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cause (cigarette smoking), preventing the disease in high-risk
Background: Conventional cytologic analysis of sputum is an groups (chemoprevention trials), diagnosing the disease at an
insensitive test for the diagnosis of non-small-cell lung can- early curable stage, and developing new adjuvant and neoad;j
cer (NSCLC). We have recently demonstrated that polymer- vant protocols. Each of these strategies has met with limiteds
ase chain reaction (PCR)-based molecular methods are moresuccess. Z
sensitive than cytologic analysis in diagnosing bladder can-  Conventional cytologic analysis of sputum has not improved
cer. In this study, we examined whether molecular assays overall survival when added to a screening program of annuaf
could identify cancer cells in bronchoalveolar lavage (BAL) chest radiography for the early diagnosis of lung car{8et). i
fluid. Methods: Tumor-specific oncogene mutations, CpG- Molecular techniques have identified tumor-specific oncogenes
island methylation status, and microsatellite alterations in mutations in cytologically negative sputum samples obtained:
the DNA of cells in BAL fluid from 50 consecutive patients from patients before the diagnosis of lung can@gr However,
with resectable (stages | through llla) NSCLC were assessed the impressive sensitivities achieved by molecular techniques i
by use of four PCR-based techniqueskResults:Of 50 tumors, this series were obtained in patients with dysplasia found by
28 contained a p53 mutation, and the identical mutation was cytologic analysis of sputum. §
detected with a plaque hybridization assay in the BAL fluid In the present study, we examined the frequency of tumor4
of 39% (11 of 28) of the corresponding patients. Eight of 19 specific oncogene mutations, CpG-island methylation status3.
adenocarcinomas contained a K-ras mutation, and the iden- and microsatellite alterations in 50 consecutive, prospectivelyi
tical mutation was detected with a mutation ligation assay in collected bronchoalveolar lavage (BAL) samples from patientss
the BAL fluid of 50% (four of eight) of the corresponding with resectable NSCLC.
patients. The pl6 gene was methylated in 19 of 50 tumors,
and methylated p16 alleles were detected in the BAL fluid of MATERIALS AND METHODS
63% (12 of 19) of the corresponding patients. Microsatellite
instability in at least one marker was detected with a panel
of 15 markers frequently altered in NSCLC in 23 of 50 tu- Primary tumor, blood, and BAL fluid were collected prospectively from 50
mors; the identical alteration was detected in the BAL fluid consecutive patients undergoing surgical resection of NSCLC by a single sur-
of 14% (three of 22) of the corresponding patients. When all geon at The Johns Hopkins Hospital or the Johns Hopkins Bayview Medical?
four techniques were used, mutations or microsatellite insta- Qenter. BAL fluid was coI_Iected during flexible bronchoscopy_p_erformed at the‘CSD
bility was detected in the paired BAL fluid of 23 (53%) of the time of pulmonary resection. Lavage was performed after gmdlng the bronch(_)g
. . . . . scope into the segmental bronchus of the pulmonary lobe most likely to contairg
43 F?a“ems with tumors .Carrymg a g.e.n.euc alteration. Qon- the tumor on the basis of earlier bronchoscopic and/or radiographic evaluation-~
clusion: Although still limited by sensitivity, molecular diag-  aliquots of 20 mL of warm saline were injected into the lobe until a volume of ;o>
nostic strategies can detect the presence of neoplastic cells irat least 30 mL was collected in a specimen trap. The BAL fluid was thenS.
the proximal airway of patients with surgically resectable transported to the laboratory on ice and centrifuged at 480010 minutes at =~ 1

NSCLC. [J Natl Cancer Inst 1999;91:332-9]. 4°C. The cell pellet was then collected and stored at —-80 °C. Lymphocytes weré?
collected from blood and used as a source of normal DNA. Tumor samples were

promptly frozen at —80 °C after initial gross pathologic examination.

Lung cancer is the |eading cause of cancer-related death&is research protocol was approved by the Joint Committee on Clinical
among both males and females in the United St(‘ﬂﬁaslt was [Investigation of The Johns Hopkins School of Medicine in accord with an
estimated that more than 170000 new cases of primary lung
cancer would be diagnosed in this country in 1998 and that more
than 160000 people will die of the diseads. Surgical resec-  Affiliations of authors:S. A. Ahrendt, P. A. Decker, Department of Surgery,
tion remains the most effective form of treatment for non-smafyiedical College of Wisconsin, Milwaukee; J. T. Chow, L.-H. Xu, C. F. Eisen-
cell Iung cancer (NSCLC)' however. at the time of diagnosiﬁerger, L. Wu, J. Jen, D. Sidransky (Department of Otolaryngology-Head and

e

wspeoe

Sample Collection

CBEYSC/CEEIVILB/RI0

leck Surgery), S. C. Yang (Department of Surgery), M. Esteller, J. G. Herman

more than 65% of all patients will have advanced disease tha The Oncology Center), The Johns Hopkins School of Medicine, Baltimore, MD.

no longer amenable to curative therapy. In addition, a largécorrespondence tddavid Sidransky, M.D., Department of Otolaryngology-
percentage of patients undergoing surgical resection ultimatelad and Neck Surgery, The Johns Hopkins School of Medicine, 720 Rutland
die of recurrent NSCLC, demonstrating the frequent presenceéaé., Baltimore, MD 21205-2196 (e-mail: dsidrans@welchlink.welch.jhu.edu).
occult metastatic disease at the time of diagn(&isAttempts to ~ See‘Notes” following “References.”

improve lung cancer survival have focused on eliminating tlgeOxford University Press
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assurance filed with the U.S. Department of Health and Human Services. Writ@higonucleotide Hybridization
informed consent was obtained from all patients.

