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ABSTRACT

BACKGROUND

Despite optimal and early surgical treatment of non—small-cell lung cancer (NSCLC),
many patients die of recurrent NSCLC. We investigated the association between gene
methylation and recurrence of the tumor.

METHODS

Fifty-one patients with stage I NSCLC who underwent curative resection but who
had a recurrence within 40 months after resection (case patients) were matched on
the basis of age, NSCLC stage, sex, and date of surgery to 116 patients with stage I
NSCLC who underwent curative resection but who did not have a recurrence within
40 months after resection (controls). We investigated whether the methylation of seven
genes in tumor and lymph nodes was associated with tumor recurrence.

RESULTS

In a multivariate model, promoter methylation of the cyclin-dependent kinase inhibitor
2A gene p16, the H-cadherin gene CDH13, the Ras association domain family 1 gene
RASSF1A, and the adenomatous polyposis coli gene APC in tumors and in histologi-
cally tumor-negative lymph nodes was associated with tumor recurrence, indepen-
dently of NSCLC stage, age, sex, race, smoking history, and histologic characteristics
of the tumor. Methylation of the promoter regions of p16 and CDH13 in both tumor
and mediastinal lymph nodes was associated with an odds ratio of recurrent cancer
0f 15.50 in the original cohort and an odds ratio of 25.25 when the original cohort was
combined with an independent validation cohort of 20 patients with stage I NSCLC.

CONCLUSIONS
Methylation of the promoter region of the four genes in patients with stage I NSCLC
treated with curative intent by means of surgery is associated with early recurrence.
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URGERY WITH CURATIVE INTENT IS THE

standard of care for patients with stage I

non-small-cell lung cancer (NSCLC), yet not-
withstanding advances in treatment, the dissem-
ination of tumor cells outside the area of curative
resection is a leading cause of relapse.3 Despite
surgery, approximately 30 to 40% of patients with
NSCLC who have discrete lesions and histologically
negative lymph nodes (stage I cancer; T1-2NO, ac-
cording to the tumor—node—metastasis [TNM]
classification criteria) die of recurrent disease.*°
Many of these recurrences are systemic, making it
likely that such patients had occult micrometas-
tases beyond the margins of surgical resection.*

Epigenetic gene silencing is a molecular mech-
anism of silencing a gene by methylating its pro-
moter region. Epigenetic silencing is involved in
the initiation and progression of several types of
cancer, including lung cancer.”® The detection of
epigenetic alterations with the use of a method like
the methylation-specific polymerase-chain-reac-
tion (PCR) assay® may allow for the molecular
staging of cancer. With the methylation-specific
PCR assay, relatively few genes are required to
analyze each type of cancer.” The method can de-
tect occult micrometastases in lymph nodes from
patients with esophageal,'® colorectal,'* gastric,*°
prostate,*? or lung cancer,*®*3 but its value for
predicting the recurrence of early-stage, resected
NSCLC has not been examined.

We designed a nested case—control study of
early-stage NSCLC (T1-2N0) to test the association
between clinical outcome and the DNA methyla-
tion status of tumor, regional lymph nodes con-
fined to the pleural space, and mediastinal lymph
nodes. We studied seven genes: the cyclin-depen-
dent kinase inhibitor 2A gene p16, the H-cadherin
gene CDH13, the adenomatous polyposis coli gene
APC, the Ras association domain family 1 gene
RASSF1A, the O°-methylguanine-DNA methyl-
transferase gene MGMT, the PYD and CARD do-
main—containing gene ASC, and the death-asso-
ciated protein kinase 1 gene DAPK. These genes are
thought to be important in the biologic develop-
ment of lung cancer and are frequently methyl-
ated in lung cancer.**®* We hypothesized that the
methylation-specific PCR assay could be used to
define patterns of DNA methylation that can de-
lineate the behavior of the primary tumor and to
detect micrometastases in histologically negative
lymph nodes. Our results show that aberrant pat-

terns of promoter methylation in the primary tu-
mor, and in regional and mediastinal lymph
nodes, can be used to identify patients with stage I
NSCLC who have an increased risk of recurrence.

