Journal of Thoracic Oncology » Volume 6, Number 2, February 2011

Lung Adenocarcinoma Classification

80.

81.

82.

84.

85.
86.

87.

88.

89.
90.

91.

92.

93.

94.
9s.
96.
97.

98.

99.
100.

101.

Copyright © 2011 by the International Association for the Study of Lung Cancer

phisms with risk for lung adenocarcinoma accompanied by atypical
adenomatous hyperplasias. Carcinogenesis 2008;29:957-963.
Yoshida Y, Shibata T, Kokubu A, et al. Mutations of the epidermal
growth factor receptor gene in atypical adenomatous hyperplasia and
bronchioloalveolar carcinoma of the lung. Lung Cancer 2005;50:1--8.
Kitamura H, Kameda Y, Nakamura N, et al. Atypical adenomatous
hyperplasia and bronchoalveolar lung carcinoma. Analysis by mor-
phometry and the expressions of p53 and carcinoembryonic antigen.
Am J Surg Pathol 1996;20:553-562.

Takamochi K, Ogura T, Suzuki K, et al. Loss of heterozygosity on
chromosomes 9q and 16p in atypical adenomatous hyperplasia con-
comitant with adenocarcinoma of the lung. 4m J Pathol 2001;159:
1941-1948.

. Licchesi JD, Westra WH, Hooker CM, et al. Promoter hypermethyl-

ation of hallmark cancer genes in atypical adenomatous hyperplasia of
the lung. Clin Cancer Res 2008;14:2570-2578.

Nakanishi K, Kawai T, Kumaki F, et al. Expression of human telom-
erase RNA component and telomerase reverse transcriptase mRNA in
atypical adenomatous hyperplasia of the lung. Hum Pathol 2002;33:
697-702.

Seki N, Takasu T, Mandai K, et al. Expression of eukaryotic initiation
factor 4E in atypical adenomatous hyperplasia and adenocarcinoma of
the human peripheral lung. Clin Cancer Res 2002:8:3046-3053.
Licchesi JD, Westra WH, Hooker CM, et al. Epigenetic alteration of
Wnt pathway antagonists in progressive glandular neoplasia of the
lung. Carcinogenesis 2008;29:895-904.

Kerr KM, MacKenzie SJ, Ramasami S, et al. Expression of Fhit, cell
adhesion molecules and matrix metalloproteinases in atypical adeno-
matous hyperplasia and pulmonary adenocarcinoma. J Pathol 2004;
203:638-644.

Maeshima AM, Tochigi N, Yoshida A, et al. Clinicopathologic analysis
of multiple (five or more) atypical adenomatous hyperplasias (AAHs)
of the lung: evidence for the AAH-adenocarcinoma sequence. J Thorac
Oncol 2010;5:466-471.

Mori M, Rao SK, Popper HH, et al. Atypical adenomatous hyperplasia
of the lung: a probable forerunner in the development of adenocarci-
noma of the lung. Mod Pathol 2001;14:72—84.

Kitamura H, Kameda Y, Ito T, et al. Atypical adenomatous hyperplasia
of the lung. Implications for the pathogenesis of peripheral lung
adenocarcinoma. Am J Clin Pathol 1999;111:610-622.

Koga T, Hashimoto S, Sugio K, et al. Lung adenocarcinoma with
bronchioloalveolar carcinoma component is frequently associated with
foci of high-grade atypical adenomatous hyperplasia. Am J Clin Pathol
2002;117:464-470.

Maeshima AM, Tochigi N, Yoshida A, et al. Histological scoring for
small lung adenocarcinomas 2 c¢m or less in diameter: a reliable
prognostic indicator. J Thorac Oncol 2010;5:333-339.

Sawada E, Nambu A, Motosugi U, et al. Localized mucinous bronchi-
oloalveolar carcinoma of the lung: thin-section computed tomography
and fluorodeoxyglucose positron emission tomography findings. Jpn J
Radiol 2010;28:251-258.

Oka S, Hanagiri T, Uramoto H, et al. Surgical resection for patients
with mucinous bronchioloalveolar carcinoma. Asian J Surg 2010;33:
89-93.

De Oliveira Duarte Achcar R, Nikiforova MN, Yousem SA. Micro-
papillary lung adenocarcinoma: EGFR, K-ras, and BRAF mutational
profile. Am J Clin Pathol 2009;131:694--700.

Nakamura Y, Niki T, Goto A, et al. c-Met activation in lung adeno-
carcinoma tissues: an immunohistochemical analysis. Cancer Sci 2007;
98:1006-1013.

Kim YH, Ishii G, Goto K, et al. Dominant papillary subtype is a
significant predictor of the response to gefitinib in adenocarcinoma of
the lung. Clin Cancer Res 2004;10:7311-7317.

Ding L, Getz G, Wheeler DA, et al. Somatic mutations affect key
pathways in lung adenocarcinoma. Nature 2008;455:1069-1075.
Shedden K, Taylor JM, Enkemann SA, et al. Gene expression-based
survival prediction in lung adenocarcinoma: a multi-site, blinded val-
idation study. Nat Med 2008;14:822-827.

Sholl LM, Yeap BY, lafrate AJ, et al. Lung adenocarcinoma with
EGFR amplification has distinct clinicopathologic and molecular fea-
tures in never-smokers. Cancer Res 2009;69:8341-8348.

Dacic S, Shuai Y, Yousem S, et al. Clinicopathological predictors of

103.

104.

106.

107.

108.

109.

110.

111.

112.

118.

119.

120.

121.

122.

124

EGFR/KRAS mutational status in primary lung adenocarcinomas. Mod
Pathol 2010;23:159-168.
. Girard N, Deshpande C, Lau C, et al. Comprehensive histologic
assessment helps to differentiate multiple lung primary nonsmall cell
carcinomas from metastases. 4m J Surg Pathol 2009;33:1752-1764.
Lee HY, Han J, Lee KS, et al. Lung adenocarcinoma as a solitary
pulmonary nodule: prognostic determinants of CT, PET, and his-
topathologic findings. Lung Cancer 2009;66:379-385.
Yokose T, Suzuki K, Nagai K, et al. Favorable and unfavorable
morphological prognostic factors in peripheral adenocarcinoma of the
lung 3 cm or less in diameter. Lung Cancer 2000;29:179—188.

5. Lin DM, Ma Y, Zheng S, et al. Prognostic value of bronchioloalveolar

carcinoma component in lung adenocarcinoma. Histol Histopathol
2006;21:627-632.

Okudela K, Woo T, Mitsui H, et al. Proposal of an improved histolog-
ical sub-typing system for lung adenocarcinoma—significant prognos-
tic values for stage I discase. fnt J Clin Exp Pathol 2010;3:348-360.
Silver SA, Askin FB. True papillary carcinoma of the lung: a distinct
clinicopathologic entity. Am J Surg Pathol 1997;21:43-51.

Amin MB, Tamboli P, Merchant SH, et al. Micropapillary component
in lung adenocarcinoma: a distinctive histologic feature with possible
prognostic significance. Am J Surg Pathol 2002;26:358-364.
Miyoshi T, Satoh Y, Okumura S, et al. Early-stage lung adenocarci-
nomas with a micropapillary pattern, a distinct pathologic marker for a
significantly poor prognosis. Am J Surg Pathol 2003;27:101-109.
Kamiya K, Hayashi Y, Douguchi I, et al. Histopathological features
and prognostic significance of the micropapillary pattern in lung
adenocarcinoma. Mod Pathol 2008;21:992-1001.

Kawakami T, Nabeshima K, Makimoto Y, et al. Micropapillary pattern
and grade of stromal invasion in pT1 adenocarcinoma of the lung:
usefulness as prognostic factors. Mod Pathol 2007;20:514-521.
Kuroda N, Hamaguchi N, Takeuchi E, et al. Lung adenocarcinoma with
a micropapillary pattern: a clinicopathological study of 25 cases.
APMIS 2006;114:381-385.

3. Kuroda N, Hamauzu T, Toi M, et al. Pulmonary adenocarcinoma with

micropapillary component: an immunohistochemical study. Case re-
port. APMIS 2005;113:550-554.

. Maeda R, Isowa N, Onuma I, et al. Lung adenocarcinomas with
micropapillary components. Gen Thorac Cardiovasc Surg 2009;57:
534-539.

5. Makimoto Y, Nabeshima K, lwasaki H, et al. Micropapillary pattern: a

distinct pathological marker to subclassify tumours with a significantly
poor prognosis within small peripheral lung adenocarcinoma (</=20
mm) with mixed bronchioloalveolar and invasive subtypes (Noguchi’s
type C tumours). Histopathology 2005;46:677-684.

. Miyoshi T, Shirakusa T, Ishikawa Y, et al. Possible mechanism of
metastasis in lung adenocarcinomas with a micropapillary pattern.
Pathol Inr 2005;55:419-424.

. Roh MS, Lee JI, Choi PJ, et al. Relationship between micropapillary

component and micrometastasis in the regional lymph nodes of patients

with stage I lung adenocarcinoma. Histopathology 2004;45:580-586.

Sanchez-Mora N, Presmanes MC, Monroy V, et al. Micropapillary

lung adenocarcinoma: a distinctive histologic subtype with prognostic

significance. Case series. Hum Pathol 2008;39:324-330.

Tsutsumida H, Nomoto M, Goto M, et al. A micropapillary pattern is

predictive of a poor prognosis in lung adenocarcinoma, and reduced

surfactant apoprotein A expression in the micropapillary pattern is an

excellent indicator of a poor prognosis. Mod Pathol 2007;20:638 - 647.

Wislez M, Antoine M, Baudrin L, et al. Non-mucinous and mucinous

subtypes of adenocarcinoma with bronchioloalveolar carcinoma fea-

tures differ by biomarker expression and in the response to gefitinib.

Lung Cancer 2010;68:185-191.

Hata A, Katakami N, Fujita S, et al. Frequency of EGFR and KRAS

mutations in Japanese patients with lung adenocarcinoma with features

of the mucinous subtype of bronchioloalveolar carcinoma. J Thorac

Oncol 2010;5:1197-1200.

Yatabe Y, Mitsudomi T. Epidermal growth factor receptor mutations in

lung cancers. Pathol Int 2007;57:233-244.

. Holst VA, Finkelstein S, Yousem SA. Bronchioloalveolar adenocarci-
noma of lung: monoclonal origin for multifocal disease. Am J Surg
Pathol 1998;22:1343-1350.

. Furak J, Trojan I, Szoke T, et al. Bronchioloalveolar lung cancer:

277

Copyright © 2011 by the International ﬁg@@ia@m for the Study of Lung Cancer.



Travis et al.

Journal of Thoracic Oncology e Volume 6, Number 2, February 2011

128.

129.

130.

140.

141.

144.

278

occurrence, surgical treatment and survival. Fur J Cardiothorac Surg
2003;23:818-823.

. Lee HY, Lee KS, Han I, et al. Mucinous versus nonmucinous solitary

pulmonary nodular bronchioloalveolar carcinoma: CT and FDG PET
findings and pathologic comparisons. Lung Cancer 2009;65:170-175.

. Miyake H, Matsumoto A, Terada A, et al. Mucin-producing tumor of

the lung: CT findings. J Thorac Imaging 1995;10:96--98.

. Casali C, Rossi G, Marchioni A, et al. A single institution-based

retrospective study of surgically treated bronchioloalveolar adenocar-
cinoma of the lung: clinicopathologic analysis, molecular features, and
possible pitfalls in routine practice. J Thorac Oncol 2010;5:830-836.
Akira M, Atagi S, Kawahara M, et al. High-resolution CT findings of
diffuse bronchioloalveolar carcinoma in 38 patients. AJR Am J Roent-
genol 1999;173:1623-1629.

Kodama K, Higashiyama M, Yokouchi H, et al. Natural history of pure
ground-glass opacity after long-term follow-up of more than 2 years.
Ann Thorac Surg 2002;73:386-392.

Nagao M, Murase K, Yasuhara Y, et al. Measurement of localized
ground-glass attenuation on thin-section computed tomography im-
ages: correlation with the progression of bronchioloalveolar carcinoma
of the lung. /nvest Radiol 2002;37:692-697.

. Saito H, Yamada K, Hamanaka N, et al. Initial findings and progression

of lung adenocarcinoma on serial computed tomography scans. J Com-
put Assist Tomogr 2009;33:42-48.

32. Yabuuchi H, Murayama S, Murakami J, et al. High-resolution CT

characteristics of poorly differentiated adenocarcinoma of the periph-
eral lung: comparison with well differentiated adenocarcinoma. Radiat
Med 2000;18:343-347.

. Im JG, Han MC, Yu EJ, et al. Lobar bronchioloalveolar carcinoma:

‘Angiogram sign’ on CT scans. Radiology 1990;176:749-753.

. Tateishi U, Muller NL, Johkoh T, et al. Mucin-producing adenocarci-

noma of the lung: thin-section computed tomography findings in 48
patients and their effect on prognosis. J Comput Assist Tomogr 2005;
29:361-368.

. Clayton F. The spectrum and significance of bronchioloalveolar carci-

nomas. Pathol Annu 1988;23:361-394.

. Shah RN, Badve S, Papreddy K, et al. Expression of cytokeratin 20 in

mucinous bronchioloalveolar carcinoma. Fum Pathol 2002;33:915-
920.

. Lau SK, Desrochers MJ, Luthringer DJ. Expression of thyroid tran-

scription factor-1, cytokeratin 7, and cytokeratin 20 in bronchioloal-
veolar carcinomas: an immunohistochemical evaluation of 67 cases.
Mod Pathol 2002;15:538-542.

. Sarantopoulos GP, Gui D, Shintaku P, et al. Immunohistochemical

analysis of lung carcinomas with pure or partial bronchioloalveolar
differentiation. Arch Pathol Lab Med 2004;128:406-414.

. Simsir A, Wei XJ, Yee H, et al. Differential expression of cytokeratins

7 and 20 and thyroid transcription factor-1 in bronchioloalveolar
carcinoma: an immunohistochemical study in fine-needle aspiration
biopsy specimens. Am J Clin Pathol 2004;121:350-357.

Finberg KE, Sequist LV, Joshi VA, et al. Mucinous differentiation
correlates with absence of EGFR mutation and presence of KRAS
mutation in lung adenocarcinomas with bronchioloalveolar features.
J Mol Diagn 2007;9:320-326.

Sakuma Y, Matsukuma S, Yoshihara M, et al. Distinctive evaluation of
nonmucinous and mucinous subtypes of bronchioloalveolar carcinomas
in EGFR and K-ras gene-mutation analyses for Japanese lung adeno-
carcinomas: confirmation of the correlations with histologic subtypes
and gene mutations. Am J Clin Pathol 2007;128:100-108.

. Marchetti A, Buttitta F, Pellegrini S, et al. Bronchioloalveolar lung

carcinomas: K-ras mutations are constant events in the mucinous
subtype. J Pathol 1996;179:254--259.