Pathologic stage was determined by the revised International System for Stag®AL samples from patients found to have a p53 mutation in their primary
ing Lung Cancer(6). Tumors were classified as peripheral, parenchymal, gHmor were analyzed for the presence of tumor-specific p53 mutations with
central on the basis of preoperative radiographic studies, bronchoscopic or @ffonucleotide plaque hybridization. The exon containing the p53 mutation was
erative findings, and pathologic analysis. Peripheral tumors were located a@gtPlified for 35 cycles (94 °C for 30 seconds, 58 °C for 1 minute, and 70 °C for
within 1 cm of the visceral pleura. Central tumors were visible on bronchoscopy™inute) from the primary tumor, lymphocytes, and BAL fluid with primers

or involved the main lobar bronchus upon pathologic examination. The remaﬁ?maming, EcoRI sites (exon 5, 4S ESGTAGGAATTCACTTGTGCC(?T'
ing tumors were classified as parenchymal. GACTT-3'] and 5ASECO [5ATCGAATTCAGACCTAAGAGCAAT-3'];

Portions of the primary tumor were cut intoufn sections, stained with e;(?r;-?cgsffgrEé;%i?ggig?gé%iiC;CTGATT3] a7n gEeégE%O
hematoxylin—eosin, and examined by light microscopy. Additionajufr?sec- [5'- -3]; exon 7, [

ATCGAATTCTCCCCAAGGCGCACT-3] and 7ASECO [8-

tions were cut and placed in a mixture of 1% sodium dodecyl sulfate a )
proteinase K (0.5 mg/mL) at 48 °C overnight. Tumors with a low neoplastlgdrCGAATTcGGTAAGAGGTGGGCC_:”' exon 8, 8SECO [5

cellularity (<70%) were further microdissected to remove contaminatin norm'&TCGAATTCAAATGGACAGGTAGA-3,] and BASECO [S-
ulanty 0 u 9 CGAATTCTTGTCCTGCTTGCTT-3]; and exon 9, 9SECO [5

cells. The BAL cell pellet was also digested in 1% sodium dodecyl SUIfati/TCGAATTCTCTGTTGCTGCAGAT-3] and 9ASECO [5-

proteinase K (0.5 mg/mL) as described above. DNA was then extracted f"Anf‘CGAATTCTGAGGTCACTCACCTGGA-S]). The PCR products were then
either type of sample with phenol/chloroform and precipitated with ethanol. cloned into a bacteriophage vector (Stratagene Cloning Systems, La Jolla, CA)
and amplified further irfEscherichia colicells (7). Between 500 and 1000 clones
p53 Sequencing were transferred to nylon membranes (NEN Research Products, Boston, MA
and hybridized witt*2P-end-labeled oligonucleotide probes specific for the p53 3.
) mutation identified in each patient’'s primary tumor as previously described &
A 1.8-kilobase fragment of the p53 gene (also known as TP53) (exonsReqretical sensitivity= 1: 1000 to 1: 10 000J5). Hybridizing plaques signi- §
through 9) was amplified from primary tumor DNA in all 50 patients by polysieq the presence of a mutant p53 gene. After stripping, all filters were hybrid-=
merase chain reaction (PCR) as described previc{7sg). The PCR products jzeq with a wild-type p53 oligonucleotide to identify plagues containing the S
were purified and sequenced directly by cycle sequencing (Amplicycle sequefzerted p53 fragments. All assays included both positive (tumor DNA with the =

ing kit; The Perkin-Elmer Corp., Branchburg, NJ) by use of appropriate sequeRggtation) and negative (tumor DNA with a different mutation and water alone) 3
ing primers(7,8). The products of the sequencing reactions were then separagghtrols. =
by electrophoresis in & urea/6% polyacrylamide gels, fixed, and exposed to
film. K-ras Mutation Ligation Assay
In addition, all 50 tumors were sequenced by use of the Gen@Qi5p assay b ir 6 o fth lified®
(Affymetrix Inc., Santa Clara, CA) by the manufacturer's protocol. Exons A 2:]0' ase-pair q rgﬂ[ﬁ;nt dcclsn’\tlinl?ngxon_l oft _ehK—ras gene was l?lggliclie
through 11 of the p53 gene from each tumor and the normal reference DNA w Pé" the tumor an U 0 pat|ents with nonsquamous
e . ) . ; . adenocarcinoma [r= 19], bronchoalveolar carcinoma fa 6], adenosquamous
amplified as 10 amplicons in a single PCR. Each PCR mixture contained 250'ng _. . . )
. . . carcinoma [n= 1], and large-cell carcinoma [r 1]) as described previously
of genomic DNA, Sl of the pS3 primer set (Affymetrix Inc.), 10 U of g, r o\ oo gene was also amplified from the tumor and BAL fluid DNA of
AmpliTag Gold (The Perkin-Elmer Corp.), PCR buffer Il (The Perkin—EImeF ) g P

Corp.), 2.5 M MgCl,, and all four deoxynucleoside triphosphates (ANTP 7 of the 23 patients wnh squamous cell cancer even though these tumors ha
(each at 0.2 ) in a final volume of 100uL. The reaction tubes were heated een demonstrated previously to only rarely harbor K-ras gene mutdfiohs
' ) This fragment was used as the template for four separate mutation ligation assa)

200%2 fcc:] rfgzlger:é:glesaigd;zhsg ?;bigtse:cgzgg ;ﬁ(c:ilirsleor: ?c?a?irfg zgtzigi%n ﬁ?oretical sensitivity= 1:100 to 1:1000) to detect all possible mutations at
’ Ié-ras codon positions 12a, 12b, 13a, and 13b, as previously des¢fibgd