METHODS

PATIENTS
Evidence of recurrent disease was evaluated in 715
patients with pathologically verified stage I (T1-
2NO) cancer who received a diagnosis of NSCLC
(codes 162.3 to 162.9 of the International Classifica-
tion of Diseases, Ninth Revision, Clinical Modification)
and who underwent lobectomy or greater resec-
tions at the Johns Hopkins Hospital between Jan-
uary 1, 19806, and July 31, 2002. The case patients
were 71 patients at our institution in whom the tu-
mor recurred within 40 months after surgery, by
which time approximately 80% of NSCLC recur-
rences occur.* Follow-up of all 71 case patients was
performed at Johns Hopkins Hospital with the use
of radiographic imaging and, usually, histologic
verification of recurrence. On the basis of age,
NSCLC stage, date of surgery (+5 years), and sex,
we matched the case patients to 158 controls with
stage I NSCLC in whom there was no recurrence
during the 40-month follow-up period. In this
phase of the study, tissue samples from 51 of the
71 case patients and 116 of the 158 matched
controls were available for methylation analysis.
Seven of the 116 controls had a recurrence more
than 40 months after surgery. Neither case pa-
tients nor controls received adjuvant chemother-
apy; between 1986 and 2002, guidelines did not
recommend adjuvant therapy for patients with
stage IB NSCLC.19:2¢

All cases of cancer were staged according to
the revised TNM classification criteria,> including
the histologic status of mediastinal lymph nodes
sampled from levels II, IV, VII, VIII, IX, and X on
the right side and levels V, VI, VII, VIIL, and IX on
the left side. Regional lymph nodes confined to the
pleural space were resected en bloc with the tu-
mor. Samples from case patients had no macro-
scopically or microscopically positive surgical mar-
gins, and the patients had had a lobectomy or
greater resection.?! We also evaluated 162 par-
affin-embedded tissue blocks from the 20 pa-
tients in the validation cohort (11 case patients
and 9 matched controls). Of these 20 patients, 18
had undergone resection at our institution after
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August 2002. This study was approved by the Johns
Hopkins Institutional Review Board. The require-
ment of written informed consent was waived.

PREPARATION OF TUMOR AND LYMPH-NODE
SPECIMENS

All specimen blocks were procured from pathol-
ogy archives en masse in a blinded fashion with
regard to whether they were obtained from case
patients or controls. There were no differences in
the distribution of tumor and lymph nodes or num-
ber of samples per patient between the case pa-
tients and controls. Specimens were labeled with
study-specific coded identifiers only; laboratory
investigators had no knowledge of the patient’s
group or the source tissue of the DNA. DNA was
extracted from a pool of three sequential sections,
each 10 um in thickness, from unstained, paraf-
fin-embedded slides of resected tumors, regional
lymph nodes, or mediastinal lymph nodes. For each
sample of tumor or lymph-node tissue, adjacent
sections were stained with hematoxylin and eosin
for histologic confirmation of the presence or ab-
sence of cancer. Unstained tissue sections were de-
paraffinized, and DNA was extracted as described
previously.?2 The concentration of DNA was mea-
sured spectrophotometrically, and 1 ug of DNA
was denatured with the use of sodium hydroxide
and modified with the use of sodium bisulfite. We
then purified the DNA samples by using Wizard
DNA purification resin (Promega), treated them
again with sodium hydroxide, precipitated them
with ethanol, and resuspended them in water.

METHYLATION-SPECIFIC PCR ASSAY
DNA methylation was evaluated with the use of the
methylation-specific PCR assay, performed by three
persons working independently. Each of them ex-
tracted DNA and performed all steps of the assay
separately.23 A combined total of 889 samples of
tumor and lymph-node tissues were examined.
A multiplex-nested methylation-specific PCR assay
was used for all samples, as described previously.2+
The nested method initially amplifies bisulfite-
modified DNA with the use of flanking PCR prim-
ers, without preferentially amplifying methylated
or unmethylated DNA. The resulting fragment is
then used as the template for the methylation-
specific PCR assay. Primer sequences and PCR con-
ditions for p16, MGMT, DAPK, RASSF1A, CDH13, ASC,

and APC have been described previously,!>17.24-2¢6
including conditions optimized to achieve specific
detection of methylation in tumor tissue but not
in normal lymphocytes (Table 1 in the Supplemen-
tary Appendix, available with the full text of this
article at www.nejm.org).51%24-26 Placental DNA
treated with SssI methyltransferase (New England
Biolabs) was used as a positive standard. DNA from
normal lymphocytes and water (bisulfite-modified
water and unmodified water) were used as nega-
tive standards. PCR products were separated on 2%
agarose gel or 6% nondenaturing polyacrylamide
gel and were visually scored as methylated or un-
methylated according to the presence or absence
of a PCR product, respectively (Fig. 1 in the Sup-
plementary Appendix).232>27 If any tumor block
or lymph-node specimen was positive for methyla-
tion, all of the primary tumor or all associated
lymph nodes in that nodal basin, respectively, were
scored as positive.

