LY6K: A Novel Cancer Biomarker

25, ishikawa N, Daigo Y. Takano A, et al. Characteriza-
tion of SEZ6L2 cell-surface protein us a novel prognostic
marker for lung cancer. Cancer Sci 2006:97:737-45.

26. Takahashi K, Furukuwa C. Takano A, et al The
neuromedia u-growth hormone secretugogue receptor
Ib/neurotensin receptor 1 oncogenic signaling pathway
as a therapeutic target for lung cancer, Cancer Res 2006;
66:9408-19.

27. Hayama S, Daigo Y, Kato T, et al. Activation of
CDCA1-2, members of centromere protein complex,
involved in pulmonary carcinogenesis. Cancer Res 2006;
66:10339-48.

28, Kato T. Huyama S, Yamubuki Y, et ul. Increased
expression of insulin-like growth factor-ll messenger
RNA-binding protein 1 is associated with tumer
progression in patients with lung cancer. Clin Cancer
Res 2007;13:434-42,

29, Suzuki C, Takahashi K, Hayama S, et al. Identification
of Myc-associated protein with JmjC domain as a novel
therapeutic target oncogene for lung cancer. Mol Cancer
Ther 2007;6:542-51.

30. Yamabuki T, Takano A, Hayama S, et al. Dickkopf-
1 as a novel serologic and prognostic biomarker for
lung and esophageal carcinomas. Cancer Res 2007:67:
2517-25,

31. Hayama S, Daigo Y, Yamabuki T, et ul. Phosphoryla-
tion and activation of cell division cycle associated 8 by
aurora kinase B plays a significant role in human Jung
carcinogenesis, Cancer Res 2007;67:4113-22.

32. Kato T, Sato N, Hayama S, et al. Activation of holiday
junction-recognizing protein involved in the chramo-
somal stability and immortality of cancer cells. Cancer
Res 2007:67:8544-53.

33. Taniwaki M, Takano A, Ishikawa N, et ul. Activation
of KIF4A as a Prognostic Biomarker and Thetapeutic
Target for Lung Cancer. Clin Cancer Res. ln press 2007,

34, de Nooij-van Dalen AG, van Dongen GA, Smeets S},
ct al. Characterization of the human Ly-6 antigens, the
newly annotated member Ly-6K included, as molecular
markers for head-and-neck squamous cell carcinoma,
int J Cancer 2003;103:768-74.

35. Lee JW, Lee YS, Yoo KH, et al. LY-6K gene: a novel
molecular marker for human breast cancer. Oncol Rep
2006;16:1211 -4,

36, Traviss WD, Colby TV, Corrin B, Shimosato Y.
Brambilla E. Histological Typing of Lung and Pleural
Tumors:. World Health Orgunization International His-
tological* Classification of Tumors. 3rd ed. Berlin:
Springer; 1999

37. Chin'SF, Daigo: Y, Huang HE, et al. A simple and
reliable pretreatment protocol facilitates fluorescent
in sity hybridisation on tissue” microarrays of paraffin
wax embedded tumour samples. Mol Pathol 2003;56:
275-9.

38. Callagy G, Cattaneo E, Daigo Y. et ul. Moleculur
classification of breast carcinomas using tissue micro-
arrays. Diagn Mol Pathol 2003;12:27-34,

39. Callagy G, Pharoah P Chin SF, et al. ldentification
and validation of pragnostic markers in breast cancer
with the complementary use of array-CGH and tissue
microarrays, J Pathol 2005:205:388-96.

40. Nakatsura T, Yoshitake ¥, Senju §, et al, Glypican-3,
overexpressed specifically in human hepatocellular
carcinoma, is a novel tumor marker. Biochem Biophys
Res Commun 2003;306:16-25.

41, Bamezai A, Rock KL. Overexpressed Ly-6A.2 mediates
cell-cell adhesion by binding a ligand expressed on
Iymphoid cells. Proc Natl Acad Sci U § A 1995,92:4294-8.

42, Bulsara BR, Senoda G, du Muncir 8, Siegfried M,
Guabrielson E, Testa JR. Comparative genomic hybrid-
ization analysis detects frequent, often high-level,
overrepresentation of DNA sequences at 3q, 5p, 7p,

and 8q in human non-small cell lung carcinomas.
Cancer Res 1997,57:2116~20.

43. Gold B, Freedman S. Demonstration of tumor-specific
antigens in human colonic carcinomata by immunolog-
ical tolerance and sbsorption techniques. J Exp Med
1965:121:439-62.

44, Hammarstrom S. The carcinoembryonic antigen
(CEA) family: structures, suggested functions and
expression in normal and malignant tissues. Semin
Cancer Biol 1999;9:67-81.

43, Hashimoto M, Ichihara M. Wutanabe T. et al.
Expression of CD109 in human cancer. Oncogene
2004;23:3716-20.

46, Jantscheff P, Terracciano L, Lowy A, et al. Expression
of CEACAMG in resectable colorectal cancer: a factor of
independent prognostic significance. ] Clin Oncol 2003;
21:3638-46.

47, Reiter RE, Gu Z, Watabe T, et al. Prostate stem cell
antigen: 4 cell surfuce murker overexpressed in prostate
cancer, Proc Natl Acad Sci U'S A 1998;95:1735--40.

48, Marshall JL, Gulley JL, Arlen PM, et al. Phase | study
of sequential vaccinations with fowlpox-CEA(6D)-TRI-
COM alone and sequentially with vaccinia-CEA(6D)-
TRICOM, with and without granulocyte-macrophage
colony-stimulating factor, in patients with carcinvem-
bryonic antig pressing carci .} Clin Oncol
2005:23:720-31,

49. Ross S, Spencer S, Holcomb I, et al, Prostate stem
cell antigen as therapy target: tissue expression and
in vivo efficacy of an immunoconjugate. Cancer Res
2002,62:2546-53.

50. Saffran DC. Raitano AB, Hubert RS, Witte ON, Reiter
RE, Jukobovits A. Anti-PSCA mAbs inhibit tumor growth
and metastasis formation and prolong the survival of
mice bearing human prostate cancer xenografts. Proc
Natl Acad Sci U S A 2001;98:2658-63.

www.aacrjournals.org

11611

—640—

Cancer Res 2007; 67: (24). December 15, 2007



ONCOLOGY REPORTS 18: 329-336, 2007

Melanoma-associated antigen-A1l expression predicts resistance to
docetaxel and paclitaxel in advanced and recurrent gastric cancer
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Abstract. Melanoma-associated antigen (MAGE) genes are
cancer-testis antigen genes that serve as immunotherapy targets
in several human cancers. Previous studies have revealed that
the forced expression of MAGE genes induces a paclitaxel-
resistant phenotype. In the present study, we examined whether
the expression of MAGE-AI could predict the response of
advanced and recurrent gastric cancers (GCs) to taxan (doce-
taxel or paclitaxel)-based chemotherapy. The expression of
MAGE-A1 was analyzed by immunostaining in 41 primary GC
samples. DNA demethylation was assessed by methylation-
specific polymerase chain reaction and the effect of the
forced expression of MAGE-A1 on drug resistance to taxan
drugs was monitored by MTT assay. The expression of
MAGE-A1 in primary GC was observed in 4 (9.8%) of 41
cases. All 4 patients with MAGE-A1-positive GC showed
progressive disease, whereas MAGE-A1 expression was not
detected in any of the 23 patients showing partial response
(P=0.0302). There was no association between MAGE-Al
gene demethylation and response to chemotherapy (P=0.7245).
The forced MAGE-A1 expression in the TMK-1 GC cell line
increased the sensitivity to paclitaxel and docetaxel. These
results suggest that although MAGE-A1 does not participate
directly in the drug-resistant phenotype, the expression of
MAGE-AT1 could be a marker for the prediction of resistance
to taxan-based chemotherapies in patients with GC.

Introduction
Gastric cancer (GC) is one of the most common cancers

worldwide. Despite improvements in cancer diagnosis and
therapy, many patients are still diagnosed at the late stages of

Correspondence to: Dr Wataru Yasui, Department of Molecular
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carncer

the disease, and the disease often recurs even after curative
surgery. Until recently, GC was considered a poorly chemo-
responsive cancer. However, several clinical trials have shown
that certain chemotherapeutic agents are quite effective against
GC. We recently reported that a combination of docetaxel
and S-1 is active against metastatic GC (1,2). The taxoids,
paclitaxel (taxol) and docetaxel (taxotere), are promising
antitumor compounds. Paclitaxel and docetaxel work as mitotic
spindle toxins, that stabilize microtubules and enhance
microtubule polymerization, resulting in the mitotic arrest of
tumor cells (3). S-1 is an oral fluorouracil antitumor drug that
contains a combination of three pharmacological agents.
Although combination chemotherapy with docetaxel and S-1
has shown a high degree of efficacy against GC (4), some
patients have shown a poor response, possibly due to the
inefficiency of the chemotherapy. For effective treatment, the
identification of patients who will respond well to a specific
chemotherapy could be important. Therefore, there is an
urgent need for new biomarkers for GC chemotherapy.
Cancer develops as a result of multiple genetic and epi-
genetic alterations (5,6). Better knowledge of the changes in
gene expression that occur during gastric carcinogenesis
could lead to improvements in diagnosis, treatment and
prevention. In order to identify potential molecular markers
for GC and to better understand the development of GC at
the molecular level, comprehensive analyses of gene expression
could be useful (7). We previously performed serial analysis of
gene expression (SAGE) of 4 primary GCs (8) and identified
several GC-specific genes (9). Of these genes, faxol (also
known as paclitaxel) resistance associated gene 3 [TRAG3,
also known as CSAG family, member 2 (CSAG2)] is a
candidate gene for cancer-specific expression, at least in
patients with GC. TRAG3 was originally identified by the
differential gene expression of SKOV-3 and its taxol-resistant
subline, SKOV-3,,. However, the expression of endogenous
TRAG3 in taxol-sensitive cell lines does not confer taxol
resistance, suggesting that TRAG3 does not participate
directly in the taxol-resistant phenotype (10). TRAG3 is a
cancer-testis antigen and is overexpressed in malignant
melanoma (11), colorectal (12), lung (13), and breast cancer
(14). Although TRAG3 has been identified as a T-lympho-
cyte epitope (15), the biological function of TRAG3 is poorly
understood. TRAG3 is located on chromosome Xq28 and is
flanked by the melanoma-associated antigen (MAGE) gene
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cluster, which includes MAGE-2, 3,4, 5, 10, and 12. It has been
reported that both MAGE-2 (also known as MAGE-A2) and
MAGE-6 (also known as MAGE-A®6) transfectants demon-
strate a 4-fold increase in resistance to paclitaxel (16).
Therefore, the acquisition of paclitaxel resistance could be
associated with the increased expression of MAGE but not
TRAG3. MAGE genes are considered tumor-specific antigens
and ideal targets for cancer immunotherapy (17) as they are
expressed in a large variety of neoplastic lesions and only in
the testes in healthy adults (18). However, the clinical utility
of the expression of MAGE genes for the prediction of chemo-
sensitivity has not been investigated in cancers including GC.

