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Purpose

Norg—small—cell lung cancer (NSCLC) is a tumor in which only small improvements in clinical
outcome have been achieved. The issue is critical for stage | patients for whom there are no
available biomarkers that indicate which high-risk patients should receive adjuvant chemotherapy.
We aimed to find DNA methylation markers that could be helpful in this regard.

Patients and Methods

A DNA methylation microarray that analyzes 450,000 CpG sites was used to study tumoral DNA
obtained from 444 patients with NSCLC that included 237 stage | tumors. The prognostic DNA
methylation markers were validated by a single-methylation pyrosequencing assay in an indepen-
dent cohort of 143 patients with stage | NSCLC.

Results

Unsupervised clustering of the 10,000 most variable DNA methylation sites in the discovery cohort
identified patients with high-risk stage | NSCLC who had shorter relapse-free survival (RFS; hazard
ratio [HRI, 2.35; 95% CI, 1.29t0 4.28; P = .004). The study in the validation cohort of the significant
methylated sites from the discovery cohort found that hypermethylation of five genes was
significantly associated with shorter RFS in stage | NSCLC: HIST1H4F, PCDHGB6, NPBWART,
ALX1, and HOXAQ9. A signature based on the number of hypermethylated events distinguished
patients with high- and low-risk stage | NSCLC (HR, 3.24; 95% CI, 1.61 to 6.54; P = .001).

Conclusion

The DNA methylation signature of NSCLC affects the outcome of stage | patients, and it can be
practically determined by user-friendly polymerase chain reaction assays. The analysis of the best
DNA methylation biomarkers improved prognostic accuracy beyond standard staging.

J Clin Oncol 31:4140-4147. © 2013 by American Society of Clinical Oncology

L1.”® One explanation for these negative data in the

early stages could be the lack of biologic factors pre-

Non-small-cell lung cancer (NSCLC) is the leading
cause of cancer-related death." The poor prognosis
of patients with NSCLC is associated with several
factors, among which are late disease diagnosis and
the small number of effective drugs. The absence of
validated prognostic biomarkers could also be rele-
vant, because even patients with stage | NSCLC who
undergo potentially curative surgical resection are at
high risk of dying from recurrent disease, with a
5-year relapse rate of 35% to 50%." Although adju-
vant platinum-based chemotherapy is beneficial in
more advanced resected disease, in which most of
the patients have a high risk of recurrence,” it has
failed to show a survival benefit for patients at stage
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dicting their recurrence and the fact that, in the
absence of useful biomarkers, all stage INSCLCs are
pooled, making it more difficult to draw meaningful
clinical conclusions.

In the search for new potential biomarkers of
human cancer, the hypermethylation of the CpG
island sequences located in the promoter regions of
tumor suppressor genes are gaining prominence.” !
We wondered whether DNA methylation markers
could also be used to provide a prognostic snapshot
of lung tumors. Herein, we have obtained DNA
methylation signatures associated with shorter
relapse-free survival (RES) in stage I NSCLCs that
could be useful in the design of clinical trials for



Clinical Value of DNA Methylation in NSCLC

adjuvant chemotherapy in the expanding population of those diag-
nosed with early-stage lung cancer.

Study Design and Patient Population

Patients were eligible to enter the study as part of either discovery or
validation cohorts if they underwent surgical resection of NSCLC in any of the
international participating institutions. Patients treated with neoadjuvant
therapy and/or patients with large cell-carcinoma were not included in the
study. The clinical characteristics of the NSCLC surgical samples obtained are
provided in Table 1. Descriptors of the patients by site of origin and for each

single case are included in the Data Supplement. Tumors were collected by
surgical resection from patients who provided consent and under approval by
the institutional review boards. The median clinical follow-up was 7.2 years.
Follow-up was performed by using radiographic imaging (chest x-ray and
computed tomography scans), and time of recurrence was noted. In addition,
25 histologically normal lung tissue counterparts without any histologic evi-
dence of malignancy were also analyzed (Data Supplement). The NSCLC
tumor samples were studied in a consecutive manner as they arrived at the
centralized DNA methylation facility and passed the technical quality checks.