STATISTICAL ANALYSIS
We verified histologic results and deaths or recur-
rent disease during the follow-up period by reex-
amining the original hospital records. The primary
end point was time to recurrent local or distant
disease, measured from the date of surgery to the
time of cancer-related death or censoring. Data for
controls who were alive and had no evidence of
disease at the end of the study were censored for
recurrence or death. All deaths of case patients
were cancer-related, and no controls were lost to
follow-up. Associations among prognostic factors,
presence or absence of recurrence, and patient
group were assessed by means of univariate and
multivariate logistic-regression analysis. The asso-
ciation of risk factors with time-to-event or time-
to-censoring end points was analyzed with the use
of the log-rank test. Results of all models are re-
ported as odds ratios with 95% confidence inter-
vals. All statistical calculations were performed
with the use of Stata statistical software. Two-sided
P values of less than 0.05 were considered to indi-
cate statistical significance.

We hypothesized that 40% or more of the case
patients would have microscopic disease in the
resected lymph nodes, as compared with 20% or
less of controls, yielding an odds ratio of 2 for
case patients. Under these assumptions, the study
would have a statistical power of 80% to detect a
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Table 1. Baseline Characteristics of the 187 Patients.*

Characteristic

Age —yr
Median
Interquartile range
Sex — no. (%)
Male
Female
Race — no. (%)
White
Black
Other
Stage — no. (%)
IA (TINO)
IB (T2NO)
Tumor diameter — no. (%)
=3 cm
>3 cm
Surgical procedure — no. (%)
Lobectomy
Pneumonectomy or bilobectomy
Sublobar resection
Histologic characteristics — no. (%)
Adenocarcinoma
Squamous-cell
Other
Median ASA physical-status scoref
Smoking status — no. (%)
Current or former smoker
Nonsmoker

Unknown

Validation Cohort
Original Cohort (N=167) (N=20)

Case Patients (N=51) Controls (N=116)

64 67 66
58-71 60-72 57-72
24 (47.1 54 (46.6 8 (40.0)
27 (52.9) 62 (53.4 12 (60.0
43 (84.3) 96 (82.8) 15 (75.0)
6 (11.8) 19 (16.4) 5 (25.0)

2 (3.9) 1(0.9) 0
26 (51.0 75 (64.7 9 (45.0)
25 (49.0 41 (35.3 11 (55.0
25 (49.0 72 (62.1 13 (65.0
26 (51.0) 44 (37.9) 7 (35.0)
46 (90.2) 95 (81.9) 20 (100)
4(7.8) 4 (3.4) 0
1(2.0) 17 (14.7) 0
30 (58.8) 62 (53.4) 15 (75.0)
15 (29.4) 42 (36.2) 4(20.0)
6 (11.8) 12 (10.3) 1(5.0)
3 3 3
43 (84.3) 102 (87.9) 20 (100)
8 (15.7) 12 (10.3) 0
0 2 (L7) 0

* The case patients were matched with the controls on the basis of age, sex, NSCLC stage, and date of surgery (+5 years).
Because of rounding, percentages may not total 100.

7 Race was self-reported.

I “Adenocarcinoma” includes bronchioloalveolar carcinoma and adenosquamous histologic features. “Other” includes
large-cell, basaloid, and mucoepidermoid histologic features.

§ Physical status was graded according to the American Society of Anesthesiologists (ASA) Physical Status Classification
System; scores range from 1 to 6, with higher scores indicating more severe disease. A score of 3 corresponds to a pa-

tient with severe systemic disease.

significant effect among 168 case patients and the decision to publish; and vouch for the com-

controls, matched in a two-to-one ratio.

pleteness and accuracy of the data. There were no

The authors designed the study; gathered, inter- agreements concerning confidentiality of data be-
preted, and held the data; wrote the paper; made tween OncoMethylome Sciences and the authors.
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Table 2. Prevalence of Gene Methylation in Tumor or Regional or Mediastinal Lymph Nodes in the Original Cohort, According to Gene.*
Methylated
Gene Tumor P Value Regional Lymph Nodes PValue  Mediastinal Lymph Nodes P Value
Controls  Case Patients Controls  Case Patients Controls  Case Patients
(N=104) (N=50) (N=82) (N=41) (N=56) (N=34)
percent percent percent

MGMT 36.1 34.7 0.87 29.5 37.5 0.38 35.8 44.1 0.44
ASC 349 38.8 0.65 27.2 29.3 0.81 42.9 44.1 0.91
DAPK 353 36.0 0.93 41.5 42.5 0.91 30.8 39.4 0.41
APC 34.0 36.0 0.81 18.7 13.5 0.48 13.0 294 0.06
RASSFI1A 359 50.0 0.10 16.5 12.8 0.61 9.6 20.6 0.15
pl6 26.0 52.0 0.001 13.7 35.0 0.009 16.7 48.5 0.001
CDH13 22.8 38.8 0.04 19.5 32.5 0.12 25.0 46.9 0.04

* P values were calculated with the use of the chi-square test for homogeneity.