In the present retrospective study, the relationship between
the expression of MAGE-AI (also known as MAGE-1) and
the response of advanced and recurrent GCs to chemotherapy
with paclitaxel or docetaxel was investigated. As the expression
of MAGE-A1 is activated by DNA demethylation in GC (19),
the DNA methylation status of MAGE-AI was also analyzed
by methylation-specific polymerase chain reaction (PCR).

Patients and methods

Patients and tumor specimens. The subjects were 41 patients
with GC referred to the Department of Surgical Oncology,
Hiroshima University Hospital (Hiroshima, Japan). Forty-one
GC tissue samples and 41 corresponding non-neoplastic
mucosa samples from these 41 patients were analyzed for the
expression and DNA methylation of MAGE-AI. The GC and
the corresponding non-neoplastic mucosa samples were
obtained by resection or biopsy before the initiation of chemo-
therapy. All 41 specimens were archival, formalin-fixed,
paraffin-embedded tissues. We confirmed microscopically
that the tumor tissue specimens consisted mainly (>50%) of
cancer cells and that the non-neoplastic mucosae did not
show any evidence of tumor cell invasion-or significant
inflammatory involvement. All patients were determined to
have inoperable or recurrent GC. Of the 41 patients, 12 were
treated with paclitaxel alone; the remaining 29 were treated
with a combination of docetaxel and S-1.

Paclitaxel (80 mg/m2) was infused over 1 h on days 1, §,
and 15, followed by a I-week interval (1 cycle). For the
combination therapy of S-1 and docetaxel (2), S-1 was
administered orally at a dose of 80 mg/m? within 30 min of
the morning and evening meals for 2 weeks, followed by a 1-

“week interval (1 cycle). Docetaxel (40 mg/m?) in 100 ml
0.9% saline was infused over 1 h on the morning of day 1.
This cycle of administration was repeated every 3 weeks, and
the infusion was started at the same time as the S-1 admin-
istration.

All 41 patients provided a medical history and underwent
a physical examination including an evaluation of performance
status, complete blood cell count (CBC), serum chemistry
profile, creatinine clearance, urinalysis, electrocardiography,
chest X-ray, and computed tomography (CT) and/or magnetic
resonance imaging at the time of enrollment. An upper GI
series, gastrointestinal fiberscopy (GIF), and barium enema
were performed if necessary. A baseline biological analysis
(CBC, serum chemistry profile and urinalysis) and a physical
examination, including the determination of weight and
performance status, was performed at least weekly while the

SUZUKI er al: EXPRESSION OF MELANOMA-ASSOCIATED ANTIGEN-A1 IN GASTRIC CANCER

patients were undergoing treatment. Tumor markers, including
CEA and CA19-9, were checked once each month.

The responses of the primary and metastatic lesions to
treatment were assessed according to the World Health
Organization criteria. The primary and metastatic lesions
were evaluated by GIF, CT, ultrasonography, and other
radiographic examinations. Complete response (CR) was
defined as the absence of all evidence of cancer for <4 weeks.
Partial response (PR) was defined as at least 50% reduction in
the sum of the products of the perpendicular diameters of all
lesions for <4 weeks without any evidence of new lesions or
the progression of existing lesions. No change (NC) was
defined as <50% reduction or <25% increase in the sum of
the products of the perpendicular diameters of all lesions
without any evidence of new lesions. Progressive disease
(PD) was defined as >25% increase in <1 lesion or the
appearance of new lesions. Of the 12 patients treated with
paclitaxel alone, none showed CR, 4 showed PR, 5 showed
NC, and 3 showed PD. Of the 29 patients treated with the
combination of docetaxel and S-1, none showed CR, 19
showed PR, 4 showed NC, and 6 showed PD.

Histological classification (intestinal-type or diffuse-type)
was performed according to the Lauren classification system
(20). Tumor staging was according to the TNM staging system
(21). As written informed consent had not been obtained for
the use of some samples, the identifying information was
removed from all the samples prior to analysis to protect
patient privacy. This procedure was in accordance with the
Ethical Guidelines for Human Genome/Gene Research enacted
by the Japanese Government.

Immunohistochemistry. Formalin-fixed, paraffin-embedded
samples (primary GC) were sectioned, deparaffinized,
stained with H&E, and evaluated to ensure that the sectioned
block contained tumor cells. Adjacent sections were then
stained immunohistochemically. For immunostaining of
MAGE-AL, a Dako LSAB Kit (Dako, Carpinteria, CA, USA)
was used according to the manufacturer’s recommendations.
In brief, the sections were pretreated by microwaving them in
citrate buffer for 30 min to retrieve antigenicity. After
peroxidase activity was blocked with 3% H,0,-methanol for
10 min, the sections were incubated with normal goat serum
(Dako) for 20 min to block nonspecific antibody binding
sites. Anti-MAGE-1 antibody (6C1, 1:100, Novocastra,
Newcastle, UK) was incubated with tissue samples for 60 min
at room temperature, followed by incubations with bio-
tinylated anti-rabbit/mouse IgG and peroxidase-labeled
streptavidin for 10 min each. Staining was completed with a
10-min incubation with the substrate-chromogen solution.
The sections were counterstained with 0.1% hematoxylin.
The 6C1 antibody recognizes both the MAGE-A1 protein
and the MAGE-A10 protein (22). It has been confirmed that
MAGE-AI10 is present in the nucleus, whereas MAGE-A1 is
localized in the cytoplasm (22). Therefore, cytoplasmic
staining was considered positive for MAGE-A1, and nuclear
staining was disregarded in the present study.

Genomic DNA extraction and methylation-specific PCR
(MSP). For DNA extraction from the archival, formalin-fixed,
paraffin-embedded tissue samples, primary GC samples and

—642—



ONCOLOGY REPORTS 18: 329-336, 2007

Gastric cancer

1 2 3 4
U MUMUMUM

331

Gastric cancer

5 6 7 8
UMUMUMUWM

O o B

Figure 1. Melanoma-associated antigen-Al (MAGE-A1) expression in gastric cancer (GC). (A) Sections of GC and the corresponding non-neoplastic
mucosae were immunostained with monoclonal antibody 6C1. In the corresponding non-neoplastic gastric mucosae, no staining was detected, whereas strong
and extensive staining was observed in the GC cells (original magnification, x100). Panel (B) is a high-magnification view of the field indicated by the box in
panel (A) (original magnification, x1000). Only cytoplasmic staining is visible in Case 4, and therefore, this case was considered positive for MAGE-A1
expression. Stromal cells were not stained. (C) In Case 7, both the nuclear and cytoplasmic staining of MAGE-A1 were observed. GC cases showing both
cytoplasmic and nuclear staining were considered positive for MAGE-A1 immunostaining (original magnification, x1000). (D) In Case 34, only nuclear
staining is visible. GC cases showing only nuclear staining were considered negative for MAGE-A1 expression {original magnification, x1000). (E) DNA
methylation analyses of MAGE-AI in the GC tissues by methylation-specific polymerase chain reaction (MSP). Primer sets were used, unmethylated (U,
methylated (M). The methylated allele was present in all the cases. The unmethylated allele was detected in Cases 4 and 7. The expression of MAGE-A1 was

observed in Cases 4 (B) and 7 (C) by immunostaining.

corresponding non-neoplastic samples were manually dissected
with a fine needle from different sets of 10 serial, 10-pm-
thick, formalin-fixed, paraffin-embedded tissue sections. The
dissected samples were lysed by incubation in 200 mg/ml
proteinase K at 55°C for 3 days. Genomic DNA was purified
by 3 rounds of phenol/chloroform extraction followed by
ethanol precipitation. In order to examine DNA methylation
patterns, genomic DNA was treated with 3 M sodium
bisulfite as described previously (23). For analysis of DNA
methylation of the MAGE-AI gene, MSP was performed as
described previously (19). The PCR products (15 ul) were
separated on 8% non-denaturing polyacrylamide gels, stained
with ethidium bromide, and visualized under ultraviolet light.

Cell lines, expression vector, and transfection. The TMK-1
GC cell line was established in our laboratory (24). All cell
lines were maintained in RPMI-1640 (Nissui Pharmaceutical,
Tokyo, Japan) containing 10% fetal bovine serum (Whittaker,
Walkersville, MD, USA) in a humidified atmosphere of 5%
CO, and 95% air at 37°C. For constitutive expression of the
MAGE-AIl gene, cDNA was PCR amplified and subcloned

into pcDNA 3.1 (Invitrogen; Carisbad, CA, USA). The
pcDNA-MAGE-A1 expression vector was: transfected into
TMK-1 cells with FeGENE®6 (Roche Diagnostics; Indianapolis,
IN, USA) according to the manufacturer's instructions. Stable
transfectants were selected after 2 weeks of culture with 80 yg/
ml G418 (Invitrogen).