10 minutes at 72 °C. Forty-five microliters of amplified tumor and referenc
DNA was then fragmer?ted wi.th 0.25 U.of fragmentation reggent. (Aﬁyme_t”K-ras-Enriched PCR
Inc.) at 25°C for 18 minutes in a solution of 2.5 U of calf intestine alkaline
phosphatase, 0.4MhEDTA, and 0.5 nM Tris acetate (pH 8.2), followed by heat A sensitive mutant-enriched PCR technique was also used to screen the tumé&
inactivation at 95 °C for 10 minutes. DNA of 27 patients with nonsquamous NSCLC and all 50 BAL samples for N
The fragmented amplicons were thenedid labeled with fluorescein-labeled K-ras mutationg12). In the first round of amplification, j.g of tumor DNA was
dideoxyadenosine’&monophosphate. Fifty microliters of fragmented DNA wasamplified in 25u.L containing 60 ng of primers, 2.5 U dfagpolymerase (Sigma
incubated at 37 °C for 45 minutes in 1Q0L containing 25 U of terminal Chemical Co., St. Louis, MO), all four dNTPs (each at 0.RIn50 mM KClI,
deoxynucleotidyltransferase (Boehringer Mannheim Biochemicals, Indianapoli§, mM Tris—HCI (pH 8.3), and 1.5 i MgCl, for 20 cycles (94 °C for 1 minute,
IN), terminal deoxynucleotidyltransferase buffer, and (@Ml fluorescein-N6- 56 °C for 1 minute, and 72 °C for 1 minute). Five microliters of the first ampli-
ddATP (where ddATP is dideoxyadenosinetfiphosphate), followed by heat fication products was then digested for 3 hours at 60 °C #hil. The digested
inactivation at 95 °C for 5 minutes. The fluorescein-labeled sample was the€R products were then subjected to a second round of amplification (20 cycle
hybridized in 0.5 mL containing 6x SSPE (1x SSPE0.15M NaCl/10 nM  and digestion witlBsiNI as described above. The products of the sedssid|
sodium phosphate [pH 7.4]/IMhEDTA), 0.05% Triton X-100, 1 mg of acety- digestion were then separated by electrophoresis on nondenaturing polyacry§
lated bovine serum albumin, and Rrcontrol oligonucleotide F1 (Affymetrix amide gels and stained with ethidium bromide [theoretical sensitivity : 10*
Inc.) to the p53 probe array for 30 minutes at 45 °C. The probe array was washed : 1¢ (12,13].
four times with wash buffer A and then scanned by laser (HP GeneArray Scan- . .
ner; Hewlett Packard, Wilmington, DE). The emitted light intensity is propo?16 Methylation-Specific PCR
tional to bou_nd tumor DNA at each location on the probe array and was used b ethylation-specific PCR was used to determine the methylation status of the
the GeneChip software to compare the nucleotide sequence of the tumor Dy island of p16 in all 50 tumors and in the matched BAL fluid from 49
to the reference sequence. Intensity patterns differing from the reference sample

were quantified, and sites containing mutant bases were then displayed by t%téents as described4). One microgram of tumor DNA or BAL-fluid DNA

- ; ) . S modified with sodium bisulfite and precipitated with ethanol. The modified
GeneChip software with an assigned score (range, 0-32) corresponding to o -
; . ; - . . was then amplified by use of both methylated- and unmethylated-specific
difference in intensity. The magnitude of the score also varied with the number - .
. ) e . fimers as described 4). PCR products were loaded directly onto nondenatur-
of oligonucleotide probe sets present at a specific site. All sites were covere . : . - . ; .
. . .~ INg 6%—-8% polyacrylamide gels, stained with ethidium bromide, and visualized
two probe sets (one sense and one antisense). In addition, 300 known MISSENSE. Ly illumination [theoretical sensitivity: 1 : 1000(14)]
mutations in the p53 gene were also covered by an additional 14 probe se?s. ' '
Scores exceeding an empirically determined threshold (a score of 13) wWRigcrosatellite Analysis
designated as a mutation. Samples with mutations detected by the GeneChip p53
assay that were not present on the direct sequencing gel were further confirmefifteen markers for microsatellite analysis were selected on the basis of pre-
by repeating the direct sequencing of the involved exon. vious work (our unpublished results), demonstrating frequent microsatellite al-
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terations (expansion or deletion of a repeat unit) in NSGLE). Tumor DNA  NSCLC and were found statistically significantl? (: ,014)
and normal lymphocyte DNA from all 50 patients were examined with the entifgore often in squamous cell cancer (19 [83%] of 23 patients)

panel of 15 microsatellite markers. BAL samples from 24 patients were analyztxf.pan in adenocarcinoma (eight [42%] of 19 patients) Nineteen
with the 15-marker panel, whereas the remaining 26 BAL samples were ex ’

ined only when the corresponding tumor demonstrated microsatellite instabiIEi,<§8%) of 28 p5_>3 mutations in tumors were o!etec?ed with direct
Oligonucleotides were obtained from Research Genetics (Huntsville, AL) 6YCl€ sequencing, and 22 (81%) of 27 mutations in tumors were
synthesized from sequences in the Genome Database (D3S1340, D3s1detected with the p53 GeneChip. Mutations in the K-ras gene
D8S321, D9S242, D11S488, D20S82, D20S85, CSFIR-1, andgAB)With the  were identified in 10 (37%) of 27 patients with non-squamous-
exception of the following loci: UT5307 (SGGATATAGCTGGCAATGGC-3  cell NSCLC, inc|uding e|ght (42%) of 19 patients with adeno-

[sense] and STCGGAATGCCTACTTCCCAG-3 [antisense]), UT5320 (5 carcinoma and two (33%) of six patients with bronchoalveolar

ACCGACAGACTCTTGCCTC-3 [sense] and 5TTGAGATGACCCT- : : : : _
GAGACTG-2 [antisense]), L17686 (SGCACCAATGCTCCAGAAATG-3 Carcinoma. Identical results were obtained with the mutation

[sense] and 5TCATGGTGCCATGATAGGAG-3 [antisense]), L17835 (5 |I9ation assay and the K-ras mutation-enriched PCR. K-ras mu-
TTGCACCACTATACTCCAGC-3 [sense] and 5TCAGTTTAAGGTTCT- tations were detected in two (12%) of 17 squamous cell cancers
CACCTG-3 [antisense]), G29028 (EGCAGTGAGCTGAGATAATGC-3 analyzed with the mutation ligation assay.