Procedures
The DNA methylation status of 450,000 CpG sites was established by
using the Infinium 450K Methylation Array.'>'> The methylation score of

Table 1. Clinical Characteristics of the Discovery and Validation Cohorts
Subset From Subset From
Discovery Cohort Discovery Cohort
Discovery Cohort for RFS Analysis for RFS Analysis Validation Cohort
(n = 444) (n=198)" (stage I) (n = 147)" (stage I) (n = 143)1
Characteristic No. % No. % No. % No. %

Age, years

Median 65 65.5 65.9 63.7

Range 35-90 38-85 38-85 32-78
Sex

Male 254 57 107 54 78 53 126 88

Female 190 43 91 46 69 47 17 12
Smoking history

Current or former smoker 334 75 169 85 127 86 122 85

Nonsmoker 47 11 25 13 17 12 10 7

Unknown 63 14 4 2 3 2 11 8
Disease stage

| 237 53 147 74 147 100 143 100

I 94 21 22 1 0 0 0 0

1l 102 23 26 13 0 0 0 0

I\ 11 3 3 2 0 0 0 0
Tumor type

Adenocarcinoma 322 73 155 78 118 80 79 55

Sqguamous cell carcinoma 122 27 43 22 29 20 64 45
Thoracic surgery practice

Lobectomy 396 90 172 86 132 90 117 82

Pneumonectomy 23 5 13 7 3 2 3 2

Segmentectomy 24 5 13 7 12 8 2 1

Unknown 1 0 0 0 0 0 21 15
Adjuvant treatment

None 211 48 198 100 147 100 143 100

Chemotherapy 24 5 0 0 0 0 0 0

Chemotherapy plus radiotherapy 12 3 0 0 0 0 0 0

Radiotherapy 27 6 0 0 0 0 0 0

Unknown 170 38 0 0 0 0 0 0
Recurrence

Yes 161 36 98 49 53 36 51 36

No 150 34 100 51 94 64 92 64

Unknown 133 30 0 0 0 0 0 0
RFS, months

Average 46.7 50.8 60.7 42.3

Range 0.6-224 0.6-224 0.6-224 2.6-130
Origin of the samples

Europe 291 66 100 51 68 46 142 99

United States 153 34 98 49 79 54 1 1
Abbreviation: RFS, relapse-free survival.
“Patients from the discovery cohort who had undergone resection of non-small-cell lung cancer and did not receive adjuvant chemotherapy before relapse.
TAIll patients from the validation cohort had undergone resection of non—small-cell lung cancer and did not receive adjuvant chemotherapy before relapse.
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each CpG is represented as a 8 value. Samples were clustered in an unsuper-
vised manner by using the 10,000 most variable 3 values for CpG methylation
according to the standard deviation for the CpG sites located in promoter
regions by hierarchical clustering using the complete method for agglomerat-
ing the Manhattan distances (Data Supplement). DNA methylation microar-
ray data are available from the National Center for Biotechnology
Information’s Gene Expression Omnibus.'* Pyrosequencing analyses to de-
termine CpG methylation status were conducted as previously described.'

Statistical Analysis

Assay results were compared with patient outcomes in a double-blind
manner. Median follow-up duration was calculated according to the inverse
Kaplan-Meier method. Differences in distributions between groups were ex-
amined by the x* test. The Kaplan-Meier method was used to estimate RFS,
and differences among the groups were analyzed with the log-rank test. Hazard
ratios (HRs) from univariate Cox regression analysis were used to determine
the association of clinicopathologic features with relapse. Multivariate Cox
proportional hazards regression was used to evaluate independent prognostic
factors associated with RFS.