Western: blot analysis. The preparation of whole-cell lysates
and ‘Western blot analysis were performed as described
previously (25). Protein concentrations were determined by
the Bradford protein assay (Bio-Rad, Richmond; CA, USA)
with bovine serum albumin used as the standard. Lysates
(40 jg) were solubilized in Laemmli's sample buffer by
boiling and then subjected to 10% SDS-polyacrylamide gel
electrophoresis followed by electrotransfer onto a nitro-
cellulose filter. The filter was incubated for 1:h at room
temperature with an anti-MAGE-A1 antibody. Peroxidase-
conjugated anti-mouse IgG was used in the secondary reaction.
The immunocomplexes were visualized with an ECL
Western Blot Detection System (Amersham Biosciences,
Piscataway, NJ, USA). The quality and amounts of proteins
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on the gel were confirmed by detection with an anti-B-actin
antibody (Sigma Chemical Co., St. Louis, MO, USA).

Drug trearment and cell growth assay. Docetaxel was obtained
from Rhone-Poulenc Rorer (Antony, France). Paclitaxel and
mitomycin C were purchased from Sigma. Cell growth was
assessed by a standard 3-(4,5-dimethyl-2-tetrazolyl)-2,5-
diphenyl-2H tetrazoluim bromide (MTT) assay as described
previously (4). In brief, GC cells were seeded into 96-well
culture plates. After 24-h incubation, the cells were incubated
for 72 h at 37°C with varied drug concentrations (0.1-100 nM
docetaxel, 0.1-100 nM paclitaxel, and 0.01-10 xM mitomycin
C). After incubation, 10 1 MTT (Sigma) solution (5 mg/ml)
were added to each well, and the plates were incubated for 3 h
at 37°C. The growth medium was then replaced with 150 pl
dimethyl sulfoxide (Wako, Tokyo, Japan) per well, and the
absorbance at 540 nm was measured with a Titertek Multiscan.

Statistical methods. Differences were analyzed by Fisher's exact
test. P-values <0.05 were considered statistically significant.

Results

Relationship between MAGE-AI expression and response of
GC to paclitaxel and the combination of docetaxel and S-1.
The expression and distribution of MAGE-A1 was investigated
by immunostaining of 41 GC tissues. MAGE-A1 was not
stained in the corresponding non-neoplastic mucosae (Fig. 1A).
Three GCs showed only cytoplasmic staining of MAGE-A1
(Fig. 1B) and both cytoplasmic and nuclear staining were
observed in one GC. (Fig. 1C). One GC showed only nuclear
staining (Fig. 1D). As described in ‘Materials and methods',
cytoplasmic staining was considered positive for MAGE-A1
expression and nuclear staining was disregarded. In total,
MAGE-A1 staining was observed in 4 (9.8%) of the 41 GC
tissues. In all the 4 cases, >50% of the cancer cells were
stained, and in the remaining 37 cases, no expression of
MAGE-A1 was observed. We considered that all the 4 cases
were positive for MAGE-A1. The expression of MAGE-A1
was not associated. with age or sex (data not shown). There
was 1o clear association between MAGE-A1 expression and
the clinicopathological characteristics in the group of 20 GC
cases obtained by resection. (Table I). Of the 12 patients
treated: with paclitaxel alone, the.2 MAGE-Al-positive
patients showed PD in response to paclitaxel; whereas 4 of
the 10 MAGE-Al-negative patients showed PR. Of the 29
patients treated with a combination of docetaxel and S-1; the
2 MAGE-A1-positive patients showed PD; whereas'19 of the
27 MAGE-Al-negative patients showed PR. In total, the 4
patients with MAGE-Al-positive GC showed PD in résponse
to taxan-based chemotherapy, and the expression of MAGE-
Al was not detected in the 23 patients showing PR to the
taxan-based chemotherapy (P=0.0302, Table II). These
findings indicate that the expression of MAGE-ALl is a marker
for the response to taxan-based chemotherapy.

Relationship between DNA methylation of the MAGE-Al
gene and response of GC to paclitaxel and combination
therapy of docetaxel and S-1. We investigated the. DNA
methylation status of the MAGE-AI gene as the expression of
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Table I. Relationship between MAGE-A1 protein expression
and clinicopathological characteristics in GC.

MAGE-A1 expression

Positive Negative P-value?

(%)

T grade
T1/2/3 1(7.1) 13 0.2018
T4 2(33.3) 4

N grade
N0/1/2 1(9.1) 10 0.5658
N3 2(22.2) 7

Liver metastasis
Present 0 5 0.5395
Absent 3 (20) 12

Peritoneal dissemination
Present 1(16.7) 5 1.0000
Absent 2(14.3) 12

Distant metastasis
Present 0O 0 ND
Absent 3(15) 17

Stage
i 1(14.3) 1.0000
v 2(154) 11

Histology
Intestinal 1(25) 3 1.0000
Diffuse 5(1.3) 11

MAGE-A1, melanoma-associated antigen-Al; GC, gastric cancer;
ND, not determined. *Fisher's exact test.

Table II. Association between MAGE-A1 expression and
response to taxan-based chemotherapy.

Response No. of No. of MAGE-A1- P-value®
cases positive cases (%)

CR 0 0() 0.0302

PR 23 0©)

NC 9 0 ()

PD 9 4(44.4)

MAGE-A1, melanoma-associated antigen-Al; CR, complete
response; PR, partial response; NC, no change; PD, progressive
disease. “Fisher's exact test (CR plus PR vs NC plus PD).

MAGE-AI is activated by DNA demethylation in GC (19).
Representative results of MSP are shown in Fig. 1E. In total,
the DNA demethylation of MAGE-Al was detected in 10
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Table III. Relationship between DNA demethylation of
MAGE-AI and clinicopathological characteristics in GC.

333

Table V. Association between demethylation of MAGE-Al
and response to taxan-based chemotherapy.

MAGE-Al
methylation status
Demethyl- Methyl- P-value?
ated (%) ated
T grade
T1/2/3 3(214) 11 0.3027
T4 3(50)
N grade
N0/1/2 4(364) 7 0.6424
N3 2(22.2) 7
Liver metastasis
Present 120) 4 1.0000
Absent 5@333) 10
Peritoneal dissemination
Present 2333 4 1.0000
Absent 4 (28.6) 10
Distant metastasis
Present 0 () 0 ND
Absent 6 (30) 14
Stage
111 2 (28.6) 5 1.0000
1A% 4 (30.8) 9
Histology
Intestinal 0 4 1.0000
Diffuse 3(18.8) 13

MAGE-A1, melanoma-associated antigen-A1l; GC, gastric cancer;
ND, not determined. *Fisher's exact test.

Table IV. Relationship between DNA demethylation of
MAGE-AI and expression of MAGE-AT.

MAGE-AT methylation status

MAGE-A1 Demethyl- Methyl- P-value?
expression ated (%) ated

Positive 4 (100) 0 0.034
Negative 6(16.2) 31

MAGE-A1, melanoma-associated antigen-Al. “Fisher's exact test.

(24 4%) of the 41 GC samples. The demethylation of MAGE-
Al was not associated with patient age or sex (data not
shown). There was no clear association between the demethyl-
ation of MAGE-AI and clinicopathological characteristics in
the group of 20 GC cases obtained by resection (Table III).

Response No. of No. of cases with P-value®
cases demethylation of
MAGE-AI (%)
CR 0 0O 0.7245
PR 23 5217
NC 9 1(11.1)
PD 9 4 (44 4)

MAGE-A1, melanoma-associated antigen-Al; CR, complete
response; PR, partial response; NC, no change; PD, progressive
disease. @Fisher's exact test (CR plus PR vs NC plus PD).

MAGE-AI was demethylated in 4 MAGE-A1-positive GC
cases, whereas the demethylation of MAGE-AI was detected
in 6 of the 37 MAGE-AI-negative cases (16.2%, P = 0.0021,
Table IV). There was no clear association between the
MAGE-AI methylation status and the response to therapy in
the group of 12 patients treated with paclitaxel alone, in the
group of 29 patients treated with a combination of docetaxel
and S-1, or in the total 41 patients (P=0.7245, Table V).

Effect of forced MAGE-Al expression of GC cell line. As we
detected a statistically significant association between
MAGE-A1 expression and the response to taxan-based
chemotherapy, we investigated the effect of forced MAGE-
Al expression on chemoresistance in a GC cell line, TMK-1.
TMK-1 cells were stably transfected with a vector expressing
MAGE-A1. TMK-1 cells were selected due to their low
endogenous MAGE-A1 expression (data not shown). Clones
were selected in G418 and examined for MAGE-Al
expression by Western blotting. Four clones that expressed
MAGE-AL1 at significantly higher levels than the empty
vector-transfected cells were isolated (Fig. 2A). In order to
determine the effect of MAGE-A1 expression on cell growth,
we performed MTT assays. The rate of cell growth of the
TMK-1 cells expressing higher levels of MAGE-A1 did not
differ from that of the cells transfected with the empty vector
up to day 2 (data not shown). We then examined the effect of
MAGE-A1 expression on paclitaxel or docetaxel sensitivity.
Contrary to our expectation, the ICs, levels for both
paclitaxel and docetaxel in the MAGE-A1-transfected cells
were lower than those of the empty vector-transfected cells
(Fig. 2B). The mitomycin C IC;, levels did not differ signifi-
cantly between the MAGE-Al-transfected cells and the
empty vector-transfected cells.