. Maeshima A, Sakamoto M, Hirohashi S. Mixed mucinous-type and

non-mucinous-type adenocarcinoma of the lung: immunohistochemical
examination and K-ras gene mutation. Virchows Arch 2002;440:598 -
603.

Tam 1Y, Chung LP, Suen WS, et al. Distinct epidermal growth factor
receptor and KRAS mutation patterns in non-small cell lung cancer
patients with different tobacco exposure and clinicopathologic features.
Clin Cancer Res 2006;12:1647-1653.

5. Copin MC, Buisine MP, Leteurtre E, et al. Mucinous bronchioloalveo-

146.

147.

148.

149.

150.

I51.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

165.

lar carcinomas display a specific pattern of mucin gene expression
among primary lung adenocarcinomas. HumPathol 2001;32:274-281.
Awaya H, Takeshima Y, Yamasaki M, et al. Expression of MUCI,
MUC2, MUC5AC, and MUCS6 in atypical adenomatous hyperplasia,
bronchioloalveolar carcinoma, adenocarcinoma with mixed subtypes,
and mucinous bronchioloalveolar carcinoma of the lung. Am J Clin
Pathol 2004;121:644-653.

Sato K, Ueda Y, Shikata H, et al. Bronchioloalveolar carcinoma of
mixed mucinous and nonmucinous type: immunohistochemical studies
and mutation analysis of the p33 gene. Pathol Res Pract 2006;202:
751-756.

Tsuta K, Ishii G, Nitadori J, et al. Comparison of the immunopheno-
types of signet-ring cell carcinoma, solid adenocarcinoma with mucin
production, and mucinous bronchioloalveolar carcinoma of the lung
characterized by the presence of cytoplasmic mucin. J Pathol 2006;
209:78-87.

Sica GL, Yoshizawa AK, Downey RJ, et al. Reassessment of the
histologic spectrum of mucinous bronchioloalveolar carcinoma
(mBAC). Mod Pathol 2008;21:351A.

Gaeta M, Blandino A, Scribano E, et al. Mucinous cystadenocarcinoma
of the lung: CT-pathologic correlation in three cases. J Comput Assist
Tomogr 1999;23:641-643.

Deshpande CG, Yoshizawa A, Motoi N, et al. Clear cell change in lung
adenocarcinoma: a cytologic change rather than a histologic variant.
Mod Pathol 2009;22(Suppl 1):1595.

. Cohen PR, Yoshizawa A, Motoi N, et al. Signet ring cell features

(SRCF) in lung adenocarcinoma: a cytologic feature or a histologic
subtype? Mod Pathol 2010;23:404A.

Rodig SJ, Mino-Kenudson M, Dacic S, et al. Unique clinicopathologic
features characterize ALK-rearranged lung adenocarcinoma in the
western population. Clin Cancer Res 2009;15:5216--5223.

Inamura K, Satoh Y, Okumura S, et al. Pulmonary adenocarcinomas
with enteric differentiation: histologic and immunohistochemical char-
acteristics compared with metastatic colorectal cancers and usual pul-
monary adenocarcinomas. 4m J Surg Pathol 2005:29:660—665.
Moran CA, Hochholzer L, Fishback N, et al. Mucinous (so-called
colloid) carcinomas of lung. Mod Pathol 1992;5:634—-638.

Rossi G, Murer B, Cavazza A, et al. Primary mucinous (so-called
colloid) carcinomas of the lung: a clinicopathologic and immunohis-
tochemical study with special reference to CDX-2 homeobox gene and
MUC2 expression. Am J Surg Pathol 2004;28:442-452.

Gao ZH, Urbanski SJ. The spectrum of pulmonary mucinous cystic
neoplasia: a clinicopathologic and immunohistochemical study of ten
cases and review of literature. Am J Clin Pathol 2005;124:62-70.
Nakatani Y, Kitamura H, Inayama Y, et al. Pulmonary adenocarcino-
mas of the fetal lung type: a clinicopathologic study indicating differ-
ences in histology, epidemiology, and natural history of low-grade and
high-grade forms. Am J Surg Pathol 1998;22:399~411.

Nakatani Y, Masudo K, Miyagi Y, et al. Aberrant nuclear localization
and gene mutation of beta-catenin in low-grade adenocarcinoma of
fetal lung type: up-regulation of the Wnt signaling pathway may be a
common denominator for the development of tumors that form
morules. Mod Pathol 2002;15:617-624.

Sekine S, Shibata T, Matsuno Y, et al. Beta-catenin mutations in
pulmonary blastomas: association with morule formation. J Pathol
2003;200:214-221.

Li HC, Schmidt L, Greenson JK, et al. Primary pulmonary adenocar-
cinoma with intestinal differentiation mimicking metastatic colorectal
carcinoma: case report and review of literature. Am J Clin Pathol
2009;131:129-133.

Hatanaka K, Tsuta K, Watanabe K, et al. Primary pulmonary adeno-
carcinoma with enteric differentiation resembling metastatic colorectal
carcinoma: a report of the second case negative for cytokeratin 7.
Pathol Res Pract. In press.

. Yousem SA. Pulmonary intestinal-type adenocarcinoma does not show

enteric differentiation by immunohistochemical study. Mod Pathol
2005;18:816—821.

. Rossi G, Pelosi G, Graziano P, et al. A reevaluation of the clinical

significance of histological subtyping of non-small-cell lung carci-
noma: diagnostic algorithms in the era of personalized treatments. /n/
J Surg Pathol 2009;17:206-218.

Rossi G, Papotti M, Barbareschi M, et al. Morphology and a limited

Copyright © 2011 by the International Association for the Study of Lung Cancer

Copyright © 2011 by the International ﬁ;;@{}cia’i%m for the Study of Lung Cancer.



Journal of Thoracic Oncology ¢ Volume 6, Number 2, February 2011

Lung Adenocarcinoma Classification

166.

167.

168.
169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

186.

Copyright © 2011 by the International Association for the Study of Lung Cancer

number of immunohistochemical markers may efficiently subtype non-
small-cell lung cancer. J Clin Oncol 2009:27:¢141-¢142; author reply
e3-ed.

Suh J, Rekhtman N, Ladanyi M, et al. Testing of new IASLC/ATS/ERS
criteria for diagnosis of lung adenocarcinoma (AD) in small biopsies:
minimize immunohistochemistry (IHC) to maximize tissue for molec-
ular studies. Mod Pathol. 2011:24 (Supplement ). In press.

Hanna N, Shepherd FA, Fossella FV, et al. Randomized phase I trial
of pemetrexed versus docetaxel in patients with non-small-cell lung
cancer previously treated with chemotherapy. J Clin Oncol 2004;22:
1589-1597.

Yatabe Y, Mitsudomi T, Takahashi T. TTF-1 expression in pulmonary
adenocarcinomas. Am J Surg Pathol 2002;26:767-773.

Lau SK, Luthringer DJ, Eisen RN. Thyroid transcription factor-1: a
review. Appl Immunohistochem Mol Morphol 2002;10:97-102.
Camilo R, Capelozzi VL, Siqueira SA, et al. Expression of p63, keratin
5/6, keratin 7, and surfactant-A in non-small cell lung carcinomas. Hum
Pathol 2006;37:542--546.

Wu M, Wang B, Gil J, et al. p63 and TTF-1 immunostaining. A useful
marker panel for distinguishing small cell carcinoma of lung from
poorly differentiated squamous cell carcinoma of lung. 4m J Clin
Pathol 2003;119:696-702.

Chu PG, Weiss LM. Expression of cytokeratin 5/6 in epithelial neo-
plasms: an immunohistochemical study of 509 cases. Mod Pathol
2002;15:6-10.

Ordonez NG. Value of thyroid transcription factor-1, E-cadherin, BGS,
WTI, and CD44S immunostaining in distinguishing epithelial pleural
mesothelioma from pulmonary and nonpulmonary adenocarcinoma.
Am J Surg Pathol 2000;24:598 - 606.

Kaufmann O, Dietel M. Thyroid transcription factor-1 is the superior
immunohistochemical marker for pulmonary adenocarcinomas and
large cell carcinomas compared to surfactant proteins A and B. Histo-
pathology 2000;36:8--16.

Kargi A, Gurel D, Tuna B. The diagnostic value of TTF-1, CK 5/6, and
p63 immunostaining in classification of lung carcinomas. Appl Immu-
nohistochem Mol Morphol 2007;15:415-420.

Khayyata S, Yun S, Pasha T, et al. Value of P63 and CK5/6 in
distinguishing squamous cell carcinoma from adenocarcinoma in lung
fine-needle aspiration specimens. Diagn Cyvtopathol 2009;37:178-183.
Chu P, Wu E, Weiss LM. Cytokeratin 7 and cytokeratin 20 expression
in epithelial neoplasms: a survey of 435 cases. Mod Pathol 2000;13:
962-972.

Rivera MP, Mehta AC. Initial diagnosis of lung cancer: ACCP evi-
dence-based clinical practice guidelines (2nd edition). Chesr 2007;132:
131S-148S.

Rekhtman N, Brandt SM, Sigel CS, et al. Suitability of thoracic
cytology for new therapeutic paradigms in non-small cell lung carci-
noma: high accuracy of tumor subtyping and feasibility of EGFR and
KRAS molecular testing. J Thorac Oncol. In press.

Sigel CS, Friedlander MA, Zakowski MF, et al. Subtyping of non-small
cell lung carcinoma (NSCLC): comparison of cytology and small
biopsy specimens. Mod Pathol 2010;23:414A.

Zhang X, Zhao Y, Wang M, et al. Detection and comparison of
epidermal growth factor receptor mutations in cells and fluid of ma-
lignant pleural effusion in non-small cell lung cancer. Lung Cancer
2008;60:175~182.

Zakowski MF, Hussain S, Pao W, et al. Morphologic features of
adenocarcinoma of the lung predictive of response to the epidermal
growth factor receptor kinase inhibitors erlotinib and gefitinib. Arch
Pathol Lab Med 2009;133:470-477.

Wu SG, Gow CH, Yu CJ, et al. Frequent FGFR mutations in malignant
pleural effusion of lung adenocarcinoma. Eur Respir J 2008;32:924 -
930.

Au NH, Gown AM, Cheang M, et al. P63 expression in lung carci-
noma: a tissue microarray study of 408 cases. Appl Immunohistochem
Mol Morphol 2004;12:240-247.

. Ang DC, Ghaffar H, Zakowski MF, et al. Expression of squamous

markers in lung adenocarcinoma (AD): clinicopathologic and molecu-
lar correlates, and implications for differentiation from squamous cell
carcinoma (SqCC). Mod Pathol 2010;23:397A.

Tonescu DN, Treaba D, Gilks CB, et al. Nonsmall cell lung carcinoma

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

with neuroendocrine differentiation—an entity of no clinical or prog-
nostic significance. Am J Surg Pathol 2007;31:26-32.

. Sterlacci W, Fiegl M, Hilbe W, et al. Clinical relevance of neuroen-

docrine differentiation in non-small cell lung cancer assessed by
immunohistochemistry: a retrospective study on 405 surgically re-
sected cases. Virchows Arch 2009;455:125-132.

Chung CK, Zaino R, Stryker JA, et al. Carcinoma of the lung:
evaluation of histological grade and factors influencing prognosis. 4nn
Thorac Surg 1982;33:599-604.

Kobayashi N, Toyooka S, Soh I, et al. Risk factors for recurrence and
unfavorable prognosis in patients with stage I non-small cell lung
cancer and a tumor diameter of 20 mm or less. J Thorac Oncol
2007;2:808-812.

Nakazato Y, Minami Y, Kobayashi H, et al. Nuclear grading of primary
pulmonary adenocarcinomas— correlation between nuclear size and
prognosis. J Thorac Oncol 2009;4:5495.

Petersen 1, Kotb WF, Friedrich KH, et al. Core classification of lung
cancer: correlating nuclear size and mitoses with ploidy and clinico-
pathological parameters. Lung Cancer 2009;65:312-318.

Aida S, Shimazaki H, Sato K, et al. Prognostic analysis of pulmonary
adenocarcinoma subclassification with special consideration of papil-
lary and bronchioloalveolar types. Histopathology 2004;45:468-476.

Gleason DF. Histologic grading of prostate cancer: a perspective. Hum
Pathol 1992;23:273-279.

Kadota K, Suzuki K, Rusch VW, et al. Nuclear grading system predicts
recurrence in stage | lung adenocarcinoma patients. Mod Pathol.
2011;24 (Supplement 1). In press.

Li AR, Chitale D, Riely GJ, et al. EGFR mutations in lung adenocar-
cinomas: clinical testing experience and relationship to EGFR gene
copy number and immunohistochemical expression. J Mol Diagn
2008;10:242-248.

Lim EH, Zhang SL, Li JL, et al. Using whole genome amplification
(WGA) of low-volume biopsies to assess the prognostic role of EGFR,
KRAS, p33, and CMET mutations in advanced-stage non-small cell
lung cancer (NSCLC). J Thorac Oncol 2009;4:12--21.

Savic S, Tapia C, Grilli B, et al. Comprehensive epidermal growth
factor receptor gene analysis from cytological specimens of non-small-
cell lung cancers. BrJ Cancer 2008;98:154-160.

Miller VA, Riely GlJ, Zakowski MF, et al. Molecular characteristics of
bronchioloalveolar carcinoma and adenocarcinoma, bronchioloalveolar
carcinoma subtype, predict response to erlotinib. .J Clin Oncol 2008;
26:1472-1478.

Kimura H, Fujiwara Y, Sone T, et al. EGFR mutation status in
tumour-derived DNA from pleural effusion fluid is a practical basis for
predicting the response to gefitinib. Br J Cancer 2006;95:1390-1395.
Borczuk AC, Shah L, Pearson GD, et al. Molecular signatures in biopsy
specimens of lung cancer. Am J Respir Crit Care Med 2004;170:167-
174.

Zudaire 1. Lozano MD, Vazquez MF, et al. Molecular characterization
of small peripheral lung tumors based on the analysis of fine needle
aspirates. Histol Histopathol 2008;23:33-40.

Gordon Gl, Richards WG, Sugarbaker DI, et al. A prognostic test for
adenocarcinoma of the lung from gene expression profiling data.
Cancer Epidemiol Biomarkers Prev 2003;12:905-910.

Solomon SB, Zakowski MF, Pao W, et al. Core needle lung biopsy
specimens: adequacy for EGFR and KRAS mutational analysis. AJR
Am J Roentgenol 2010;194:266-269.

Asano H, Toyooka S, Tokumo M, et al. Detection of EGFR gene
mutation in lung cancer by mutant-enriched polymerase chain reaction
assay. Clin Cancer Res 2006;12:43-48.

Otani H, Toyooka S, Soh I, et al. Detection of EGFR gene mutations
using the wash fluid of CT-guided biopsy needle in NSCLC patients.
J Thorac Oncol 2008;3:472—-476.