Characteristics of Patients in the Discovery Cohort

Clinical characteristics of the 444 patients in the discovery cohort
are listed in Table 1. Descriptors of the patients by site of origin and for
each single case are shown in the Data Supplement. The clinicopath-
ologic characteristics of the lung tumors studied were related to the site
of origin (United States v Europe).'*'®

DNA Methylation Profiles Identify Two Groups With
Different RFS Rates

We first evaluated a genome-wide DNA methylation profile of
the original cohort of 444 patients with lung tumors, which included
two NSCLC subtypes (adenocarcinoma and squamous cell carcino-
mas) by using a previously validated 450,000 CpG methylation mi-
croarray.'>"? In addition, 25 histologically normal lung tissue
counterparts without any histologic evidence of malignancy were also
analyzed (Data Supplement).

The analyses of CpG methylation 3 values from the DNA meth-
ylation microarray within all primary NSCLCs (n = 444) and histo-
logically normal tissues (n = 25) identified 10,000 promoter CpGs
with the most variable CpG methylation levels (Data Supplement).
These 10,000 top-ranked CpG sites were plotted in an unsupervised
manner in the 444 primary NSCLCs (Fig 1A). The hierarchical clus-
tering distinguished two main types of tumors that accounted for 70
(16%; group A) and 374 (84%; group B) patients. The x” tests showed
a significantly higher proportion of the adenocarcinoma histologic
type in group A (x* test P = .02), but no other significant differ-
ences in the distribution of the tumors according to stage, sex, or
smoking history between group A and group B were observed
(Data Supplement).

We investigated whether these two DNA methylation groups had
any effect on the RFS of these patients. We analyzed the subset of
patients who had undergone resection of NSCLC and had not received
adjuvant chemotherapy before relapse, because of the possible con-
founding effect of chemotherapy on the RES. Overall survival was not
selected as an end point for the study because it could be affected by
subsequent therapies received at relapse. Overall, 198 patients with
NSCLC met the criteria for inclusion in the RFS cohort. Most impor-
tantly, these group A patients with NSCLC had a significantly shorter

4142  © 2013 by American Society of Clinical Oncology

RFS, as shown in the Kaplan-Meier survival analysis (log-rank test
P < .001; Fig 1B) and in the univariate (HR, 2.45; P < .001) and
multivariate (HR, 2.40; P < .001) Cox regression analyses of stage,
histology, smoking history, age, and sex (Data Supplement). In refer-
ence to histology, the unsupervised clustering analysis of either ade-
nocarcinomas or squamous cell carcinomas also identified a group
associated with shorter RFS (HR, 2.47; P = .002 and HR 4.93; P =
.001, respectively; Data Supplement).

We wanted to extend these observations to identify those NSCLC
tumors that, despite their low stage, are prone to recurrence. The
selection of these patients is critical because approximately 30% to
40% of patients with stage I NSCLC die of recurrent disease.'?' To
address this, the profile of the aforementioned 10,000 promoter CpGs,
which had already shown their prognostic value throughout all
NSCLC stages, was plotted in an unsupervised manner in the 237
patients with stage I NSCLC (Fig 1C). Hierarchical clustering distin-
guished two main types of tumors, accounting for 63 (27%; group 1)
and 174 (73%; group 2) patients. The x* tests revealed no significant
differences in the distribution of the tumors in the two groups by sex,
smoking history, and histologic type (Data Supplement). Among the
237 patients with stage I NSCLC, 147 met the described criteria for
inclusion in the RES cohort. The ineligible patients (n = 90) did not
show a higher recurrence rate (x* test P = .12). Group 1 identified
patients with high-risk stage I NSCLC that had lower RFS, as revealed
by the Kaplan-Meier survival analysis (log-rank test P = .03; Fig 1D)
and in the univariate (HR, 1.85; P = .037) and multivariate (HR, 2.35;
P = .004) Cox regressions of histology, smoking history, age, and sex
(Data Supplement). In reference to histology, the unsupervised clus-
tering analysis of the adenocarcinomas in stage I also identified a
group associated with shorter RFS (HR, 2.94; P = .003; Data Supple-
ment), and a trend was observed for squamous cell carcinomas (HR,
2.55; P = .09; Data Supplement). We also performed a Cox analysis
that included smoking pack-years as a covariate. We categorized pack-
years>* as less than 30 or = 30. The inclusion of the pack-year data
value did not change the significant association of group 1 tumors with
shorter RFS (HR, 2.3; P = .007). For all the patients with stage I
NSCLC (because stage 1A and IB have different outcomes), we also
added this particular feature (according to the sixth revision of the
TNM classification criteria) to the Cox regression multivariate analy-
sis and group 1 remained significantly associated with shorter RFS
(HR, 2.12; P = .018). The inclusion of tumor size within stage I (also
an indicator of poor prognosis in NSCLC) in the Cox analysis did not
alter the significant association of group 1 tumors with shorter RFS
(HR, 2.02; P = .05). The reclassification of the stage I tumors accord-
ing to the seventh revision of the TNM classification criteria also
confirmed that group 1 patients remained significantly associated
with shorter RFS (HR, 2.14; P = .05).