Discussion

Previous data have suggested that the resistance to paclitaxel
is associated with the increased expression of a variety of
genes, including some that are localized near the cancer-testis
genes (16). In the present study, we found that the expression
of the protein encoded by the MAGE-A! gene, which neighbors
the cancer-testis antigen genes, was associated with the
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Figure 2. Effect of forced melanoma-associated antigen-Al (MAGE-A1) expression on drug sensitivity. (A) Western blot analysis of the TMK-1 gastric
cancer cell line stably transfected with the vector expressing MAGE-A1. Four G418-resistant clones overexpressing the MAGE-A1 protein, were isolated. (B)
Drug sensitivity of MAGE-Al-transfected cells. MTT analysis revealed that forced MAGE-A1 expression increases the sensitivity to docetaxel and paclitaxel

but does not change relative resistance to mitomycin C.

response of GC to taxan-based chemotherapy. All 4 patients
with MAGE-Al-positive GC showed PD in response to
paclitaxel or combination chemotherapy of docetaxel and S-1.
These findings indicate that the expression of MAGE-Al is a
marker for the response to taxan-based chemotherapy. It is
important to note that of the 29 patients treated with a
combination of docetaxel and S-1, the response to chemo-
therapy could have been more influenced by S-1 than taxan,
The influence of MAGE-A1 expression on the response to S-1
should be examined.

The cancer-specific expression of MAGE-A1 has been
reported in several cancers including GC (26-28). It has been
reported that the MAGE-A1 protein expression is associated
with invasiveness, lymph node metastasis, advanced patho-
logical stage, and poor prognosis (29). It has also been reported
that the demethylation of both MAGE-Al and MAGE-A3
occurs during the progressive stages of GC (19). In the present
study, there was no clear association between MAGE-Al
expression/demethylation and the clinicopathological character-
istics in the group of 20 GC cases obtained by resection. As
we analyzed a limited number of GC samples, additional
experiments are needed. MAGE-AI gene-encoded peptides
are recognized by cytotoxic T lymphocytes (30), and clinical
trials of cancer-specific immunotherapies against MAGE-
Al-positive cells are underway. As taxan-based chemo-
therapies had no significant effects in the patients with
MAGE-AT1-positive GC in the present study, immunotherapy
with antigen-presenting cells pulsed with MAGE-1 peptides
could be an effective treatment for these patients.

DNA demethylation of the MAGE-Al gene was not
associated with response to taxan-based chemotherapy. The
hypermethylation of CpG islands is associated with the trans-
criptional silencing of several genes and has been proposed
as a mechanism for the inactivation of tumor suppressor genes
and tumor-related genes in human cancers (31). The identifi-
cation of methylated genes could be useful for diagnosis and
treatment of cancer and could provide insight into the process
of carcinogenesis. In GC, several tumor suppressor and
tumor-related genes have been shown to be inactivated by
promoter hypermethylation (32,33), and DNA methylation
increases with the progression of GC (34). Although the
expression of MAGE-A1 was observed frequently in GCs
with DNA demethylation of the MAGE-Al gene, we found 6
GC samples with MAGE-AI gene demethylation that did not
express the MAGE-A1 protein. This result could be related
to the extreme sensitivity of MSP, which can theoretically
detect as few as 0.1% of cells with' gene methylation (23). For
the prediction of the response to the taxan-based chemo-
therapy, immunostaining could be a suitable method.

The biological function of MAGE proteins remains poorly
understood. MAGE-A3 has been shown to bind in vitro to
murine pro-caspase-12, thereby blocking the autoactivation
of caspase-9 and the downstream activation of caspase-3
(35). The forced MAGE-A2 or MAGE-A6 expression in an
ovarian cancer cell line induces the expression of the
paclitaxel-resistant phenotype. These findings suggest that

"MAGE-A expression favors tumor cell survival and that

MAGE-A proteins function as oncoproteins. In contrast, the
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forced MAGE-A1 expression increased the sensitivity to
paclitaxel and docetaxel in TMK-1 cells in the present study.
This result suggests that MAGE-A1 does not participate
directly in the drug-resistance phenotype despite the statistical
association in the GC tissue samples. It has been reported
that MAGE-A4 is commonly expressed in non-small cell
lung cancers and has a proapoptotic effect and can function
as a tumor suppressor protein (36), indicating that functional
differences within the MAGE-A family may exist. Taken
together, these results suggest that not all of the cancer-testis
antigen genes participate directly in the taxol resistance. As
the early activation of MAGE-A genes in cancer could be
due to genomewide DNA hypomethylation, which is a
frequently observed epigenetic event during carcinogenesis
(37), the increased expression of genes which neighbor the
MAGE-AI gene could contribute directly to the taxan-
resistant phenotype. As we used the TMK-1 GC cell line
only, the effect of forced MAGE-A1 expression on chemo-
resistance in other GC cell lines should be investigated.

In conclusion, the results of the present retrospective
study suggest that the expression of MAGE-A1 could be a
marker for the prediction of resistance to taxan-based
chemotherapy in patients with GC. As the rate of MAGE-
Al-positive immunostaining was low in the present study, it
is difficult to find a usefulness of MAGE-AL1 in clinical
application for the marker of the prediction of resistance to
taxan-based chemotherapy in GC. A more sensitive marker is
needed. A comprehensive analysis of expression of the
cancer-testis antigen genes could reveal a more sensitive
marker for the prediction of the response to taxan-based
chemotherapy.
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Imaging, Diagnosis, Prognosis

Activation of KIF4A as a Prognostic Biomarker and Therapeutic
Target for Lung Cancer

MasayaTaniwaki,"? Atsushi Takano,’ Nobuhisa Ishikawa,’ Wataru Yasui,® Kouki Inai,* Hitoshi Nishimura,®
EijuTsuchiya,® Nobuoki Kohno,? Yusuke Nakamura,' and Yataro Daigo'

Abstract Parpcse and Expenmemat Design:Toidenufy mctecuies that mxght be useful as diagnostic/
“prognostic biomarkers and as targets for the development of new molecidar therapies; we
" “sereeried génes that were highly zransactzvated in alarge proportion-of 101 lung cancers by means
~of 2 cDNA microarray representing 27,648 genes. We found a gene encoding KiF4A, a kinesin
family member 4A, as one of such candxdates Tumor tissue microarray was apphed to-examine. -
- 1he expression of KIF4A protem and its clinicopathologic significance in archival non — small cell
F iung cancer (NSCE.C} samples from 357 patients. A role of KIF4A in.cancer cell growth and/or
: survival was exammed by small. mterferxng RNA experiments. Cellulatinvasive acttvgty of KIF4A .-
. on mammalian celis was: examined using Matrigel assays.:
Results: immunochistochemical staining detected posstsve i(iF4A stazmng in 127 {36%) of 357
- NSCLCs and 19 (66%) of 29 smali-cell lung cancers examined. Positive immunostaining.of.
“ KIF4A protein'was associated with-male gender (2 =:0.0287), nonadenocarcinoma histology
(P =0.0087), and shorter survival for patients with NSCLC (P =-0.0005), and multivariate
" “analysis confirmed 1§ independent prognostic vaiue (P = 0.0012). reatment of lung ¢ancer cells:
, with small interfering RNAs for KiF4A suppressed growth of the:cancer cells. Furthermore, we
. ‘found that znductxcm of exogenous expressxcn of KIE4A: conferred celiular invasive acthty on
 mammatiancells. :
i Concfus:ons ’{hese 6ata strongly zmphed that targetmg the K¥F4A mo{ecuie nght ho&d a

._promise for the devel opmerzt of anticancer drugs and ‘cancer vaccines as well as a prognostic

: :vaomarker in cixmc

Lung cancer is one of the most common and fatal cancers
in the world (1). A number of genetic alterations associated
with development and progression of lung cancer have been
reported; however, its molecular mechanisms still largely
remain unclear (2). Two major histologically distinct types of
lung cancer, non-small cell lung cancer (NSCLC) and small-
cell lung ¢ancer (SCLC) have different pathophysiologic and
clinical features that suggest differences in the mechanisms of
their carcinogenesis. NSCLC accounts for nearly 80% of lung
cancers, whereas SCLC accounts for 20%. of them and is
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categorized as neuroendocrine tumors of the lung with certain
morphologic, ultrastructural, and immunohistochemical char-
acteristics (3, 4). In spite of applying surgical techniques
combined with various treatment modalities such as radiother-
apy and’ chemotherapy, the overall 5-year survival rate of lung
cancer is still low at ~15% (5). Patients with SCLC respond
favorably to the first-line multiagent chemotherapy; however,
they often relapse in a short time. Hence, the only 20% of
patients with limited-stage disease can be cured with combined
modality therapy and <5% of those with extensive disease are
able:to achieve 5-year survival after the initial diagnosis (6, 7).
Therefore, new therapeutic strategies focusing on SCLC as
well as NSCLC such as molecular-targeted agents are eagerly
awaited.

The genome-wide ¢cDNA microarray analysis covering com-
plete or near-complete set of genes enabled us to obtain
comprehensive gene expression profiles and to compare the
gene expression levels with clinicopathologic and biological
information of cancers (8- 14). This kind of approach is also
useful to identify unknown molecules involved in the
carcinogenic- pathway. Through the gene expression profile
analysis of 15 SCLCs and 86 NSCLCs coupled with purification
of cancer cell population by laser microdissection on a cDNA
microarray consisting of 27,648 genes, and their comparison
with the expression profile data of 31 normal human tissues
(27 adult and 4 fetal organs; refs. 15, 16), we identified a
number of potential molecular targets for diagnosis, treatment,

www.aacrjournals.org
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and/or choice of therapy (8~12). To verify the biological and
clinicopathologic significance of the respective gene products,
we have also been performing high-throughput screening of
loss-of-function effects by means of the RNA interference
technique as well as tumor tissue microarray analysis of clinical
lung cancer materials (17-30). This systematic approach
revealed that kinesin family member 4A (KIF4A) was frequently
overexpressed in the great majority of lung cancers and was
essential to growth or progression of lung cancers.