[sense] and STCACTAGCAGATGCGATAATG-3 [antisense]), and G08460  Methylated p16 alleles were presentin 19 (38%) of 50 tumors
(5'-TGGCGCTGATGCTCCACATTC-3 [sense] and 5CTGGCTGACA-  tested. Microsatellite instability was identified in 23 (46%) of 50

GATAAAGCACT-3' [antisense]). One marker from each primer pair was IafumOI’S by use of the panel of microsatellite markers. These
beled with T4 polynucleotide kinase (New England Biolabs, Inc., Beverly, MA

PCR amplification was performed with 60 ng of DNA isolated from the tumm},hicrosa‘te,IIite ‘shifts” were S_een in seven tumors (14%) V\_/ithg
normal Iy?nphocytes, anZ BAL fluid as descri?)ed above. Products were separal‘téc?686; five tumors (10%) with D20S82; four tumors (8%) with 5
in 8% denaturing urea/polyacrylamide/formamide gels, followed by autoradioglT5320; three tumors (6%) with L17835; two tumors (4%) with
raphy [theoretical sensitivity= 1 : 100 to 1: 200(16)). D8S321, D20S85, D9S242, and D3S1351; and one tumor (2%%
with each of the following sequences, UT5307, G29028,3
D11S488, ACPB-2, or G08460. The relationship between patho- i

Groups were compared by use of the Fisher exact test (two-tailed)? Alllogic stage and cell type and the presence of p53 mutationss
values are two-sided. K-ras mutations, microsatellite instability, and methylated p16=

alleles is shown in Table 1.
REsuLTS

peoju

Statistical Analysis

e

Primary Tumor BAL Fluid

dno-oiwapeo

The clinical characteristics of 50 patients undergoing pulmo- p53 mutant cells were detected in the BAL fluid of 11 (39%) «
nary resection for NSCLC are shown in Table 1. Twenty-eiglof the 28 patients with p53 mutations in their primary tumor
patients had stage | disease (18 with stage IA and 10 with stg@able 2 and Fig. 1). Four of the 12 tumors with K-ras mutations
IB), 15 patients had stage Il NSCLC (two with stage Ila and 13ad the identical mutation detected in the BAL fluid (Fig. 2).
with stage Ilb), and seven patients had stage llla disease. M@ue mutation ligation assay detected mutations in four samples;
tumor size was 3.7 cm. The histologic type of the 50 tumorshereas the mutant-enriched PCR technique detected a mutatich
included squamous cell cancer £n 23), adenocarcinoma (& in only one sample (also detected by the ligation assay). None og
19), bronchoalveolar carcinoma ¢a 6), adenosquamous carci-the BAL samples from the 32 patients with a wild-type K-ras §
noma (n= 1), and large-cell carcinoma (@ 1). p53 mutations tumor contained a K-ras mutation when the mutation ligation®;
were detected in tumors from 28 (56%) of 50 patients withssay was used. Only one of these 32 BAL samples contained§§

/W00

[

10U

e/

N
(e
Table 1.Frequency of p53 and K-ras mutations, any microsatellite instability, and p16 gene methylation status in the primary tumor from ;
patients with resectable non-small-cell lung cancer §
No. of patients/total No. (%) %
Parameter n* p53 mutations K-ras mutationst Microsatellite instabilityF p16 methylation status%o>
Pathologic stage§ o
IA 18 11/18 (61) 2/15 (13) 7/18 (39) 8/18 (44) g
B 10 5/10 (50) 4/8 (50) 4/10 (40) 4/10 (40) =
A 2 1/2 (50) 1/2 (50) 0/2 2/2 (100)
1B 13 7/13 (54) 4/12 (33) 7/13 (54) 3/13 (23)
1 7 417 (57) 1/7 (14) 5/7 (71) 217 (29)
Total samples 50 28/50 (56) 12/44 (27) 23/50 (46) 19/50 (38)
Tumor cell type
Squamous cell 23 19/23 (83) 2/17 (12) 14/23 (61) 9/23 (39)
Adenocarcinoma 19 8/19 (4R) 8/19 (42) 7119 (37) 9/19 (47)
Bronchoalveolar 6 o/61 2/6 (33) 1/6 (17) 1/6 (17)
Other 2 1/2 (50) 0/2 1/2 (50) 0/2
Total samples 50 28/50 (56) 12/44 (27) 23/50 (46) 19/50 (38)

*n = total number of patients with tumor of given stage or cell type.

tK-ras mutation analysis performed on 17 of 23 squamous cell cancers.