Identification of Candidate Genes as DNA Methylation
Biomarkers of Shorter RFS in the Discovery Cohort of
Stage | NSCLC

The identification of a DNA methylation signature for stage I
NSCLC that predicts early recurrence might be useful, but the
finding of a smaller panel of DNA methylation biomarkers could
simplify the process. To achieve this goal, we developed an integra-
tive approach to rank the CpG sites that, according to their meth-
ylation status (f values), were best at discriminating the 444
NSCLC samples from the 25 histologically normal lung tissue
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Fig 1. DNA methylation signatures associated with recurrence-free survival (RFS) in non-small-cell lung cancer samples. (A) Unsupervised hierarchical clustering and
heat map associated with the methylation profile (according to the color scale shown) of the 444 primary tumor specimens based on the 10,000 most variable promoter
B values. Two different histologic subtypes are represented: adenocarcinoma (Adeno; red) and squamous cell carcinoma (yellow). Each column represents an individual
patient and each row an individual CpG. (B) Kaplan-Meier analysis for RFS among the 198 patients with RFS information according to the two groups obtained from
the clustering. The P value corresponds to the hazard ratio (HR) adjusted by multivariate regression (including age, sex, smoking history, stage, and histologic type).
(C) Unsupervised clustering and the heat map of the subset of 237 patients with stage | non—small-cell lung cancer. (D) Kaplan-Meier estimates for RFS among the
subset of 147 patients with RFS information according to the two groups obtained in the clustering. The P value reflects the HR adjusted as in the analysis in (B).

samples. This analysis identified 338 highly ranked CpG sites (Data
Supplement). From these, we focused on the CpGs located in
regulatory regions: promoter CpG islands’'! and shores.”>** We
found that 150 of the 338 CpG sites were located in the described
regions. All of these 150 CpG sites were present in the 10,000 CpG
sites used in the clustering. CpG hypermethylation of these 150
sites was significantly enriched in group A versus group B (7 test
P <.001) and in group 1 versus group 2 (¢ test P <.001), support-
ing their potential prognostic value. Thus, we tested the methyl-
ation value of each of these 150 CpG sites for RFS in the 147 stage
tumors by Kaplan-Meier survival and multivariate Cox regression.
We identified 54 CpGs corresponding to 42 genes that were signif-
icantly associated with shorter RFS at a 10% false discovery rate
(Data Supplement). Our data mining approach can be comple-
mented by others and, in this regard, the promoter CpG sites of
other methylation markers in lung cancer® did not pass the criteria
used. However, we confirmed that CDHI13 and RASSFI1A hyper-
methylation was associated with shorter RFS (HR, 3.47; P = .01
and HR, 2.17; P = .02, respectively) in the 147 stage I tumors.