Kinesin superfamily proteins, such as KIF4A, are microtubule-
based motor proteins that generate directional movement
along microtubules. KIFs are key players or central proteins in
the intracellular transport system, which is essential for cellular
function and morphology, including cell division (31). The
kinesin superfamily is also the first large protein family in
mammals whose constituents have been completely identified
and confirmed both in silice and in vivo (32). A large portion of
human KIF4A is associated with the nuclear matrix during the
interphase, whereas a small portion of them is found in the
cytoplasm. During mitosis, it is associated with chromosomes
throughout the entire process (33). A previous microarray study
disclosed the elevated expression of KIF4A mRNA in human
cervical cancer (34), although no report has clarified the
significance of KIF4A transactivation in human cancer progres-
sion and its potential as a therapeutic target.

We here report the identification of KIF4A to be a promising
target as a prognostic biomarker as well as for development of
therapeutic agents and cancer vaccines, and also describe
possible biological roles of KIF4A protein in progression of
lung cancer.

Materials and Methods

Lung cancer cell lines and tissue samples. . The human lung cancer cell
lines used in this study were as follows: lung adenocarcinomas A427,
A549, LC319, and NCI-H1373; lung squamous cell carcinomas (SCC)
RERF-LC-AI, SK-MES-1, NCI-H226, NCI-H520, and; NCI-H2170;. and
SCLCs DMS114, DMS273, SBC-3, and SBC-5. All cells were grown in
monolayers in appropriate medium supplemented with 10% FCS and
were maintained at 37°C in atmospheres of humidified air with 5%
CO,. Human small airway epithelial cells were grown in optimized
medium purchased from Cambrex Bio Science, Inc¢. Primary lung cancer
tissue samples had been obtained with' informed consent as described
previously (8,-12): A total of 357 NSCLCs and adjacent normal lung
tissue: samples. for: immunostaining on tissue microarray were “also
obtained from Saitama Cancer Center (Saitama, Japan). These patients
received resection of their primary. cancers, and among them only
patients with positive lymph node metastasis were treated with
cisplatin-based adjuvant chemotherapies after their surgery. Twenty-
nine SCLC samples obtained from Hiroshima University (Hiroshima,
Japan) and Saitama Cancer Center were also used in this study. This
study and the use of all clinical materials were approved by individual
institutional ethical comumittees. - - .

Semiquantitative reverse transcription-PCR. Total RNA was extracted
from cultured cells using the TRIzol reagent (Life Technologies, Inc.)
according to the manufacturer's protocol. Extracted RNAs were treated
with DNase I (Nippon Gene) and reversely transcribed using oligo(dT)
primer and SuperScript II. Semiquantitative reverse transcription-PCR
(RT-PCR) experiments were carried out with the following synthesized
KTF4A-specific primers or with B-actin (ACTB)-specific primers as an
internal control:  KIF4A, 5-CAAAAACCAGCTTCTTCTCTGG-3" and
5-CAGGAAAGATCACAACCTCATTC-3"; ACTB, 5-GAGGTGAT-
AGCATTGCTITTCG-3’ and 5-CAAGTCAGTGTACAGGTAAGC-3. PCR
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reactions were optimized for the number of cycles to ensure product
intensity within the logarithmic phase of amplification.

Northern blot analysis. Human multiple-tissue blots (BD Biosciences
Clontech) were hybridized with a 3?P-labeled PCR product of KIF4A.
The ¢cDNA probe of KIF4A was prepared by RT-PCR using the primers
described above. Prehybridization, hybridization, and washing were
done according to the supplier's recommendations. The blots were
autoradiographed at room temperature for 30 h with intensifying
BAS screens (Bio-Rad).

Western blotting. Celis were lysed in lysis buffer: 50 mmol/L Tris-
HCI (pH 8.0), 150 mmol/L NaCl, 0.5% NP40, 0.5% deoxycholate-Na,
0.1% SDS, plus protease inhibitor (Protease Inhibitor Cocktail Set II§;
Calbiochem/Merck KGaA). We used an enhanced chemiluminescence
Western blotting analysis system (GE Healthcare Biosciences), as
previously described (19, 20). A commercially available goat polyclonal
anti-KIF4A antibody was purchased from Abcam, Inc., and was proved
to be specific to human KIF4A, by Western blot analysis using lysates of
lung cancer cell lines.

Immunocytochemistry. Cultured cells were washed twice with PBS(-),
fixed in 4% formaldehyde solution for 30 min at 37°C, and rendered
permeable by treatment for 3 min with PBS(-) containing 0.1% Triton
X-100. Cells were covered with CAS-BLOCK (Zymed) for 7 min to block
nonspecific binding before the primary antibody reaction. Then, the
cells were incubated with polyclonal antibody to human KIF4A protein
{Abcam). The immunocomplexes were stained with a donkey anti-goat
secondary antibody conjugated to Alexa 488 (Molecular Probes) and
viewed with a laser confocal microscope (TCS SP2 AOBS: Leica
Microsystems).

Immunohistochemistry and tissue microarray analysis. To investigate
the significance of KIF4A overexpression in clinical lung cancers, we
stained tissue sections using ENVISION+ kit/horseradish peroxidase
(DakoCytomation). Anti-KIF4A antibody (Abcam) was added after
blocking of endogenous peroxidase and proteins, and each section was
incubated with horseradish peroxidase-labeled anti-goat 1gG as the
secondary antibody. Substrate chromogen was added and the speci-
mens were counterstained with hematoxylin. Tumor tissue microarrays
were constructed as published previously, using formalin-fixed NSCLCs
(35-37). Tissue areas for sampling were selected based on visual
alignment with the corresponding H&E-stained sections on slides.
Three, four, or five tissue cores (diameter 0.6 mm; height 3-4 mm)
taken from donor-tumor blocks were placed into recipient paraffin
blocks using a tissue microarrayer (Beecher Instruments). A core of
normal tissue was punched from each case. Five-micrometer sections of
the resulting microarray block were used for immunohistochemical
analysis. Positivity for KIF4A was assessed semiquantitatively by three
independent investigators without prior knowledge of the dinical
follow-up data, each of whom recorded staining intensity as either
negative (no appreciable staining in tumor cells) or positive (brown
staining appreciable in the nucleus and cytoplasm of tumor cells). Cases
were accepted as positive only if reviewers independently defined them
as such.

Statistical analysis, Statistical analyses were done using the StatView
statistical program (SaS). We used contingency tables to analyze the
relationship between KIF4A expression and clinicopathologic variables
in NSCLC patients. Tumor-specific survival curves were calculated from
the date of surgery to the time. of death related to NSCLC,. or to the
last follow-up observation. Kaplan-Meier curves. were calculated for
each relevant variable and for KIF4A expression; differences in survival
times among patient subgroups were analyzed using the log-rank test.
Univariate and multivariate analyses were done with the Cox propor-
tional hazard regression model to determine associations between
clinicopathologic variables and cancer-related mortality. First, we ana-
lyzed associations between death and possible prognostic factors,
including age, gender, histologic type, pT dlassification, pN classifica-
tion, and smoking history, taking into consideration one factor at a
time. Second, multivariate Cox analysis- was applied on backward
(stepwise) procedures that always forced KIF4A expression into the
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model, along with any and all variables that satisfied an entry level of
P < 0.05. As the model continued to add factors, independent factors
did not exceed an exit level of P < 0.05.

RNA interference assay. We had previously established a vector-
based RNA interference system, psiH1BX3.0, that was designed to
synthesize small interfering RNAs (siRNA) in mammalian cells (17 -27,
29, 30). Ten micrograms of siRNA expression vector were transfected
using 30 pL of LipofectAMINE 2000 (Invitrogen) into lung cancer cell
lines SBC-3, SBC-5, LC319, and A549. The transfected cells were
cultured for 7 days in the presence of appropriate concentrations of
geneticin (G418); the number of colonies was counted by Giemsa
staining; and viability of cells was evaluated by 3-(4,5-dimethylthiazol-
2-yD)-2,5-diphenyltetrazolium . bromide . assay..at. 7. days. after. the
treatment. Briefly, cell’ counting kit-8' solution' (Dojindo) was added
to each dish at a concentration of 1/10 volume, and the plates were
incubated at 37°C for additional 2 h. Absorbance was then measured
at 490 nm, and at 630 nm as a reference, with a Microplate Reader
550 (Bio-Rad). To confirm suppression of KIF4A mRNA expression,
semiquantitative RT-PCR experiments were carried out with the
following synthesized KIF4A -specific primers according to the standard
protocol. The target sequences of the synthetic oligonucleotides for
RNA interference were as follows: control 1 (luciferase/LUC: Photinus
pyralis luciferase gene), 5-CGTACGCGGAATACTITCGA-3; control 2
(scramble/SCR: chloroplast . Euglena - gracilis - gene: coding. for- 55, and
16S 1RNAs), 5-GCGCGCITTGTAGGATTCG-3"; siRNA-KIF4A-1,
5"-GGAAGAATTGGTTCITGAA-3"; siRNA-KIF4A-2, ' 5'-GATGTGGCT-
CAACTCAAAG-3".