FNumber of tumors containing at least one microsatellite alteration in panel of 15 markers tested.
§Staging using the revised International System for Staging Lung Cé®cer

|[Two-sidedP = .014 versus squamous cell cancers.

fTwo-sidedP = .0008 versus squamous cell cancers.
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Table 2.Frequency of tumor-specific p53 and K-ras mutations, any microsatellite instability, and p16 gene methylation status in the
bronchoalveolar lavage (BAL) fluid from patients with resectable non-small-cell lung cancer

No. of BAL samples with detectable alteration/No. of BAL samples analyzed
with corresponding alteration in primary tumor (%)

p53 plague K-ras mutation Microsatellite
hybridization assay ligation assay instability p16 methylation
Parameter n* [1:1000]t [1:200]t [1:201F status [unknown]t Any assay
Pathologic stage
IA 18 1/11 (9) 1/2 (50) 1/7 (14) 5/8 (63) 7/17 (41)
1B 10 3/5 (60) 2/4 (50) 0/4 2/4 (50) 5/8 (63)
A 2 1/1 (100) 1/1 (100) 0/0 2/2 (100) 2/2 (100)
1B 13 4/7 (57) 0/4 1/6 (17) 2/3 (67) 7/11 (64)
1 7 2/4 (50) 0/1 1/5 (20) 1/2 (50) 2/5 (40)
Total samples 50 11/28 (39) 4/12 (33) 3/22 (14) 12/19 (63) 23/43 (53)
Tumor cell type
Squamous cell 23 6/19 (32) 0/2 3/13 (23) 5/9 (56) 11/21 (52)
Adenocarcinoma 19 4/8 (50) 4/8 (50) 017 719 (78) 11/17 (65)
Bronchoalveolar 6 0/0 0/2 0/1 0/1 0/4
Other 2 1/1 (100) 0/0 0/1 0/0 1/1 (100)
Total samples 50 11/28 (39) 4/12 (33) 3/22 (14) 12/19 (63) 23/43 (53)
Tumor site
Peripheral 27 5/16 (31) 3/9 (33) 2/12 (17) 6/10 (60) 11/25 (44)
Parenchymal 13 2/8 (25) 1/2 (50) 0/6 3/5 (60) 6/11 (55)
Peripheral/parenchymal 40 7124 (29)% 4/11 (36) 2/18 (11) 9/15 (60) 17/36 (47)
Central 10 4/4 (100) 0/1 1/4 (25) 3/4 (75) 6/7 (86)
Total samples 50 11/28 (39) 4/12 (33) 3/22 (14) 12/19 (63) 23/43 (53)

*n = total number of patients with tumor of given stage, cell type, or site.

tWorking limit of sensitivity defined as “proven” upper limit of sensitivity (i.e., detection of the molecular alteration in BAL fluid comparegresténce of
mutant alleles by quantitative p53 plaque hybridization asssggTable 3).

FTwo-sidedP = .032 versus central tumors.

K-ras mutation when the mutant-enriched PCR was used. Metfem patients with stage Il tumors significantly more often than
ylated pl16 alleles were detected in 12 of the 19 samples framthe BAL fluid from patients with stage IA tumors (62% versus
patients with a methylated primary tumor (Fig. 3). None of th@%; P = .045). The detection rate for tumor-specific p53 mu-
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tumors contained methylated p16 alleles. patients with squamous cell carcinoma (32%) and samples obx
Tumor-specific microsatellite alterations (instability) wer¢ained from patients with adenocarcinoma (50%). 2
detected in only three (14%) of the 22 BAL fluids from patients The ratio of mutant clones to total clones in the BAL fluid S
with alterations present in the primary tumor (Fig. 4). We werexamined with the oligonucleotide plaque hybridization rangedJ>
unable to amplify a PCR product from one BAL sample witfrom one in seven clones to one in 400 clones (Table 3). Thé@
microsatellite instability detected in the corresponding tumeatio of mutant to normal clones was lower than one in 1000‘
with marker D8S321. The BAL fluid from 24 patients was anaelones in all three positive BAL fluid specimens from patlentso
lyzed with the entire panel of 15 microsatellite markers. Microwith adenocarcinoma of the lung. In contrast, in five of the six &
satellite instability was present in 10 of these 24 tumors. Howatients with squamous cell carcinoma and in the one patieng
ever, tumor-specific microsatellite alterations were detectedwith large-cell carcinoma, the ratio of mutant to total clones in2
the BAL fluid from only one (10%) of these 10 patients. Fouthe BAL fluid was greater than one in 100 clones. The K-rasZ
(17%) of the 24 BAL samples contained a microsatellite alterautation ligation assay detected mutant cells to one in 200 cells:
ation not present in the corresponding tumor. Methylated p16 alleles were detected in BAL fluid from 12 of S
One or more of the molecular assays were used to examthe 19 patients with a methylated primary tumor. The p53 plaque
the BAL fluid from the 43 patients whose tumor displayed assay was also positive (sample 971, one in seven clones; sample
least one molecular marker. Tumor-specific mutations or mi174, one in 400 clones) in just two of these samples (Table 3),
crosatellite instability was detected with at least one assay in @9ing a wide range for the sensitivity limit of the methylation
(53%) of these 43 BAL fluid samples. assay. The sensitivity of the microsatellite assay was consider-
Tumor location strongly influenced the ability to detect moably lower as expected, detecting tumor-specific alterations in
lecular alterations in BAL fluid. Tumor-specific p53 mutationghe BAL fluid only when the number of tumor cells was greater
were detected significantly more often in BAL fluid from pathan one in 20 (5%) (Table 3).
tients with centrally located tumors than in BAL fluid from
patients with tumors located in the parenchyma or peripheralySCUSSION
(100% versus 29%P = .032). Tumor size also played a sig-
nificant role in detecting molecular alterations in the BAL fluid. There is no effective test available to screen high-risk groups
Only one of 11 stage IA tumors had a detectable p53 mutatitor lung cancer despite being the leading cause of cancer deaths
in the BAL fluid, and this tumor was 3.0 cm in size. The p5&mong both men and women in the United St4fe8,4).Con-
plaque assay detected molecular alterations in the BAL fluigntional cytologic analysis of sputum was no more effective
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Fig. 3. Detection of methylated p16 alleles in tumor (T) and corresponding
bronchoalveolar lavage (BAL) fluid (W) with methylation-specific polymerase
chain reaction (PCR). Primer sets used for amplification are designated as un-
methylated (U) or methylated (M). NEG shows the products of a negative
control reaction devoid of DNA, and 011 and 012 show the products from
positive control cell lines with unmethylated and methylated p16 alleles, respec-
tively. Methylated p16 alleles were detected in the BAL fluid in sample L1292

but not in the BAL fluid in samples L946 and L1291. Additional bands representy

nonspecific PCR products. = marker lane; bp= base pairs. =
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Fig. 4. Identification of microsatellite instability in clinical samples. Microsat- %