WwWw.jco.org

Validation of Candidate Genes as DNA Methylation
Biomarkers of Shorter RFS in an Independent Cohort
of Stage | NSCLC

Once we had identified 42 genes with CpG promoter methyl-
ation that influenced RES in our initial discovery cohort of 147 stage I
tumors, we sought to validate these single DNA methylation markers
in an additional cohort of 143 patients with stage [ NSCLC (Table 1).
Descriptors of the patients by site of origin and for each single sample
are shown in the Data Supplement. All these new NSCLC samples
were obtained from patients who had undergone a resection and did
not receive adjuvant chemotherapy. The validation cohort, in com-
parison to the discovery set, was significantly enriched in European
samples and, thus, in affected men and squamous cell carcinomas.' '’
The methylation levels at the described CpG sites were analyzed by
pyrosequencing'® to test a more affordable large-scale approach.
Methylation value by pyrosequencing was obtained from the average
of each of the CpG dinucleotides included in the sequence analyzed
(Data Supplement). Because the DNA material was limited, we
selected the top 10 genes (Data Supplement) with an HR of more than
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2 at a 10% false discovery rate (Data Supplement). By histology, four
(80%) of the top five candidates in the adenocarcinoma set were also
present in the overall 10-gene candidate list (Data Supplement).

Of these 10 candidate DNA methylation biomarkers associated
with recurrence in the discovery cohort by using the DNA methylation

Sandoval et al

by pyrosequencing. These
(HISTIH4F, HR, 3.55; P <
(PCDHGBS6; HR, 2.95; P

Relapse-Free Survival ) Relapse-Free Survival 3>

Relapse-Free Survival M

Relapse-Free Survival G)

Relapse-Free Survival

HISTIH4F
1.0 4 Methylated (n =18)
= Unmethylated (n = 129)
0.8 1 HR, 2.46 (95% CI, 1.25 to 4.85)
B P=.061
= 0.6
o
S 0.4
=
0.2
0 5 10
Time Since Surgery (years)
PCDHGB6
1.0 4 Methylated (n = 33)
‘\.. = Unmethylated (n = 114)
0.8 HR, 2.28 (95% CI, 1.23 t0 4.23)
— P=.061
5
= 0.6
o
S 0.4
s
0.2
T T
0 5 10
Time Since Surgery (years)
NPBWRI1
1.0 4a, Methylated (n = 46)
", — Unmethylated (n = 101)
084 HR, 2.14 (95% CI, 1.18 to 3.87)
= P=.060
= 0.6
o
S 0.4
=
0.2
0 5 10
Time Since Surgery (years)
ALX1
1.0 A Methylated (n = 22)
— Unmethylated (n = 125)
0.8 HR, 2.07 (95% CI, 1.08 to 3.97)
B P=.079
B 0.6
o
S 0.4
=
0.2
T T
0 5 10
Time Since Surgery (years)
HOXA9
1.0+ Methylated (n = 17)
= Unmethylated (n = 130)
. 0.8+ HR, 3.27 (95% Cl, 1.70 to 6.29)
S P=.023
= 0.6
o
S 0.4
=
0.2

0 5 1I0
Time Since Surgery (years)

Relapse-Free Survival 2 Relapse-Free Survival Tl Relapse-Free Survival O Relapse-Free Survival U0

Relapse-Free Survival &=

(proportion)

(proportion)

(proportion)

(proportion)

(proportion)