Bepler G, Kusmartseva I, Sharma S, et al. RRM1 modulated in vitro
and in vivo efficacy of gemcitabine and platinum in non-small-cell lung
cancer. J Clin Oncol 2006;24:4731-4737.

Olaussen KA, Dunant A, Fouret P, et al. DNA repair by ERCCI in
non-small-cell lung cancer and cisplatin-based adjuvant chemotherapy.
N Engl J Med 2006;355:983-991.

Chang MH, Ahn JS, Lee J, et al. The efficacy of pemetrexed as a third-
or fourth-line therapy and the significance of thymidylate synthase

279

Copyright © 2011 by the International ﬁ\g@cia@im for the Study of Lung Cancer.



Travis et al.

Journal of Thoracic Oncology © Volume 6, Number 2, February 2011

209.

210.

211

213.

214.

215.

216.

217.

218.

219.

220.

221.

222

224,

226.

227.

228.

280

expression in patients with advanced non-small cell lung cancer. Lung
Cancer 2010;69:323-329.

Monica V, Scagliotti GV, Ceppi P, et al. Differential thymidylate
synthase expression in different variants of large-cell carcinoma of the
lung. Clin Cancer Res 2009;15:7547-7552.

Kang CH, Jang BG, Kim DW, et al. The prognostic significance of
ERCCI, BRCAI, XRCCI, and betalll-tubulin expression in patients
with non-small cell lung cancer treated by platinum- and taxane-based
neoadjuvant chemotherapy and surgical resection. Lung Cancer 2010;
68:478-483.

Rosell R, Perez-Roca L, Sanchez JJ, et al. Customized treatment in
non-small-cell lung cancer based on £GFR mutations and BRCA/
mRNA expression. PLoS One 2009;4:¢5133.

2. Savci-Heijink CD, Kosari F, Aubry MC, et al. The role of desmo-

glein-3 in the diagnosis of squamous cell carcinoma of the lung. Am J
Pathol 2009;174:1629-1637.

Monica V, Ceppi P, Righi L, et al. Desmocollin-3: a new marker of
squamous differentiation in undifferentiated large-cell carcinoma of the
lung. Mod Pathol 2009;22:709-717.

Bishop JA, Sharma R, Illei PB. Napsin A and thyroid transcription
factor-1 expression in carcinomas of the lung, breast, pancreas, colon,
kidney, thyroid, and malignant mesothelioma. Hum Pathol 2010;41:
20--25.

Paez JG, Janne PA, Lee JC, et al. EGFR mutations in lung cancer:
correlation with clinical response to gefitinib therapy. Science 2004,
304:1497--1500.

Lynch TI, Bell DW, Sordella R, et al. Activating mutations in the
epidermal growth factor receptor underlying responsiveness of non-
small-cell lung cancer to gefitinib. N Engl J Med 2004;350:2129-2139.
Pao W, Miller Vi Zakowski M, et al. EGF receptor gene mutations are
common in lungcancers from “never smokers” and are associated with
sensitivity of tumors to gefitinib and erlotinib. Proc Natl Acad Sci USA
2004:101:13306-13311.

Azzoli CG, Baker S Jr, Temin S, et al. American Society of Clinical
Oncology Clinical Practice Guideline update on chemotherapy for
stage IV non-small-cell lung cancer. J Clin Oncol 2009;27:6251-6266.
Pao W, Kris MG, lafrate Al, et al. Integration of molecular profiling
into the lung cancer clinic. Clin Cancer Res 2009;15:5317-5322.
Shaw AT, Yeap BY, Mino-Kenudson M, et al. Clinical features and
outcome of patients with non-small-cell lung cancer who harbor EML4-
ALK. J Clin Oncol 2009;27:4247-4253.

Detterbeck FC, Jantz MA, Wallace M, et al. Invasive mediastinal
staging of lung cancer: ACCP evidence-based clinical practice guide-
lines (2nd edition). Chest 2007;132:202S-220S.

Schrump DS, Giaccone G, Kelsey CR, et al. Non-small cell lung
cancer. In VT DeVita, TS Lawrence, SA Rosenberg (Eds.). Cancer,
Princiiples and Practice of Oncology, 7th Ed. Philadelphia: Wolters
Kiuwer; Lippincott, Williams & Wilkins, 2008. Pp. 887-895.

. Sculier JP, Chansky K, Crowley JJ, et al. The impact of additional

prognostic factors on survival and their relationship with the anatom-
ical extent of disease expressed by the 6th Edition of the TNM
Classification of Malignant Tumors and the proposals for the 7th
Edition. J Thorac Oncol 2008;3:457-466.

Chansky K, Sculier JP, Crowley JJ, et al. The International Association
for the Study of Lung Cancer Staging Project: prognostic factors and
pathologic TNM stage in surgically managed non-small cell lung
cancer. J Thorac Oncol 2009;4:792-801.

5. Janjigian Y'Y, McDonnell K, Kris MG, et al. Pack-years of cigarette

smoking as a prognostic factor in patients with stage [11B/I'V Nonsmall
cell lung cancer. Cancer 2010;116:670—-675.

Miller VA, Kris MG, Shah N, et al. Bronchioloalveolar pathologic
subtype and smoking history predict sensitivity to gefitinib in advanced
non-small-cell lung cancer. J Clin Oncol 2004;22:1103-1109.

West HL, Franklin WA, McCoy J, et al. Gefitinib therapy in advanced
bronchioloalveolar carcinoma: Southwest Oncology Group Study
S0126. J Clin Oncol 2006;24:1807-1813.

Sequist LV, Bell DW, Lynch Tl, et al. Molecular predictors of response
to epidermal growth factor receptor antagonists in non-small-cell lung
cancer. J Clin Oncol 2007;25:587-595.

. Sutani A, Nagai Y, Udagawa K, et al. Gefitinib for non-small-cell lung

cancer patients with epidermal growth factor receptor gene mutations

230.

231.

233.

234.

236.

237.

238.

239.

240.

241.

245.

2406.

247.

screened by peptide nucleic acid-locked nucleic acid PCR clamp. BrJ
Cancer 2006:95:1483-1489.

Inoue A, Suzuki T, Fukuhara T, et al. Prospective phase 1l study of
gefitinib for chemotherapy-naive patients with advanced non-small-cell
lung cancer with epidermal growth factor receptor gene mutations.
J Clin Oncol 2006;24:3340-3346.

Inoue A, Kobayashi K, Usui K, et al. First-line gefitinib for patients
with advanced non-small-cell lung cancer harboring epidermal growth
factor receptor mutations without indication for chemotherapy. J Clin
Oncol 2009;27:1394-1400.

. Tamura K, Okamoto I, Kashii T, et al. Multicentre prospective phase 11

trial of gefitinib for advanced non-small cell lung cancer with epider-
mal growth factor receptor mutations: results of the West Japan
Thoracic Oncology Group trial (WITOGO0403). Br J Cancer 2008;98:
907-914.

Yoshida K, Yatabe Y, Park JY, et al. Prospective validation for
prediction of gefitinib sensitivity by epidermal growth factor receptor
gene mutation in patients with non-small cell lung cancer. J Thorac
Oncol 2007;2:22-28.

Douillard JY, Shepherd FA, Hirsh V, et al. Molecular predictors of
outcome with gefitinib and docetaxel in previously treated non-small-
cell lung cancer: data from the randomized phase III INTEREST trial.
J Clin Oncol 2010;28:744--752.

. Hirsch FR, Varella-Garcia M, Bunn PA Jr, et al. Molecular predictors

of outcome with gefitinib in a phase Il placebo-controlled study in
advanced non-small-cell lung cancer. J Clin Oncol 2006;24:5034 -
5042.

Zhu CQ, da Cunha Santos G, Ding K, et al. Role of KRAS and EGFR
as biomarkers of response to erlotinib in National Cancer Institute of
Canada Clinical Trials Group Study BR. 21. J Clin Oncol 2008;26:
4268-4275.

Sholl LM, Xiao Y, Joshi V, et al. EGFR mutation is a better predictor
of response to tyrosine kinase inhibitors in non-small cell lung carci-
noma than FISH, CISH, and immunohistochemistry. Am J Clin Pathol
2010;133:922-934.

Kawahara A, Yamamoto C, Nakashima K, et al. Molecular diagnosis of
activating EGFR mutations in non-small cell lung cancer using muta-
tion specific antibodies for immunchistochemical analysis. Clin Cancer
Res 2010;16:3163-3170.

Brevet M, Arcila M, Ladanyi M. Assessment of EGFR mutation status
in lung adenocarcinoma by immunohistochemistry using antibodies
specific to the two major forms of mutant EGFR. J Mol Diagn
2010;12:169-176.

YulJ, Kane S, Wu I, et al. Mutation-specific antibodies for the detection
of EGFR mutations in non-small-cell lung cancer. Clin Cancer Res
2009;15:3023-3028.

Fukuoka M, Wu Y, Thongprasert S, et al. Biomarker analyses from a
phase I, randomized, open-label, first-line study of gefitinib (G)
versus carboblatin/paclitaxel (C/P) in clinically selected patients (pts)
with advanced non-small-cell lung cancer (NSCLC) in Asia (IPASS).
J Clin Oncol 2009;27:5218S.

. Kubota K, Niho S, Enatsu S, et al. Efficacy differences of pemetrexed

by histology in pretreated patients with stage IIIB/IV non-small cell
lung cancer: review of results from an open-label randomized phase 11
study. J Thorac Oncol 2009;4:1530-1536.

. Zinner RG, Novello S, Peng G, et al. Comparison of patient outcomes

according to histology among pemetrexed-treated patients with stage
HIB/IV non-small-cell lung cancer in two phase II trials. Clin Lung
Cancer 2010;11:126-131.

. Gronberg BH, Bremnes RM, Flotten O, et al. Phase III study by the

Norwegian lung cancer study group: pemetrexed plus carboplatin
compared with gemcitabine plus carboplatin as first-line chemotherapy
in advanced non-small-cell lung cancer. J Clin Oncol 2009;27:3217-
3224,

Sandler A, Gray R, Perry MC, et al. Paclitaxel-carboplatin alone or
with bevacizumab for non-small-cell lung cancer. N Engl J Med
2006;355:2542-2550.

Soda M, Choi YL, Enomoto M, et al. Identification of the transforming
EML4-ALK fusion gene in non-small-cell lung cancer. Nature 2007,
448:561-566.

Wong DW, Leung EL, So KK, et al. The EML4-ALK fusion gene is

Copyright © 2011 by the International Association for the Study of Lung Cancer

Gopyright © 2011 by the International ﬁ\ﬁsaiaﬁm for the Study of Lung Cancer.



Journal of Thoracic Oncology ¢ Volume 6, Number 2, February 2011

Lung Adenocarcinoma Classification

248.

249.

250.

251.

254.

255.

N
w
[=

257.

258.

259.

260.

261.

264.
265.
266.
267.

268.

269.

270.

Copyright © 2011 by the International Association for the Study of Lung Cancer

involved in various histologic types of lung cancers from nonsmokers
with wild-type EGFR and KRAS. Cancer 2009;115:1723-1733.
Kwak EL, Bang YJ, Camidge DR, et al. Anaplastic lymphoma kinase
inhibition in non-small-cell lung cancer. N Engl J Med 2010;363:1693—
1703.

Choi YL, Soda M, Yamashita Y, et al. FML4-4LK mutations in lung
cancer that confer resistance to ALK inhibitors. N Engl J Med 2010;
363:1734-1739.

Mao C, Qiu LX, Liao RY, et al. KR4S mutations and resistance to
EGFR-TKIs treatment in patients with non-small cell lung cancer: a
meta-analysis of 22 studies. Lung Cancer 2010;69:272-278.
Linardou H, Dahabreh 1J, Kanaloupiti D, et al. Assessment of somatic
k-RAS mutations as a mechanism associated with resistance to EGFR-
targeted agents: a systematic review and meta-analysis of studies in
advanced non-small-cell lung cancer and metastatic colorectal cancer.
Lancet Oncol 2008;9:962-972.

. Goldstraw P. IASLC Staging Manual in Thoracic Oncology. Orange

Park, FL: International Association for the Study of Lung Cancer.
Editorial Rx Press, 2009.

. Goldstraw P, Crowley J, Chansky K, et al. The IASLC Lung Cancer

Staging Project: proposals for the revision of the TNM stage groupings
in the forthcoming (seventh) edition of the TNM Classification of
malignant tumours. J Thorac Oncol 2007;2:706-714.

Pignon JP, Tribodet H, Scagliotti GV, et al. Lung adjuvant cisplatin
evaluation: a pooled analysis by the LACE Collaborative Group. J Clin
Oncol 2008;26:3552-3559.

Pao W, Wang TY, Ricly GJ, et al. KRAS mutations and primary
resistance of lung adenocarcinomas to gefitinib or erlotinib. PLoS Med
2005;2:e17.

. Kim CF, Jackson EL, Woolfenden AE, et al. Identification of bron-

chioalveolar stem cells in normal lung and lung cancer. Cell 2005;121:
823--835.

Weir BA, Woo MS, Getz G, et al. Characterizing the cancer genome in
lung adenocarcinoma. Nature 2007;450:893-898.

Tanaka H, Yanagisawa K, Shinjo K, et al. Lineage-specific dependency
of lung adenocarcinomas on the lung development regulator TTF-1.
Cancer Res 2007;67:6007-6011.

Colby TV, Leslie KO, Yousem SA. Lungs. In SE Mills (Ed.). Histol-
ogy for Pathologists. 3rd ed. Philadelphia: Lippincott Williams &
Wilkins, 2007, pp 473-504.

Wang BY, Gil J, Kaufman D, ct al. P63 in pulmonary epithelium,
pulmonary squamous neoplasms, and other pulmonary tumors. fum
Pathol 2002;33:921-926.

Takeuchi T, Tomida S, Yatabe Y, et al. Expression profile-defined
classification of lung adenocarcinoma shows close relationship with
underlying major genetic changes and clinicopathologic behaviors.
J Clin Oncol 2006;24:1679-1688.

. Colby TV, Wistuba II, Gazdar A. Precursors to pulmonary neoplasia.

Adv Anat Pathol 1998;5:205-215.

3. Westra WH. Early glandular neoplasia of the lung. Respir Res 2000;

1:163-169.

Tang X, Varella-Garcia M, Xavier AC, et al. Epidermal growth factor
receptor abnormalities in the pathogenesis and progression of lung
adenocarcinomas. Cancer Prev Res (Phila Pa) 2008;1:192-200.
Tang X, Shigematsu H, Bekele BN, et al. EGFR tyrosine kinase
domain mutations arc detected in histologically normal respiratory
epithelium in lung cancer patients. Cancer Res 2005;65:7568-7572.
Soh J, Toyooka S, Ichihara S, et al. Sequential molecular changes
during multistage pathogenesis of small peripheral adenocarcinomas of
the lung. J Thorac Oncol 2008;3:340-347.