1122

RESULTS

CHARACTERISTICS OF THE PATIENTS

Clinical and demographic variables were similar
in case patients and controls (Table 1). On the basis
of the American Society of Anesthesiologists Physi-
cal Status Classification System, case patients and
controls were found to be equally fit for surgery.
The most frequent site of recurrence was the ip-
silateral lung (in 45.1% of patients), followed by
metastasis to bone (13.7%), brain (11.7%), and me-
diastinum (11.7%). Although 14.7% of controls un-
derwent sublobar resections, all pulmonary re-
sections in these patients were done with curative
intent.

RISK OF RECURRENCE ACCORDING TO CLINICAL
PREDICTORS

The covariates of pathological stage, age, sex,
histologic characteristics of the tumor, smoking
status, and race were not associated with the risk
of recurrence in patients with histologically neg-
ative lymph nodes (Table 2 in the Supplementary
Appendix). Although pathological tumor stage
showed the strongest association with recurrence,
independently of other covariates, the association
was not significant. For example, patients with
stage IB disease (according to the 1986 classifi-
cation of the American Joint Committee on Can-
cer?®) had an adjusted odds ratio for recurrence of
1.71 (95% confidence interval [CI], 0.86 to 3.41;
P=0.13), as compared with patients with smaller
tumors and no pleural invasion (stage IA disease)
(Table 2 in the Supplementary Appendix).

N ENGL J MED 358;11

WWW.NEJM.ORG

GENE METHYLATION AND RECURRENCE

Methylation profiles of the seven genes were ob-
tained from 727 of the 731 paraffin blocks, from
167 cases and controls. As compared with controls,
the largest differences in the univariate distribu-
tion among case patients of the frequency of meth-
ylation in any type of tissue were found in four
genes — pl6, CDH13, RASSF1A, and APC — espe-
cially in tumors or mediastinal lymph nodes (Ta-
ble 2). When p16 or CDH13 was methylated in the
primary tumor, the adjusted odds ratio for recur-
rence was 3.50 (95% CI, 1.65 to 7.41; P=0.001) and
2.12 (95% CI, 0.98 to 4.59; P=0.006), respectively
(Fig. 1 and Table 3). When these same genes were
methylated in regional lymph nodes, the odds ra-
tio was 3.62 (95% CI, 1.41 to 9.32; P=0.008) and
1.99 (95% CI, 0.81 to 4.88; P=0.13), respectively.
If methylation of p16 or CDH13 was found in me-
diastinal lymph nodes, the odds of recurrence was
4.67 (95% CI, 1.53 to 14.42; P=0.007) and 3.98
(95% CI, 1.22 to 13.01; P=0.02), respectively (Fig. 1
and Table 3). Methylation of RASSF1A or APC in the
tumor or mediastinal nodes was not significantly
associated with recurrence (Fig. 1).

The six possible pairs of these four genes
were examined for an association with recur-
rence. Among these pairs, four had a significant
association with recurrence in at least one type
of tissue: pl6 and CDH13, CDH13 and APC, APC
and pl6, and RASSFI1A and pl6 (Table 3 and Fig.
1). Methylation of the gene pair pl6 and CDH13
in the primary tumor alone was associated with
an odds ratio for recurrence of 8.00 (95% CI,
2.50 to 25.51; P<0.001) for the case patients as
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Figure 1. Odds Ratios for Recurrence among Case
Patients as Compared with Controls, According to
Methylated Gene and Site.