Matrigel invasion assay. We doned the entire coding sequence
into the appropriate site of p3XFLAG-CMV-10 plasmid vector (Sigma).
COS-7 and NIH3T3 cells transfected either with plasmids expressing
KIF4A or with mock plasmids were grown to near confluence in DMEM
containing 10% FCS. The cells were harvested by trypsinization, washed
in DMEM without addition of serum' or’ proteinase inhibitor, and
suspended in DMEM at 5 x 10°/mL. Before preparing the: cell sus-
pension, the dried layer of Matrigel matrix (Becton Dickinson Labware)
was rehydrated with DMEM for' 2’ h at room' temperature,- DMEM
(0.75 mL) containing 10% FCS was added to each lower chamber in
24-well Matrigel invasion chambers, and 0.5 mL (2.5 X 10° cells) of cell
suspension were added to each insert of the upper chamber. The plates
of inserts were incubated for.22 h at 37°C. After incubation; the
chambers were processed; cells invading through the Matrigel were
fixed and stained by Giemsa as directed by the supplier (Becton
Dickinson Labware).

Results

Expression of KIF4A in lung cancers and normal tissues. Using
a ¢cDNA microarray to screen for genes that were highly
transactivated in ‘a large proportion of lung cancers, we
identified KIF4A gene as a good candidate. This gene showed
a 5-fold or higher level of expression in the majority of SCLC
cases and in ~40% of NSCLCs we examined. Subsequently, we
confirmed its transactivation” by semiquantitative RT-PCR
experiments in all of eight SCLC cases and in 5 of 10 NSCLC
cases (Fig. 1A). We further confirmed a high level of KIF4A in
10 of 12 lung cancer cell lines by semiquantitative RT-PCR
and Western blot analyses using anti-KIF4A antibody (Fig. 1B,
top and bottom). To determine the subcellular localization of
endogenous KIF4A in lung cancer cells, we did immunocyto-
chemical analysis using anti-KIF4A polyclonal antibodies;
KIF4A protein was localized in the cytoplasm and nuceus of
DMS273 cells (Fig. 1C).

Northern: blot: analysis - using KIF4A ¢DNA as a probe
identified ‘a 5.0-kb transcript: specifically in- testis'among the
23 normal human tissues examined (Fig. 1D). Furthermore, we
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compared KIF4A protein expressions in five normal tissues
(liver heart, kidney, lung, and testis) with those in lung cancers
using anti-KIF4A polyclonal antibodies by immunohisto-
chemistry. KIF4A expressed abundantly in testis (mainly in
cytoplasm and/or nucleus of primary spermatocytes) and lung
cancers; however, its expression was hardly detectable in the
remaining four normal tissues (Fig. 2A).

Association of KIF4A overexpression with poor prognosis of
NSCLC. In SCLC and NSCLC tissues, immunohistochemical
analysis with anti-KIF4A polyclonal antibodies showed that
KIF4A localized in the cytoplasm and nucleus (Fig. 2B).
Interestingly, the invasive border of the tumor adjacent to the
noncancerous areas showed the tendency of stronger staining.
Using tissue microarrays prepared from 357 NSCLCs and 29
SCLCs, we did immunohistochemical analysis with anti-KIF4A
polyclonal antibodies and found positive staining in 127
(36%) of the 357 NSCLC cases and 19 (66%) of the 29 SCLCs
(Fig. 2C), whereas no staining was observed in any of
corresponding normal lung tissues examined. Of these KIF4A-
positive NSCLC cases, 68 were adenocarcinomas (30% of 223),
37 were SCCs (39% of 94 cases), 14 were LCCs {52% of
27 cases), and 8 were adenosquamous cell carcinomas (62%
of 13). We then examined correlations of the KIF4A expression
in surgically resected NSCLCs with various clinicopathologic
variables. The sample size of SCLCs was too small to be
evaluated further. Statistical analysis revealed that gender
(higher in male; P = 0.0287 by % test) and histology (higher
in nonadenocarcinomas; P = 0.0097 by x? test) were
significantly associated with the KIF4A positivity (Table 1).
The Kaplan-Meier method indicated significant association
between KIF4A status (positive versus negative) in NSCLCs
and tumor-specific survival rate (shorter survival periods in
KIF4A-positive cases; P = 0.0005 by the log-rank test; Fig. 2D,
left). Positive immunostaining of KIF4A protein was associated
with shorter survival for patients with lung adenocarcinoma
(P = 0.005 by the log-rank test), whereas KIF4A expression also
tended to be an unfavorable prognostic factor for patients with
lung SCC or LCC (P = 0.05 by the log-rank test; Supplementary
Figs. S1, left and right). By univariate analysis, histology
(adenocarcinomas versus nonadenocarcinomas), tumor size
(pT, versus pT2.4), lymph node metastasis (pNg versus pNj.3),
age (<G5 years versus =65 years), gender (female versus
male), and KIF4A positivity (negative versus positive) were all
significantly related to poor tumor-specific survival of NSCLC
patients (Table 2). Furthermore, multivariate analysis using
the Cox proportional hazard model indicated that pT stage,
pN stage, age, and positive KIF4A staining were independent
prognostic factors for NSCLC (Table 2). To further analyze the
prognostic value of KIF4A in more homogeneous populations
of patients, we validated the relationship between KIF4A
expression and survival by subgroup analysis based on tumor
stage and the status of adjuvant treatment. We divided the
357 NSCLC cases into two subgroups with or without the
adjuvant therapy: group 1 for node-negative cases {pNy; 212
patients) who had no adjuvant treatment and group 2 for
node-positive cases (pN,_3; 145 patients) who were treated with
cisplatin-based adjuvant chemotherapy after surgery. We con-
firmed that KIF4A expression was significantly associated with
poor prognosis in the group 1 patients (P = 0.03 by the log-rank
test; Fig. 2D, middle), as well as with that in the group 2 patients
(P = 0.003 by the log-rank test; Fig. 2D, right}.
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Fig. 1. KIF4A expression in lung cancers and
normal tissues. A, expression of KIF4A in clinical
samples of SCLC (top panels) and NSCLC

(bottom panels), and normal lung tissues,

analyzed by semiquantitative RT-PCR. We prepared
appropriate dilutions of each single-stranded cDNA
prepared from mRNAs of lung cancer samples,
using the level of g-actin (ACTB) expression as a
quantitative control. B, expression of KIF4A in lung
cancer cell lines, examined by semiquantitative
RT-PCR (top panels) and Western blot analyses
(bottomn panels). 1B, immunoblot.. Expression of
ACTB served as a quantity control. C, subcellular
localization of endogenous KIF4A protein in
DMS273 cells. KIF4A staining is observed at

the cytoplasm and nucleus of the cells. DAPI,
4',6-diamidinc-2-phenylindole. D, expression of
KIF4A in normal human tissues, detected by
Northern blot analysis.
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Inhibition of growth of lung cancer cells by siRNA against
KIF4A. To assess whether KIF4A is essential for growth or
survival of lung cancer cells, we constructed plasmids to express
siRNAs against KIF4A (si-KIF4As) as well as control plasmids
(siRNAs for luciferase and scramble) and transfected them into

SBC-3, SBC-5, and LC319 cells, which strongly expressed KIF4A
(Fig. 3; Supplementary Fig. S2). The KIF4A-mRNA levels in cells
transfected with si-KIF4A-1 or si-KIF4A-2 were significantly
decreased in comparison with cells transfected with either
control siRNAs (Fig. 3A; Supplementary Fig. S2). We observed
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Fig. 2. Immunohistochemical and clinicopathologic evaluation of KIF4A protein expression in lung cancer tissues. A, expression of KIF4A in five normal human tissues as well
as lung SCC, detected by immunohistochemical staining. Magnification, x100. Positive staining appeared predominantly in the cytoplasm and nucleus of primary
spermatocytes in the testis and lung cancer cells. 8 expression of KIF4A in lung SCC, detected by immunochistochemical staining. Magnifications, x100 (/eft) and x200
(right). Invasive border of the tumor adjacent area to the noncancerous area showed the tendency of stronger staining. C, KIF4A expression in SCLCs, lung adenocarcinomas
(ADC), and lung SCCs. lts expression is not observed in normal lung. D, association of KIF4A overexpression with poor clinical outcomes for NSCLC patients, Left,
Kaplan-Meier analysis of tumor-specific survival in patients with NSCLC according to KIF4A expression. Middle, Kaplan-Meier analysis of tumor-specific survival period
among group 1 patients with node-negative (pNg) NSCLC according to presence or absence of KIF4A. Right, Kaplan-Meier analysis of tumor-specific survival period among
group 2 patients with node-positive (pN;_3) tumor according 1o presence or absence of KIF4A.
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Total (n = 357)

Table 1. Association between KIF4A positivity in NSCLC tissues and patient characteristics

KIF4A positive (n = 127)

Gender

Female 107 29

Male 250 98
Age (y)

<65 177 69

>65 180 58
Histologic type ’

ADC 223 68

Non-ADC i34 59
pT factor

T 113 36

T2-a 244 91
pN factor

No 212 75

Ni.3 145 52
Smoking history )

Never smoker 104 32

Smoker 253 95

KIF4A absent (n = 230) x2 P (positive vs absent)

78 4,784 0.0287*

152

108 1.78 NS

122

155 6.692 0.0097*
75
77 0.996 NS

153

137 0.009 NS
72 1.478 NS

158

*P < 0.05 (%2 test).

Abbreviations: ADC, adenocarcinoma; non-ADC, SCC plus large cell carcinoma and adenosquamous cell carcinoma; NS, no significance.

significant decreases in the numbers of viable cells (Figs. 3B-C;
Supplementary Fig. $2). si-KIF4As revealed no significant effect
on cell viability of A549 cells in which KIF4A expression was
hardly detectable (Supplementary Fig. S3).

Cellular invasive effect of KIF4A on mammalian cells. As the
immunohistochemical analysis on tissue microarray had
indicated that lung cancer patients with KIF4A-positive
tumors revealed shorter cancer-specific survival periods than
those with KIF4A-negative tumors, we did Matrigel invasion
assays to determine whether KIF4AA might play some role in
cellular invasive ability. Invasion of COS-7-KIF4A cells or
NIH3T3-KIF4A cells through Matrigel was  significantly
enhanced, compared with the control cells transfected. with
mock plasmids, thus independently suggesting that KIF4A
could contribute to the highly malignant phenotype of lung
cancer cells (Fig. 4A-C).

