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Table 111. Differences in the allele distribution of 56 SNPs in the 450 kb region surrounding the D6S0067i locus between 525 Tung ADC cases and 525 controls

SNP Genome Gene Position  Allele  Minor allele frequency  P-value OR  95% CI  Deviation from HWE (P LD block
Tocation
Control Case Control Case
First 32 SNPs
rs7773756 32,510442 TIC 0375 0.443 00016 133 L11-1.58 0.66 0.83 1
rs16822586 32515751 HLA-DRA Exeml G/C  0.076 0.074 0.86 0.97 0.70-1.34 0.20 0.001 1
rs2239806 HLA-DRA  Inwon 3 G/A  0.208 0.179 0.089 0.83 0.67-1.03 0.09 031 1
rs7192% HIA-DRA  Exond4 G/T 0444 0376 0.0016 0.76 1.00 0.19 1
rs3129763% G/IA  0.064 0.070 0.60 110 091 0.44 1
159272346 G/IA 0469 0.564 15 x 1075 1.46 0.1t 0.95 t
rs2187668" HLA-DQA] Tnoon 1 G/A 0033 0.040 042 1.21 5 0.09 1
rs17426593 HLA-DQAT Inuon | T/IC (.34 0.442 42 x 107° 151 L “7 1.80 0.18 1
183483907 HLA-DQAI Tnuon3 A/C 0470 0.563 13 x 107 1.45 1.22-1.72 0.11 0.91 1
528584179 T 0106 0.063 411074 057 041-0.78 068 0.50 1
rs17205373 CIG 0.046 0.42 0.85 0.57-1.26 0.66 0.92 1
rs6906021 TIC 0.358 0.39 0.92 0.77-1.10 0.82 0.28 1
128672722 32, "’14 S15 GIT 0.353 0.0032 0.77 064-091 059 0.86 1
rs28746825 32,741450 HLA-DQBI Tntron | A/G 0.463 54 x107% 1.50 1.26-1.79 022 0.26 1
rs34692792 HLA-DQBI Intron 1 T/C 0.205 047 0.93 0.75-1.14 047 0.29 I
12647012" 32.772,436 GIA 0.143 23 % 107% 0.61 049-0.77 037 0. 1
rs1794282" 327 14 504 GIA 0.000 — —_— — — — s
rs2856717 T 0.147 L7 x 107°% 0.61 049-077 0.19 033 1
r HIA-DQA2 Tnton | C/T 0.153 0.030 0.78 0.62-0.98 0.62 033 2
HLA-DQA2 Inoon 2 TIC 0.292 0.88 1O 084-1.23 092 047 2
HIA-DQA2 3'UTR T/IC 0.302 0.0048 0.77 0.64-092 033 0.92 2
159276558 32,0 GIA 0.301 0.0051 0.77 0.64-0.92 0.28 0.94 2
rs1573649% 32.839, "M C 0.377 0.021 0.81 0.68-0.92 0.11 0.77 2
r$2071475 32,890,365 HLA-DOB  Tnron 2 C/T 0.261 0.21 114 093-1.38 053 0.24 2
rs2071469" 32892761 HLA-DOB 5'UTR  G/A 0.469 0.037 120 1.01-1.43 013 0.66 2
15241455 32.903,997 TAP2 YUTR G/T 0.339 0.21 112 094-1.35 035 0.17 2
51800454 32,908,390 TAP2 Exon6 G/A 0.150 0.12 122 095-1.56 0.20 213
rs2071552 32914439 TAP2 5'UTR  T/IC 0.406 0.56 0.95 0.80-1.13 0.22 3
12071463 32.920,506 PSMBS S'UTR  G/A 0.404 0.25 111 0.93-1.32 0.18 3
151057373* 32.921,257 TAP! 3'UTR  G/T 0.121 0.23 118 090-1.55 0.72 0.18 3
rs2071480 32.929.837 GIT 0.341 0.95 10T 0.84-1.20 0.16 0.23 3
32,933,068 PSMBY Exon3 G/A 0.225 0.33 0.90 0.74-1.11 047 0.71 3
Additional 24 SNPs for HLA allele discrimination
DRBI_2_244 HILA-DRB! Exon2 G/T 0269 0271 0.88 1.01 084123 049 0.88 !
DRB1_2_160 HLA-DRB! Exon2 C/A 0029 0.69 0.79 047-1.33 052 0.56 1
DRBI_" 156 8 HLA-DRBI Exon2 G/IA 0204 0.0055 1.37 112-1.66 083 1.00 1
DRB1_2_127 "r 66{1 007 HILA-DRB] FExon2 A/T 0.418 121075 0.67 0.56-080 0.16 0.28 1
DRB1_2_106 32,660,028 HLA-DRB! Exon2 T/A 0.003 0.70 1.35 0.30-6.03 095 0.93 1
DRBI_2 84 32,660,050 HLA-DRBI Exon2 A/C  0.191 12X 107% 1.53 1.26-1.87 086 0.57 1
DRBI_2 81 32,660,053 HLA-DRBI/ Exon2 T/IC 0224 0.30 0.90 0.74-1.10 047 0.66 1
DRBI1_2_64 32660070 HLA-DRBI Exon2 T/A  0.130 0.047 122 0.97-1.55 0.60 079 1
DRB1 32,660,073 HLA-DRB/ Exon2 G/IA  0.002 0.16 0.00 - 0.96 100 1
HLA-DRBI Exon2 C/T  0.172 0.91 1.01 0.82-1.26 0.10 047 1
HLA-DQA] Exon2 A/T 0464 8d x 1070 0.16 0.84 !
HLA-DQAI Exon2 A/C  0.348 9.7 x 107 0.91 0.27 1
HLA-DQAI Exon2 A/G 0348 6.7 % 10°¢ 051 026 1
HLA-DQAI Eson2 G/A 0470 28 x 10°F 0.11 0.83 1
DRB1 2 156 HLA-DQRI Exon2 G/IA 0029 0.90 049 047 1
DRBI_: ?2 740,678 HIA-DQBI Exon2 AT 0471 18 x 1073 0.04 0.87 1
DRB1_. 32, 4() 689 HLA-DQBI Exon2 G/A  0.065 0.72 0.64-1.27 053 0.39 1
DRB1_2_131 2 HLA-DQB! Exon2 G/C  0.092 0.0029 044084 0.19 0.86 1
DRB1.2_121 2 HIA-DQBI Exon2 G/IA  0.097 0.81 0.77-1.36 0.73 0.15 1
DRBI_2_10] HLA-DQBI Exon2 G/IA 0315 0.034 1O0-1.43 071 0.96 1
DRBI1_2_100 HLA-DOBI Exon2 C/T 0.335 0.55 0.79-1.13 043 0.51 1
DRB1_2_68 HLA-DQBI Exon2 GIA  0.114 0. 06% 32 x 1073 0.40-0.73 0.42 0.50 1
DRBI_2_55 HLA-DOBI Exon2 G/T 0103 0.153 73 x 108 1.22-2.03 0. 0.61 1
DRBI1_2_27 HLA-DOBI Exon2 A/C  0.121 0.116 0.80 0.74-1.24 0357 0.64 1

“SNPs examined in other GWASs (4,5,8).

increased for DQA1°03 (Figure 2a, supplementary Table V is avail-
able at Carcinogenesis Online). Therefore, involvements of HLA-
DQA1 not only in ADC risk but also in other histological types of
Tung cancer were suggested.

The 6p21.31 locus maps | Mb proximal to BAT3-MSHS, another
lung cancer susceptibility locus at 6p21.33 identified by a GWAS on
Europeans and Americans (4). Therefore, we next examined an SNP

838

on in
ses and 525 controls (subjects for
“Table IIJ It was monomorphic for the pro-
tective allele in these whjeus We therefore examined seven SNPs in
LD with this SNP in Europeans (i.e. D° = 1 in the HapMap data);
however, associations of these loci were weaker than those of the
6p21.31 locus, and these SNPs comprised a distinct LD block from
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Individuals susceptible to lung ADC

Table IV. Differences in the disuibution of the

HLA class 1T alleles hetween 525 lung ADC cases and 525 controls

Gene No Allele” Frequency OR (95% CD P-value by % test
Control Case

DRBI 1 DRB1°1502 0.148 082 (064-105) 0.12
2 DRB1°0901 0117 1.40 (1.09-1.81) 0.0079
3 0405 0.106 153 (1.18-1.98) 0.0012
4 0.097 1) (\58 0.38 0.42-081) 0.0011
5 0.091 0.055 0.58 ©.41-081) 0.0013
6 DRBI"0803 0.073 0.075 1.02 0.74-142) 0.90
7 DRB1°0101 0.057 0.033 0.56 m 37-0.86) 0.0077
8 DRB1"1401/1405/1406/1412/1429 0.057 0.069 1.24 7-1.77) 0.23
9 DRB10802 0.052 0.037 0.70 (<> 16-1.07) 0.10
10 DRB170403/0404/0406 0.044 0.073 173 (1.19- 2) 0.0040
11 DRB171201/1202 0.040 0.050 1.25 (0.82-1.89) 0.30
12 DRBI"1101 0.026 0.022 0.81 (0.46-1.42) 0.47
13 DRB1"0410 0.021 0.016 0.78 (0.41-148) 044
Total 0.929 0.924

DQAL 1 DQAI*0L 0.530 0.438 0.69 (0.58-1.14) 28 % 1073
2 DQA1'03 0.348 0.444 150 (1.26-1.79) 6.6 % 10°°
3 DQA104/05/06 0.122 0118 0.88 (0.68~1.14) 0.43
Total 1.000 1.000

DQBI1 1 DOB 10601 0218 0.205 0.92 (0.75-1.14) 0.46
2 DQBI10303 0.139 0.164 122 (0.96-1.54) 0.11
3 DQBI" 0401 0.104 0.153 1.54 (1.19-2.00) 0.0010
4 DQBI* 0604 0.097 0,08 0.57 (0.41-0.79) 74 x 1074
5 DQBT0301 0.093 0.093 1.01 10.75-1.35) 0.97
6 DQBI' 0602 0.086 0.0 0.59 (0.42-0.84) 0.0028
7 DQB1°0302 0.081 0.092 115 (0.85-1.57) 0.35
8 DQBI10501 0.061 0.059 0.96 0.67-1.37) 0.82
9 DQB1*0402 0.042 0.051 .21 (0.80-1.82) 0.36
10 DQB1*0502 0.030 0.027 0.90 (0.54-1.51) 0.70
1t DQB1°0503 0.028 0.028 103 0.61-1.72) 0.93
Total 0.979 0.983