Multivariate logistic-regression analysis was performed
with the use of data for the four genes that had the
largest univariate differences in distribution with re-
gard to methylation: the adenomatous polyposis coli
gene APC, the Ras association domain family 1 gene
RASSF1A, the cyclin-dependent kinase inhibitor 2A
gene p16, and the H-cadherin gene CDH13. The prog-
nostic value of each gene was adjusted for stage (IA or
IB), age, sex, race (white or black), histologic feature of
the tumor (adenocarcinoma, squamous-cell, or other),
and smoking status (current or former smoker or non-
smoker) and then graphed as a forest plot. Among sin-
gle genes, the methylation of either p16 or CDH13 was
associated with the most significant odds ratios of re-
currence, regardless of the type of tissue. Methylation
of either RASSF1A or APC in the primary tumor or in
mediastinal lymph nodes was associated with an eleva-
tion in the odds of recurrence that was not significant.
Patients with methylation of both p16 and CDH13 in
both tumor and mediastinal lymph nodes had a signifi-
cantly higher odds of lung-cancer recurrence than
those without methylation of this pair of genes
(P=0.03).

compared with the controls; when methylation
of the two genes was found in both the tumor
and the mediastinal lymph nodes, the estimated
odds ratio for recurrence was 15.50 (95% ClI,
1.61 to 185.02; P=0.03) (Fig. 1 and Table 3).
Methylation of p16 and either CDH13, RASSF1A,
or APC in paired tumor and mediastinal lymph-
node samples from the 51 case patients was as-
sociated with early recurrence (median, 9 months;
range, 5 to 30), whereas in the absence of methyla-
tion of these markers, the median time to recur-
rence was 25 months after surgery (range, 6 to 40;
P=0.04).

We examined the methylation status of pl6,
CDH13, APC, and RASSF1A in an independent vali-
dation cohort of 20 patients (11 case patients and
9 controls) with stage I NSCLC (Table 1). In this
cohort of limited size, we validated the gene pair
in the original cohort with the highest odds ratio
of recurrence among case patients, as compared
with controls, when methylated in both tumor and
lymph nodes — p16 and CDH13 — using univari-
ate analysis (Table 3 in the Supplementary Appen-
dix). Multivariate analyses of data in the combined
original and validation cohorts showed that the
estimated odds of recurrence associated with
methylation of p16 and CDH13 in tumor and me-
diastinal lymph nodes was 25.25 (95% CI, 2.53 to

N ENGLJ MED 358;11

Methylated Gene Odds Ratio for Recurrence (95% Cl)
APC
Tumor e
Regional nodes —I—E—
Mediastinal nodes —
RASSF1A
Tumor -—e—
Regional nodes —I—E—
Mediastinal nodes A
p16 E
Tumor , —e—
Regional nodes E —a
Mediastinal nodes , ——A——
CDH13
Tumor ——
Regional nodes —E—I—
Mediastinal nodes | —h———
APC and RASSFIA
Tumor ——
Regional nodes :'
APC and p16 ,
Tumor E —_—
Regional nodes . =
Mediastinal nodes E 'S
APC and CDH13 ]
Tumor —E—Q—
Regional nodes —_——
Mediastinal nodes E —a—
RASSFIA and p16 H
Tumor E ——
Regional nodes ~——@#———
Mediastinal nodes —E—ﬁ—
RASSF1A and CDH13 |
Tumor —E—O—
Regional nodes ———&%———
Mediastinal nodes —E—A—
p16and CDH13 :
Tumor E —_—
Regional nodes ——
Mediastinal nodes E—ﬁ—
pl6 and CDH13 tumor and E ®
mediastinal nodes !
0?2 0?4 lfO 4?0 2(;.0 102).0

0.95 (0.45-2.04)
0.69 (0.22-2.10)
2.26 (0.66-7.71)

1.79 (0.85-3.75)
0.71 (0.23-2.20)
1.66 (0.43-6.43)

3.50 (1.65-7.41)
3.62 (1.41-9.32)
4.67 (1.52-14.42)

2.12 (0.98-4.59)
1.99 (0.81-4.88)
3.98 (1.22-13.01)

1.88 (0.74-4.78)
1.22 (0.10-14.53)

4.16 (1.60-10.81)
2.59 (0.34-19.74)
13.10 (1.20-142.73)

1.54 (0.55-4.31)
2.24 (0.41-12.22)
4.58 (1.50-20.01)

5.95 (2.15-16.56)
1.07 (0.15-7.56)
3.01 (0.49-18.64)

1.61 (0.67-3.89)
0.49 (0.09-2.63)
1.36 (0.22-8.48)

8.00 (2.50-25.51)
4.08 (1.06-15.70)
432 (1.06-17.65)

15.50 (1.61-185.02)

252.35; P=0.006) for case patients as compared
with controls (Table 3).