Yatabe Y, Takahashi T, Mitsudomi T. Epidermal growth factor recep-
tor gene amplification is acquired in association with tumor progression
of EGFR-mutated lung cancer. Cancer Res 2008;68:2106-2111.
Tang ZQ, Han LY, Lin HH, et al. Derivation of stable microarray
cancer-differentiating signatures using consensus scoring of multiple
random sampling and gene-ranking consistency evaluation. Cancer Res
2007;67:9996—-10003.

Koga T, Hashimoto S, Sugio K, et al. Clinicopathological and molec-
ular evidence indicating the independence of bronchioloalveolar com-
ponents from other subtypes of human peripheral lung adenocarci-
noma. Clin Cancer Res 2001;7:1730-1738.

Marchetti A, Pellegrini S, Bertacca G, et al. FHIT and p53 gene

274.

275.

276.

2717.

278.

279.

280.

284.

286.

287.

288.

289.

290.

291.

abnormalities in bronchioloalveolar carcinomas. Correlations with clin-
icopathological data and K-ras mutations. J Pathol 1998;184:240-2406.

. Yoshida Y, Kokubu A, Suzuki K, et al. Molecular markers and changes

of computed tomography appearance in lung adenocarcinoma with
ground-glass opacity. Jpn J Clin Oncol 2007;37:907-912.

. Terasaki H, Niki T, Matsuno Y, et al. Lung adenocarcinoma with

mixed bronchioloalveolar and invasive components: clinicopathologi-
cal features, subclassification by extent of invasive foci, and immuno-
histochemical characterization. Am J Surg Pathol 2003;27:937-951.

. Huang CL, Taki T, Adachi M, et al. Mutations of p53 and K-ras genes

as prognostic factors for non-small cell lung cancer. Int J Oncol
1998;12:553-563.

Shigematsu H, Lin L, Takahashi T, et al. Clinical and biological
features associated with epidermal growth factor receptor gene muta-
tions in lung cancers. J Natl Cancer Inst 2005:97:339-346.
Marchetti A, Martella C, Felicioni L, et al. £EGFR mutations in
non-small-cell lung cancer: analysis of a large series of cases and
development of a rapid and sensitive method for diagnostic screening
with potential implications on pharmacologic treatment. J Clin Oncol
2005;23:857-805.

Ohtsuka T, Watanabe K, Kaji M, et al. A clinicopathological study of
resected pulmonary nodules with focal pure ground-glass opacity. Eur
J Cardiothorac Surg 2006;30:160-163.

Sonobe M, Manabe T, Wada H, et al. Mutations in the epidermal
growth factor receptor gene are linked to smoking-independent, lung
adenocarcinoma. Br J Cancer 2005;93:355-363.

Bryant CM, Albertus DL, Kim S, et al. Clinically relevant character-
ization of lung adenocarcinoma subtypes based on cellular pathways:
an international validation study. PLoS One 2010;5:e11712.

Yousem SA, Nikiforova M, Nikiforov Y. The histopathology of BRAF-
V600E-mutated lung adenocarcinoma. Am J Surg Pathol 2008;32:
1317-1321.

Conde E, Angulo B, Tang M, et al. Molecular context of the EGFR
mutations: evidence for the activation of mTOR/S6K signaling. Clin
Cancer Res 2006;12:710-717.

. Ohtsuka K, Ohnishi H, Furuyashiki G, et al. Clinico-pathological and

biological significance of tyrosine kinase domain gene mutations and
overexpression of epidermal growth factor receptor for lung adenocar-
cinoma. J Thorac Oncol 2006;1:787-795.

. Sonobe M, Manabe T, Wada H, et al. Lung adenocarcinoma harboring

mutations in the ERBB2 kinase domain. J Mol Diagn 2006;8:351-356.

. Ninomiya H, Hiramatsu M, Inamura K, et al. Correlation between

morphology and EGFR mutations in lung adenocarcinomas Signifi-
cance of the micropapillary pattern and the hobnail cell type. Lung
Cancer 2009,63:235--240.

Hirsch FR, Varella-Garcia M, McCoy I, et al. Increased epidermal
growth factor receptor gene copy number detected by fluorescence in
situ hybridization associates with increased sensitivity to gefitinib in
patients with bronchioloalveolar carcinoma subtypes: a southwest on-
cology group study. J Clin Oncol 2005;23:6838-6845.

. Tanaka R, Horikoshi H, Nakazato Y, et al. Magnetic resonance imag-

ing in peripheral lung adenocarcinoma: correlation with histopatho-
logic features. J Thorac Imaging 2009;24:4-9.

Stenhouse G, Fyfe N, King G, et al. Thyroid transcription factor 1 in
pulmonary adenocarcinoma. J Clin Pathol 2004;57:383-387.

Kim YT, Kim TY, Lee DS, et al. Molecular changes of epidermal
growth factor receptor (EGFR) and KRAS and their impact on the
clinical outcomes in surgically resected adenocarcinoma of the lung.
Lung Cancer 2008;59:111-118.

Ang DC, Zakowski MF, Ladanyi M, et al. Characteristic morphology
and immunoprofile of lung adenocarcinoma with KRAS mutations:
propensity for solid growth pattern and correlation with TTF-1 expres-
sion. Mod Pathol 2010;23(Suppl):396A.

Saad RS, Cho P, Silverman JF, et al. Usefulness of Cdx2 in separating
mucinous bronchioloalveolar adenocarcinoma of the lung from meta-
static mucinous colorectal adenocarcinoma. Am J Clin Pathol 2004,
122:421-427.

Shrestha B, Ebihara Y, Osakabe Y, et al. Immunohistochemical,
ultrastructural and molecular study of well differentiated adenocarci-
nomas of the lung predominantly composed of goblet cells. Lung
Cancer 1998;22:103-117.

Yatabe Y, Koga T, Mitsudomi T, et al. CK20 expression, CDX2

281

Copyright © 2011 by the International @ﬁgcia‘gi@ﬁ for the Study of Lung Cancer.



Trav.

is et al.

Journal of Thoracic Oncology ° Volume 6, Number 2, February 2011

292.

294.

29s.

296.

297.

298.

299.

305.

306.

307.

309.

310.

311

312.

313.

282

expression, K-ras mutation, and goblet cell morphology in a subset of
lung adenocarcinomas. J Pathol 2004;203:645-652.

Sasaki H, Kawano O, Endo K, et al. Uncommon V399E BRAF
mutations in Japanese patients with lung cancer. J Surg Res 2006;133:
203-206.

3. Naoki K, Chen TH, Richards WG, et al. Missense mutations of the

BRAF gene in human lung adenocarcinoma. Cancer Res 2002,62:
7001-7003.

Tang Z, Du R, liang S, et al. Dual MET-EGFR combinatorial inhibition
against T790M-EGFR-mediated erlotinib-resistant lung cancer. Br J
Cancer 2008;99:911-922.

Cappuzzo F, Janne PA, Skokan M, et al. MET increased gene copy
number and primary resistance to gefitinib therapy in non-small-cell
lung cancer patients. Ann Oncol 2009;20:298 -304.

Engelman JA, Zejnullahu K, Mitsudomi T, et al. MET amplification
leads to gefitinib resistance in lung cancer by activating ERBB3
signaling. Science 2007;316:1039-1043.

Pao W, Miller VA, Politi KA, et al. Acquired resistance of lung
adenocarcinomas to gefitinib or erlotinib is associated with a second
mutation in the EGFR kinase domain. PLoS Med 2005;2:¢73.

Sequist LV, Martins RG, Spigel D, et al. First-line gefitinib in patients
with advanced non-small-cell lung cancer harboring somatic EGFR
mutations. J Clin Oncol 2008;26:2442-2449.

Nguyen KS, Kobayashi S, Costa DB. Acquired resistance to epidermal
growth factor receptor tyrosine kinase inhibitors in non-small-cell lung
cancers dependent on the epidermal growth factor receptor pathway.
Clin Lung Cancer 2009;10:281-289.

. Takahashi T, Sonobe M, Kobayashi M, et al. Clinicopathologic fea-

tures of non-small-cell lung cancer with EML4-4LK fusion gene. Ann
Surg Oncol 2010;17:889-897.

. Inamura K, Takeuchi K, Togashi Y, et al. EML4-ALK lung cancers are

characterized by rare other mutations, a TTF-1 cell lineage, an acinar
histology, and young onset. Mod Pathol 2009;22:508-515.

. Takeuchi K, Choi YL, Togashi Y, et al. KIF5B-ALK, a novel fusion

oncokinase identified by an immunohistochemistry-based diagnostic
system for 4ALK-positive lung cancer. Clin Cancer Res 2009;15:3143—
3149.

. Yoshida A, Tsuta K, Watanabe SI, et al. Frequent ALK rearrangement

and TTF-1/p63 co-expression in lung adenocarcinoma with signet-ring
cell component. Lung Cancer. In press.

. Jokoji R, Yamasaki T, Minami S, et al. Combination of morphological

feature analysis and immunohistochemistry is useful for screening of
EML4-ALK-positive lung adenocarcinoma. J Clin Pathol 2010:63:
1066-1070.

Inamura K, Takeuchi K, Togashi Y, et al. EML4-ALK fusion is linked
to histological characteristics in a subset of lung cancers. J Thorac
Oncol 2008;3:13-17.

Mino-Kenudson M, Chirieac LR, Law K, et al. A novel, highly
sensitive antibody allows for the routine detection of 4LK-rearranged
lung adenocarcinomas by standard immunohistochemistry. Clin Can-
cer Res 2010;16:1561-1571.

Sakairi Y, Nakajima T, Yasufuku K, et al. EML4-4LK fusion gene
assessment using metastatic lymph node samples obtained by endo-
bronchial ultrasound-guided transbronchial needle aspiration. Clin
Cancer Res 2010;16:4938 4945,

. Boland IM, Erdogan S, Vasmatzis G, ct al. Anaplastic lymphoma

kinase immunoreactivity correlates with ALK gene rearrangement and
transcriptional up-regulation in non-small cell lung carcinomas. Hum
Pathol 2009;40:1152-1158.

Beer DG, Kardia SL, Huang CC, et al. Gene-expression profiles predict
survival of patients with lung adenocarcinoma. Nat Med 2002;8:816-824.
Borczuk AC, Kim HK, Yegen HA, et al. Lung adenocarcinoma global
profiling identifies type II transforming growth factor-(beta) receptor as a
repressor of invasiveness. Am J Respir Crit Care Med 2005;172:729-737.
Shibata T, Hanada S, Kokubu A, et al. Gene expression profiling of
epidermal growth factor receptor/KRAS pathway activation in lung
adenocarcinoma. Cancer Sci 2007;98:985-991.

Berrar D, Sturgeon B, Bradbury I, et al. Survival trees for analyzing
clinical outcome in lung adenocarcinomas based on gene expression
profiles: identification of neogenin and diacylglycerol kinase alpha
expression as critical factors. J Comput Biol 2005;12:534-544.
Bianchi F, Nuciforo P, Vecchi M, et al. Survival prediction of stage |

321,

. Cappuzzo F, Hirsch FR, Rossi E, et al. Epidermal

lung adenocarcinomas by expression of 10 genes. J Clin Invest 2007,
117:3436-3444.

. Endoh H, Tomida S, Yatabe Y, et al. Prognostic model of pulmonary

adenocarcinoma by expression profiling of eight genes as determined
by quantitative real-time reverse transcriptase polymerase chain reac-
tion. J Clin Oncol 2004;22:811-819.

. Guo L, Ma Y, Ward R, et al. Constructing molecular classifiers for the

accurate prognosis of lung adenocarcinoma. Clin Cancer Res 2006;12:
3344-3354.

. Hayes DN, Monti S, Parmigiani G, et al. Gene expression profiling

reveals reproducible human lung adenocarcinoma subtypes in multiple
independent patient cohorts. J Clin Oncol 2006;24:5079-5090.

. Inamura K, Shimoji T, Ninomiya H, et al. A metastatic signature in

entire lung adenocarcinomas irrespective of morphological heteroge-
neity. Hum Pathol 2007;38:702~709.

. Larsen JE, Pavey SI, Passmore LLH, et al. Gene expression signature

predicts recurrence in lung adenocarcinoma. Clin Cancer Res 2007;13:
2946-2954.

. Liu H, Kho AT, Kohane IS, et al. Predicting survival within the lung

cancer histopathological hierarchy using a multi-scale genomic model
of development. PLoS Med 2006;3:¢232.

. Sun Z, Wigle DA, Yang P. Non-overlapping and non-cell-type-specific

gene expression signatures predict lung cancer survival. J Clin Oncol
2008;26:877-883.

Xi L, Lyons-Weiler J, Coello MC, et al. Prediction of lymph node
metastasis by analysis of gene expression profiles in primary lung
adenocarcinomas. Clin Cancer Res 2005;11:4128-4135.

2. Potti A, Mukherjee S, Petersen R, et al. A genomic strategy to refine

prognosis in early-stage non-small-cell fung cancer. N Engl J Med
2006;355:570-580.

. Chen HY, Yu SL, Chen CH, et al. A five-gene signature and clinical

outcome in non-small-cell lung cancer. N Engl J Med 2007;356:11-20.

. Chitale D, Gong Y, Taylor BS, et al. An integrated genomic analysis of

lung cancer reveals loss of DUSP4 in EGFR-mutant tumors. Oncogene
2009;28:2773-2783.

. Tonon G, Brennan C, Protopopov A, et al. Common and contrasting

genomic profiles among the major human lung cancer subtypes. Cold
Spring Harb Symp Quant Biol 2005;70:11-24.

. Aviel-Ronen S, Coe BP, Lau SK, et al. Genomic markers for malignant

progression in pulmonary adenocarcinoma with bronchioloalveolar
features. Proc Natl Acad Sci USA 2008;105:10155-10160.

. Chang JW, Liu HP, Hsieh MH, et al. Increased epidermal growth factor

receptor (EGFR) gene copy number is strongly associated with EGFR
mutations and adenocarcinoma in non-small cell lung cancers: a chro-
mogenic in situ hybridization study of 182 patients. Lung Cancer
2008;61:328-339.

growth factor
receptor gene and protein and gefitinib sensitivity in non-small-cell
lung cancer. J Natl Cancer Inst 2005;97:643-655.

. Dacic S, lIonescu DN, Finkelstein S, et al. Patterns of allelic loss of

synchronous adenocarcinomas of the lung. 4m J Surg Pathol 2005;29:
897-902.

. Wang X, Wang M, MacLennan GT, et al. Evidence for common clonal

origin of multifocal lung cancers. J Natl Cancer Inst 2009;101:560—
570.

. Girard N, Ostrovnaya |, Lau C, et al. Genomic and mutational profiling

to assess clonal relationships between multiple non-small cell lung
cancers. Clin Cancer Res 2009;15:5184-5190.

. van Rens MT, Eijken El, Elbers IR, et al. p53 mutation analysis for

definite diagnosis of multiple primary lung carcinoma. Cancer 2002;
94:188-196.