DR-DQ 1 DRBI"1502-DQA1°01-DQB1* 0601 0.150 0.130 0.85 (0.66-1.09) 0.19
2 DRB1°0901-DQA*03-DQBI"0303 0.119 0.153 34 (1L.05-1.73) 0.021
3 DRB1"0405-DQA1"03-DQB1" 0401 0.101 0.144 1.51 (1.16-1.96) 0.0022
4 DRB! 0302-DQAT"! )1-D§ZB1'U7;)—J 0.094 0.057 0.58 {0.42-0.81) 0.0013
5 B1°1501-DQAI*01-DQOB1 0602 0.082 0.051 0.60 (0.42-0.85) 0.0042
6 DRBI 0803-DQAT*01-DQBI" 0601 0.070 0.072 1.02 (0.73-1.43) 0.89
7 DRBI°0101-DQAI"01-DQBI*0501 0.047 0.034 0.72 (0.46-1.12) 0.14
8 DRB1"0403/0404/0406/-DQA 1*03-DQB 1" 0302 0.040 0.068 172 (1.17-2.54) 0.0058
9 DRBI1201/1202-DQAT"04705/06-DQB 10301 0.032 0.032 0.99 0.61-1.61) 0.97
10 DRBI* 1401/1405/1406/1412/1429-DQA1°01- 0.028 0.031 113 (00.68-1.88) 0.64

DQB1°0503

11 DRB1 1101-DQA 17 04/05/06-DQB 10301 0.025 0.m7 0.68 (0.37-1.25) 0.21
12 DRB1°0802-DQA1704/05/06-DQB 10402 0.024 0.026 1.10 (0.64-1.91) 0.73
Total 0.812 0.815

“DRBI and DQBI alleles linked to the DQA1'03 or DQA1*01 alleles and DR-DQ alleles containing the DQAT 03 or DQAT*01 alleles. which were significantly

associated with lung ADC risk, are underlined.

the 6p21.31 locus containing four HLA class II genes (supplementary
Figure 3 is available at Carcinogenesis Online). Therefore, we con-
cluded that 6p21.31 is a novel lung ADC suscepribility locus on
chromosome 6p.

Next, we examined associations of SNPs in other lung cancer sus-
ceptibility loci (4-9) in 1656 ADC cases and 1173 controls (all sub-
jects of the NCCH set in Table T). Two SNPs, rs2736100 and
rs401681, were examined for the 5p15.33 locus, and the former lo-
cated in intron 2 of the TERT gene showed a stronger association than
the latter. The association was observed only in ADC. but not in SQC
and SCC (supplementary Table VI is available at Carcinogenesis On-
line) as reported recently (11.21). An SNP in the CHRNAS gene at
15¢25.1., rs1051730. showed a significant association with risks for
ADC, SQC and SCC in our previous study (22).

Therefore, combined effects among the HIA-DQAI, TERT and
CHRNA3 loci with lung ADC risk were further investigated. Genotypes
with risk alleles for each locus showed significantly increased ORs of
1.32-2.21, except for homozygotes for the minor allele of CHRNA3

(Figure 2b, supplementary Table VII is available at Carcinogenesis
Online). When ORs were calculated according to the number of risk
alleles for two of these three genes, HLA-DQA | and TERT, there was an
increasing trend with increasing number of risk alleles (per-risk allele
7.8 x 10 19), reaching 4.76 for carriers of all four risk

s (Figure 2b, supplementary Table VIII is available at Carcino-
genesis Online). These two alleles independently conferred the risk
(P for interaction = 0.88). The present results indicated that individuals
susceptible to ADC can be defined by combined genotypes of HIA-
DQAI and TERT. There was also an increasing trend for the TERT and
CHRNA3 combination with a per-risk allele OR of 1.48. OR reached
4.27 for carriers of three or four risk alleles when heterozygotes and
homozygotes for the CHRNAJ risk were combined due to a small
number of homozygotes (supplementary Table VIIT is available at Car-
cinogenesis Online). Increases in OR by the combination of HLA-
DQAJ and CHRNA3 were not evident, and a negative interaction was
suggested (P~ 0.083). However. it might be due to the small number
of homozygotes for the CHRNAJ risk allele. Accordingly, when
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a DQA1*03 Odds ratio (95% Cl)
Hist.  Set  Subgroup 10 15 20 25 30 35 OR Pvalue
ADC NCCH - - 136 5.3x107
Smoker —— 148 2.7x10%
Non-smoker | —— 127 4.5x10°
Male —— 139 9.7x10°%
Female —a— 135 1.2x10°
NNGH - ———e 170 87x10°3
$QC NCCH - —— 140 2.4x10°
NNGH - 243 23x10°
SCC NCCH - ] 122 0.095
DQA1*01 0Odds ratio (95% Ci)
Hist.  Set  Subgroup 0 0.5 1 5 OR _ Pvalue
ADC NCCH - 077 1.4x10%
Smoker i— 078  5.1x10°
Non-smoker —.— 077  1.4x10°
Male —a— 082 0015
Female ot 072 2.8x10*
NNGH - ——— 073 0.12
No. of Genotype Odds ratio (95%Cl)
Risk allele DQAT TERT Freqm 0 1 2 3 4 5 OR _ Pvalue
o other/other - 0.40 1.0
1 other/*03 - 0.47 k3 1.49 2.5x10%
2 *03/03 - 0.13 —— 1.90 1.8x10%
0 - LG 0.38 1.0
1 - TG 048 L 3 132 3.5x10°
2 - GIG 0.14 —— 221 4.8x10710
o other/other  T/T 015 1.0
1 other/other  T/G 0.19 o 127 013
1 *03/other T 0.06 —— 1.44 0.027
2 *03/°03 1T 0.18 s 1.97 3.1x10°
2 *03/other TIG 022 —— 1.99  6.3x10°
2 other/other  G/G 0.07 e 223 2.3x10*
3 0303 TiG 0.05 e — 242 1.9x10°
3 *03/ other GIG 0.06 S 3.06 2.2x10°®
4 *03/03 GIG 0.02 Tr—— 4,76 4.2x107
Per risk-allele ) 143 7.8x10%
P value for interaction 0.88

AFrequency in controls.

Fig. 2. Forest plot representing risk for lung cancer. (a) Risk of the DQAT 03 and DQAT°01 alleles for Tung cancer. ORs of the allcles adjusted for age, sex.
smoking habic and/or hospital and 95% Cls are shown. Detailed data, including the numbers of case and control subjects and variables for adjustments for each

fest, are summarized in supplementary Table V is available at Carcinogenes

Online. (b) Risk of combined HLA-DQA/ and TERT genotypes for lung ADC.

ORs of the alleles adjusted for age. sex and smoking habit and 95% Cls are shown. Detailed data, including the numbers of case and control subjects. are
summarized in supplementary Tables VIT and VIII are available at Carcinogenesis Online.

compared for all three genes, there was also an increasing trend with
a per-risk allele OR of 1.45; however, only ORs for cartiers of up to four
risk alleles could be calculated.

The present study indicated HLA-DQA/ at 6p21.31 as a novel locus
associated with lung cancer risk and genotypes for this locus are useful
for identification of individuals susceptible to lung ADC. It has been
considered that immune surveillance systems conferred by HLA class 1
and II proteins are fnvolved in the elimination of tumor cells in vive
s I proteins are expressed in most nucleated cells and
present tumor-specific antigens for cytotoxic CD8 ™ T cells to recognize
and lyse tumor cells. In addition, the immune response requires the
presentation of antigenic peptides to T cells by class 1T molecules ex-
pressed on antigen-presenting cells. i.e. the heterodimer of HLA-DQA
and -DQB1 proteins and of HLA-DRA and -DRBI proteins. Therefore.
it might be that polymorphisins of HLA-DQA I (and also those of HLA-
DQOBI and -DRBI that are in LD with those of HLA-DQAJ) gene
confers lung cancer susceptibility by causing inter-individual differ-
ences in the ability of HLA class Il molecule to bind peptides produced
in lung cancer cells and to cause immune response. However, we should
consider that the present results were obtained by performing a number
of association tests against smaller numbers of subjects than thase of

840

recent GWASs (4-11). Tn addition, control subjects from NNGH used
for validation of association had lung diseases, including chronic ob-
structive pulmonary disease. A recent GWAS on chronic obstructive
pulmonary disease has shown the same susceptibility loci as lung can-
cer, such as 15925.1, suggesting that lung cancer and other lung dis-
cases share the same genetic etiology (26). Therefore. it remains
possible that associations observed in the present study were under-
or over-represented. The number of control subjects in the present study
was 30% less than that of ADC cases (combined analysis in Table 11),
although optimal ratios of control subjects to case subjects have been
considered as being 1:1 to 4:1 (27), and this fact resulted in larger 95%
Cls of OR than analyzing optimal number of control subjects. Thus,
further case-control studies will be needed to validate the association
of the 6p21.31 locus with lung ADC risk. Notably, synonymous SNPs
in the 6p21.31 locus, such 2187668 and rs1794282, also showed
significant differences in wllelic distributions in Europeans and
Americans (Figure 1, supplementary Table TX is available at Carcino-
genesis Online). The strength of this association was similar to those for
SNPs in the BAT3-MSHS locus in those populations (supplementary
Figure 3 is available at Carcinogenesis Online). Therefore, it was
strongly indicated that 6p21.31 is a lung ADC susceptibility locus
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not only in Japanese but also in Europeans and Americans. However, at
present, it remains unknown whether SNPs/alleles associated with risk
are different among populations, since only a few SNPs have been
examined for associations in Europeans and Americans (Figure 1, sup-
plementary Figure 3 and supplementary Table IX are available at Car-
cinogenesis Online). Tn addition, LD among SNPs in the HLA class IT
locus is known to be different among different ethnic populations (23).
Thus, studies on multiple populations will give us more critical infor-
mation on the roles of polymorphisms in the 6p21.31 locus and their
interaction with other lung cancer susceptibility loci in lung ADC
susceptibility.