] ] ] _ellite instability (deletion of repeat units) in both tumor (T) and bronchoalveolar €
Fig. 1. Detection of mutant p53 alleles in bronchoalveolar lavage (BAL) fluigavage (BAL) fluid in a patient with non-small-cell lung cancer (sample L768). &
from patients with non-small-cell lung cancer. Nylon membranes were hybrighicrosatellite alterations in primary tumor but not in BAL fluid (samples L792, (%J
ized with both mutant.-§pecmc and wild-type ollgoqupleotldes. Afragm.ent' of thes26, and L1199) were identified. N- normal lymphocyte DNA. N
p53 gene was amplified from DNA from the clinical samples as indicated, @
cloned, and transferred to nylon membranes. BAL fluid contained a few mutant 3
p53 alleles (1:170) in sample 1098 but not in sample 958. IS

detected cancer cells in 53% of samples when the patient’s priz

mary tumor was positive for a molecular marker. Q

Cytologic analysis of sputum is currently used clinically to &

SAMPLE 1012 SAMPLE 1190 SAMPLE 1319 screen for or diagnose lung cancer; however, this test has several
T N BAL T N BAL T N BAL 1:10 1:100 limitations. The majority of cancers detected by cytologic analy-2

sis are squamous cell cancers, whereas the most common céil
type in NSCLC is adenocarcinon(d8). Moreover, cytologic =
analysis is much more accurate at detecting central lesions thaa
peripheral cancers, which also occur more commail9).

Fig. 2. Detection of mutant K-ras alleles in bronchoalveolar lavage (BAL) fluiBechtel et al(19) reported on 51 patients with NSCLC detected
with a mutation ligation assay. Mutant K-ras alleles (&’E’)/sietected in BAL by Sputum Cyto'ogic testing_ E|ghty_s|x percent of the lesions

fluid in samples 1012 and 1319 but notin sample 119€: Tumor; N = normal  \yare squamous cell cancer, and all but one of the tumors were
(wild-type). Lanes 1:10 and 1: 100 contain a dilution of tumor DNA with K-rasCentrall located and visible by bronchoscobic examin
mutation (Cy$?) with wild-type DNA from same patienffar right). Cys = y y P ).

cysteine (codon). BAL has been used to improve the detection rate for peripheral
lesions. Thirty-three percent of patients with peripheral NSCLC
were detected by BAL in a recent series (tumor stage unknown
than annual chest radiographs in detecting lung cancer in sevéamnathis group), and the sensitivity of BAL for diagnosing dis-
large prospective randomized tria8,4). Periodic screening seminated NSCLC may be as high as 8820,21).
with chest radiographs has not been demonstrated to decreasBeveral recent innovations, including the automated image
lung cancer mortality; however, their efficacy in lung cancerytometer or staining for heterogeneous ribonuclear protein
screening remains controversidl7). In our study, four of the overexpression, may improve the detection rate of cytologic
most promising molecular assays were used to evaluate Bfdchniqueg22,23).We elected to evaluate the ability of current
fluid obtained from 50 patients with resectable NSCLC anmholecular techniques at detecting tumor-specific molecular al-
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Table 3. Comparison of p53 mutant alleles present in bronchoalveolar lavage (BAL) fluid and corresponding results of molecular assays
with variable sensitivities

Sample No. of mutant alleles/ Microsatellite ~ K-ras mutation p16 methylation
No. p53 mutation* Cell type Tumor site total No. of clones in BAL instability T ligation assayt assayt
971 Intron 6, Ato G at 846  Squamous Central 1/7 + +
768 CGC to CAC at 175 Squamous Peripheral 1/15 +
847 ATC to TTC at 195 Squamous Peripheral 1/20
1011 GAG to TAG at 339 Large cell Peripheral 1/24 -
775 AGG to AGT at 249 Squamous Parenchymal 1/45 -
1216 CAG to TAG at 165 Squamous Central 1/45 -
1049 ACC to ATC at 253 Adenocarcinoma  Central 1/115
1098 CGC to CTC at 158 Adenocarcinoma  Peripheral 1/170 +
826 TGC to GGC at 176 Squamous Central 1/200 -
1174 GCC to CCC at 159 Adenocarcinoma  Parenchymal 1/400 - - -

*For all samples except 971, the numbers at right refer to nucleotide numbers of the published p53 complementary DNA sequence; for sample 9@t, the numb
at right refers to the intron 6 nucleotide number downstream from then@ of exon 6 in the p53 gene.
t+ = positive; - = negative. If blank, the depicted molecular alteration was absent in the primary tumor and could not be evaluated.