. Matsuzoe D, Hideshima T, Ohshima K, et al. Discrimination of double

primary lung cancer from intrapulmonary metastasis by p33 gene
mutation. Br J Cancer 1999;79:1549-1552.

. Wang X, Christiani DC, Mark EJ, et al. Carcinogen exposure, p33

alteration, and K-ras mutation in synchronous multiple primary lung
carcinoma. Cancer 1999;85:1734-1739.

. Lau DH, Yang B, Hu R, et al. Clonal origin of multiple lung cancers:

K-ras and p33 mutations determined by nonradioisotopic single-strand
conformation polymorphism analysis. Diagn Mol Pathol 1997.6:179~
184.

. Girard N, Deshpande C, Azzoli CG, et al. Use of epidermal growth factor

Copyright © 2011 by the International Association for the Study of Lung Cancer

Copyright © 2011 by the International @ﬁ,aaiaﬁoz& for the Study of Lung Cancer.



Journal of Thoracic Oncology e Volume 6, Number 2, February 2011

Lung Adenocarcinoma Classification

2
(V8]
~

338.

341.

342.

347.

348.

349,

356.

357.

Copyright © 2011 by the International Association for the Study of Lung Cancer

receptor/Kirsten rat sarcoma 2 viral oncogene homolog mutation testing
to define clonal relationships among multiple lung adenocarcinomas:
comparison with clinical guidelines. Chest 2010;137:46-52.

. Nonami Y, Ohtuki Y, Sasaguri S. Study of the diagnostic difference

between the clinical diagnostic criteria and results of immunohisto-
chemical staining of multiple primary lung cancers. J Cardiovasc Surg
(Torino) 2003;44:661-665.

Vansteenkiste JF, De Belie B, Deneffe GJ, et al. Practical approach to
patients presenting with multiple synchronous suspect lung Iesions: a
reflection on the current TNM classification based on 54 cases with
complete follow-up. Lung Cancer 2001;34:169-175.

. Yoshino I, Nakanishi R, Osaki T, et al. Postoperative prognosis in

patients with non-small cell lung cancer with synchronous ipsilateral
intrapulmonary metastasis. Ann Thorac Surg 1997:64:809-813.

. Chung JH, Choe G, Jheon S, et al. Epidermal growth factor receptor

mutation and pathologic-radiologic correlation between multiple lung
nodules with ground-glass opacity differentiates multicentric origin
from intrapulmonary spread. J Thorac Oncol 2009:4:1490-1495.
Balak MN, Gong Y, Riely G, et al. Novel D761Y and common
secondary 7790M wmutations in epidermal growth factor receptor-
mutant lung adenocarcinomas with acquired resistance to kinase inhib-
itors. Clin Cancer Res 2006;12:6494—-6501.

Jackman DM, Holmes AJ, Lindeman N, et al. Response and resistance
in a non-small-cell lung cancer patient with an epidermal growth factor
receptor mutation and leptomeningeal metastases treated with high-
dose gefitinib. J Clin Oncol 2006;24:4517--4520.

. Schmid K, Oehl N, Wrba F, et al. EGFR/KRAS/BRAF mutations in

primary lung adenocarcinomas and corresponding locoregional lymph
node metastases. Clin Cancer Res 2009;15:4554--4560.

. Monaco SE, Nikiforova MN, Cieply K, et al. A comparison of EGFR

and KRAS status in primary lung carcinoma and matched metastases.
Hum Pathol 2010;41:94-102.

. Meert AP, Martin B, Delmotte P, et al. The role of EGF-R expression

on patient survival in lung cancer: a systematic review with meta-
analysis. Eur Respir J 2002;20:975-981.

. Berghmans T, Paesmans M, Mascaux C, et al. Thyroid transcription

factor 1—a new prognostic factor in lung cancer: a meta-analysis. Ann
Oncol 2006;17:1673-1676.

Mascaux C, Iannino N, Martin B, et al. The role of RAS oncogene in
survival of patients with lung cancer: a systematic review of the
literature with meta-analysis. BrrJ Cancer 2005;92:131--139.
Nakamura H, Kawasaki N, Taguchi M, et al. Association of HER-2
overexpression with prognosis in nonsmall cell lung carcinoma: a
metaanalysis. Cancer 2005;103:1865-1873.

Mitsudomi T, Hamajima N, Ogawa M, et al. Prognostic significance of
p33 alterations in patients with non-small cell lung cancer: a meta-
analysis. Clin Cancer Res 2000;6:4055-4063.

. Steels E, Pacsmans M, Berghmans T, et al. Role of p53 as a prognostic

factor for survival in lung cancer: a systematic review of the literature
with a meta-analysis. Eur Respir J 2001;18:705-719.

. Martin B, Paesmans M, Mascaux C, et al. Ki-67 expression and

patients survival in lung cancer: systematic review of the literature with
meta-analysis. Br.J Cancer 2004;91:2018-2025.

. Martin B, Paesmans M, Berghmans T, et al. Role of Bcl-2 as a

prognostic factor for survival in lung cancer: a systematic review of the
literature with meta-analysis. Br J Cancer 2003;89:55-64.

. Mascaux C, Martin B, Paesmans M, et al. Has Cox-2 a prognostic role

in non-small-cell lung cancer? A systematic review of the literature
with meta-analysis of the survival results. BrJ Cancer 2006;95:139 -
145.

. Marks JL, Broderick S, Zhou Q, et al. Prognostic and therapeutic

implications of EGFR and KRAS mutations in resected lung adenocar-
cinoma. J Thorac Oncol 2008;3:111-116.

. Kosaka T, Yatabe Y, Onozato R, et al. Prognostic implication of

EGFR, KRAS, and TP53 gene mutations in a large cohort of Japanese
patients with surgically treated lung adenocarcinoma. J Thorac Oncol
2009:4:22-29.

Yanaihara N, Caplen N, Bowman E, et al. Unique microRNA molec-
ular profiles in lung cancer diagnosis and prognosis. Cancer Cell
2006:9:189-198.

Raponi M, Dossey L, Jatkoe T, et al. MicroRNA classifiers for

360.

361.

366.

370.

371.

372.

(V]
Q
(%)

37s.

predicting prognosis of squamous cell lung cancer. Cancer Res 2009,
69:5776-5783.

. Hansell DM, Bankier AA, MacMahon H, et al. Fleischner Society:

glossary of terms for thoracic imaging. Radiology 2008;246:697--722.

. Godoy MC, Naidich DP. Subsolid pulmonary nodules and the spectrum

of peripheral adenocarcinomas of the lung: recommended interim
guidelines for assessment and management. Radiology 2009;253:606—
622.

Lee HY, Goo IM, Lee HJ, et al. Usefulness of concurrent reading using
thin-section and thick-section CT images in subcentimetre solitary
pulmonary nodules. Clin Radiol 2009;64:127-132.

Takashima S, Sone S, Li F, et al. Small solitary pulmonary nodules (<
or =1 cm) detected at population-based CT screening for lung cancer:
reliable high-resolution CT features of benign lesions. AJR Am J
Roentgenol 2003;180:955-964.

. Ishikawa H, Koizumi N, Morita T, et al. Ultrasmall pulmonary opac-

ities on multidetector-row high-resolution computed tomography: a
prospective radiologic-pathologic examination. J Comput Assist To-
mogr 2005;29:621-625.

. Kishi K, Homma S, Kurosaki A, et al. Small lung tumors with the size

of lem or less in diameter: clinical, radiological, and histopathological
characteristics. Lung Cancer 2004;44:43-51.

. Kim HY, Shim YM, Lee KS, et al. Persistent pulmonary nodular

ground-glass opacity at thin-section CT: histopathologic comparisons.
Radiology 2007;245:267-275.

. Kim TJ, Goo IM, Lee KW, et al. Clinical, pathological and thin-section

CT features of persistent multiple ground-glass opacity nodules: com-
parison with solitary ground-glass opacity nodule. Lung Cancer 2009;
64:171--178.

Tkeda K, Awai K, Mori T, et al. Differential diagnosis of ground-glass
opacity nodules: CT number analysis by three-dimensional computer-
ized quantification. Chest 2007;132:984-990.

. Choi JA, Kim JH, Hong KT, et al. CT bronchus sign in malignant

solitary pulmonary lesions: value in the prediction of cell type. Eur
Radiol 2000;10:1304-1309.

. Takashima S, Maruyama Y, Hasegawa M, et al. CT findings and

progression of small peripheral lung neoplasms having a replacement
growth pattern. AJR Am J Roentgenol 2003;180:817-826.

. Gould MK, Fletcher J, lannettoni MD, et al. Evaluation of patients with

pulmonary nodules: when is it lung cancer?: ACCP evidence-based
clinical practice guidelines (2nd edition). Chest 2007;132:108S-130S.
Nakazono T, Sakao Y, Yamaguchi K, et al. Subtypes of peripheral
adenocarcinoma of the lung: differentiation by thin-section CT. Eur
Radiol 2005;15:1563-1568.

Zwirewich CV, Vedal S, Miller RR, et al. Solitary pulmonary nodule:
high-resolution CT and radiologic-pathologic correlation. Radiology
1991;179:469-476.

Yang ZG, Sone S, Takashima S, et al. High-resolution CT analysis of
small peripheral lung adenocarcinomas revealed on screening helical
CT. AJR Am J Roentgenol 2001;176:1399--1407.

. Tateishi U, Uno H, Yonemori K, et al. Prediction of lung adenocarci-

noma without vessel invasion: a CT scan volumetric analysis. Chest
2005;128:3276-3283.

. Kojima Y, Saito H, Sakuma Y, et al. Correlations of thin-section

computed tomographic, histopathological, and clinical findings of ad-
enocarcinoma with a bubblelike appearance. J Comput Assist Tomogr
2010;34:413-417.

Yoshino 1, Nakanishi R, Kodate M, et al. Pleural retraction and
intra-tumoral air-bronchogram as prognostic factors for stage I pulmo-
nary adenocarcinoma following complete resection. /nt Surg 2000;85:
105-112.

. Kondo T, Yamada K, Noda K, et al. Radiologic-prognostic correlation

in patients with small pulmonary adenocarcinomas. Lung Cancer
2002;36:49-57.

. Sakao Y, Nakazono T, Sakuragi T, et al. Predictive factors for survival

in surgically resected clinical 1A peripheral adenocarcinoma of the
lung. Ann Thorac Surg 2004;77:1157-1161.

. Kuriyama K, Seto M, Kasugai T, et al. Ground-glass opacity on

thin-section CT: value in differentiating subtypes of adenocarcinoma of
the lung. AJR Am J Roentgenol 1999;173:465-469.

. Castro CY, Coffey DM, Medeiros LI, et al. Prognostic significance of

283

Gopyright © 2011 by the International @ﬁ&ciaﬁoz’z for the Study of Lung Cancer.



Travis et al.

Journal of Thoracic Oncology e Volume 6, Number 2, February 2011

380.

381.

L
oo
1

383.

385.

387.

388.

391.

392.

398.

399.

400.

284

percentage of bronchioloalveolar pattern in adenocarcinomas of the
lung. Ann Diagn Pathol 2001:5:274-284.

Hashizume T, Yamada K, Okamoto N, et al. Prognostic significance of
thin-section CT scan findings in small-sized lung adenocarcinoma.
Chest 2008;133:441-447.

Dong B, Sato M, Sagawa M, et al. Computed tomographic image
comparison between mediastinal and lung windows provides possible
prognostic information in patients with small peripheral lung adeno-
carcinoma. J Thorac Cardiovasc Surg 2002;124:1014-1020.

. Matsuguma H, Yokoi K, Anraku M, et al. Proportion of ground-glass

opacity on high-resolution computed tomography in clinical T1 NO M0
adenocarcinoma of the lung: a predictor of lymph node metastasis.
J Thorac Cardiovasc Surg 2002;124:278-284.

Ohde Y, Nagai K, Yoshida J, et al. The proportion of consolidation to
ground-glass opacity on high resolution CT is a good predictor for
distinguishing the population of non-invasive peripheral adenocarci-
noma. Lung Cancer 2003;42:303-310.

. Okada M, Nishio W, Sakamoto T, et al. Correlation between computed

tomographic findings, bronchioloalveolar carcinoma component, and
biologic behavior of small-sized lung adenocarcinomas. J Thorac
Cardiovasc Surg 2004;127:857-861.

Sakao Y, Nakazono T, Tomimitsu S, et al. Lung adenocarcinoma can
be subtyped according to tumor dimension by computed tomography
mediastinal-window setting. Additional size criteria for clinical T1
adenocarcinoma. Eur J Cardiothorac Surg 2004;26:1211-1215.

. Seki N, Sawada S, Nakata M, et al. Lung cancer with localized

ground-glass attenuation represents early-stage adenocarcinoma in
nonsmokers. J Thorac Oncol 2008;3:483-490.

Takashima S, Maruyama Y, Hasegawa M, et al. High-resolution CT
features: prognostic significance in peripheral lung adenocarcinoma with
bronchioloalveolar carcinoma components. Respiration 2003;70:36—42.
Nishio R, Akata S, Saito K, et al. The ratio of the maximum high
attenuation area dimension to the maximum tumor dimension may be
an index of the presence of lymph node metastasis in lung adenocar-
cinomas 3 c¢cm or smaller on high-resolution computed tomography.
J Thorac Oncol 2007;2:29-33.

. Shim HS, Park IK, Lee CY, et al. Prognostic significance of visceral

pleural invasion in the forthcoming (seventh) edition of TNM classi-
fication for lung cancer. Lung Cancer 2009;65:161-165.

. Ikehara M, Saito H, Kondo T, et al. Comparison of thin-section CT and

pathological findings in small solid-density type pulmonary adenocar-
cinoma: prognostic factors from CT findings. Eur J Radiol. In press.
Gaeta M, Vinci S, Minutoli F, et al. CT and MRI findings of mucin-
containing tumors and pseudotumors of the thorax: pictorial review.
Eur Radiol 2002;12:181-189.

Nakata M, Sawada S, Saeki H, et al. Prospective study of thoracoscopic
limited resection for ground-glass opacity selected by computed to-
mography. Ann Thorac Surg 2003;75:1601-1605; discussion 5-6.

. Takashima S, Maruyama Y, Hasegawa M., et al. Prognostic significance of

high-resolution CT findings in small peripheral adenocarcinoma of the
lung: a retrospective study on 64 patients. Lung Cancer 2002;36:289-295.

. Hiramatsu M, Inagaki T, Matsui Y, et al. Pulmonary ground-glass

opacity (GGO) lesions-large size and a history of lung cancer are risk
factors for growth. J Thorac Oncol 2008;3:1245-1250.

5. Austin JHM, Mujoomdar A, Powell CA, et al. Carcinoma of the lung

and metastatic disease of the central nervous system. Am J Respir Crit
Care Med 2008;178:1090.