 Table 2. Cox proportional ¢

Variables

Hazards ratic (95% confidence.interval)

Discussion

Several molecular-targeting drugs have been developed and

. proved their efficacy in cancer therapy; however, the proportion

of patients showing good response is still limited (38).
Therefore, further development of molecular-targeting drugs
for cancer is urgently awaited. We have screened the therapeutic
target molecules by the following strategy: (a) identifying
up-regulated. genes in lung cancer by genome-wide ¢cDNA
microarray - system (8-12); (b} verifying the candidate genes
for its no, or very low level of, expression in normal tissues by
Northern blotting (15, 16); (¢) validating clinicopathologic
significance of their overexpression by means of tissue micro-
array containing hundreds of archived lung cancer samples
(18-30); and (d) verifying whether the target gene is essential
for growth or the survival of cancer cells by RNA interference

Univariate analysis

KIF4A 1.690 (1.254-2.276)
Age (y) 1.572 (1.171-2.112)
Gender 1.690 (1.203-2.372)
pT factor 2.708 (1.857-3.951)
pN factor 2.369 (1.769-3.171)
Histologic type 1.407-(1.050-1.884)

Smoking history:

Multivariate analysis

1.193(0.862-1.652)

KIF4A 1.657 (1.221-2.248)
Age (y) 1.754 (1.300-2.365)
Gender 1.368 (0.942-1.986)
pT factor 2.130 (1.446-3,138)
pN factor 2.429 (1.800-3.279)

Histologic type

0.99 (0.717-1.367)

Unfavorable/favorable . P

Pasitive/negative 0.0006*
265/65> 0.0026*
Male/female 0.0025*
T24/Ty <0.0001%
Ny-3/Ng <0.0001*
Non-ADC/ADC 0.0222*

Smoker/never smoker NS
Positive/negative 0.0012*
>65/65> 0.0002*

Male/female NS
Ta.afTy 0.0001*
Ny.3/Np <0.0001*

Non-ADC/ADC NS

*P < 0.05.
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Fig. 3. Inhibition of growth of lung cancer cells that
overexpressed K/F4A by siRNA against KIF4A.

A, expression of KIF4A in response to si-KIF4A
(si-#¢1 or si-#2) or control siRNAs (LUC or SCR)
in SBC-5 cells, analyzed by semiquantitative
RT-PCR. B colony formation assays of SBC-5 cells
transfected with specific siRNAs or contro!
plasmids. C, viability of SBC-5 cells evaluated by
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide assay in response to si-KIF4A4 (si-#71 or
si-#2), si-LUC, or si-SCR. All assays were done
thrice, and in triplicate wells.

si-#2

assay (17, 19, 20, 22-27, 29, 30). Using this approach, we have
shown here that KIF4A is frequently overexpressed in clinical
lung cancer samples and cell lines, and that its gene products
play indispensable roles in the growth and progression of lung
cancer cells.

Kinesins. constitute a superfamily of microtubule-based
motor proteins’ with' 45 members in mice and humans that
represent diverse functions, including the transport of vesicles,
organelles, . chromosomes, protein complexes, and. mRNA
(39-42). The inhibition of the mitotic kinesin Eg5 by small
molecules such as monastrol is being evaluated as an approach
to develop. a novel class of antiproliferative drugs.for the
treatment of malignant tumors (43, 44). The KIF4 subfamily
consists of KIF4A, KIF4B, KIF21A, and KIF21B {39). KIF4A is a
novel component of the chromosome condensation . and
segregation-machinery functioning in multiple steps of mitotic
division and plays essential roles in regulating anaphase spindle
dynamics and the completion of cytokinesis (45, 46). KIF4 is

also shown to be involved in neuronal survival (40).
In this study, the treatment of NSCLC cells with specific
siRNA to knockdown KIF4A expression resulted in suppres-
sion of cancer cell growth. We also showed additional
evidences supporting the significance of this pathway in
carcinogenesis; for example, the expression of KIF4A also
resulted in the significant promotion of the cellular invasion
in in vitro assays. Moreover, clinicopathologic evidence
obtained through our tissue microarray experiments indicated
that NSCLC patients with KIF4A-positive tumors had shorter
cancer-specific survival periods than those with KIF4A-negative
tumors. The results obtained by in vitro and in vivo assays
strongly suggested that KIF4A is likely to be an important
growth factor and might be. associated with a highly
malignant phenotype of lung cancer- cells,” although the
molecular mechanisms underlying increased KIF4A expression
levels in many cancer cells remains to be clarified. Because
KIF4A should be classified as one of the typical cancer testis
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Fig. 4. Enhancernent of cellular invasiveness by KIF4A introduction into mammalian cells. A, transient expression of KIF4A in COS-7 and NIH3T3 cells, detected by Western
blot analysis. B and C, assays demonstrating the invasive nature of NIH3T3 and COS-7 cells in Matrigel matrix after transfection with expression plasmids for human KIF4A.
Giemsa staining (8; magnification, x100), and the relative number of cells migrating through the Matrigel-coated filters (C). Assays were done thrice and in triplicate wells.
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antigens, selective inhibition of KIF4A activity by molecular
targeted agents could be a promising therapeutic strategy
that is expected to have a powerful biological activity against
cancer with a minimal risk of adverse events. Moreover,
KIF4A antigens may be used as HLA-restricted epitope
peptides for cancer vaccines that can induce specific immune
responses by cytotoxic T cells against cancer cells with KIF4A

expression.
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To screen candidate molecules that might be useful as diagnostic
biomarkers or for development of novel molecular-targeting therapies,
we previously carried out gene-expression profile analysis of 101
lung carcinomas and detected an elevated expression of FGFR10P
(fibroblast growth factor receptor 1 oncogene partner) in the majority
of lung cancers. Immunohistochermical staining using tumor tissue
microarrays consisting of 372 archived non-small cell lung cancer
(NSCLC) specimens revealed positive staining of FGFR10OP in 334
(89.8%) of 372 NSCLCs, We also found that the high level of FGFR1O0P
expression was significantly associated with shorter tumor-specific
survival times (P <0.0001 by log-rank test). Moreover, multivariate
analysis determined that FGFR1OP was an independent prognostic
factor for surgically treated NSCLC patients (P < 0.0001). Treatment of
lung cancer cells, in which endogenous FGFR1OP was overexpressed,
using FGFR1OP siRNA, suppressed its expression and resulted in
inhibition of the cell growth. Furthermore, induction of FGFR10P
increased ‘the cellular motility and growth-promoting activity of
mammalian cells. To investigate its function, we searched for FGFR1OP-
interacting proteins in fung cancer cells and identified ABL1 (Abelson
murine leukemia viral oncogene homolog 1) and WRNIP1 (Werner
helicase interacting protein 1), which was known to be involved in
cell cycle progression. FGFR1OP significantly reduced ABL1-dependent
phosphorylation of WRNIP1 and resulted in the promotion of celi
cycle progression. Because our data imply that FGFR1OP is likely to
play asignificant role in lung cancer growth and progression, FGFRTOP
should be useful as a prognostic biomarker and probably as a
therapeutic target for lung cancer. (Cancer 5¢i 2007; 98: 1902-1913)

L ung cancer is the leading cause of cancer deaths worldwide,
and non-small cell lung cancer (NSCLC) accounts for
nearly 80% of those cases.” Many genetic alterations associated
with development and progression of lung cancers have been
reported, but the complex molecular mechanisms of pulmonary
carcinogenesis remain largely unclear.” Systemic chemotherapy
is the main treatment for the majority of patients with NSCLC,
because most patients are diagnosed at an advanced stage of the
disease. Within the last decade several newly developed cytotoxic
agents such as paclitaxel, docetaxel; gemcitabine, and vinorelbine
have begun to offer multiple choices for treatment of patients with
advanced lung cancer; however, each of those regimens confers only
a modest survival benefit compared with cisplatin-based therapies.®%
Hence, novel therapeutic strategies such as molecular-targeted
drugs and antibodies, and cancer vaccines, are eagerly expected.

Systemnatic analysis of expression levels of thousands of genes
using a ¢cDNA ‘microarray technology is an effective approach
for identifying molecules involved in oncogenic pathways or
those associated with efficacy of anticancer therapy; some of
these genes or their gene products may be promising target

CancerSci | December2007 | vol.98 | no.12 | 1902-1913

molecules for the development of novel therapies and/or tumor
biomarkers.®' To identify such molecules, we established a
new screening system consisting of the sequential steps of: (i)
genome-wide expression profile analysis of 101 lung cancers
(NSCLCs and SCLCs), coupled with enrichment of tumor cells
by laser microdissection,®*!" and its comparison with the data
of the expression profile of 31 normal human tissues (27 adult
and four fetal organs);**'¥ and (ii) verification of the biomedical
and clinicopathological significance of the respective gene products
by tumor-tissue microarray analysis of hundreds of archived
lung-cancer materials, as well as RNA interference (RNAi)
technologies."*?" This systematic approach revealed that the gene
encoding fibroblast growth factor receptor 1 oncogene partner
(FGFRI1OP alias FOP) was overexpressed in the great majority

' of primary NSCLCs.

FGFR1OP was originally identified as a fusion partner for
FGFRI1 in the t(6;8)(q27;p11) chromosomal translocations in
myeloproliferative disorders (MSD).®-39 However, the biologi-
cal roles of FGFRIOP during lung carcinogenesis have not been
clarified. Wemer helicase interacting protein I (WRNIP1 alias
WHIP) was known to physically interact with WRN (Wemer
syndrome) protein that encodes a member of the RecQ sub-
family and the DEAH (Asp-Glu-Ala-His) subfamily of DNA
and RNA helicases.®"” WRNIP1 shows homology to replication
factor C family proteins, and is conserved from Escherichia coli
to humans.®? Studies in yeast and human cells suggest that this
gene may affect the aging process and interact with the DNA
replication machinery to. modulate. the function of DNA
polymerase & (POLD) during DNA replication or replication-
associated repair.®'3*%) However, the roles of WRNIP1 in
tumorigenesis are also uninvestigated.