The present GWAS on ADC risk was performed against 23 010
microsatellite loci spaced at ~ 130 kb intervals in the human genome.
However, two other lung cancer susceptibility loci, 15¢25.1 and
5p15.33. whose SNPs showed associations with risk in the population
analyzed in the present study (supplementary Table VI is available at
Carcinogenesis Online), were not detected in the present GWAS using
microsatellites. Therefore, several lung ADC susceptibility loci were
likely to be overlooked in the present GWAS probably due to insuf-
ficient statistical power and a sparse marker density. Thus. a GWAS
on lung ADC risk, in which hundreds of thousands SNPs are analyzed,
is underway in our laboratory to comprehensively identify lung ADC
susceptibility loci. Finally, in spite of facts that ADC is the common-
est histological type of lung cancer in non-smokers and that ADC of
non-smokers is showing an increasing trend (2,28), loci specifically
associated with ADC risk of non-smokers have not been identified.
Therefore, GWASs focusing on lung ADC risk of non-smokers would
be also worth investigating to identify additional lung ADC suscep-
tibility loci. In addition, case—control stdies on subjects that were
carefully chosen to represent cases and controls in the same popula-
tion, such as a nested case—control study designated in a large-scale
cohort study, will be critical to validate the significance of suscepti-
bility loci on lung carcinogenesis for the application to targeted
screening and/or prevention of lung ADC in future.
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A Catalog of Genes Homozygously Deleted in Human
Lung Cancer and the Candidacy of PTPRD as a Tumor

Suppressor Gene

Takashi Kohno,' Ayaka Otsuka,' Luc Girard,” Masanori Saco,' Reika Iwakawa,' Hideaki Ogiwara,'
Montse Sanchez-Cespedes,’ John D. Minna,” and jun Yokota'*
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A total of 176 genes homozygously deleted in human lung cancer were identified by DNA array-based whole genome
scanning of 52 lung cancer cell lines and subsequent genomic PCR in 74 cell lines, including the 52 cell lines scanned. One
or more exons of these genes were homozygously deleted in one (1%) to 20 (27%) cell lines. These genes included known
tumor suppressor genes, e.g. CDKN2A/p16, RBI, and SMAD4, and candidate tumor suppressor genes whose hemizygous
or homozygous deletions were reported in several types of human cancers, such as FHIT KEAPI, and LRPIB/LRP-DIP.
CDKN2AIp16 and pl4ARF located in 9p2| were most frequendly deleted (20/74, 27%). The PTPRD gene was most fre-

quendly deleted (8/74, 11%) among genes mapping to regions other than 9p2!. Somatic

including a

mutation, of the PTPRD gene were detected in 8/74 (11%) of cell lines and 4/95 (4%) of surgical specimens of lung cancer.
Reduced PTPRD expression was observed in the majority (>80%) of cell lines and surgical specimens of lung cancer. There-
fore, PTPRD is a candidate tumor suppressor gene in lung cancer. Microarray-based expression profiling of 19 lung cancer
cell lines also indicated that some of the 176 genes, such as KANK and ADAMTSI, are preferentially inactivated by epige-
netic alterations. Genetic/epigenetic as well as functional studies of these 176 genes will increase our understanding of mo-

lecular mechanisms behind lung carcinogenesis.

INTRODUCTION

Lung cancer is the leading cause of cancer-
related deaths in the world (Herbst et al., 2008).
The majority of lung cancers are comprised of
four major histological types, which are small cell
lung carcinoma (SCLC) and three nonsmall cell
lung carcinoma (NSCLC) types; adenocarcinoma
(ADC), squamous cell carcinoma (SQC), and
large cell carcinoma (LLCC). Lung cancer devel-
ops through the acquisition of alterations in onco-
genes, such as KGFR (10-40% of ADC) and
KRAS (10-30% of ADC), and tumor suppressor
genes, such as 7P53 (~90% of SCLC; 30% of
NSCLC), RBI (~90% of SCL ~20% of
NSCLQ), CDEN2Apl6 (~50% of NSCLC), and
LKBIISTKIT (20-30% of NSCLC) (Minna et al.,
2002; Herbst et al., 2008). The EGFR, KRAS, and
TP53 genes have been subjected to diagnostic
and therapeutic applications (Toloza et al., 2006;
Herbst et al. 2008); therefore, identification of
more genes involved in lung carcinogenesis will
be highly applicable to further improve the diag-
nosis and cherapy of lung cancer. Allelic imbal-
ance (Al studies on lung cancer have idencified
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several chromosome arms frequently hemizy-
gously deleted, such as 1p, 4q, 3q, 6q, 8p, 11q,
12q, 13q, 17q, and 21q (Shiseki et al., 1996;
Kawanishi et al., 1997; Virmani et al.. 1998; Gi-
rard et al.. 2000). Our recent comparative ge-
nome-wide Al study of noninvasive and invasive
lung adenocarcinomas (ADCs) further suggested
that AT on each chromosome arm has differenc
roles in the development and progression of
lung cancer (Nakanishi ct al, 2009). Therefore,
chromosomal  deletions  and  inactivation  of
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corresponding tumor suppressor genes are thought
to play multiple roles in the development and/or
progression of lung cancer. However, responsible
tumor suppressor genes tor most of these chromo-
somal deletions have not yet been identified.

Homozygous deletion (i.e., deletion of both al-
leles) is a genetic event causing inactivation of
tumor suppressor genes (Minna et al, 2002
Yokota and Kohno, 2004), and has played an im-
portant role as a tool in identifying several tumor
suppressor genes, such as CDKN2A/pl6, PTEN,
and SMAD4 (Kamb et al., 199 Jobori et al.,
1994; Hahn et al, 1996; Li et al, 1997; Steck
et al,, 1997). Up to the present, DNA array analy-
ses have been performed by several groups,
including ours, tw find homozygously deleted
regions in lung cancer genomes (Sato et al., 2005;
Tonon et al., 2003; Zhao et al., 2005; Garnis
et al., 2006; Imoto et al., 2006; Nagayama et al,
2007; Weir et al, 2007), and tens of genomic
regions with homozygous deletions have been
identified. However. only a few genes located in
some of the homozygously deleted regions were
focused on and investigated.

In this study, genes whose exons were removed
by homozygous deletions were comprehensively
searched for by a DNA array-based whole genome
scanning of 32 human lung cancer cell lines fol-
lowed by genomic PCR analyses. Notably, several
well-known tumor suppressor gencs, such as RB7,
DCC, and BRCA2, have been identified from a sin-
gle or a few cases of homozygous deletions
detected in a large number of cancer cases ana-
lyzed (Dryja et al., 1986; Fearon et al., 1990; Woos-
ter et al, 1995). The results indicated the
significance of homozygous deletions irrespective
of their frequencies for the identification of novel
tumor suppressor genes. Therefore, in the present
study, all genes deduced to be mapped in homozy-
gously deleted regions were examined, even if the
deletions were detected only in a single lung can-
cer case. Lung cancer cell lines were used for two
reasons: [irst, the presence of a homozygous dele-
tion can be casily validated by genomic PCR due
to the lack of noncancerous cell contamination
that hampers detection of homozygous deletions;
second, frequencies of copy number changes in
the genome were shown to be similar in cell lines
and surgical specimens in our previous study (Ogi-
wara et al., 2008). Hence homozygous deletions
detected in cell lines can be considered to have
occurred mostly in vivo, and not during ctheir
establishment and cultivation in vitro. In total, 176
genes located in 45 genomic loci on 17 chromo-

somes were identified as genes whose exons were
homozygously deleted (Supporting Information
Table 1). Oue of the 176 genes, PTPRD, was sub-
jected to mutation and expi s in sur-

ion analy:
gical specimens of lung cancer as well as lung
cancer cell lines to address the authenticity of this
gene as a lung tumor suppressor gene.

MATERIALS AND METHODS

Human Lung Cancer Cell Lines and Surgical
Specimens for Lung Cancer

Forty-three lung cancer cell lines were previ-
ously subjected to a SNP array analysis at a 100-
kb resolution using an Affymetrics Mapping 100-
k array (Affymetrix, Inc., Santa Clara, California),
and they were 11 SCLCs, 21 ADCs, 7 SQUGs, and
4 LLCCs (Nagayama et al,, 2007). In the present
study, 27 ADC cell lines consisting of 18 lines
(11-18, A549, Mal7, Ma24, H23, H322, H1395,
H1437, H2009, H2087, H2122, H2347, PC3, PCT7.
PCY, PC14, RERF-L , and VMRC-L.CD) an-
alyzed in the previous analysis (Nagayama ct al,
2007) and 9 cell lines (ABCI, Mal0, Mal2,
Ma26, Ma29, HCC44, HCC78, HCC193, and
HCC515) prepared for this study were subjected
to an array-CGH analysis at a 30-kb resolucion
using a Human CGH 185-k array (Agilent Tech-
nologics, Santa Clara, California). Therefore, 52
cell lines in toral were scanned for homozygous
deletions by using one or two DNA-array meth-
ods at 30 and 100-kb resolutions. To validate
homozygous deletion, 74 cell lines consisting of
52 cell lines subjected to these array analyses and
an additional 22 lung cancer cell lines consistin
of 11 SCLCs (H526, H774, H1339, H1450,
H1607, H1819, NCI-H1963, H2195, HCC33,
Lu24, and Ms18), 3 ADCs (12126, H1703, and
RERF-LCOK), 3 SQGCs (HCC9S, Sqg-5. and
PC10), 3 LCCs (Lu99, Ma2, and Ma23), and 2
adenosquamous  carcinomas (ASCs) (H396 and
HCC366) were analyzed. Details of H- and
HCC-series cell lines have been described else-
where (Burbee et al., 2001). PC-, Lu-, Ma-series.
and TI-18 cell lines were provided by Drs. Y
Hayata (Tokyo Medical University, Tokvo,
Japan), T. Terasaki (Kanagawa Insticute of Tech-
nology, Kanagawa, Japan) and S. Hirohashi
(National Cancer Center Research Institute, To-
kyo, Japan), M. Takada (National Hospital Orga-
nization Kinki-chuo Chest  Medical Ceneer,
Osaka, Japan), and K. Hagiwara (Saitama Medical
University, Saitama, Japan), respectively. Cell
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TABLE I. Homozygous Deletion and Expression of 17 Genes in Cancerous and Noncancerous Cultured Lung Celis
(Extracted from Supplementary Table |)
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lines were also obtained from the American Type
Culture Collection (Manassas, Virginia), the Japa-
nese Collection of Research Bioresources (Tokvo,
Japan), and the RIKEN BioResource Center
(Tsukuba, Japan). Genomic DNA and poly A
RNA were extracted by standard protocols.

Macro-dissected and micro-dissected cancerous
and noncancerous lung cells were obtained from
patients who were treated at the National Cancer
Center Hospital, Tokyo. Japan. Details of these
materials were described previously (Matsumoto
et al., 2006; Nakamura et al., 2006). Genomic
DNA and toral RNA were extracted by standard
protocols. This study was performed under the
approval of the Institutional Review Board of
National Cancer Center.

Detection of Homozygous Deletions by Array
CGH Analysis

Copy number changes in genomic DNAs of 27
lung cancer cell lines were assessed using a
Human CGH 185-k array covering 181,988 loci
and Agilent: CGH  Analytics Software (Version
3.3) (Agilent  Technologies). Genomic DNAs
from these cell lines and 10 lymphoblastoid cell
lines were analyzed according to the manufac-
turer’s protocol using a human normal genomic
DNA mix (Promega) as a reference. First, data

Genes, Chromosomes & Cancer DOT 10, 1002/gec

for probes that were located in copy number vari-
able regions deposited in the UCSC genome
database and those chat showed log2 rados
< 2.5 or »2.5 in 10 lymphoblastoid cell line
DNAs in the present analyses were removed to
mask copy number variable regions. Next, the
copy number along the genome of 27 lung cancer
cell lines was inferred by the Aberration Detec-
ton Method 2 (ADM2) algorithm. Autosomal
regions encompassed by >2 consecutive probes
with log2 ratios < were defined as candi-
dates for homozygously deleted regions. As the
probes were placed at a mean interval of 15-kb,
the present homozygous deletion search  was
undertaken at a 30-kb resolution.