KAPLAN—MEIER ESTIMATES

Kaplan—Meier plots indicated that methylation of
one or more of four genes — p16, CDH13, RASSF1A,
and APC — in any sample from the patient was
related to the duration of recurrence-free survival
(Fig. 2A through 2D). For example, the 5-year re-
currence-free survival rates for no methylated genes,
one to two methylated genes, and three to four
methylated genes in the mediastinal lymph nodes

WWW.NEJM.ORG MARCH 13, 2008
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Table 3. Multivariate Odds Ratios and 95% Confidence Intervals for the Estimated Risk of Recurrence among Case Patients as Compared
with Controls, According to the Methylation Status of Four Genes.*

Gene

Unmethylated genet
Methylated APC

Tumor

Regional nodes

Mediastinal nodes

Tumor and mediastinal nodes
Methylated RASSF1A

Tumor

Regional nodes

Mediastinal nodes

Tumor and mediastinal nodes
Methylated p16

Tumor

Regional nodes

Mediastinal nodes

Tumor and mediastinal nodes
Methylated CDH13

Tumor

Regional nodes

Mediastinal nodes

Tumor and mediastinal nodes
Methylated APC and RASSF1A

Tumor

Regional nodes

Mediastinal nodes

Tumor and mediastinal nodes
Methylated APC and p16

Tumor

Regional nodes

Mediastinal nodes

Tumor and mediastinal nodes
Methylated APC and CDH13

Tumor

Regional nodes

Mediastinal nodes

Tumor and mediastinal nodes
Methylated RASSF1A and p16

Tumor

Regional nodes

Mediastinal nodes

Tumor and mediastinal nodes

Original Cohort (N=167)

Odds Ratio (95% Cl)
1.00

0.95 (0.45-2.04)
0.69 (0.22-2.10)
2.26 (0.66-7.71)
2.37 (0.52-10.83)

1.79 (0.85-3.75)
0.71 (0.23-2.20)
1.66 (0.43-6.43)
0.66 (0.11-3.88)

3.50 (1.65-7.41)
3.62 (1.41-9.32)
4.67 (1.53-14.42)
5.23 (1.33-20.46)

2.12 (0.98-4.59)
1.9 (0.81-4.88)

3.98 (1.22-13.01)
6.89 (1.36-34.87)

1.88 (0.74-4.78)
1.22 (0.10-14.53)

4.16 (1.60-10.81)
2.59 (0.34-19.74)
13.10 (1.20-142.73)
5.27 (0.38-73.57)

1.54 (0.55-4.31)
2.24 (0.41-12.22)
4.58 (1.50-20.01)
11.79 (0.85-163.34)
5.95 (2.15-16.56)
1.07 (0.15-7.56)
3.01 (0.49-18.64)
2.91 (0.24-35.36)

P Value

0.90
0.51
0.19
0.27

0.12
0.55
0.46
0.65

0.001
0.008
0.007
0.02

0.06
0.13
0.02
0.02

0.18
0.88

0.004
0.36
0.04
0.22

0.41
0.35
0.04
0.07

0.001
0.94
0.24
0.40

1.00

1.31( )
0.78 (0.32-1.91)
1.87 (0.65-5.56)
2.00 (0.55-7.33)

0.67-2.58

1.86 (0.94-3.68)
0.82 (0.31-2.15)
2.13 (0.65-6.96)
0.97 (0.23-3.98)

3.55 (1.77-7.13)
4.14 (1.81-9.49)

5.09 (1.96-13.18)
8.41 (2.42-29.20)

2.33 (1.16-4.69)
2.67 (1.20-5.93)

4.04 (1.53-13.63)
7.55 (1.99-28.60)

2.25 (1.02-5.00)

2.34 (0.46-11.75)
3.49 (0.30-40.75)
2.37 (0.17-33.12)

4.48 (1.91-10.51)
2.43 (0.59-9.94)

7.46 (1.35-41.20)
7.70 (0.70-84.88)

2.14 (0.94-4.91)
3.30 (0.88-12.40)
3.13 (0.89-11.01)
9.48 (0.87-103.18)

5.26 (2.13-13.00)
1.92 (0.39-9.45)

4.60 (0.85-25.03)
3.67 (0.32-41.69)

Original and Validation Cohorts (N=187)
Odds Ratio (95% Cl)

P Value

0.43
0.59
0.25
0.30

0.07
0.68
0.21
0.96

<0.001
0.001
0.001
0.001

0.02
0.02
0.005
0.003

0.046
0.30
0.32
0.52

0.001
0.22
0.02
0.10

0.07
0.08
0.08
0.07

<0.001
0.42
0.08
0.29
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P Value