BO|UMO(]

terations in the BAL fluid from a group of patients with pre-with adenocarcinoma, molecular screening may still have a role:
dominantly peripheral resectable NSCLC. In most cases, tinethe early detection of patients with adenocarcinoma. Cyto-
entire BAL sample was used for molecular analysis to enable tlogic screening is notoriously poor in patients with adenocarci-S
completion of all four assays. One limitation to the current studyoma, because adenocarcinoma cells are shed into the airway i
is the unknown diagnostic sensitivity of cytologic analysis itow numbers(18,19).In the Johns Hopkins Lung Project trial,
this group of 50 patients to provide a direct comparison betwethie lung cancers detected by cytologic screening alone wer
cytologic and molecular techniques in detecting tumor cells aimost exclusively of the squamous cell ty{i8). In our study,
BAL fluid. all of the adenocarcinomas detected by the plague assay co
Oncogene or tumor suppressor gene mutations have b&ned fewer than 1% tumor cells in the BAL.
detected by several investigatdgs12,13)in the sputum of pa-  Tumor-specific microsatellite alterations have been used t&
tients with primary adenocarcinoma of the lung. We identifiedentify tumor cells in the urine of patients with bladder cancer§
K-ras and p53 mutations in eight of 10 sputum samples froamd in the serum of patients with head and neck and small-ce?
patients who were participating in the Johns Hopkins Lung Prdjing cancer(25,26). In addition, tumor-specific microsatellite F
ect and who later developed adenocarcing&)aHowever, each alterations have been demonstrated previously in the sputum &
of these samples was selected from the 3% of samples collecederal patients, each with small-cell lung cancer and NSCLCS
in that trial that already had at least mild dysplasia upon cyt€t5,16). We reported that this approach could detect approxi-i
logic examination. Several additional studig®,13) have re- mately one cancer cell against a background of 200 normal CeIISﬁ
ported that K-ras mutations are detectable in the sputum ofuggesting that the use of microsatellite alterations might proves
high percentage of patients with adenocarcinoma when the prseful as a diagnostic tool in NSCL(6). The reported fre- 3
mary tumor contains a K-ras mutation. Although K-ras mutajuency of microsatellite instability in NSCLC varies consider- ‘§
tions were frequently detected despite negative cytologic findbly from 2% to 55% in large part depending on the specifico
ings in most cases, each of these studies included a large nunmbierosatellite loci examine@7-29).We previously examined <
of patients with advanced unresectable lung cancer. 73 microsatellite markers in 47 patients with NSCLC to find loci g
Several techniques have been used to detect K-ras mutatisaguently altered in NSCLC and identified a panel of 12 mark-g
in sputum and stool samples; these techniques include plagugthat was able to detect at least one microsatellite alteration ig
hybridization, the mutation ligation assay, and various mutar&5% of the primary tumors (unpublished results). When we used
enriched PCR technique$,12,13,24).The mutation ligation the same panel and several additional markers found by oth%
assay is rapid, requires a single PCR amplification, and hasnaestigators to demonstrate microsatellite instability in NSCLC, 3
sensitivity approaching that of the plaque hybridizatf{a@f). In  we identified microsatellite alterations in a similar number of ©
this study, the mutation ligation assay was able to detect tuntamors (46%).
cells with a sensitivity of at least one in 200 normal cells. Mu- Microsatellite DNA markers are significantly more accurate
tant-enriched PCR techniques have a reported sensitivity oftlaén conventional cytology in identifying cancer cells in the
least one in 18 however, false-positive results are possible agine of bladder cancer patien85). In contrast to molecular
the error rate offaqpolymerase or other thermostable enzymemnalysis of urine, we were able to detect tumor-specific micro-
is surpassed. Yakubovskaya et @l2) used this technique to satellite alterations only in a small percentage (14%) of BAL
identify K-ras mutations in normal lung tissue from patients witkamples examined. In addition, microsatellite alterations not
lung cancer as often as from the primary cancer itself. In adgiresent in the corresponding tumor were detected in 17% of the
tion, 49% of patients with squamous cell cancer and 12% BRAL samples examined with the entire panel of 15 markers. A
control patients without cancer had K-ras mutations in thesimilar observation was reported by Miozzo et @l5), who
sputum. With a mutant-enriched PCR protocol designed to linekamined histologically normal bronchial biopsy specimens
false-positive results, we were unable to improve upon the deken from a site distant from a primary lung cancer for micro-
tection rate compared with the mutation ligation assay. satellite alterations and identified microsatellite alterations that
Although we detected K-ras mutant cells in 50% of patientgere not present in the primary tumor in 24% of these patients.
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The results of the quantitative p53 plaque hybridization assay sults of the initial screen (prevalence). Early lung cancer detection: intro-

suggest that the threshold for detecting microsatellite alterations duction. Am Rev Respir Dis 1984;130:545-9. _

in BAL fluid was between a neoplastic cellularity of 5% and 7%.® ;(t’l‘;‘;mg’;e'vs'fl Sgggf;gazr;dsm??zrgashty from lung cancer in a screened popu-

The percentage of tumor cells in th_e BAL ﬂu_ld in this _StUdy W_aS(S) Mao L, Hruban RH, Boyle JO, Tockman M, Sidransky D. Detection of

10-fold to 100-fold lower than that in the urine of patients with™ * ;,cogene mutations in sputum precedes diagnosis of lung cancer. Cancer

bladder cancer and explains the low sensitivity of the microsat- Res 1994:54:1634-7.

ellite panel at detecting alterations in the BAL fluid. (6) Mountain CF. Revisions in the International System for Staging Lung
Methylation-specific PCR has a sensitivity approaching one Cancer. Chest 1997;111:1710-7.

in 1000 in dilution experiments and may be useful in detecting’) Brennan JA, Mao L, Hruban RH, Boyle JO, Eby YJ, Koch WM, et al. -

clonal cell populations with methylated p1l6 genes in clinical Molecular assessment of histopathological staglng in .squamous-cell carci-

sampleg14). In the current study, we were able to detect meth- "°oma of the head and neck. N Engl J Med 1995;332.429-35.