Validation of Homozygous Deletions

One or more sct(s) of PCR primers was
designed to amplify genomic fragments that
encompass an exon of genes deduced tw be
located in homozygously deleted regions by refer-
ring to the information in the UCSC datbase
(http://genome.ucsc.edn/) and was subjected to
multiplex PCR using the IRF7 locus as a refer-
ence (Kishimoto et al., 2005). At least one exon
was examined for cach gene. Primer sequences
are listed in Supporting Tnformation Table 2.
PCR products were separated by electrophoresis
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TABLE 2. 34 Genes Mapped to Regions Other Than 9p2| and Homozygously Deleted in Two or More Lung Cancer Cell Lines

No. of cell
lines with

Chromosomal homozygous

location Gene Gene product deletion (%)
9p23 PTPRD Protein tyrosine phosphatase, receptor type D 8 [t}
2q21 LRPIB /LRP-DIP Low density lipoprotein-related protein |B 7 )
3pl4 FHIT Dinucleosidetriphosphatase 4 (5)
2q24 GRBl14 Growth factor receptor-bound protein 14 2 3)
2q24 COBLLI COBL-like | 2 (3)
2q24 SLC38AlI Solute carrier family 38, member |1 2 3)
2q24 SCN3A Sodium channel type lil, alpha subunit 2 3)
2q24 SCN2A Sodium channel type 1, alpha subunit 2 3)
2q24 FAMI130A2 TGF-beta induced apoptosis protein 2 2 (3)
2q24 GALNT3 UDP-N-acetyl-alpha-D-galactosamine 2 (3)
5qll PDE4D Phosphodiesterase 4D 2 3)
5q31 CTNNAL Alpha-catennin 2 3)
7q35 CNTNAP2 Contactin associated protein-like 2 2 3)
1opll PARD3 Par-3 partitioning defective 3 homolog 2 3)
18921 ME2 Malate dehydrogenase 2 2 3)
18q21 ELACH elaC homolog | 2 3)
19p13 KEAPI Cytosolic inhibitor of Nrf2 2 3)
1913 MZFl Myeloid zinc finger | 2 3)
19q13 MGC2752 Hypothetical LOC65996 2 (3)
21qll LIPI Membrane-associated phospholipase Al beta 2 3)
2iqll RBMI1 RNA binding motif protein 11 2 3)
2iqll STCH Stress 70 protein chaperone 2 3)
2iqtl SAMSNI SAM domain, SH3 domain and nuclear localization signals 2 3)
2iqll NRIPI Nuclear receptor interacting protein | 2 3)
2iqll usP2s Ubiquitin specific peptidase 25 2 3)
21qll C2lorf34 Chromosome 2| open reading frame 34 2 3)
2iqll hsa-mir-99a miRNA 2 3)
2iqll hsa-let-7¢ miRNA 2 3)
2iqll hsa-mir-125b-2 miRNA 2 3)
2iqll CXADR Coxsackie virus and adenovirus receptor 2 3)
2iqll BTG3/ANA BTG/Tob family protein 2 3)
21ql1 C21orf91 Chromosome 21 open reading frame 91 2 @3)
2iqlt CHODL Transmembrane protein MT75 2 (3)
21qll PRSS7 Enterokinase 2 3)

on 3% agarose gel and visualized by scaining with
ethidium bromide. When no PCR product was
detected, such an exon was judged as being
homozygously deleted.

Expression Analysis of the 176 Genes
Homozygously Deleted in Lung Cancer

Information on the expression levels for 23,583
genes of 15 lung cancer cell lines (A549, H157,
11322, H1299, H1437, H1e48, H2009, H2122,
H2126, H2347, HCCY5, HCC193, HCC366, and
HCC515) was previously obtained by analysis
using Affymetrix Gene Chips HG-U133A and
HG-U133B (Zhou et al., 2006). Informadon on
those of four other lung cancer cell lines (H2
H209, H841, and H2141) and cultured noncancer-
ous lung epithelial cells (Ramirez et al., 2004)

was obtained for the present study. Expression
data for 160 of the 176 genes homozygously
deleted in lung cancer cell lines were available,
and these 160 genes were assessed by 281 probes
(Supporting Information Table 1). Differences i
expression levels between lung cancer cell lines
and noncancerous lung cpithelial cells were
examined by 7 test, and probes with P < 0.05
were judged as significancly different. In addition,
probes with P < 0.00018 were judged as signifi-
cantly different after Bonferroni correction for
multiple tests (ie., 0.05/281 - 0.00018).

n

Mutation Analysis of the PTPRD Gene

All coding exons of the PTPRD gene were
amplified from 10 ng of DNA from 74 cell lines
and 95 surgical specimens of lung cancer by PCR

Genes, Chromosomes & Ganeer DOT 10.1002/gec



346 KOHNO ET AL.

using 44 sets of primers. PCR products from the
cell lines were directly sequenced using a Big
Dye Terminator Sequencing kit and an ABI
Prism 3700 Genetic Analyzer (Applied Biosys-
tems, Foster City, California, USA). PCR
products from the surgical specimens were sub-
jected to WAVE analysis according to the manu-
facturer’s  protocol  (Transgenomic, Omaha,
Nebraska, USA). PCR products with different
mobilities in the WAVE analysis were purified
and directly sequenced.

Quantitative Real-time Reverse Transcription PCR
(QRT-PCR) Analysis

Expression lev of the PTPRD gene were
evaluated by QRT-PCR using ABI Prism 7900HT
(Applied Biosystems). A Tagman probe (5'-
AGGATCAATATCAGTTTTCCTA-3) and a
set of primers (5-TGTTAAGAACACAACGAC
JAGCTAT-3 and 5- TCAAAGCTGCCCAGG
TACTCTAGT-3") were used  as previously
described (Sato et al., 2005). PCR was performed
in a single tube in duplicate. Resules were
expressed as the average of these two independ-
ent tests.

RESULTS AND DISCUSSION

Identification of Genes Homozygously Deleted in
52 Human Lung Cancer Cell Lines

Homozygously deleted regions in 43 lung can-
cer cell lines were previously searched for at a
100-kb resolution by a SNP array analysis, and
113 genes were deduced to map to homoz gously
deleted  regions in one or more cell lines
(Nagayama et al, 2007). These 113 genes con-
sisted of three genes, CDKN2?A/pl6, pI4ARF (a
gene sharing the same exons with CDKNZA/pI16
but encoding a different protein) (Stone et al.,
1995) and CDKN2B/pl5, which are considered
target tumor suppressor genes for homozyvgous
delecions ac chromosome band 9p21 (Hamada
et al., 2000). and 110 genes located in regions
other than 9p21 (Fig, 1).

In this study, homozygous deletions were fur-
ther scarched for by an array CGH analysis at a
30-kb resolution in 27 lung cancer cell lines con-
sisting of 18 cell lines previously analvzed
(Nagayama et al,, 2007) and 9 cell lines new v
prepared (Fig. 1). Among 113 genes found to be
deleted in the previous study (Nagayama ec al.,
2007), 111 were verified in this study. Two genes,
THSD4 and 20071133, considered to be homozy-

Genes, Chromosomes & Cancer DOT 10 1002/gec

Homozygous deletion search

on 52 lung cancer

113 genes
: 3 genes in 9p21 : 37 genes in 9p21
: 110 genes in others || : 46 genes in others

[2 90ncs exciudos [¢] |
[[194 genes: Genomic PCR for exons |

9 genes excluded H 9 qem—l_o;cluded |
102 genes I l 74 genes |
176 genes in total

Figure 1. Strategy to identify genes homozygously deleted in lung
cancer. A previous search on 43 lung cancer cell lines led to the iden-
tification of 113 genes deduced to be homozygously deleted
(Nagayama et al, 2007). The present search on 27 lung cancer cell
lines (18 cell lines overlaped) led to the identification of an additional
83 genes, and excluded two genes from the 113 genes above.
Genomic PCR for exons of 194 genes led o the validation of homo-
2ygous deletions in 176 genes.

gously deleted in the previous study. were not
found to be deleted here. Therefore, these two
genes were excluded from further analyses. In
addirion, 83 genes not indicated in the previous
study were deduced to be homozygously deleted
in the present 30-kb resolution analysis. These
83 genes consisted of 37 genes in the 9p21 region
and 46 genes in other regions. Thus, in cotal, 194
genes (111 + 83) were considered to be homozy-
gously deleted in 52 lung cancer cell lines by
using two different DNA array analyses.

To confirm the homozygous deletions of these
194 genes, genomic PCR against DNA fragments
encompassing an exon located in a homozygously
deleted region was performed for all of the 194
genes (primer information in Supporting Informa-
tion Table 2). One hundred seventy-six (91%) of
the 194 genes showed homozygous deletions of
at least one cxon (Fig. 1). These 176 genes
included CDKNZA/p76 and CDRNZB/p135, and the
results for deletions of these two genes deter-
mined by genomic PCR were consistent with the
results detenmined by Southern blot analysis in
our previous study (Okamoto et al., 1995). On
the other hand. homozygous deletions of exons
were not detected in the remaining 18 genes,
probably due to the fact that only intronic or
intergenic sequences were deleted or the dele-
tions deduced were spurious ones caused by ex-
perimental errors. Therefore, these 18 genes were
excluded from the remaining pare of chis study.
Homozygous deletion of one or more genes
detected in 20 (74%) of the 27 cell lines analyzed




GENES HOMOZYGOUSLY DELETED IN LUNG CANCER

347

TABLE 3. PTPRD Mutations in Lung Cancer

Sample Histological type No. of exon (nucleotide change) Predicted effect mRNA level®

Cell line
Ma29 ADC H (C1184T: Homo) Ala395Val 0.0015
H23 ADC ] (C1201T: Homo) Arg401Trp 0.053
Sq-5 sQC 20 (C3299T: Hetero) Thrl1100Met 0.00068
H1I55 Lcc 14 (C2057T: Hetero) Thré8élle 0.035
PCI3 LCC 20 (A3164G: Hetero) Aspl055Gly 0.010
Lué5 LCC 32 (G5258T: Homo) Glyl753Cys 0.00047
H2171° Nelo 5 (G460T: Homo) Aspl54Tyr 0.025
H526 scC 17 (A2443G: Hetero) Lys815Glu 0.70

Surgical specimen
Na68T” SQC 4 (G235T: Hetero) Gly79STOP 0.10
Nal82T® SQC 21 (TG3472-3473AT: Hetero) Trpl 158Met 0.27
SI7IT® Hels 5 {G2206T: Hetero) Vali736Leu Not tested
1662T° scc 17 (C IVS17- 16 T: Hetero) Unknown Not tested

*Relative expression level to noncancerous fung tissues.
"Validated to be somatic mutation.

by the present array CGH analysis, but not in the
remaining seven cell lines. Among a total of 52
cell lines subjected to the present and/or previous
homozygous deletion scanning, homozygous dele-
tion of one or more genes was detected in 36
(69%) cell lines.