0.18
0.84
0.42
0.30

<0.001
0.002
0.007
0.006

Table 3. (Continued.)
Gene Original Cohort (N=167) Original and Validation Cohorts (N=187)
Odds Ratio (95% Cl) P Value Odds Ratio (95% Cl)
Methylated RASSF1A and CDH13
Tumor 1.61 (0.67-3.89) 0.29 1.71 (0.78-3.74)
Regional nodes 0.49 (0.09-2.63) 0.41 0.88 (0.25-3.04)
Mediastinal nodes 1.36 (0.22-8.48) 0.75 1.91 (0.40-9.21)
Tumor and mediastinal nodes 2.49 (0.18-34.29) 0.50 3.51 (0.32-38.57)
Methylated p16 and CDH13
Tumor 8.00 (2.50-25.51) <0.001 6.71 (2.50-18.00)
Regional nodes 4.08 (1.06-15.70) 0.04 6.13 (1.99-18.89)
Mediastinal nodes 4.32 (1.06-17.65) 0.04 4.66 (1.53-14.16)
Tumor and mediastinal nodes 15.50 (1.61-185.02) 0.03 25.25 (2.53-252.35)

* Odds ratios are reported on the basis of the multivariate logistic-regression model adjusted for NSCLC stage (IA or IB), age, sex, race (white
or black), histologic feature (adenocarcinoma, squamous-cell, or other), and smoking status (current or former smoker or nonsmoker).
Dashes indicate that no methylation was found among samples from controls.

T This is the reference category.

were 77.3% (95% CI, 61.9 to 87.1), 51.4% (34.0
to 66.4), and 30.0% (7.1 to 57.8), respectively
(P<0.001) (Fig. 2C). Among patients with stage I
NSCLC, the 5-year recurrence-free survival rate in
the group of patients with two or more of the four
methylated genes in the primary tumor and me-
diastinal lymph nodes was 27.3% (95% CI, 6.5 to
53.9), as compared with 65.3% (53.1 to 75.0) in the
group with fewer than two methylated genes at
those sites (P<0.001) (Fig. 2D).

Methylation of both p16 and CDH13 in tumor
and mediastinal lymph nodes was associated with
a 5-year recurrence-free survival rate of 14.3%
(95% CI, 0.7 to 46.5), as compared with 63.1%
(95% CI, 50.2 to 73.5) in the absence of methyla-
tion of these genes (P<0.001) (Fig. 2H). This as-
sociation between methylation of both p16 and
CDH13 and survival was also found in the inde-
pendent validation cohort of 20 case patients and
controls (Fig. 3B).

In the validation cohort, the methylation of two
or more of the four genes in tumors and medias-
tinal lymph nodes was associated with a lower
5-year rate of recurrence-free survival (16.7% of
patients; 95% CI, 0.8 to 51.7) than that for fewer
than two genes (53.8%; 95% CI, 24.8 to 76.0;
P=0.04) (Fig. 3A). Similarly, methylation of p16 and
CDH13 in tumors and mediastinal nodes resulted
in a worse 5-year rate of recurrence-free survival
(0.0%; 95% CI, 0.0 to 0.0) than if this pair of genes
was unmethylated (53.3%; 95% CI, 26.3 to 74.4;
P<0.001) (Fig. 3B).

N ENGLJ MED 358;11
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In the original and validation cohorts combined
(total, 187 patients), the methylation status of p16
and CDH13 was assayed in primary tumor and
mediastinal lymph-node specimens from 91 pa-
tients (41 case patients and 50 controls). Of the 11
patients in whom methylation of the two genes
was found in both tissue types, 10 had recurrence
of the tumor within 30 months after resection,
9 within 17 months, and 8 within 12 months. Pa-
tients with two or more methylated genes in tumor
and mediastinal nodes also had a worse 5-year rate
of recurrence-free survival (23.5% of patients; 95%
CI, 7.3 to 44.9) than those with fewer than two
methylated genes (63.5%; 95% CI, 52.4 to 72.7;
P<0.001) (Fig. 3C). When both p16 and CDH13 were
methylated in the tumor and mediastinal nodes,
there was a significantly lower rate of recurrence-
free survival (9.1%; 95% CI, 0.5 to 33.3) than if p16
and CDH13 were unmethylated (61.2%; 95% CI,
49.7 to 70.9; P<0.001) (Fig. 3D).