. Mujoomdar A, Austin JHM, Malhotra R, et al. Clinical predictors of

metastatic disease to the brain from non-small cell lung carcinoma:
primary tumor size, cell type, and lymph node metastases. Radiology
2007;242:882-888.

. MacMahon H, Austin JHM, Gamsu G, et al. Guidelines for manage-

ment of small pulmonary nodules detected on CT scans: a statement
from the Fleischner Society. Radiology 2005;237:395-400.

Eisenberg RL, Bankier AA, Boiselle PM. Compliance with Fleischner
Society guidelines for management of small lung nodules: a survey of
834 radiologists. Radiology 2010;255:218-224.

MacMahon H. Compliance with Fleischner Society guidelines for
management of lung nodules: lessons and opportunities. Radiology
2010:255:14-15.

Zhao B, James LP, Moskowitz CS, et al. Evaluating variability in

401.

402.

403.

404.

405.

400.

407.

408.

409.

410.

411.

412.

413.

414.

416.

417.

418.

419.

tumor measurements from same-day repeat CT scans of patients with
non-small cell lung cancer. Radiology 2009;252:263-272.

Ravenel JG, Leue WM, Nietert PJ, et al. Pulmonary nodule volume:
effects of reconstruction parameters on automated measurements—a
phantom study. Radiology 2008;247:400-408.

Jennings SG, Winer-Muram HT, Tarver RD, et al. Lung tumor growth:
assessment with CT—comparison of diameter and cross-sectional area
with volume measurements. Radiology 2004;231:866—871.
Winer-Muram HT, Jennings SG, Meyer CA, et al. Effect of varying CT
section width on volumetric measurement of lung tumors and applica-
tion of compensatory equations. Radiology 2003;229:184-194.
Yankelevitz DF, Reeves AP, Kostis WI, et al. Small pulmonary
nodules: volumetrically determined growth rates based on CT evalua-
tion. Radiology 2000;217:251--256.

de Hoop B. Gietema H, van de Vorst S, et al. Pulmonary ground-glass
nodules: increase in mass as an early indicator of growth. Radiology
2010;255:199-206.

Nakata M, Sawada S, Yamashita M, et al. Surgical treatments for
multiple primary adenocarcinoma of the lung. Ann Thorac Surg 2004;
78:1194-1199.

Zwirewich CV, Miller RR, Muller NL. Multicentric adenocarcinoma of
the lung: CT-pathologic correlation. Radiology 1990;176:185-190.
Park CM, Goo JM, Kim TIJ, et al. Pulmonary nodular ground-glass
opacities in patients with extrapulmonary cancers: what is their clinical
significance and how can we determine whether they are malignant or
benign lesions? Chest 2008;133:1402--1409.

Okada M, Tauchi S, lwanaga K, et al. Associations among bronchi-
oloalveolar carcinoma components, positron emission tomographic and
computed tomographic findings, and malignant behavior in small lung
adenocarcinomas. J Thorac Cardiovasc Surg 2007:133:1448-1454.
Higashi K, Ueda Y, Seki H, et al. Fluorine-18-FDG PET imaging is
negative in bronchioloalveolar lung carcinoma. J Nucl Med 1998;39:
1016~1020.

Higashi K, Ueda Y, Yagishita M, et al. FDG PET measurement of the
proliferative potential of non-small cell fung cancer. J Nucl Med
2000:41:85-92.

Higashi K, Ueda Y, Ayabe K, et al. FDG PET in the evaluation of the
aggressiveness of pulmonary adenocarcinoma: correlation with his-
topathological features. Nucl Med Commun 2000;21:707-714.
Ohtsuka T, Nomori H, Watanabe K, et al. Prognostic significance of
[(18)F)fluorodeoxyglucose uptake on positron emission tomography in
patients with pathologic stage I lung adenocarcinoma. Cancer 2006;
107:2468-2473.

Raz DJ, Odisho AY, Franc BL, et al. Tumor fluoro-2-deoxy-D-glucose
avidity on positron emission tomographic scan predicts mortality in
patients with early-stage pure and mixed bronchioloalveolar carcinoma.
J Thorac Cardiovase Surg 2006;132:1189-1195.

. Sagawa M, Higashi K, Sugita M, et al. Fluorodeoxyglucose uptake

correlates with the growth pattern of small peripheral pulmonary
adenocarcinoma. Surg Today 2006;36:230--234.

Pastorino U, Landoni C, Marchiano A, et al. Fluorodeoxyglucose
uptake measured by positron emission tomography and standardized
uptake value predicts long-term survival of CT screening detected lung
cancer in heavy smokers. J Thorac Oncol 2009;4:1352-1356.
Nakayama H, Okumura S, Daisaki H, et al. Value of integrated positron
emission tomography revised using a phantom study to evaluate ma-
lignancy grade of lung adenocarcinoma: a multicenter study. Cancer
2010;116:3170-3177.

Um SW, Kim H, Koh WJ, et al. Prognostic value of 18F-FDG uptake
on positron emission tomography in patients with pathologic stage [
non-small cell lung cancer. J Thorac Oncol 2009;4:1331-1336.
Berghmans T, Dusart M, Paesmans M, et al. Primary tumor standard-
ized uptake value (SUVmax) measured on fluorodeoxyglucose positron
emission tomography (FDG-PET) is of prognostic value for survival in
non-small cell lung cancer (NSCLC): a systematic review and meta-
analysis (MA) by the European Lung Cancer Working Party for the
IASLC Lung Cancer Staging Project. J Thorac Oncol 2008;3:6-12.

. Birchard KR, Hoang JK, Herndon JE Jr, et al. Early changes in tumor

size in patients treated for advanced stage nonsmall cell lung cancer do
not correlate with survival. Cancer 2009;115:581-386.

. Sohn HI, Yang YJ, Ryu JS, et al. [18F]Fluorothymidine positron

emission tomography before and 7 days after gefitinib treatment pre-

Copyright © 2011 by the International Association for the Study of Lung Cancer

Copyright © 2011 by the International Léésg,acia’i%sz} for the Study of Lung Cancer.



Journal of Thoracic Oncology ¢ Volume 6, Number 2, February 2011

Lung Adenocarcinoma Classification

423.

424.

425,

426.

427.

428.

429.

430.

431.

432.

434.

435.

436.

437.

438.

439.

440.

441.

Copyright © 2011 by the International Association for the Study of Lung Cancer

dicts response in patients with advanced adenocarcinoma of the lung.
Clin Cancer Res 2008;14:7423-7429.

2. Cloran FJ, Banks KP, Song WS, et al. Limitations of dual time point

PET in the assessment of lung nodules with low FDG avidity. Lung
Cancer 2010;68:66-71.

Ohno Y, Hatabu H, Takenaka D, et al. Dynamic MR imaging: value of
differentiating subtypes of peripheral small adenocarcinoma of the
lung. Eur J Radiol 2004;52:144-150.

van Klaveren RJ, Oudkerk M, Prokop M, et al. Management of lung
nodules detected by volume CT scanning. N Engl J Med 2009;361:
2221-2229.

Oda S, Awai K, Murao K, et al. Computer-aided volumetry of pulmo-
nary nodules exhibiting ground-glass opacity at MDCT. 4JR Am J
Roentgenol 2010;194:398 - 406.

Henschke CI, McCauley DI, Yankelevitz DF, et al. Early Lung Cancer
Action Project: overall design and findings from baseline screening.
Lancet 1999;354:99--105.

Henschke Cl, Naidich DP, Yankelevitz DF, et al. Early lung cancer
action project: initial findings on repeat screenings. Cancer 2001;92:
153-159.

Lindell RM, Hartman TE, Swensen SI, et al. Five-year lung cancer
screening experience: CT appearance, growth rate, location, and his-
tologic features of 61 lung cancers. Radiology 2007;242:555-562.
Hasegawa M, Sone S, Takashima S, et al. Growth rate of small lung
cancers detected on mass CT screening. Br J Radiol 2000;73:1252~
1259.

Henschke CI, Yankelevitz DF, Libby DM, et al. Survival of patients
with stage I lung cancer detected on CT screening. N Engl J Med
2006;355:1763-1771.

Kakinuma R, Ohmatsu H, Kaneko M, et al. Progression of focal
pure ground-glass opacity detected by low-dose helical computed
tomography screening for lung cancer. J Comput Assist Tomogr
2004;28:17-23.

Sone S, Nakayama T, Honda T, et al. Long-term follow-up study of a
population-based 1996—1998 mass screening programme for lung can-
cer using mobile low-dose spiral computed tomography. Lung Cancer
2007;58:329-341.

. Pelosi G, Sonzogni A, Veronesi G, et al. Pathologic and molecular

features of screening low-dose computed tomography (LDCT)-de-
tected lung cancer: a baseline and 2-year repeat study. Lung Cancer
2008;62:202-214.

Wang JC, Sone S, Feng L, et al. Rapidly growing small peripheral lung
cancers detected by screening CT: correlation between radiological
appearance and pathological features. Br J Radiol 2000;73:930-937.

Infante M, Cavuto S, Lutman FR, et al. A randomized study of lung
cancer screening with spiral computed tomography: three-year results
from the DANTE trial. Am J Respir Crit Care Med 2009;180:445-453.
Bepler G. Are we coming full circle for lung cancer screening a second
time? Am J Respir Crit Care Med 2009;180:384-385.

McMahon PM, Kong CY, Johnson BE, et al. Estimating long-term
effectiveness of lung cancer screening in the Mayo CT screening study.
Radiology 2008;248:278-287.

McMahon PM, Kong CY, Weinstein MC, et al. Adopting helical CT
screening for lung cancer: potential health consequences during a
15-year period. Cancer 2008;113:3440-3449.

Gatsonis CA. The National Lung Screening Trial: overview and study
design. Radiology. 2011;258:243-253.

Park EA, Lee HJ, Kim YT, et al. EGFR gene copy number in
adenocarcinoma of the lung by FISH analysis: investigation of signif-
icantly related factors on CT, FDG-PET, and histopathology. Lung
Cancer 2009;64:179-186.

Yano M, Sasaki H, Kobayashi Y, et al. Epidermal growth factor
receptor gene mutation and computed tomographic findings in periph-
eral pulmonary adenocarcinoma. J Thorac Oncol 2006;1:413-416.

442.

443.

444.

446.

447.

448.

449.

450.

451.

452.

453.

454.

455.

456.

457.

458.

459.

460.

Chantranuwat C, Sriuranpong V, Huapai N, et al. Histopathologic
characteristics of pulmonary adenocarcinomas with and without EGFR
mutation. J Med Assoc Thai 2005;88(Suppl 4):5322--S329.

Huang CT, Yen RF, Cheng MF, et al. Correlation of F-18 fluorode-
oxyglucose-positron emission tomography maximal standardized up-
take value and EGFR mutations in advanced lung adenocarcinoma.
Med Oncol 2010;27:9-15.

Watanabe K, Nomori H, Ohtsuka T, et al. [F-18]Fluorodeoxyglucose
positron emission tomography can predict pathological tumor stage and
proliferative activity determined by Ki-67 in clinical stage 1A lung
adenocarcinomas. Jpn J Clin Oncol 2006;36:403-409.

5. Vesselle H, Salskov A, Turcotte E, et al. Relationship between non-

small cell lung cancer FDG uptake at PET, tumor histology, and Ki-67
proliferation index. J Thorac Oncol 2008;3:971-978.

Schuchert MJ, Pettiford BL, Keeley S, et al. Anatomic segmentectomy
in the treatment of stage I non-small cell lung cancer. Ann Thorac Surg
2007;84:926--932.

Shapiro M, Weiser TS, Wisnivesky JP, et al. Thoracoscopic segmen-
tectomy compares favorably with thoracoscopic lobectomy for patients
with small stage I lung cancer. J Thorac Cardiovasc Surg 2009;137:
1388-1393.

Yan TD, Black D, Bannon PG, et al. Systematic review and meta-
analysis of randomized and nonrandomized trials on safety and efficacy
of video-assisted thoracic surgery lobectomy for early-stage non-small-
cell lung cancer. J Clin Oncol 2009;27:2553-2562.

Watanabe T, Okada A, Imakiire T, et al. Intentional limited resection
for small peripheral lung cancer based on intraoperative pathologic
exploration. Jpn J Thorac Cardiovasc Surg 2005;53:29-35.
Higashiyama M, Kodama K, Takami K, et al. Intraoperative lavage
cytologic analysis of surgical margins in patients undergoing limited
surgery for lung cancer. J Thorac Cardiovasc Surg 2003;125:101-107.
Utsumi T, Sawabata N, Inoue M., et al. Optimal sampling methods for
margin cytology examination following lung excision. /nteract Car-
diovasc Thorac Surg 2010;10:434-436.

Asamura H, Suzuki K, Watanabe S, et al. A clinicopathological study
of resected subcentimeter lung cancers: a favorable prognosis for
ground glass opacity lesions. Ann Thorac Surg 2003;76:1016-1022.
Ginsberg RJ, Rubinstein LV. Randomized trial of lobectomy versus
limited resection for T1 NO non-small cell lung cancer. Lung Cancer
Study Group. Ann Thorac Surg 1995;60:615-622.

Miller DL, Rowland CM, Deschamps C, ct al. Surgical treatment of
non-small cell lung cancer 1 cm or less in diameter. 4nn Thorac Surg
2002;73:1545-1550; discussion 50-51.

Rami-Porta R, Wittekind C, Goldstraw P. Complete resection in lung
cancer surgery: proposed definition. Lung Cancer 2005;49:25-33.
Ishiguro F, Matsuo K, Fukui T, et al. Effect of selective lymph node
dissection based on patterns of lobe-specific lymph node metastases on
patient outcome in patients with resectable non-small cell lung cancer:
a large-scale retrospective cohort study applying a propensity score.
J Thorac Cardiovasc Surg 2010;139:1001-1006.

Darling GE, Allen MS, Landreneau RJ, et al. Randomized trial of
mediastinal lymph node sampling versus complete lymphadenectomy
during pulmonary resection in the patient with NO or N1 (less than
hilar) non-small cell carcinoma: results of the ACOSOG Z0030 Trial.
J Thorac Cardiovasc Surg. In press.

Nomori H, Iwatani K, Kobayashi H, et al. Omission of mediastinal
lymph node dissection in lung cancer: its techniques and diagnostic
procedures. Ann Thorac Cardiovasc Surg 2006;12:83-88.

Finley DI, Yoshizawa A, Travis W, et al. Predictors of outcomes after
surgical treatment of synchronous primary lung cancers. J Thorac
Oncol 2010;5:197-205.

Hayes DF, Allred C, Anderson BO, et al. Breast. In: SB Edge, DR
Byrd, CC Compton, et al. (Eds.). AJCC Cancer Staging Manual, 7th
Ed. New York: Springer, 2009. Pp. 347-376.

285

Copyright © 2011 by the International éfgﬂciatégﬂ for the Study of Lung Cancer.