Characteristics and Genomic Status of 176 Genes
Homozygously Deleted in Lung Cancer Cell Lines
The 176 genes with verified homozygous dele-
tions are listed in Table 1 and Supporting Infor-
mation Table 1. They consisted of 171 protein-
encoding genes and five miRNA genes (genes 58,
78, 167-169). These 176 genes were locared in 45
regions on 17 chromosomes (Supporting Informa-
tion Fig. 1). They included known tumor suppres-
sor genes, CDKN2A[p16. pI4ARF, CDKN2B/pl15.
RB7, and SMAD4 (genes 80-82, 131, and 155 in
Table 1) (Futreal et al., 2004), as well as candidate
tumor suppressor genes shown to be hemizygously
or homozygously deleted in several types of
human cancers, such as LRPIB/LRP-DIP, FHIT,
PIPRD and KEAPI (genes 3, 18, 47, and 157 in
Table 1) (Sozzi et al, 1996; Liu et al. 2000;
Sonoda et al., 2004: Sato ct al., 2005; Singh ct al.,
2006; Stallings et al., 2006; Ohta et al., 2008).
Frequencies of homozygous deletion for these
176 genes were examined in 74 lung cancer cell
lines, consisting of 52 cell lines used for the array
analyses and 22 additional cell lines, by genomic
PCR using the same sets of primers as described
above (Supporting Informacion Table 2). One to
75 of these genes were homozygously deleted in
44 of the 74 cell lines analyzed. No genc was
deleted in the remaining 30 cell lines (Supporting

InformationTable 1). Homozygous deletion of
each gene was detected in one (1%) o 20 (27%)
of the 74 cell lines. Sixty-four (36%) of the 176
genes were deleted in two or more cell lines
(Supporting Information Table 3), while the
other 112 (64%) were deleted in a single cell
line. The CDKN2A[p16 and pl4ARE genes (genes
80-81) in the 9p21 region were most frequently
deleted (20/74, 27%). Thirty-four genes deleted
in two or more cell lines were located in regions
other than 9p21 (lable 2). A candidate tumor
suppressor gene, PTPRD (gene 47), was most fre-
quendy deleted (8/74, 11%) among them. Other

known candidate tumor suppressors, LRPIB
(gene 3), FHIT (gene 18), and tAP! (gene

157), were also included in these 34 genes.
Therefore, other genes listed in Table 2 will be
also strong candidates for lung tumor suppressors.

Expression Status of the 176 Genes Homozygously
Deleted in Lung Cancer Cell Lines

Nineteen of the 44 cell lines with homozygous
deletion were available for information on expres-
sion levels of 23,583 genes obuined by microar-
ray analysis. These cell lines included all four
major histological types of lung cancers. Informa-
tion on expression levels was available for 160
(91%) of the 176 genes. Most of these genes
showed nonsignificant signals (i.e., absent call) in
cell lines with homozygous deletion of the corre-
sponding genes, and such genes were LRPIB
(gene 3), PTPRD (gene 47), CDKN2A/pI6, and
PI4ARF (genes 80-81 assessed by the same
probes), CDKNZB (gene 82), RBI (gene 131) and
KEAPT (gene 157) (Tuble 1). On the other hand,
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some genes with deletions of parts of genes, such
as FHIT (gene 18), showed significant signals
(i.c., present call) in cell lines with homozygous
deletions. As for the FHIT gene, transcripts lack-
ing exons, which are homozygously deleted, were
previously shown to be expressed in lung cancer
cells (Sozzi ct al., 1996).

Expression data on eight cultured noncancer-
ous lung epichelial cells were also available for
the same set of genes as in lung cancer cell lines
(Zhou ¢t al, 2006). Therefore, we searched for
genes whose expression was significantly lower in
lung cancer cells compared to noncancerous lung
epithelial cells. In 55 (31%) genes, at least one
probe showed a level of expression significantly
lower than that in noncancerous lung epithelial
cells (I/N ratio <1 and P < 0.05 by ¢ test,
marked in blue in Table 1 and Supporting Infor-
mation Table 1). Expression levels in 52 (95%) of
these 55 genes remained significantly lower after
removing lung cancer cases with homozygous de-
letion. The differences in expression of 18 genes
(10%) remained significant after Bonferroni cor-
rection for muldple tests (e, 2 < 0.00018,
marked in red in Table 1 and Supporting Infor-
mation Table 1), and that of 13 (72%) genes
remained  significant after removing cases with
homozygous deletion. These genes included the
KANK and ADAMTS] (genes 131 and 175) candi-
date tumor suppressor genes whose down-regula-
tion by epigenetic alterations rather than genetic
alterations in renal and lung cancers, respectively,
were reported (Sarkar et al., 2002; Choi et al.,
2008). Tt was noted that homozygous deletions of
these three genes were detected only in one cell
line, respectively. The results suggest thac the
present 176 genes include genes preferentially
inactivated in lung cancer cells by epigenetic
alterations rather than homozygous deletions.

PTPRD Alterations in Human Lung Cancer

Homozygous deletions and murations in the
PTPRD gene in human lun,‘;' cancer and other can-
cers, as well as the ability of PTPRD protein to in-
hibit growth and to cause apoptosis have indicated
that P7TPRD is a tumor suppressor gene (Sjoblom
et al,, 2006; Weir et al., 2007; Ding et al., 2008:
Solomon et al., 2008; Veeriah et al., 2009). Thus,
we scarched for mutations in the PTPRD gene in
both cell lines and surgical specimens of lung can-~
cer. Sequencing of all coding exons in 74 lung can-
cer cell lines revealed that eight cell lines (11%)
had nonsynonymous (i.e., associated with amino
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acid change) nucleotide substitutions that were
not deposited in the dbSNP database (Table 3).
The substitution in H2171 cells was validated to
be a somatic mutation, by the absence of this sub-
stitution in the corresponding lymphoblastoid cell
line (Supporting Information Fig. 2A). The other
seven substitutions  detected in the remaining
seven cell lines were also likely to be somartic
mutations because these substitutions were not
detected in noncancerous cells of 95 different
individuals (see below), and cach of them was
detected in only one of the 74 lung cancer cell
lines and in none of the 95 primary tumors
Among the 95 surgical specimens analyzed for
PTPRD mutations, four cases (4%) were con-
cluded as having somatic mutations because nu-
cleotide  substitutions  were  detected  only  in
cancer cells and not in the corresponding noncan-
cerous cells (Table 3). Onc was a nonsense muta-
ton, two were missense murtations, and the
remaining one was a mutation in an intronic
sequence. By RT-PCR and sequencing, mutant
alleles were shown to be expressed in all of the
cight cell lines with P7PRD mutations and a surgi-
cal specimen whose R was available for analy-
sis (Supporting Information Fig. 2A).

The PTPRD mutations detected in chis study
were dispersed through the PTPRD protein as
previously observed in lung and others cancers
(Fig. 2A) (Sjoblom ct al., 2006: Weir ct al., 2007;
Solomon et al., 2008; Veeriah et al., 2009). Tt was
noted that the same mutations were not present
among the murations detected in human cancers
up to the present, and hot spots for mutations
were not obvious (Supporting Information Fig,
2B and 2C). A recent study indicated that several
mutant P7PRD proteins have lower abilities than
the wild-type protein to inhibit growth and to
cause apoprosis in cells (Solomon et al., 2008). In
addition, a subsct of mutadions. including Gly79X
detected in the present study, were nonsense
mutations  causing a production of truncated
PTPRD proteins lacking the whole or a part of
protein tyrosine phosphatase catalytic domains.
‘These results indicate that somatic PTPRD muta-
tions arc a genctic event causing functional inac-
tivation of the P7PRD gene in human cancer
cells.

We nexc examined the expression of the
PTPRD gene in both cell lines and surgical speci-
mens of lung cancer. We previously reported that
the majority (>90%) of lung cancer cell lines,
including  eight cell lines with homozvgous
PTPRD deletions showed lower expression levels
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(A)
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T Lung cancer {Weir et al., 2007; Veeriah et al., 2009)
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Figure 2. PTPRD mutation and expression in lung cancer. (A) Loca-
tion of missense and nonsense mutations detected in the present and
previous studies. lg, immunoglobulin-like C2-type domain; FN3, fibro-
hectin type lll domain; TM, transmembrane domain: PTPc, protein ty-
rosine phosphatase catalytic domain. (B) Expression in macro-
dissected cancerous and noncancerous lung cells. Values for four
paired noncancerous and cancerous lung tissues are connected.
Expression levels are indicated after adjusting the mean for the levels

than noncancerous lung cells (Sato et al., 2005).
In this study, eight cell lines with P7PRD muta-
tions were also shown to express lower levels
compared to normal lung tissue (Table 3). Sixry
surgical specimens of lung tumors were also sub-
jected to QRT-PCR expression analysis. Fifty-
one (85%) specimens showed lower levels of
PTPRD expression than the mean-2SD for seven
noncancerous lung tissues, therefore, these sam-
ples were judged as having a reduced PTPRD
expression  (Fig. 2B). Two specimens  with
PTPRD mutations for which RNA was available
also showed reduced PTPRD expression (Table
3). Differences in PTPRD levels between noncan-
cerous lung tissues and all lung cancers, ADCs or

() 0 10 20

Type il alveolar epithelial ceus—

Bronchiolar epithelial cells-
Bronchial epithelial cells |

- CHSIRE

#2))

ADC| #3)

I #l
#5
AR
#7|
EL |
#9)

Lee | |

sQc

of expression in seven cases of noncancerous lung dssues to 1. Mean
values are indicated by horizontal bars if the group has three or
more samples. The threshold level to judge as reduced expression is
indicated by a dashed line. (C) Expression in micro-dissected cancer-
ous and noncancerous lung cells. The levels of PTPRD expression rela-
tive to those of GAPDH expression are shown after adjusting the
level of PTPRD expression in type Il alveolar epithelial cells to 1.

SQCs were significant (P < 0.05 by 7 test). Two
L.CCs also showed reduced PTPRD expression. A
SCC case examined also showed a lower level of
PTPRD, however, was not judged as having a
reduced PTPRD expression according to the cri-
teria above.

We also examined P7PRD expression in non-
cancerous lung comp()ncnr (‘C”S zmd cancerous
cells which were obrained by micro-dissection of
surgical specimens (Nakamura et al, 2006).
PTPRD expression was detected in noncancerous
lung component cells with the highest expression
in type I1 alveolar epithelial cells, candidate pre-
cursor cells for lung ADC (Oteo, 2002) (Fig. 2C).
The levels of expression in five lung cancer

Genes, Chromosommes & Cancer DOT 10.1002/gec
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samples were lower than those of any component
cells (cases 2, 3, 4, 7, and 10 in Fig. 2C). These
results suggested that reduced PTPRD expression
commonly occurs in lung  carcinogenesis.
Recently. reduced expression of PTPRD was
shown to be a frequent event in human glioblas-
toma, and to be caused by hypermethylation of
the promoter region of the PTPRD gene (Veeriah
et al.,, 2009). Therefore, it was strongly suggested
that PTPRD is silenced by a promoter hypermeth-
vlation also in lung cancer, although methylation
scatus of the PTPRD gene was not examined in
this study.