. ; 0 he patients with (8) Boyle JO, Hakim J, Koch W, yan der Rlet.P, Hruban RH, Roa A, etal. The
ylated pl6 aIIeIgs in the BAL fluid from 6,3 A)_ of the p incidence of p53 mutations increases with progression of head and neck
a methylated primary tumor. The quantitative p53 plaque assay cancer. Cancer Res 1993:53:4477—80.
was also positive in just two BAL samples with methylated p1Go) Anrendt SA, Yang SC, Wu L, Westra WH, Jen J, Califano JC, et al.
alleles, suggesting that the threshold for detecting methylated Comparison of oncogene mutation detection and telomerase activity for the
pl6 alleles was between a tumor-to-normal cell ratio of one in molecular staging of non-small cell lung cancer. Clin Cancer Res 1997;3:

seven and one in 400. Our results suggest that this approach may1207-14. 5
be useful in detecting cancers where the frequency of pl6 iné_]é)_) Rodenhuis S, Slebos RJ. Clinical significance of ras oncogene activation ir§
human lung cancer. Cancer Res 1992;52 (9 Suppl):2665s—2669s. g

ivation methylation is hi . However, unlike the pri- 4 . .
tivat Ot by et Yf‘."‘t on is gKSO)t t'o ever, u ett ||e't p. t%l) Jen J, Powell SM, Papadopoulos N, Smith KJ, Hamilton SR, Vogelstein B,&
mary umor-specilic oncogene mutations or microsatellite insta- et al. Molecular determinants of dysplasia in colorectal lesions. Cancer Resf:.

bility described above, p16 methylation is not necessarily 1994:54:5523-6.

specific. p16 methylation is a common molecular alteration afg) vakubovskaya MS, Spiegelman V, Luo FC, Malaev S, Salnev A, Zborovskayag
may not be limited to one neoplastic clone or may be present in 1, etal. High frequency of K-ras mutations in normal appearing lung tissuesg
other preneoplastic epithelial patches. Thus, although p16 meth- and sputum of patients with lung cancer. Int J Cancer 1995;63: %
ylation testing lends itself to prospective analysis without prior 810-4. 8
knowledge of the molecular alteration, it must be surveyed afid) Mills NE, Fishman CL, Scholes J, Anderson SE, Rom WN, Jacobson DR.g
carefully analyzed in normal control subjects and in cigarette Detection of K-ras oncogene mutations in bronchoalveolar lavage fluid for =-

. .. . . lung cancer diagnosis [published erratum appears in J Natl Cancer Ins;
smokers without cancer. Preliminary evidence from a pilot study 1955_87_1643] ?Naﬂ C[gncer Inst 1995'87'1?)26—60 £

on lung cancer suggests tha.t 916 methylation may be detectegh#) Herman JG, Graff JR, Myohanen S, Nelkin BD, Baylin SB. Methylation-
sputum in the absence of clinically evident can(&t). On the specific PCR: a novel PCR assay for methylation status of CpG islands
other hand, methylated p16 alleles were not observed in the BAL Proc Natl Acad Sci U S A 1996;93:9821-6.

fluid from any of the patients with p16 unmethylated tumors ifi5) Miozzo M, Sozzi G, Musso K, Pilotti S, Incarbone M, Pastorino U, etal. 3
this study. Microsatellite alterations in bronchial and sputum specimens of lung cancer&

- . . patients. Cancer Res 1996;56:2285-8.
The molecular detection of lung cancer by testing BAL flui 16) Mao L, Lee DJ, Tockman MS, Erozan YS, Askin F, Sidransky D. Micro-

_(and Certamly_ ,SPUtum) remains challenglng. AIthOUgh still lim= satellite alterations as clonal markers for the detection of human cance
ited by sensitivity, molecular approaches can detect tumor- proc Natl Acad Sci U'S A 1994:91:9871-5.

specific mutations or molecular alterations in the proximal ai(t7) Strauss GM, Gleason RE, Sugarbaker DJ. Screening for lung cancer. Ang
way in resectable NSCLC. Further studies are needed to define other look; a different view. Chest 1997;111.:754-68. I
the clinical significance of each of these mutations or alteratiof§) Frost JK, Ball WC Jr, Levin ML, Tockman MS, Baker RR, Carter D, etal. ~
in patients at high risk of developing lung cancer. The more Early lung cancer detection: results of the initial (prevalence) radiologic<=

. . . S - . and cytologic screening in the Johns Hopkins study. Am Rev Respir Dis2
sensitive oligonucleotide plaque hybridization, mutation liga- 1984,{,543_'54 ng! pins study v espir ol 8

tion, and p16 methylatlon assays detected these alteratmn?lw Bechtel JJ, Kelley WR, Petty TL, Patz DS, Saccomanno G. Outcome of 510
BAL fluid with similar frequency. Further improvements in the  patients with roentgenographically occult lung cancer detected by sputum:i
sensitivity of all of these assays may be achieved through en- cytologic testing: a community hospital program [published erratum ap- 5
riching the epithelial cell component of the BAL fluid or sputum  pears in Arch Intern Med 1994;154:1582]. Arch Intern Med 1994;154:
or by collecting multiple samples, an approach that has been 975-80. o _

successful at increasing the sensitivity of cytologic techniqué%c.)) de Gracia J, Bravo C, Miravitlles M, Tallada N, Orriols R, Bellmunt J, et

. . . . al. Diagnostic value of bronchoalveolar lavage in peripheral lung cancer.
In addition, broad technical improvements in molecular detec- , "= Respir Dis 1993:147:649-52.

tion assays and high through-put automation are necessary 4§ poletti v, Romagna M, Allen KA, Gasponi A, Spiga L. Bronchoalveolar

eventual clinical implementation. lavage in the diagnosis of disseminated lung tumors. Acta Cytol 1995;39:
472-7.
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