In this study, we describe that overexpression of FGFR10OP
could contribute to the malignant nature of lung cancer cells and
that FGFR1OP significantly reduces ABL!-dependent phospho-
rylation of WRNIP! and appears to promote cancer cell cycle
progression. We suggest that targeting the FGFR1OP molecule
might hold promise for the development of a new diagnostic and
therapeutic stratégy in the clinical management of lung cancers.

Materials and Methods

Cell lines and clinical tissue samples. Twenty-two human lung-
cancer cell lines used in this study were as follows:
18 NSCLC cell lines, A427, A549, LC176, LC319, PC-9, PC-14,
NCI-H520, NCI-H522, NCI-H647, NCI-H1373, NCI-H1666,
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NCI-H1703, NCI-H2170, RERF-LC-A], SK-MES-1, SK-LU-1,
LU61, and LX1, and four SCLC cell lines, DMS114, DMS273,
SBC-3, and SBC-5. All cells were grown in monolayers in
appropriate medium supplemented with 10% fetal calf serum
(FCS) and maintained at 37°C in an atmosphere of humidified
air with 5% CO,. Human small airway epithelial cells (SAEC)
were grown in optimized medium (SAGM) purchased from
Cambrex Bio Science Inc. (Walkersville, MD). Surgically resected
primary NSCLC samples had been obtained earlier with written
informed consent. A total of 372 formalin-fixed samples of
primary NSCLCs including 237 adenocarcinomas (ADCs), 94
squamous cell carcinoma (SCCs), 28 large cell carcinomas
(LCCs), 13 adenosquamous carcinomas (ASCs) and adjacent
normal lung tissues, had been obtained earlier along with
clinicopathological data from patients who had a curative surgical
operation at Saitama Cancer Center (Saitama, Japan). Lung cancer
specimens and five adult tissues (heart, liver, lung, kidney, and
testis) from postmortem materials (two individuals with
NSCLC) had been obtained earlier at Hiroshima University
(Hiroshima, Japan). The histological classification of the tumor
specimens was carried out by the WHO criteria.®® This study
and the use of all clinical materials were approved by the
Institutional Research Ethics Comimittees.

Semiquantitative RT-PCR analysis. Total RNA was extracted
from cultured cells and clinical tissues using Trizol reagent
(Life Technologies, Inc. Gaithersburg, MD) according to the
manufacturer’s protocol. Extracted RNAs and normal human-
tissue polyA  RNAs were treated with- DNase ‘I (Roche
Diagnostics, Basel, Switzerland) and then reversely transcribed
using oligo (dT);,_,; primer and SuperScript IT reverse transcriptase
(Life Technologies). “Semiquantitative reverse ' transcription-
polymerase chain reaction (RT-PCR) experiments were carried
out with synthesized FGFRIOP “gene-specific. primers (5’
CTGCTGGTACGTGTGATCTTTG-3' and 5-ACCTTAATG-
GTCTAACAAACCTTCC-3"), or with B-actin (ACTB)-specific
primers (5'-ATCAAGATCATTGCTCCTCCT-3" and 5-CTG-
CGCAAGTTAGGTTTTGT-3"). PCR reactions were optimized
for the number of cycles to ensure product intensity within the
logarithmic phase of amplification.

Northern-blot analysis. Human multiple-tissue blot (23 normal
tissues including heatt, brain, placenta, lung, liver, skeletal
muscle, kidney, pancreas, spleen, thymus, prostate, testis, ovary,
small intestine, colon, peripheral blood leukocyte, stomach, thyroid,
spinal cord, lymph node, trachea, adrenal gland, and bone marrow;
BD Biosciences Clontech, Palo Alto, CA) was hybridized with
a **P-labeled PCR product of FGFRIOP. The cDNA probes of
FGFRIOP were prepared by RT-PCR using primers, 5-TAAT-
AGTACCAGCCATCGCTCAG-3 and 5’-ATCCTACGGCTTT-
ATTGACACCT-3". Pre-hybridization, hybridization, and washing
were carried out according to the supplier’s recommendations.
The blots were autoradiographed with intensifying screens at
~80°C for one week.

Preparation of anti-FGFR10P polyclonal antibody. Rabbit antibodies
specific to: FGFR1OP were raised by immunizing rabbits with
histidine-tagged human FGFRIOP protein (codons. 7-173;
accession No. NM._007045), and purified with standard protocols
using affinity columns (Affi-gel 10; Bio-Rad Laboratories,
Hercules, CA) conjugated with the histidine-tagged protein.
On Western blots we confirmed that the antibody was specific
to FGFR1OP, using lysates from NSCLC tissues and cell lines
as well as normal lung tissues.

Western-blot analysis. Cells. were Iyzed with radioimmuno-
precipitation (RIPA) buffer (50 mM Tris-HCI [pH 8.0}, 150 mM
NaCl, 1% NP-40, 0.5% deoxychorate-Na, 0.1% sodium dodecyl
sulphate [SDS}) containing protease inhibitor (Protease Inhibitor
Cocktail Set III; CALBIOCHEM). Protein samples or
immunoprecipitates were separated by SDS-polyacrylamide gels

and electroblotted onto Hybond-ECL nitrocellulose membranes
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(GE Healthcare Bio-sciences). Blots were incubated with a rabbit
polyclonal anti-FGFR 1OP antibody, a mouse monoclonal FGFR10P
antibody (Abnova Corporation), a rabbit polyclonal WRNIP1
antibody (Abcam), a rabbit polyclonal ABL1 antibody (Cell
Signaling Technology), a mouse monoclonal B-actin (ACTB)
antibody (Sigma), or a mouse monoclonal anti-c-Myc antibody
(Santa Cruz). Antigen-antibody complexes were detected using
secondary antibodies conjugated to horseradish peroxidase (GE
Healthcare Bio-sciences). Protein bands were visualized by
enhanced chemiluminescence (ECL) western blotting detection
reagents (GE Healthcare Bio-sciences), as previously described.?®

Immunofiuorescence analysis. Cultured cells were fixed with
ice-cold methanol : acetone for 10 min at —20°C and subsequently
washed with phosphate-buffered saline (PBS) (-). Prior to the
primary antibody reaction, fixed cells were covered with
CAS-BLOCK (ZYMED Laboratories) for 10 min to block non-
specific antibody binding. Then the cells were incubated with a
mouse monoclonal FGFR1OP antibody (Abnova Corporation),
a rabbit polyclonal anti-WRNIP1 (Abcam) and a rabbit polyclonal
ABLI antibody (Santa Cruz Biotechnology). Antibodies were
stained with an antimouse secondary antibody conjugated to
Alexa Fluor 488 (Molecular Probes) and an antirabbit secondary
antibody conjugated to Alexa Fluor 594 (Molecular Probes).
DINA was stained with 4'6'-diamidino-2-phenylindole dihydrochloride
(DAPI). To determine the cell cycle-dependent localization of
FGFR1OP, synchronization at the GI--S boundary was achieved
with aphidicolin block. Cells were blocked with 1 pg/mL of
aphidicolin (Sigma-Aldrich) for 24 h, and released from the
block by four washes with PBS. These cells were cultured in
medium and harvested for analysis at 1.5, 4.0 and 9.0 h after release
from the celi-cycle arrest. Images were viewed and assessed
using a confocal microscope at wavelengths of 488, 594 nm
(TCS SP2 AOBS: Leica Microsystems).

Flow cytometry. Cells were trypsinized, collected in PBS and
fixed in 70% cold ethanol for 30 min. After treatment with
100 ug/mL of RNase (Sigma-Aldrich), the cells were stained
with 50 pg/mL of propidium iodide (Sigma-Aldrich) in PBS.
Flow cytometry was carried out on a Becton Dickinson FACScan
and. analyzed with ModFit software (Verity Software House,
Topsham, ME). The cells selected from at least 20 000 ungated
cells were analyzed for DNA content.

Immunohistochemistry and tissue microarray. Tumor-tissue
microarrays were constructed using 372 formalin-fixed primary
NSCLCs, as. published previously.®™? The. tissue area. for
sampling was selected by visual alignment with the corresponding
HE-stained section on a slide. Three, four, or five tissue cores
(diameter 0.6 mm; height 3—-4 mm) taken from a donor tumor
block were placed into a recipient paraffin block using a tissue
microarrayer (Beecher Instruments, Sun Prairie, WI). A core of
normal tissue was punched from each case, and 5-um sections
of the resulting microarray block were used for immunohistochemical
analysis.

To investigate the presence of FGFR1OP protein in clinical
samples that had been embedded in paraffin blocks, we stained
the sections as previously described.®2%2% Briefly, a rabbit
polyclonal “antihuman FGFR1OP antibody was added after
blocking of endogenous peroxidase and proteins. The sections
were incubated with HRP-labeled antirabbit IgG as the secondary
antibody. Substrate-chromogen was added and the specimens
were counterstained with hematoxylin.

Three independent investigators assessed FGFR1OP positivity
semiquantitatively without prior knowledge of clinicopathological
data. The intensity of FGFR1OP staining was evaluated using
the following criteria: strong positive (2+), dark brown staining
in more than 50% of tumor cells completely obscuring nucleus
and cytoplasm; weak positive (I+), any lesser degree of brown
staining appreciable in nucleus and cytoplasm; absent (scored as
0), no appreciable staining in tumor cells. Cases were accepted
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