CONCLUSION

We identified 176 genes homozygously deleted
in human lung cancer. These genes included
known tumor suppressor genes and candidate tu-
mor  suppressor genes, whose hemizygous or
homozygous deletions as well as intragenic muta-
tions had been reported in several types of
human cancers. Furthermore, these 176 genes
include genes preferentially inactivated by epige-
netic alterations, such as KANK and ADAMTSI.
Indeed, one of these candidates, PTPRD, was
shown to be genedically and/or cpigenetically
altered in a considerable fraction of lung cancer.
Therefore, this set of genes will be informative
to identify novel lung tumor suppressor genes.
The Gene Set Enrichment Analvsis (GSEA)
(Subramanian et al., 2005) suggests that genes
with specific functions or involved in specific sig-
naling pathways are not significantly enriched
among these 176 genes. Thus, it was suggested
that genes involved in a varicty of biological proc-
esses could function as lung tumor suppressors.
Further genetic/epigenetic as well as functional
studies of these 176 genes will help understand-
ing of molecular mechanism of lung carcinogene-
sis. In fact, the present homozygous deletion
scanning was performed on a set of 52 lung can-
cer cell lines including all four major histological
types of lung cancer. However, fractions of ADC
(30/52, 58%) and SQC (7/32, 13%) were larger
and smaller than those in the population of lung
cancer patients (Parkin et al., 2004), respectively,
therefore, scanning of other sets of lung cancer
that are predominant for SQC might provide
additional genes.

One to 75 genes were homozygously deleted in
44 lung cancer cell lines analyzed, while no genes
was deleted in the remaining 30 cell lines. The
result mighe imply that the intrinsic genomic sta-
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bility against homozygous deletion is different
among lung cancer cases. We recently reported
genetic/epigenetic alteration profiles of known
oncogenes and tumor suppressor genes in the cell
lines used in this study (Medina et al., 2008;
Blanco et al, 2009). Therefore, relationships
between these alterations and homozygous dele-
tions of those 176 genes were examined. Interest-
ingly, numbers of genes with homozygous
deletions are significantly or marginally signifi-
cantly different according to alterations of tumor
suppressor genes, 7P53, CDKN2A/p16, LKB/, and
PTEN (Supporting Information Table 4). Muldi-
variate analysis indicated that only the CDKNZA
p16 alteration among them was independently
associated with the number of genes homozy-

gously deleted.  The  resule  suggests  that
CDKN2A/p16 alteration is involved in genomic

instability inducing homozygous deletions as this
gene is critical for the maintenance of genome in-
tegrity in human cells (McDermott et al., 2006).
Interestingly, the cell lines with homozygous
CDKN2A/pI6 deletions carried deletions of signif-
icantly larger number of genes than those with
promoter hypermethylation and mutation of the
CDKNZA/pl6 gene; and chose without (Support-
ing Information Fig. 3). Therefore, homozygous
CDKNZA/pI6 deledon can be a marker of incrin-
sic instability for homozygous deletion. More
detailed analysis of genctic/epigenctic  interac-
tions as well as functional interactions among
genes altered in lung cancer cells will furcher pro-
vide insights into the molecular mechanism of
lung carcinogenesis.
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Estrogen has been indi d to play an role in the de-
velopment of lung adenocarcinoma (ADC), particularly bronchio-
loalveolar carcinoma (BAC), a type of ADC that develops from
a benign adenomatous lesion, atypical adenomatous hyperplasia

(AAH). Pul\morplusms in the CYPI9A1 gene cause interindivid-
ual differences in estrogen levels. Here, 13 CYPI9AT single-
nucleotide polymorphisms (SNI’s) were examined for associations
with lung AAH risk. AAH is detected as ground-glass opacity
(GGO) by computed tomography (CT) examination, and this
study consisted of 100 individuuls diagnosed with GGO in their
lungs among 3088 CT-based cancer screening examinees and 424
without. Minor allele carriers for the rs3764221 SNP showed an
elevated risk for GGO [odds ratio (OR) = 1.72, P = 0.017]. As-
sociations of this SNP with risks for lung AAH and BAC in the
lungs were next exammed uslng 359 AD( cases whose resected
lung lobes were suhj d to a histologi ination for AAH
acecompaniment and (he presence of RAC components and 330
controls without cancer. The ORs were also increased for lung
ADC accompanied by AAH (OR = 1.74, P = 0.029) as well as
lung ADC with BAC components (OR = 1.41, P = 0.091). The
minor allele was associated with an increased circulating estradiol
level (P = 0.079) in a i} of 363 post women
without cancer. These results indicate that CYPI94] polymor-
phisms are involved in the risk for lung AAH and BAC in the
lungs by causing differences in estrogen levels.

Abbreviations: AAH, atypic.
noma; BAC, bronchioloalveolar
puted tomography: ER, strogen recepton GGO, ground-gluss opacity; HWE
Hardy-Weinberg equilibrium; LD linkage disequilibrium; OR odds ratio:
SNP. single-nucleotide poly SQC. cell ¢

Introduction

Adenocarcinoma (ADC) is the commonest histological type of lung
cancer. comprising ~40% of lung cancer cases, among European,
North American and Asian countries and is increasing in incidence
(1). Development of ADC is more weak! sociated with smoking
than those of two other major histological types of lung cancer, squa-
mous cell carcinoma (SQC) and small-cell lung carcinoma. Thus,
effective ways of preventing ADC are being searched for. Recent
studies indicate that estrogen plays a role in the growth of lung
ADC cells (2,3). Estrogen receptor (ER) B is expressed in bronchiolar
epithelial cells (4). ERB expression was detected in >75% of lung
ADC being more frequent than SQC and small-cell lung carcinoma,
and the expression was preferentially observed in bronchioloalveolar
carcinoma (BAC) (4), a differentiated type of lung ADC developed in
the peripheral lung (5). ERP expression was also detected in atypical
adenomatous hyperplasia (AAH) (4), a possible precancerous Iesion
for BAC (6). Growth of lung ADC cells with ERB expression was
enhanced by estrogen, whereas it was suppressed by antagonizing
estrogen (2,4). Therefore. estrogen is probably to play an essential
role in the growth of lung ADC cells. In fact, an ER antagonist,
fulvestrant. is being examined for its utility in the treatment ot lung
ADC (7).

Estrogen treatment significandly increased the development of ad-
enoma and ADC in the lungs of ovariectomized female and male
mice, therefore, estrogen is a risk factor for the development of lung
ADC in mice (8). In a cohort study of 44 667 lifelong never-smoking
women in Japan, women of either early age menarche or late age
menopause showed significant increase in the risk for lung cancer,
and involvement of the use of hormone replacement therapy in the
risk for lung cancer Qf postmenopausal women was also suggested
(9). Since ADC comps >85% of lung cancer cases in this study,
estrogen is a candidate risk factor for lung ADC also in the human.
However. the involvement of endogenous and exogenous estrogen in
the etiology of lung cancer of women has been inconsistent in other
populations (10-18). Tn addition. the significance of estrogen on lung
cancer risk of men has not been reported to our knowledge. although
men have similar levels of circulating estrogen 0 postmenopausal
women (19) and ER expression was detected in tung ADC both of
men and women (4,20). Therefore, estrogen is a possible target for
prevention of lung ADC, and the significance of estrogen on its eti-
ology should be further investigated.

Polymorphisms in genes involved in estrogen metabolism have
been suggested to be associated with circulating estrogen levels
(19). Particularly. polymorphisms in the CYPI9A7 gene, encoding
an aromatase responsible for the final step in the biosynthesis of
estrogens, estradiol (E2) and estrone (E1) (21), have been most inten-
sively investigated (22). A tandem repeat polymorphism, (TTTA)n, in
intron 4 and a single-nucieotide polymorphism (SNP), rs 10046, in the
3 -untranslated region of exon 10 were reported to be associated with
circulating estrogen levels in postmenopausal women (23,24). The
tandem repeat polymorphism was also associated with circulating
estrogen levels in men (25). Recently. by a large-scale association
study, in which >>3000 postmenopausal women of European descent
were analyzed for 103 SNPs dispersed in the CYP/9A! gene, SNPs
located in the 3" region (i.e. exons 2-10) of the CYP/9A7 gene, such
as rs10046 and four other SNPs (marked by blue lines in Figure 1),
were defined as most strongly associated with serum E2 and E1 levels
(26). Therefore. it was indicated that polymorphisms in the 3* region
of the CYP19A/ gene are responsible for interindividual differences in
circulating estrogen levels. On the other hand, in a recent association
study involving 1068 men from Sweden and 2568 men from the USA,
SNPs in the 3 region of the CYP/9A] gene, including rs10046, also
showed associations with serum E2 and El levels in men (19).
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CYP19A1 polymorphism and lung ADC risk

-LogP 1 Table I Study subjects
rs3764221
* | Set Subject Category All Male (%) Age Smoker (%)
2.0 I p )
| (mean * SD)
|
GGO Case 100 45(45) 5729 37(37)
Control 424 194 (46) 579 197 (46)
552470152 Lung ADC Case  All 359 193 (54) 59+9 187 (52)
1.0 AAH accompaniment
. ® Present 81 39(48) 607 42 (52)
rs10046 " } Absent 278 154 (55) 389 145 (52)
* * | BAC components
{ Present 151 70(46) 598 66 (44)
0 L2 4 Absent 21 11¢52) 6l=11 8 (38)
4930 2935 2940 (Mb) Control 330 186 (56) 6211 154 (47)

Fig. 1. jon of 13 SNPs in the CYPI9AJ gene with GGO i
panel shows association results by trend test for SNPs and the loc:
SNPs. Black lozenges depict the results for risks for GGO. The bottom panel
shows the LD structure in 424 control subjects. Boxes are shaded according
to the pair-wise D’ values.

However, the rs2470152 SNP located in intron 1 of the CYPI9A1 gene
(marked by a green line in Figure 1) showed a stronger association
than the SNPs in the 3" region (19). Therefore, it was indicuted that
polymorphisms in intron 1 of the CYP/9AI gene also affect the es-
trogen levels. Since the rs2470152 SNP was not examined in the
association study above in postmenopausal women (26), polymor-
phisms responsible for estrogen levels remain unclear. However, these
studies strongly indicate that CYP/9A1 polymorphisms are a critical
determinant of interindividual differences in the seram estrogen levels
both in men and women.