HISTIH4F
1.0y Methylated (n = 17)
L — Unmethylated (n = 116)
0.8 HR, 3.55 (95% CI, 1.70 to 7.42)
P=.001
0.6
0.4
0.2
0 5 10 15
Time Since Surgery (years)
PCDHGB6
1.0 1, Methylated (n = 31)
* — Unmethylated (n = 106)
0.8 HR, 2.95 (95% CI, 1.50 to 5.80)
P=.002
0.6
0.4
0.2
T T T
0 5 10 15
Time Since Surgery (years)
NPBWRI
1-0'\ Methylated (n = 38)
= Unmethylated (n = 97)
0.8+ HR, 2.71(95% CI, 1.36 t0 5.38)
P=.004
0.6
0.4
0.2
0 5 10 15
Time Since Surgery (years)
ALXT
1.0+ u Methylated (n = 39)
— Unmethylated (n = 102)
0.8 4 HR, 2.29 (95% Cl, 1.18 to 4.45)
P=.015
0.6
0.4
0.2
T T T
0 5 10 15
Time Since Surgery (years)
HOXA9
1.0+ Y Methylated (n = 34)
= Unmethylated (n = 77)
0.8+ HR, 2.03 (95% Cl, 1.09 to 3.81)
P=.027
0.6
0.4
0.2
T T T
0 5 10 15

Time Since Surgery (years)

a4

© 2013 by American Society of Clinical Oncology

microarray, five (50%) were significantly associated with recurrence
(P <.05) in the validation cohort of 143 stage I NSCLC samples analyzed

were the genes histone cluster] HA4F
.001), protocadherin gamma subfamily B6

.002), neuropeptide B/W receptor 1

Fig 2. Kaplan-Meier estimates of relapse-
free survival in patients with stage | non—
small-cell lung cancer. Patients by methylation
status of the five validated genes. (A, C, E, G,
|) Kaplan-Meier estimates for relapse-free sur-
vival of the final five validated genes in the
subset of 147 patients in stage | from the
discovery cohort. Methylation status was
determined by the Infinium 450k Methyl-
ation Array. (B, D, F, H, J) Corresponding
Kaplan-Meier estimates for the same
genes in the 143 patients in stage | in-
cluded in the validation cohort. In this
case, methylation status was determined
by pyrosequencing. The P values corre-
spond to hazard ratios (HRs) adjusted by
multivariate regression (including age,
sex, smoking history, and histologic type).
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(NPBWRI; HR, 2.71; P = .004), ALX homeobox protein 1 (ALXI; HR,
2.29; P=.015),and homeobox A9 (HOXA9; HR, 2.03; P = .027; Fig2 and
Data Supplement). In addition, three other genes (30%) showed a trend
toward significance (OTX2; HR, 1.82; P = .11; TRIM58; HR, 1.57; P =
.14;and TRH; HR, 4.23; P = .17; Data Supplement). The pyrosequencing
values for the five significant genes (HIST1H4F, PCDHGBS,
NPBWRI, ALX1, and HOXAY) in all studied samples, histologi-
cally normal tissues (n = 25), and primary NSCLC (n = 143) are
provided in the Data Supplement.

We also observed a greater risk of shorter RES, according to Kaplan-
Meier plots, when stage I NSCLCs harbored a large number of the
five statistically significant hypermethylated markers (HIST1H4F,
PCDHGB6, NPBWRI, ALX1, and HOXA9). To obtain the most useful

methylation signature, we chose the cutoff of zero to one versus two or
more hypermethylated markers, because it was the best one in resembling
the percentage of expected recurrences."'**' The described methylation
signature divides the patients with stage I tumors into two arms: patients
with zero to one methylated markers that show longer RES and those with
two or more hypermethylated genes that were associated with a higher
risk of poor RES by Kaplan-Meier estimates (Fig 3A). The heavily hyper-
methylated group identified patients with high-risk stage I NSCLC who
had shorter RFS, as shown by the Kaplan-Meier survival analysis (log-
rank test P = .010; Fig 3A) and the univariate (HR, 2.26; P = .012) and
multivariate (HR, 3.24; P = .001) Cox regressions (Data Supplement).
The identified methylation signature remained significantly associated
with shorter RFS in the Cox regression multivariate analysis, even when