ORIGINAL ARTICLE

Epithelial to Mesenchymal Transition in an Epidermal
Growth Factor Receptor-Mutant Lung Cancer Cell Line with
Acquired Resistance to Erlotinib

Kenichi Suda, MD,*7 Kenji Tomizawa, MD,* Makiko Fujii, DDS, | Hideki Murakami, MD,
Hirotaka Osada, MD,} Yoshihiko Maehara, MD,T Yasushi Yatabe, MD,§ Yoshitaka Sekido, MD,}
and Tetsuya Mitsudomi, MD*

Introduction: Mesenchymal status is related to “inherent resis-
tance™ to gefitinib or erlotinib in non-small cell lung cancer without
epidermal growth factor receptor (EGFR) mutations. In addition, a
recent report showed that the epithelial to mesenchymal transition
(EMT) plays a role in acquired resistance to gefitinib in A549 cells,
which harbor a KRAS mutation. However, recent clinical studies
revealed that gefitinib or erlotinib are highly effective in the treat-
ment of non-small cell lung cancer with EGFR mutations.
Methods: We developed resistant cells (HCC4006ER) from erlo-
tinib-sensitive HCC4006 cells harboring an EGFR deletion mutation
by chronic exposure to increasing concentrations of erlotinib. Ac-
quired resistance mechanisms of HCC4006ER cells were analyzed.
Results: Neither known resistance mechanisms nor novel molecules
that may confer erlotinib resistance were identified using candidate
or comprehensive analyses. In addition, HCC4006ER cells lost
dependency for EGFR. However, we found that HCC4006ER cells
acquired a mesenchymal phenotype and exhibited down-regulation
of E-cadherin expression (2.7 X 107 times compared with parental
cells). We also found that the histone deacetylase inhibitor, MS-275,
restored E-cadherin expression and moderate sensitivity to erlotinib
in HCC4006ER cells, on the other hand, transforming growth factor
beta, an inducer of EMT, led to moderate erlotinib resistance in
HCC4006 parental cells.

Conclusions: This is the first report of a relationship between EMT
and erlotinib acquired resistance in an erlotinib sensitive £GFR-
mutant lung cancer cell line. Our results indicate that it would be
important to consider the influence of EMT in the development of
treatments against acquired resistance to gefitinib or erlotinib.
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omatic mutations in the epidermal growth factor receptor

(EGFR) gene are associated with significant clinical re-
sponses to orally available EGFR tyrosine kinase inhibitors
(TKIs) in patients with non-small cell lung cancer (NSCLC).
Although approximately 70 to 80% of the patients harboring
EGFR mutations respond to these drugs,!* acquired resis-
tance develops in almost all patients, which limits the
improvement of the outcomes of patients. EGFR secondary
mutations that cause drug-binding deficiency or activation
of alternative survival pathways have been reported as part
of the molecular mechanisms underlying these acquired
resistances.>-19

Mesenchymal status is related with “inherent resis-
tance” to gefitinib or erlotinib in in vitro models,'’~# in
xenograft models,'"'* and in clinical cases'> of NSCLC.
These reports provide a reason why some NSCLC cells
without EGFR mutations have moderate sensitivity to ge-
fitinib or erlotinib, whereas EGFR-mutant NSCLC cells vir-
tually exhibit epithelial phenotypes.!s
In this study, we developed resistant cells from the

erlotinib-sensitive HCC4006 cell line, which harbors an
EGFR mutation. Analyses of acquired resistance mechanisms
led to the identification of epithelial to mesenchymal transi-
tion (EMT) features in cells exhibiting acquired resistance.
This is the first report indicating the involvement of EMT in
acquired resistance to EGFR-TKIs in erlotinib sensitive
EGFR-mutant lung cancers.

MATERIALS AND METHODS

Cell Lines and Reagents

The EGFR mutant human lung adenocarcinoma cell
line HCC4006 (del L747_E749, A750P) was the kind gift
of Dr. Adi F. Gazdar. HCC4006 cells were cultured in
RPMI1640 medium supplemented with 5% fetal bovine se-
rum (FBS) and 1X antibiotic—antimycotic solution (Invitro-
gen, Carlsbad, CA) at 37°C in a humidified incubator with

1
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5% CO,. The identity of the HCC4006 cells was confirmed at
the beginning of this study by the identification of the rare
type of EGFR deletion mutation in this cell line.

Erlotinib was kindly provided by Hoffmann-La Roche,
Inc. (Nutley, NJ). The selective MET inhibitor PHA-665,752
and the selective transforming growth factor beta (TGFbeta)
receptor I inhibitor SD208 were purchased from Tocris Bio-
science (Ellisville, MO) and Sigma-Aldrich Co. (St. Louis,
MO), respectively. The allosteric MEK inhibitor PD0325901
and AKT 1/2 kinase inhibitor were purchased from Wako
(Osaka, Japan). The histone deacetylase (HDAC) inhibitor
MS-275 was purchased from Selleck Chemicals (Houston,
TX). Human TGFbeta 1 was purchased from R&D Systems
(Minneapolis, MN).

Generation of In Vitro Erlotinib-Resistant
HCC4006 Cells

Erlotinib-resistant HCC4006 (HCC4006ER) cells were
developed by chronic, repeated exposure to increasing concen-
trations of erlotinib, from 20 nM to 2 uM, as described previ-
ously.” The concentration of erlotinib was increased stepwise
when the cells resumed proliferation, similar to the pattern in
untreated parental cells. Two clones (HCC4006ER4 and ERS)
were isolated by limiting dilution.

Cell Proliferation Assay

Cell proliferation was measured using TetraColor ONE
(Seikagaku-kogyo, Tokyo, Japan), according to the manufac-
turer’s instructions. Briefly, tumor cells (3 X 10%) were plated
into each well of 96-well flat-bottomed plates and were
grown in RPMI1640 containing 5% FBS. Twenty-four hours
later, dimethyl sulfoxide (DMSO), erlotinib, PHA-665,752,
PDO0325901, AKT 1/2 kinase inhibitor, SD208, or a combi-
nation of these drugs was added to the indicated drug con-
centration, and cells were incubated for an additional 72
hours. MS-275 was added at the initial cell plating. A color-
imetric assay was performed after addition of 10 ul Tetra-
Color ONE to each well, and the plates were incubated at
37°C for 1 hour. Absorbance at 450 nm was read using a
multiplate reader. Percent growth was determined relative to
DMSO-treated controls.

Preparation of DNA and RNA

Genomic DNA was extracted using a FastPure DNA
Kit (Takara Bio, Otsu, Japan), according to the manufacturer’s
protocol. Total RNA was prepared using a mirVana miRNA
Isolation Kit (Qiagen, Valencia, CA), according to the man-
ufacturer’s protocol. Random-primed, first-strand comple-
mentary DNA was synthesized from total RNA using Super-
script I (Invitrogen), according to the manufacturer’s
instructions.

Mutation Analysis

Mutation analysis of exons 18 to 21 of the EGFR gene
and exons 1 to 2 of the KRAS gene was performed by direct
sequencing after one-step reverse transcription polymerase
chain reaction (RT-PCR) from total RNA using the Qiagen
OneStep Reverse Transcription PCR Kit (Qiagen), as re-
ported previously.!¢

Gene Copy Number Analysis

The number of copies of the MET gene relative to a
LINE-1 repetitive element was measured using quantitative
real-time PCR using the SYBR Green Method (Power SYBR
Green PCR Master Mix; Qiagen) on an ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems, Foster
City, CA) as described previously.”-!7 Normal genomic DNA
was used as a standard sample.

Phospho-Receptor Tyrosine Kinase Array
Analysis

A Human Phospho-RTK Array Kit (R&D Systems) was
used to measure the relative level of tyrosine phosphorylation of
42 distinct receptor tyrosine kinases (RTKs). HCC4006 and
HCCA4006ERS cells were cultured in RPMI1640 containing
5% FBS until subconfluency. The media was changed to 5%
FBS containing DMSO or 2 uM erlotinib, respectively, for
24 hours, and the cells were lysed with NP-40 lysis buffer,
according to the manufacturer’s protocol. The arrays were
blocked with blocking buffer and incubated with 450 ug of
cell lysate overnight at 4°C. The arrays were washed, incu-
bated with a horseradish-peroxidase-conjugated phospho-
tyrosine detection antibody, treated with ECL solution (GE
Healthcare, Buckinghamshire, UK), and exposed to film.

Phospho-Kinase Array Analysis

A Human Phospho-kinase Array Kit (R&D Systems) was
used to measure the relative level of phosphorylation of 46
distinct intracellular kinases. HCC4006 and HCC4006ERS cells
were cultured in RPMI1640 containing 5% FBS until subcon-
fluency. The media was changed to 5% FBS containing 2 uM
erlotinib for 8 hours, and the cells were lysed using the lysis
buffer provided. The arrays were blocked with blocking
buffer and incubated with 450 ug of cell lysate overnight at
4°C. The arrays were washed and incubated with a biotinyl-
ated antibody for 2 hours. The arrays were washed again,
incubated with a streptavidin—horseradish-peroxidase-conju-
gated detection antibody, treated with ECL solution, and
exposed to film.

Antibodies and Western Blot Analysis
Antiphospho-EGFR, anti-EGFR, antiphospho-insulin-
like growth factor I receptor (IGF-IR), anti-IGF-IR, antiphos-
pho-Akt, anti-Akt, antiphospho-extracellular signal-regulated
kinase (ERK), anti-ERK, anti-E-cadherin, antivimentin, anti-
SMAD?2/3, antiphospho-SMAD?2, and antiphospho-SMAD3
antibodies were purchased from Cell Signaling Technology
(Beverly, MA). The antibeta actin antibody was purchased
from Sigma (St Louis, MO). Anti-SMAD4, anti-TGFbeta-
receptor I, and anti-TGFbeta-receptor II antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
The preparation of total cell lysates and immunoblot-
ting was performed as described previously. Briefly, cells
were cultured until subconfluency, and media was changed to
5% FBS containing DMSO or the indicated concentration of
the various drugs. After 8 hours, cells were rinsed with
phosphate-buffered saline, lysed in sodium dodecyl sulfate
sample buffer, and homogenized. Total cell lysate (30 ng)
was subjected to sodium dodecyl sulfate polyacrylamide gel
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electrophoresis and transferred to Immobilon-P polyvi-
nylidene difluoride membranes (Millipore, Bedford, MA).
After blocking with 5% nonfat dry milk, membranes were
incubated with primary antibodies, washed with phosphate-
buffered saline, reacted with secondary antibodies, treated
with ECL solution, and exposed to film.

EGFR siRNA Transfection

HCC4006 and HCC4006ERS cells were reverse trans-
fected using scrambled siRNA or one of two kinds of spe-
cific, validated siRNAs for EGFR (Applied Biosystems)
using the Lipofectamine RNAIMAX transfection reagent (In-
vitrogen), according to the manufacturer’s instructions.

Microarray Analysis

Agilent human whole-genome microarray analyses
were performed to assess differences in gene expression
between HCC4006 and HCC4006ERS cells. Each of the cell
lines was cultured in RPMI1640 containing 5% FBS until
subconfluency. The media was changed to 5% FBS contain-
ing 2 uM erlotinib for 8 hours, and total RNA was isolated.
RNA quality was confirmed using the Agilent 2000 Bioana-
lyzer, and 200 ng of each total RNA was used for probe
generation and hybridization. HCC4006ERS cells (labeled
with cyanine-5) were characterized by comparison with
HCC4006 (labeled with cyanine-3) cells on a single slide.
The microarray slide was read using an Agilent Scanner,

and the Agilent Feature Extraction software was used to
calculate gene expression values. We performed a gene-set
enrichment analysis (GSEA) to identify gene-signature-
based differences.!®

Quantitative Real-Time RT-PCR

Quantitative real-time RT-PCR was performed on first-
strand complementary DNA using TagMan probes and the
TagMan Universal PCR Master Mix (Applied Biosystems).
TagMan probes for EGFR, human EGF receptor 2 (HER2),
HER3, HER4, and phosphatase and tensin homolog (PTEN)
were purchased from Applied Biosystems, and the amplifi-
cation was performed on an ABI PRISM 7900HT Sequence
Detection System (Applied Biosystems), according to the
manufacturer’s instructions. Quantification was performed in
triplicate, and the level of expression of 18S rRNA was used
as an internal control.

RESULTS

In Vitro Erlotinib-Resistant HCC4006 Cells Did
Not Harbor Known TKI-Resistance Mechanisms
First, we generated two HCC4006 cell clones that were
resistant to erlotinib (designated as HCC4006ER4 and ERS)
by growing cells in increasing concentrations of erlotinib (to
a final concentration of 2 uM) for up to 4 months in vitro, as
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20 peated exposure to increasing con-
- centrations of erlotinib. A,
HCC4006ER cells were resistant to
0 0005 0041 037 33 erlotinib. HCC4006 or HCC4006ER5
0014 012 1.1 10 . cells were incubated for 24 hours
Erlotinib (uM) HCCA400BERS: erlotinib 2uM and an additional 72 hours with the
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B tinib, and cell growth was assessed.
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HCCA4006ERDS5: erlotinio 2uM

B, Analysis of activated receptor
tyrosine kinases (RTKs) using a Hu-
man Phospho-RTK Array Kit. Whole-
cell extracts from HCC4006 and
HCC4006ERS5 cells exposed for 24
hours to the indicated drugs were
incubated with the arrays, and
phosphorylation status was deter-
mined. Each RTK was spotted in du-
plicate, and the pairs of dots in
each corner are positive controls. C,
Morphological differences observed
between HCC4006 and
HCC4006ER5 cells.
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described previously.”' HCC4006ER cells were more than
500 times more resistant to erlotinib (and to gefitinib, data not
shown) compared with the parental HCC4006 cells (Figure
14). We found remarkable differences between HCC4006ER
cells and parental HCC4006 cells regarding their appearance.
The morphological changes observed in the resistant cells
included loss of intercellular connection and loss of polarity
(Figure 1B, left and right panels).

First, we extracted RNA and DNA from HCC4006ER4
and ER5 cells and performed analyses of mutation, amplifi-
cation, or gene expression for the various candidate genes.
Mutation analyses revealed that neither secondary mutations
in exons 18 to 21 of the EGFR gene (including T790M) nor
mutations in exons 1 to 2 of the KRAS gene were detected in
the resistant cells, although the resistant cells preserved
EGFR deletion mutation in exon 19. The MET gene copy
number in the resistant cells, as assessed using quantitative
real-time PCR, was identical to that observed in the parental
cells and to that of normal DNA. The expression of the PTEN
gene in the resistant cells, as assessed using quantitative
real-time RT-PCR, was also identical to that found in the
parental cells. In addition, the MET inhibitor PHA-665,752
did not restore erlotinib sensitivity in resistant cells.