We investigated here the significance of CYP/9A7 SNPs on risks
for AAH and ADC by conducting four independent association stud-
ies to further obtain information on estrogen in the etiology of lung
ADC. (i) AAH in the lungs is detected as a ground-glass opacity
(GGO) by helical computed tomography (CT) examination (6,27-
30). Therefore, the first study was to examine association of CYP/9A!
SNPs with GGO risk in the lungs among examinees admitied to
a single cancer screening center. This study consisted of 100 cancer
screening examinees diagnosed with GGOs by a thin-section (high
resolution) CT examination among 3088 examinees and 424 exam-
inees without GGO who were matched to the GGO cases in sex and
age categories. (i) AAH is an incidental histologic finding detected in
16-35% of lungs bearing primary lung ADC (6,31). Therefore, the
second study was Lo examine association of CYP/9A1 SNPs with the
risk for ADC accompanied with AAH(s) in the lungs among patients
admitted to hospital. This study consisted of 81 cases diagnosed with
lung ADC accompanied with AAH(s) among 359 lung ADC cases
who received lobectomy followed by a histological examination of
resected lobes serially sliced at intervals of 5 mm and 330 controls
without cancer. (iii) AAH has been considered as a precancerous
lesion that particularly develops 10 BAC. a type of ADC. Therefore.
the third study was to examine association with risk for BAC. This
study consisted of 151 cases diagnosed with lung ADC containing
BAC components among 172 cases diagnosed with small-sized ADC,
which include BAC as the majority. and 330 controls without cancer.

(iv) Finally, CYPI9A1 SNPs that were associated with GGO, AAH
and BAC risks were examined for association with circulating estro-
gen levels of 363 postmenopausal women without cancer.

Subjects and methods

Subjects for associarion study on GGO risk
Study subjects were Japanese and consisted of examinees who underwent
helical CT examination of the lungs from 2003-07 as a cancer screcning pro-
cram provided by the Research Center for Cancer Prevention and Screening of
the National Cancer Center, Japan. Details of the screening program have been
described elsewhere (32). All examinees gave written informed consent to
allow their data and materials collected through the screening program (o be
used for the purpose of medical research. The study protocol was approved by
the institutional review board of the National Cancer Center, Tokyo, Japan.
Eligible examinees were individuals who underwent helical CT examination of
5. Details of the CT screening method were described previously (33).
Examinees diagnosed with lung cancer or with a history of malignancies wi
i ineligi Ina ive series of 3088 examinees aged from
40 to 79, 2822 fulfilled the necessary conditions above. One hundred and
five examinees were defined as GGO cases because they had at least one
GGO =5 mm in diameter by a screening CT examination followed by valida-
tion by a thin-section (high i ion. Four hundred and
forty examinees were chosen as control subjects from examinees without
GGO by frequency matching to these GGO cases in sex and four age categories
tages 4049, 50-59, 6069 and 70-79 years). Genomic DNAs were available
for 100 cases and 424 controls of these subjects for this study (the GGO set,
Table T). One hundred and two examinees were chosen by @ simple random
sampling method from §12 examinees diagnosed as having at least one GGO
<5 mm in diameter by ing and/or cT inations and
were ined as a pop
Refore undergoing the

GGO cases as a subset.

program, i i a self-
q medical history and lifestyle character-
istics, including smoking habit. The composition of the questionnaire has been
detailed here (32.34). The questi ire inquired about smoking habits
by first determining smoking stats (current, former and never) and then
expressing lifetime exposure to cigarette smoking among current- and forme
smokers by pack-years, with one pack-year defined as the smoking of 20
cigarettes every day for 1 year. Both current- and former-smokers were
expressed as smokers in this study.

Subjects for association study on lung ADC risk
All 359 cases and 330 controls were Japanese and were admissions (o the
National Cancer Center Hospital from 1999 to 2004. Cases were admissions
who were diagnosed with lung ADC by histological examinations according to
World Health Organization classification (5) and received lobectomies at
National Cancer Center Hospital. Controls were admissions who were not
diagnosed with fung cancers and had no history of cancers (the lung ADC
set. Table 1). They were individuals who had been suspected to carry lung or
gastric cancer in other hospitals and were not diagnosed with these cancers in
National Cancer Center Hospital by CT. endoscope examinations, etc. All
cases and controls, from whom informed consent as well as blood samples
were obtained, were consecutively included in this study without any exclusion
criteria. The participation rate was nearly 80%. From each individual. a 20 ml
whole-blood sample was obtained.

All 359 ADC cases were subjected to pathological search for AAH in the
resected lobes as described (35). Briefly, resccted lungs were inflated with 10%
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formalin through bronchial cut ends, and after fixation for a few days were
serially sliced at intervals of 5 mm, and each cut surface was macroscopically

Sliced lungs ¢ ining a lesion(s) for AAH were further
examined microscopically. Even in cases without macroscopic lesions. at least
one tissue block was prepared from all sliced lungs and subjected to micro-
scopic examination. The criteria for AAH were as follows and as described
previously (36,37): (i) a localized lesion with well-defined boundaries; (i) an
alveolar wall stightly thick d with mild infiltration of i y cells but
without scar formation: (iii) proliferating atypical epithelial cells abutting each
other but not as compact as in ADC; (iv) atypical epithelial cells that were
cuboidal to low columnar or peg-shaped in ce, ing either type
1T pneumocytes or non-ciliated bronchiolar epithelial ceils (Clara cells) and )
the presence of some atypical cells with two or more nuclei, most of which had
relatively smaller and smoother contours than those of ADC. These criteria are
compatible with those described in the reference of World Health Organization
classification of lung tumors as a proposal (6). In the lobes, AAH lesions were
detected in 81 cases (23%). whereas no AAH lesion was detected in the
remaining 278 cases (77%) (Table I). The 359 ADC cases included 172 cases
of small-sized ADC (i.e. <2 cm in maximum diameter), and the information
on the presence of BAC components in the tumor was available (Table I). One
hundred and fifty-one cases (87%) contained BAC components in the tumor,
whereas the remaining 21 cases (13%) did not.

The study protocol was approved by the institutional review board of the
National Cancer Center, Tokyo, Japan. Smoking histories of the case and
control subjects were cbtained via interview using a questionnaire. The
definitions of never-smokers and smokers are described above.

Subjects for associ

ion with estrogen levels

Postmenopausal women who participated as controls in multicenter hospital-
based case—control studies of breast cancer (38—40) were analyzed in the
present study. This stwdy was designed to determine lifestyle factors and
genetic susceptibility to the risk for breast cancer and to compare potential
risk factors among Japanese living in Nagano, Jupan and Japancse Brazilians
and non-Japanese Brazilians living in Sdo Paulo, Brazil. Written informed
consent was obtained from all these subjects. This study was approved by
Comissdo Nacional de Etica em Pesquisa (CONEP. National Committee of
Ethics in Research). Brasilia, Brazil and by the institutional review board of the
National Cancer Center, Tokyo, Japan.

Estrogen (E2 and E1) levels in serum for Nagano and in plasma for Sio
Paulo were deteomined by radioimmunoassay by Mitsubishi Kagaku Bio-
Clinical Laboratories (Tokyo, Japan). Both the hormone levels and genomic
DNA from peripheral blood cells of 185 Japanese, 44 Japanese Brazilians and
134 non-Japanese Brazilians were available for the present study.

SNP analysis

Genomic DNA was extracted from whole-blood cells ing a Blood Maxi
Kit (QIAGEN, Tokyo, Japan) according to the suppli structions. Thirteen
SNPs located in the CYP/9A 1 gene were selected. Five SNPs, rsd646, rs10046.
152414096, 15727479 and rs1008805, were chosen since significant associ
tions with serum estrogen levels of postmenopausal women were reported (26).
52470152 was chosen since a significant association with serum estrogen
levels of men was reported (19). The other seven SNPs were chosen based
on the fact that their minor allele frequencies in the Japanese population
were >0.1 in the GEMDBI SNP database (htips://gemdbj.nibio. go,jp/dgdh/).
Genotyping of GGO set subjects for six SNPs, rs4646. rs10046, 152414096,
5727479, rs1008805 and rs3764221 was performed by the Goldengate assay
(Tumina. San Diego. CA) and that for the remaining seven SNPs was per-
formed by the Tagman assay (Applied Biosystems, Foster City, CA) according
fo the supplier’s instructions. Genotyping of lung ADC set subjects for the
183764221 SNP and genotyping of the subjects for association of the
rs3764221 and rs10046 SNPs with serum estrogen levels was performed by
the Tagman assay.

Statistical analvses
A Hardy-Weinbery equilibrium (HWE) test was performed using the
SNPAlyze version 3 software (DYNACOM, Chiba, Japan), and SNPs with
a P value for deviation >0.05 were cousidered to be in HWE. Calculation
of the D" and R* values between SNPs was performed by the expectation—
maximization algorithm using the SNPAlyze version 3 software.
Associations of 13 SNPs in the CYPI9A7 gene with GGO risk were exam-
ined by a trend test adjusted for gender, age (<49, 50-59. 60—69 and >70) and
smoking (never-smoker versus smoker). Associations of the rs3764221 SNP
with GGO and ADC risks were digitized as odds ratios (ORs) adjusted for
gender, age (-49. 50-59, 60-69 and 70-) and smoking (never-smoker versus
smoker) with 95% confidence intervals (CIs) by unconditional logislic regres-
sion analysis (41). ORs for ADC risk according o the pani of AAH

were assessed by the multinomial logistic regression model. These analyses
were performed using the JMP version 6.0 software (SAS Institute, Cary, NC).
Linear trends for estrogen levels according to increases in the number of minor
alleles for the rs3764221 and rs10046 SNPs were tested in a multivariate re-
gression model using SAS software version 9.1 (SAS Institute). Variables used
for adjusunent in each test are described in the footnotes to Tables II and 1.
Alevel of P << 0.05 in a test was judged as significant and that of 0.05 < P < 0.1
was judged as marginal.

Results

Association of a CYP19 SNP with lung GGO risk

Thirteen SNPs dispersed in the CYP79A7 gene region were examined
for association with GGO risk in a case~control study that consisted of
100 examinees with GGO and 424 without (GGO set in Table . All
13 SNPs were in HWE both in cases and controls, Significant asso-
ciation with GGO risk was observed for an SNP, rs3764221, located in
intron 1 of the CYP/9A1 gene (P by trend test = 0.0085) (Figure 1:
supplementary Table T is available at Carcinogenesis Online).

Five SNPs associated with estrogen levels in dt
women of European descent (indicated by blue lines in Figure 1) were
in strong linkage disequilibrium (L.D) with cach other (D’= 0.85—
1.0) as reported (26). These five SNPs also showed LD with
1s3764221 (D° = 0.75-0.92). however, none of them showed signif-
icant associations with GGO risk (supplementary Table T is available
at Carcinogenesis Online). The rs2470152 SNP associated with es-
trogen levels in men from Sweden and the USA (indicated by a green
line in Figure 1) were in a complete LD (D’ = 1.0) with rs3764221.
and this SNP showed a marginal association (P = 0.076) with GGO
visk (supplementary Table 1 is available at Carcinogenesis Online).