A 1.0- —0-1(n=67)
\ 2-5 (n =35)
B
S HR, 3.24 (95% Cl, 1.61 to 6.54)
€ 084 P=.001
Qo
2
o
= 0.6
©
=
<
=
D 0.4
[+
(4]
o
& 0.2
Qo
©
o
[a's
T T T
0 5 10 15
Time Since Surgery (years)
No. at risk
0-1 67 26 3 0
2:5 35 6 1 0

Cc

DNA Methylation

Hazard Ratio for Recurrence (95% Cl)

Signatures . o .
g Discovery Cohort (450K array) Validation Cohort (pyrosequencing)
HR 95% Cl

Group 1 heat map stage 1 D —— 2.35 1.29t0 4.28 X
! ' HR 95% ClI
Ll Ll

HIST1H4F o 2.46 1.25 to 4.85 ! ——— 355 1.70t07.42
Ll Ll
Ll Ll

PCDHGB6 y ——— 2.28 1.23t0 4.23 P ——— 2.95 1.50to 5.80
Ll Ll
Ll Ll

NPBWR1 | — 2.14 1.18 to 3.87  ——— 271 1.36t05.38
Ll Ll
Ll Ll

ALX1 ——— 2.07 1.08 to 3.97 e 229 1.18t04.45
Ll Ll
Ll Ll

HOXA9 1 — 3.27 1.70 to 6.29 | — 2.03 1.09to 3.81
Ll Ll
Ll Ll

0-1 v>2 hypermethylated genes : —_—— 1.95 1.09 to 3.47 : —_— 3.24 1.61to6.54

o5 1 2 4 8 o5 1 2 4 8

B 1.0y — 01 (n=103)
. 2-5 (n=44)
s
S | HR, 1.95 (95% CI, 1.09 to 3.47)
€ 08 P=.001
Qo
I
o
= 0.6
©
>
2
=
@ 0.4
[«}]
o
u-
& 0.2
(=N
©
(5}
o~
T T T
0 5 10 15
Time Since Surgery (years)
No. at risk
0-1 103 48 13 2
25 44 18 3 1

Fig 3. (A-B) Kaplan-Meier estimates of relapse-free survival by number of methylated genes and (C) forest plot with hazard ratios for recurrence in stage | non—-small-cell lung cancer.
(A, B) In each panel, patients are grouped into methylation low (blue) or methylation high (gold) groups according to the number of methylated genes (zero to one v two to five) from
the five-gene signature (including HIST1H4F, NPBWR1, PCDHGB6, ALX1, and HOXA9). (A) Patients from the validation cohort analyzed by pyrosequencing. (B) Patients from the
discovery cohort analyzed by the DNA methylation microarray. The Pvalues correspond to hazard ratios (HRs) adjusted by multivariate regression (including age, sex, smoking history,
and histologic type). (C) The forest plot shows the multivariate Cox regression for the various DNA methylation classifiers of patients with stage | non—small-cell lung cancer. Data for
the group 1 heat map in stage | were obtained from the discovery cohort with the 450K array. Data from each of the five significant genes and the zero to one v = two hypermethylated
genes signature model were obtained from both the discovery cohort with the 450K array and the validation cohort by pyrosequencing. The prognostic value for each gene or signature