A
P-EGFR
EGFR
P-IGF-IR
IGF-IR
FIGURE 2. Analyses of intracellular signaling P-Akt
pathways and epidermal growth factor receptor
(EGFR) dependency in HCC4006 and Akt
HCC4006ERS cells. A, Cells were incubated for 8 —
hours with the indicated concentrations of erlo- P-ERK1/2
tinib, and changes in EGFR- or insulin-like growth
factor | receptor (IGF-IR)-related signals were ana- ERK1/2
lyzed using Western blotting. B, Analysis of acti-
vated intracellular kinases using the Human Phos- C
pho-kinase Array Kit. Whole-cell extracts from
HCC4006 and HCC4006ERS5 cells exposed to 2 SIRNA:
uM erlotinib for 8 hours were incubated with the
arrays, and phosphorylation status was deter- T-EGFR
mined. Each kinase was spotted in duplicate and
the pairs of dots in each corner (with the excep- P-Akt
tion of the right-lower corner) are positive
controls. C, Confirmation of EGFR knockdown us- Akt
ing two different siRNAs. HCC4006ERS5 cells were
reverse-transfected with the indicated siRNA, incu- P-ERK1/2 |
bated for 72 hours, and EGFR-related signals were
analyzed using Western blotting. D, HCC4006ER ERK1/2 |

cells were EGFR independent. HCC4006 or
HCC4006ERS5 cells were reverse-transfected with
control siRNA or EGFR2 siRNA, incubated for 24
hours and an additional 48 hours with the indi-
cated concentrations of erlotinib (Er.), and cell
growth was assessed.

4

Therefore, we analyzed the activation of RTKs compre-
hensively using a phospho-RTK array. Although HCC4006 cells
exhibited activation of HER family members and MET in the
absence of erlotinib (Figure 1C, top), phospho-RTK array
analysis of HCC4006ERS cells showed a remarkable de-
crease in the phosphorylation of EGFR, without activation of
any other RTKs (Figure 1C, bottom).

In addition, we analyzed the expression of EGFR and
IGF-IR, the activation of which reportedly causes acquired
resistance to gefitinib in A431 cells,® using immunoblot analysis
{(Figure 24). The basal EGFR activity in HCC4006ERS cells
was lower, compared with that observed in parental cells. In
addition, erlotinib inhibited the phosphorylation of EGFR effec-
tively in both cell lines. In contrast, the level of phosphorylation
of IGF-IR was slightly increased in HCC4006 parental cells in
the presence of 1 uM erlotinib; however, phospho-IGF-IR was
not detected in HCC4006ERS cells, regardless of the concen-
tration of erlotinib.

HCC4006ERS5 Cells Lost Dependency for EGFR
Next, we analyzed whether HCC4006ERS cells re-

tained dependency for EGFR using two kinds of validated

siRNAs (Figure 2C). Although siRNA-mediated knockdown
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FIGURE 3. Growth inhibitory effects of the
MEK inhibitor and/or the Akt inhibitor. A-C,
HCC4006 or HCC4006ERS5 cells were incu-
bated for 24 hours and an additional 72
hours with indicated concentrations (nM) of
the MEK inhibitor PD0325901 (PD; A), with
the Akt inhibitor AKT 1/2 Kinase Inhibitor
(AKT; B), or with the combination (Comb)
of both drugs (C), and cell growth was as-
sessed. D, Cells were incubated for 8 hours
with 2 uM of the indicated drug(s), and
activations of Akt or ERK were analyzed us-
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of EGFR suppressed the survival of the parental cells effec-
tively to a level that was similar to that obtained after
erlotinib addition, knockdown of EGFR did not affect cell
viability in HCC4006ERS cells irrespective of the presence of
erlotinib (Figure 2D).

HCC4006ERS5 Cells Maintained the Activity of
ERK and Akt in the Presence of Erlotinib

Next, we analyzed the activation of RTK downstream
molecules using immunoblot analysis (Figure 24) and iden-
tified that the activity of ERK and Akt was maintained in
HCC4006ERS cells, but not in parental cells, in the presence
of erlotinib. This was consistent with the result that siRNA-
mediated EGFR knockdown did not affect the phosphoryla-
tion of ERK and Akt in HCC4006ERS cells (Figure 2C). In
addition, we analyzed the differences in intracellular kinase
activation comprehensively using a phospho-kinase array;
however, we just confirmed the phosphorylation of ERK and
Akt in HCC4006ERS cells (Figure 2B).

Therefore, we examined whether the ERK inhibitor
(PD0325901), the Akt inhibitor (AKT 1/2 Kinase Inhibitor), or

Copyright © 2011 by the International Association for the Study of Lung Cancer

ing Western blotting.

the combination of both drugs can suppress the growth of
HCC4006ERS cells. HCC4006 parental cells and HCC4006ERS
cells both showed moderate sensitivity to PD0325901
(Figure 34); however, HCC4006ER5 cells were more
resistant to Akt inhibition compared with parental cells
(Figure 3B). Combination of 1 uM of each drugs effec-
tively inhibited the growth of HCC4006 parental cells but
not of the resistant cells (Figure 3C), although both drugs
worked well in both cell lines (Figure 3D).

Gene-Expression Profiling for the Identification
of Molecules and Pathways Involved in
Acquired Resistance to Erlotinib in
HCC4006ERS Cells

We performed a DNA microarray analysis to identify
genes that are overexpressed or suppressed in HCC4006ER5
cells compared with parental cells. The evaluation of the
expression levels of RTKs led to the identification of a
decrease in the expression of HER family members in
HCC4006ERS cells (Figure 44), which was confirmed using

5
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HCC4006ER5 cells was identified
using Western blotting.

quantitative real-time RT-PCR. In contrast, we observed an
increase in the expression of several RTKs in HCC4006ERS
cells (e.g., fibroblast growth factor receptor 1, EPH receptor
A2, platelet-derived growth factor receptor, alpha polypep-
tide [PDGFRA], PDGFRB, KIT, and chemokine [C-X-C
motif] receptor 4 [CXCR4]); however, most of these mole-
cules were included in the phospho-RTK array analysis
described earlier. We performed siRNA-mediated knock-
down of CXCR4, which was not included in the phospho-
RTK array; however, the suppression of CXCR4 did not
restore erlotinib sensitivity in HCC4006ERS cells (data not
shown). We also found 16 times increase in the expression of
ATP-binding cassette, subfamily B (MDR/TAP), member 1
(4BCBI) in HCC4006ERS5 cells. However, simple involve-
ment of multidrug resistance pumps for acquired resistance
mechanism in HCC4006ER cells would not be possible,
because HCC4006ER cells lost EGFR dependency (Figures
2C, D) and erlotinib effectively inhibited the phosphorylation
of EGFR in HCC4006ER cells (Figure 24).

Actin

NOM-p: 0.0016, FDR-q: 0.021

The most notable gene expression feature observed in
HCC4006ERS cells was the down-regulation (2.7 X 1073
times) of E-cadherin, which is a marker of the epithelial
phenotype. Conversely, markers of the mesenchymal phe-
notype were up-regulated in HCC4006ERS5 cells: vimentin,
2.2 times; fibronectin, 3.0 times; and zinc finger E-box
binding homeobox 1{ZEBI), 4.4 times. Loss of E-cadherin
expression was confirmed using immunoblotting analysis
(Figure 4B). These expression features and morphological
changes, the loss of intercellular connection, and the loss
of polarity were consistent with the presence of EMT in
HCC4006ERS cells.

Microarray data were ranked according to the ratio of the
levels of expression detected in HCC4006ERS cells to that
observed in HCC4006 cells. Subsequently, we performed
GSEA, which is a gene-expression profiling analytical method
that was developed recently.!® The results showed that gene sets
involved in the TGFbeta signaling pathway were up-regulated in
HCC4006ERS cells (Figure 4C). This was consistent with the
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EMT feature observed in HCC4006ERS cells, as TGFbeta is a
ligand that induces EMT.20 Next, we analyzed the TGFbeta
receptors 1 and II, as well as downstream molecules, using
immunoblot analysis. However, the only obvious difference
detected was the decrease in the phosphorylation of SMAD2 in
HCCA4006ERS cells (Figure 4D). In addition, SD208, which
is a selective TGFbeta receptor I kinase inhibitor, did not
restore remarkable erlotinib sensitivity in HCC4006ERS5
cells (Figure 54).

The HDAC Inhibitor Restored E-Cadherin
Expression and Moderate Erlotinib Sensitivity
in HCC4006ERS5 Cells

Therefore, we analyzed whether the restoration of
E-cadherin sensitize HCC4006ERS cells to erlotinib. Refer-
ring to the previous report, we treated HCC4006ERS cells
with the HDAC inhibitor, MS-275, and identified that
E-cadherin was restored after 72 hours treatment of 1 uM
MS-275 (Figure 5B). Interestingly, MS-275 treatment
induced moderate suppression of Akt and ERK activity in
HCC4006ERS5 cells in response to erlotinib (Figure 35B).
In addition, we identified that the combination of 1 uM
MS-275 and erlotinib moderately inhibited the growth of
HCC4006ERS cells (Figure 5C).

tivity to erlotinib in HCC4006ERS5 cells. A, SD208
did not restore remarkable erlotinib (Er.) sensitivity
in HCC4006ERS5 cells. HCC4006ERS5 cells were in-
cubated for 24 hours and an additional 72 hours
with the indicated concentrations (nM) of erlo-
tinib with/without 5 uM SD208, and cell growth
was determined. B, Expression of E-cadherin and
downstream signaling of EGFR in HCC4006 cells
and in HCC4006ERS5 cells treated with/without
MS-275 and erlotinib were assessed using Western
blotting. C, MS-275 restored moderate erlotinib
sensitivity in HCC4006ER5 cells. HCC4006ERS
cells were incubated with/without 1 uM MS-275
for 24 hours and an additional 72 hours with indi-
cated concentration of erlotinib (nM) with/with-
out MS-275, and cell growth was determined.

Addition of TGFbeta Mimicked EMT and
Acquired Resistance in HCC4006 Cells

To examine the involvement of EMT in acquired re-
sistance in HCC4006 cells, we cultured these cells in the
presence of 2 ng/ml of TGFbeta, a ligand that induces EMT,
for 2 weeks. As shown in Figure 64, HCC4006/TGFbeta cells
acquired morphological changes that were similar to those of
HCC4006ERS cells. Analyses of response to erlotinib re-
vealed that HCC4006/TGFbeta cells were moderately resis-
tant to erlotinib compared with parental cells and that resis-
tance was restored by the addition of 5 uM SD208 (Figure
68). Immunoblot analyses showed an increase in the phos-
phorylation of SMAD2 and down-regulation of E-cadherin in
HCC4006/TGFbeta cells, with maintenance of the level of
phosphorylation of ERK and Akt in the presence of erlotinib
(Figure 6C). The removal of TGF-beta for 2 weeks canceled
the morphological changes and resistance to erlotinib ob-
served in HCC4006/TGFbeta cells.

DISCUSSION
EMT is a process in which epithelial cells that are
organized, polarized, and tightly connected transdifferentiate
into disorganized mesenchymal cells, which is accompanied
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by changes in the expression of molecular marker proteins
(e.g., down-regulation of E-cadherin and up-regulation of
vimentin, fibronectin, and N-cadherin).2!-?2 The relationship
between EGFR-TKI sensitivity and changes from mesenchy-
mal to epithelial status, or vice versa, has been reported in
NSCLC without EGFR mutations.!223-2* Witta et al.!? re-
ported that transfection of E-cadherin into H157 cells (a
KRAS mutant cells with a mesenchymal phenotype), or pre-
treatment with MS-275, which induces the expression of
E-cadherin, increased their sensitivity to gefitinib. In contrast,
Thomson et al.?3 reported that TGFbeta-treated H358 cells (a
KRAS mutant cells with an epithelial phenotype) acquired a
mesenchymal phenotype and lost their moderate erlotinib
sensitivity. In addition, Rho et al.2* generated a cell line that
was more resistant to gefitinib from A549 cells (KRAS mu-
tant), which are moderately resistant to gefitinib, and showed
that EMT occurred in A549 gefitinib-resistant cells. Although
these reports dealt with NSCLC without EGFR mutations, in
this study we showed that an FGFR-mutant NSCLC cell line
with acquired resistance to erlotinib also exhibited an EMT
phenotype. Although our findings are the same with above
previous studies, this study has much significance because
EGFR-TKIs are very effective in patients with lung cancer
with EGFR mutations but not in patients with wild-type
EGFR (including those with KRAS mutations).

In this study, we found significantly increased expres-
sion of gene set that is related to the TGFbeta signaling
pathway, as assessed using GSEA. Although very recent
study by Yao et al.?> has shown that erlotinib hyper-resistant
cells established from H1650 cells (EGFR mutant, but erlo-
tinib resistant due to PTEN deletion) displayed mesenchymal-
like features and harbored increased TGFbeta-dependent
IL-6 secretion, we failed to identify further evidence that

showed the involvement of TGFbeta in acquired resistance
to erlotinib. In addition, the expression level of IL-6 in
HCC4006ERS cells in this study was identical to that
observed in parental cells, contrasting with the study by
Yao et al. Because TGFbeta is a inducer of EMT, we
suggested that unidentified cause(s), other than TGFbeta,
increased expression of genes similar to those induced by
TGFbeta addition and eventually conferred EMT-like phe-
notype on HCC4006ER cells.

HCC4006ERS cells were also resistant to EGFR knock-
down by siRNA transfection. This was in contrast with what
was observed in parental HCC4006 cells, which indicates that
HCC4006ERS cells lost “EGFR addiction.” This suggests the
involvement of the activation of other oncoprotein(s) or other
oncogenic pathway(s). First, we ruled out the involvement of
MET? or IGF-IR,® which cause EGFR-TKI resistance in
NSCLC. Down-regulation of PTEN also reportedly cause
erlotinib primary resistance2¢ or acquired resistance to cetux-
imab?’? or gefitinib,?® respectively, in EGFR-mutant lung
cancer cell lines. Nevertheless, the level of expression of
PTEN in HCC4006ER cells was identical to that observed in
parental cells. The involvement of autocrined hepatocyte
growth factor was also ruled out, as the MET inhibitor did not
restore erlotinib sensitivity in HCC4006ER cells. In addition,
we did not identify any other “targetable oncoprotein” can-
didates in HCC4006ERS cells (other than EGFR) using
phospho-protein (RTK and intracellular kinase) array analy-
ses or a gene expression assay. These results suggest that
mesenchymal status, and not a specific oncogenic activated
protein, confers resistance to erlotinib in HCC4006 cells.

Although the “primary change” observed in HCC4006ER
cells was not clear, we found that the HDAC inhibitor,
MS-275, restored E-cadherin expression and moderate erlo-
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tinib sensitivity in HCC4006ER5 cells. We used MS-275
because this drug was used in the similar experiments'? and
was reported to reverse EMT in vivo.2? Although the addition
of MS-275 might confer combined effects rather than simple
restoration of E-cadherin, our results would have clinical
significance because HDAC inhibitors, including MS-275,
are now under clinical development. Combination therapy
for an HDAC inhibitor and erlotinib may be effective
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