Heterozygotes and homozygotes for the minor allele of the
53764221 SNP showed increased ORs for the GGO risk (Table 1),
and the increase in the homozygotes was statistically significant.
The OR in the dominant mode (C/T -~ T/T versus C/C) also

Table TI. Association of CYP19A1 (rs3764221) genotypes with tung
ADC risk

Category Genotype Control, N (%) Case. N (%) OR®(95% CT) P

GGO [e/e 262 (62) 4747 Reference
o 138 (33) 42(42) 159 (0.99-2.56) 0.057
T 24 (6) TGy 247 (1.09 0.030
Dominant 172 (1.10-2.70) 0.017
Recessive 2.03 0.9 0.077
ADC cic 187 (57) 184 (51) Reference
crr 123 (37) 145 (40) 121 (0.88-1.67) 0.24
T 20 (6 30 (8) 147 (0.80-2.77) 0.22
Dominant 1.25 (0.92-1.70) 0.16
Recessive 1.37 (0.76-2.53) 030
AAH accompaniment”
Present C/IC 35(43)  Reference
T 38(47)  1.69 (1.01-2.85) 0.047
T 8(10)  2.0510.794.93) 0.12
Dominant 1.74 (1.06-2.86) 0.029
Recessive 1.66 (0.66-3.82) 0.26
Absent C/C 149 (54)  Reference
T 107 (38)  1.10(0.78-1.55) 0.60
/T 22.(%) 1.33 (0.68-2.60) 0.40
Dominant 113 (0.81-1.57) 0.46
Recessive 1.29 (0.68-2.47) 0.44

BAC components
Present C/C

72 (48) Reference

CIT 64 (42) 1.3410.88-2.03) 0.17
T/T 15010y .87 (0.88-3.90) 0.10
Dominant 1.41 (0.95-2.09) 0.091
Recessive 1.65 (0.80-3.35) 0.17

*Adjusted for age, sex and smoking.
"ORs according to the accompaniment of AAH were assessed by the
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showed a statistically significant increase [OR = 1.72 (1.10-2.70)
P = 0.017] (Table II: supplementary Figure 1 is available at Carci-
nogenesis Online). The OR in the dominant mode was also calculated
against 102 examinees with GGO < 5 mm in diameter by screening
and/or high-resolution CT examinations. An increase in OR in the
dominant mode was also observed [OR = 1.42 (0.90~2.23)]; how-
ever, the increase did not reach a statistical signiticance (P = 0.13).

Association of a CYP19 SNP with lung ADC risk

Association of the 64221 SNP with lung ADC risk was examined
in a case—control study consisting of 359 lung ADC cases and 330
controls (Lung ADC set in Table ). This SNP was in HWE both in
cases and controls. ORs of heterozygotes and homozygotes for the
minor allele and those in both the dominant and recessive modes for
the lung ADC risk were increased; however, the increases were not
statistically significant (Table II; supplementary Figure 1 is available
at Carcinogenesis Online).

All 359 lung ADC cases were informative for the presence of AAH
in the lung lobe with primary ADC (Table I). Eighty-one (23%) cases
had AAHs with primary ADC, consistent with previous reports that
AAHs were detected in 16-35% of lungs with primary ADC (6,31).
The ORs of heterozygotes and homozygotes for the minor allele and
those in the dominant and recessive modes were higher for the risk for
ADC with AAH than for ADC without AAH, although their 95% Cls
overlapped (Table 11; supplementary Figure 1 is available at Carcino-
genesis Online). ORs of hetrozygotes and in the dominant mode for
the risk for ADC with AAH were statistically significant.

Among the 359 cases, 172 cases had small-sized ADC (i.e. <2cm
in maximum diameter) and were informative whether their tumors
contained BAC components or not (Table T). Tumors of 151 cases
were diagnosed as containing BAC components. The ORs of
heterozygotes and homozygotes for the minor allele and those in
the dominant and recessive modes were higher for ADC with BAC
components than for o 11 ADC, although their 95% CIs overlapped
(Table TI; supplementary Figure | is available at Carcinogenesis
Online). ORs in the dominant mode for the risk for ADC with BAC
components were marginally significant. The number of ADC cases
without BAC components was small; therefore. ORs for ADC without
BAC cc s were not 1.

Association of the rs3764221 SNP with estrogen level

Association of the rs3764221 SNP with GGO and ADC risks promp-
ted us to examine whether this SNP is associated with estrogen levels
or not. For this purpose. we examined the allele distribution of this
SNP in 363 post 1 women, isting of 185 Japanese, 44

CYPI9A I polymorphism and lung ADC risk

Japanese Brazilians and 134 non-Japanese Brazilians, whose infor-
mation on circulating E2 and E1 levels was available (38-40). We also
examined the allele distribution of the rs10046 SNP because the E2
and E1 levels in heterozygotes and homozygotes for the minor allele
had been shown previously to be significantly higher than those in
major allele homozygotes (Caucasian in Table 10I) (26). Heterozy-
gotes and homozygotes for the minor allele for the rs3764221 SNP
in all subjects showed higher E2 and E1 levels as for rs10046 in the
previous report (Table D) (26). The increase in the E2 level according
to increases in the number of minor alleles in all subjects was mar-
ginally significant (P = 0.078), whereas that in the E1 level was not
significant. Heterozygotes and homozygotes for Japanese subjects
also showed higher E2 and E1 levels, although the differences were
not statistically significant. On the other hand, heterozygotes and
homozygotes for the minor allele for the rs10046 SNP showed only
slightly increased levels of E1 and E2 in this study population.

Discussion

In this study, the 153764221 SNP in the CYP/9AT gene was shown to
be associated with risk for GGO (Table IT). AAHs are usually detected
as GGOs by CT examinations and a subset of these AAHs progress to
ADC, including BAC (28.30,42). Therefore, this SNP was suggested
{0 be involved in the risk for the development of AAH and also of lung
ADC, particularly of BAC in the lungs. This suggestion was supported
by the following (wo findings. First, the rs3764221 SNP showed a sig-
nificant association with the risk for ADC accompanied by AAH but
not for ADC not accompanied by AAH (Table I1). Second, this SNP
showed a marginal association with the risk for ADC containing BAC
components, and the association in this subset of ADC was more
evident than that in overall lung ADC (Table 11). This result is con-
sistent with the concept that AAH is a precancerous lesion of ADC,
preferentially of BAC (5,6.43). The frequency of having AAH in the
fungs has been shown to be considerably higher in ADC patients than
in individuals without cancer (6.31,36,37,44). Therefore, the suscep-
tibility to the development of AAH is probably to be associated with
that of ADC in the lungs. Thus. the rs3764221 SNP might confer lung
ADC risk by affecting the susceptibility to the development of AAH
that progress to ADC, preferentially BAC.

In the present study, the minor allele for the rs3764221 SNP was
marginally associated with a higher estrogen level in postmenopausal
women. $3764221 was in complete LD (D’ = 1) with
152470152, whose association with serum estrogen levels in men
had been reported (19). Accordingly, the rs2470152 SNP also showed
a marginally significant association with risk for GGO (Figure 1).

Table 111, Association of CYP19AT SNPs with circulating estrogen levels SNP

Population Genotype No. of subjects Increase in estradiol (E2) P for trend Increase in estrone (E1) P for wrend
1s3764221 All 220 Ref 0.078" Ref 0.26"
120 4.8%
17 +16.0% +
Japanese 86 011 Ref 0.30°
86 +1.2%
12 +17.0%
rs10046 All 116 0.92¢ Ref 0.36"
193 +0.04% +1.1%
54 0.69% +5.3%
Japanese 61 Ref 0.83* Ref 0.43*
93 +0.8% +2.5%
31 2.3% +6.
Caucasian® 835 Ref 29 21077 Ref 1.1 x 107%
1691 +5.7% +5.4%
799 12.8% 1.7%

“Adjusted for age, ethnic group. age at menarche, age at menopause. number of births, uge at first birth, height, body mass index, smoking, alcohol drinking and

Phys al activity in the past 5 years.
"Data from Haimann ef al. (26).
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Interestingly, intron 1 of the CYP19A7 gene contains 10 tissue spec
promoters, which have been indicated to play regulatory roles in
CYPI9AI gene expression differentially among diverse fissues
(21,22). 152470152 and rs3764221 SNPs are located, respectively,
in and 3’ to the L4 promoter, which cnables CYPI947 expression
in skin, testis and adipose tissues (21.45.46). Therefore. genetic var-
iations in the region spanning these two SNPs might be responsible
for differential CYPI9A7 expression among individuals, and this
might cause interindividual differences in estrogen levels. Tn contrast
(o previous reports (26), the rs10046 SNP did not show association
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with estrogen levels in the present study. Such an inc y might
have come from ethnic differences of subjects examined. Since the
minor allele frequency for the3764221 SNP is considerably lower in
Europeans ).05) than in Asians (>0.2) (http://www.ncbi.nlm.nih.
gov/projects/SNP/),  this SNP was not examined in previous
association studies of Europeans (19,26). The rs3764221 SNP is in
LD with SNPs located in the 3’ region of the CYPI9A/ gene, in-
cluding 1510046, therefore, it is also possible that SNP(s) critical
for estrogen levels is located in this 3’ region.

Tnteraction of CYPI9A] genotypes with smoking and gender was
also investigated. The ORs for the risks for GGO and lung ADC were

i y higher in kers than in smokers, although their
95% CIs overlapped ( 1 'y Table 1T is avai at Carcino-
genesis Online). This result went along with the result of meta-analysis
showing that hormone replacement therapy particularly increases
lung ADC risk of never-smokers (10). This stronger association of
CYPI9A] genotypes with GGO and lung ADC risks in never-smokers
than smokers might be due to the anti-estrogenic effect of smoking
(47,48). Smoking has been indicated to be associated with low levels
of estrogen and with decreased risks for estrogen-dependent cancers,
such as endometrial cancers (49-51). On the other hand, risks for
GGO and lung ADC were not consistently associated with gender
(supplementary Table TIT is available at Carcinogenesis Online);
therefore, the interaction of CYPI9A] genolypes with gender remains
unclear.

The present study proposes that CYP19A 1 polymorphisms are in-
volved in the risk for AAH and BAC in the lungs by causing differ-
ences in estrogen levels. Association studies of a single population
among CYPI9A1 genotypes, estrogen levels and the risk for AAH and
BAC, by taking gender and smoking into account, will further authen-
ticate the present results. The contribution of CYPJ9A] polymor-
phisms to cancer risks has been investi d in estrogen-ds d
cancers, such as ADCs of breast and endometrium. The contribution
has been indicated to be possible but remains inconclusive due o
inconsistent results among studies (22.26.52). Studies of CYPI9A7
polymorphisms on risks for ADCs of & variety of organs, including the
lungs, breast and endometrium, will further elucidate the significance
of these polymorphisms and estrogen levels on cancer ris
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Supplementary Figure 1 and Tables I-IIl can be found at hup://
carcin.oxfordjournals.org/
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