was adjusted for age, sex, smoking history, and histologic type.
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stage I tumors were subdivided into IA and IB according to the sixth
revision of the TNM dlassification (HR, 3.09; P = .002). The reclassifica-
tion of the stage I tumors according to the seventh revision of the TNM
classification criteria also confirmed the relevance of the enriched hyper-
methylation group for shorter RES in 103 original stage I tumors for which
all the necessary clinicopathologic information was available (HR, 2.89;
P = .010). The inclusion of tumor size in the Cox analysis within stage I
did not alter the significant association of tumors with two or more
methylated markers with shorter RES (HR, 2.88; P = .011). Because 80%
of recurrences of stage I NSCLC occur within 3 years of surgery,'® we also
calculated how many patients relapsed in this period. We observed that
48% (95% ClI, 39.8% to 56.4%) of patients from the enriched methylated
group relapsed, but only 18% (95% CI, 16.1% to 19.5%) of those in the
low methylated group (zero to one methylated markers). Finally, as ex-
pected, the prognostic zero to one versus two or more hypermethylated
genes signature obtained by pyrosequencing in the validation cohort was
also observed in the 147 stage INSCLCs from the discovery cohort studied
by the DNA methylation microarray (HR, 1.95; P = .023; Fig 3B). Overall,
we have identified DNA methylation classifiers that, at a different level of
resolution, are potential prognostic biomarkers of shorter RES in stage I
NSCLC (Fig 3C).

One challenge in lung cancer management is that, despite complete
surgical resection, patients with early-stage NSCLC are at considerable
risk of recurrence and death. For this reason, we studied samples from
stage I patients with the aim of identifying candidate DNA methyl-
ation biomarkers that can distinguish between patients at low risk of
relapse and those at high risk for whom adjuvant treatment could be
prescribed. Our results have distinguished two prognostic groups of
stage INSCLC at two levels of resolution by using a DNA methylation
microarray profile that includes 10,000 CpG sites and by obtaining a
methylation signature based on five genes derived from Cox regres-
sion models that could simplify the decision-making process.

Our study represents the largest cohort of primary NSCLCs stud-
ied for high-resolution DNA methylation analyses with a clinical ori-
entation, a complement to the genomics®® and expression*’ data.
Other genomic approaches with lower resolution have determined
DNA methylation profiles in NSCLCs,'>**** although they have not
focused on stage I. Candidate gene approaches have also suggested
DNA methylation markers that are linked with prognosis in
NSCLC.** An example is provided by the suggested association
between p16INK4a, CDH13, RASSF1A, and APC hypermethylation
and early recurrence in stage I lung cancer.”® In addition, some CpG
methylation events may be associated with better prognosis,”* and
their identification will require further analyses. It is also noteworthy
to explain that useful hypermethylated markers to add to those char-
acterized herein are possible and can be obtained from further mining
of our publically available DNA methylation data.

Among the genes in our five-gene methylation signature,
HOXA9 hypermethylation has been described in lung tumorigene-
sis.”**>*® Although the association of HOXA9 methylation with RFS
was not assessed, HOXA9 hypermethylation relates to poor prognosis
in other tumor types.*”*® For the other genes, PCDHGB6 and
NPBWRI hypermethylation occur in breast™ and prostate® cancer,
respectively, and both are associated with poor prognosis. Although
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our analysis was not aimed at finding markers of chemoresponse, the
observed CpG hypermethylation of a particular histone gene in the
high-risk group (HIST1H4F) warrants further research because a
small subset of patients with NSCLC are sensitive to histone deacety-
lase inhibitors.*' The identified patients with lung cancer whose high
risk is associated with the described DNA methylation markers might
also be a candidate group to receive DNA demethylating agents.**

The introduction of new therapies in NSCLC, such as epidermal
growth factor receptor and anaplastic lymphoma kinase inhibitors, is a
promising avenue for improving the outcome of these patients, but the
target population is small. Although surgery remains the reference treat-
ment in stage [ NSCLCs, recurrence of the disease still occurs. Adjuvant
platinum-based chemotherapy is beneficial in stage IT and ITla NSCLC.>®
Most studies have failed to show a survival benefit for adjuvant chemo-
therapy in stage I,”® although a trend was observed for stage IB.”® How-
ever, no molecular biomarkers were investigated in those trials. If we could
identify stage I NSCLCs associated with shorter RFS, we could design
stage-specific clinical trials in which a benefit of adjuvant therapies could
accrue to the high-risk population. The DNA methylation markers iden-
tified herein, once they have been externally validated, could be useful for
generating treatment guidelines for early-stage lung tumors.
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