DISCUSSION

Our study indicates that methylation of the pro-
moter regions of certain genes in a resected NSCLC
specimen is associated with recurrence of the tu-
mor. A relation between gene methylation and
tumor recurrence has been shown.2%3° The four
genes of interest in our study are p16, CDH13, APC,
and RASSF1A. They are involved in cell-cycle con-
trol (p16), invasion and metastasis (CDH13, APC),
and Ras signaling (RASSF14). Other studies of p16

WWW.NEJM.ORG MARCH 13, 2008

Copyright © 2008 Massachusetts Medical Society. All rights reserved.

1125



The NEW ENGLAND JOURNAL of MEDICINE

A Tumor B Regional Nodes
o 100+ o 1.00-
(%) v
< <
g 4
5_  0.754 5 _ 075 0-1 (n=97)
< £ < 2
=3 050+ =3 050+ PRYTT
; 3 ; 3 -3 (n=26)
£ 5 025 £ 5 025
2 2
Q2 3 P=0.04
o O'Oc T T T T 1 o 0'00 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
Years after Surgery Years after Surgery
C Mediastinal Nodes D Tumor and Mediastinal Nodes
o 100+ o 100+
v v
[ [
g 5
5_ 0.75 5_ 0.754
g g
< £ < £
Ta 0507 £a 050
g8 s$
£ 0254 £ 0254
2 2
o P<0.001 o P<0.001
o 0.00 T T T T 1 o 0.00 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
Years after Surgery Years after Surgery
E p16 and CDH13 in Tumor F p16 and CDH13 in Regional Nodes
o  1.00- o 1.00-
(¥ v
8 Unmethylated (n=132 8
S_ 075 nmethylated (n=132) £ 075 Unmethylated (n=104)
< £ < 2
g 0307 =3 050+
B B Methylated (n=11)
g8 g8
S& S&
5 0257 Methylated (n=18) 5 0257
& P<0.001 & P=0.007
o 0'00 T T T T 1 o 0'00 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
Years after Surgery Years after Surgery
G p16 and CDH13 in Mediastinal Nodes H p16 and CDH13 in Tumor and Mediastinal Nodes
o 100+ o 100+
v v
[ [
g 5
5_ 0754 Unmethylated (n=65) 5_ 0754 Unmethylated (n=64)
VU w© VU ©
2.2 2.2
< £ < £
£a 0507 £3 050-
2, Methylated (n=14) 2y,
& S &
5 0.257 5 0.257 Methylated (n=7)
53 P=0.004 & P<0.001
o 0.00 T T T T 1 o 0.00 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
Years after Surgery Years after Surgery

Figure 2. Kaplan—Meier Estimates of Recurrence-free Survival among 167 Case Patients and Controls with Stage | Non-Small-
Cell Lung Cancer from the Original Cohort, According to the Site and Number or Presence or Absence of Methylated Genes.
Data are reported for a four-gene panel consisting of the cyclin-dependent kinase inhibitor 2A gene p16, the H-cad-
herin gene CDH13, the Ras association domain family 1 gene RASSF1A, and the adenomatous polyposis coli gene
APC. In all three types of tissue, the recurrence-free survival rates decrease with an increasing number of genes
(Panels A, B, and C) and when the genes are methylated (Panels E, F, and G). This same effect on recurrence-free
survival is evident when the tumor and mediastinal lymph nodes are considered together (Panels D and H). The
numbers of patients vary among panels because not every sample was informative for every gene.
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Figure 3. Kaplan—Meier Estimates of Recurrence-free Survival in the Validation Cohort or the Validation and Original
Cohorts, According to the Site and Number or Presence or Absence of Methylated Genes.

Data are reported for a four-gene panel consisting of the cyclin-dependent kinase inhibitor 2A gene p16, the H-cad-
herin gene CDH13, the Ras association domain family 1 gene RASSF1A, and the adenomatous polyposis coli gene
APC. Panels A and B show data for the independent validation cohort of 20 case patients and controls. Panels C
and D show data for the combined original and validation cohorts (total, 187 patients). The numbers of patients
vary among panels because not every sample was informative for every gene.

expression or promoter-region methylation in lung
cancer have focused mostly on the primary tu-
mors,113:18,31-33 byt we found that molecular ex-
amination of lymph nodes improves the assessment
of risk of recurrence. The methylation of these
genes in histologically normal regional lymph
nodes probably indicates the presence of micro-
scopically undetectable micrometastases. Immu-
nohistochemical analyses, for example, may miss
a rare cell in the background of normal tissue,
whereas the methylation-specific PCR assay is suf-
ficiently sensitive to detect a signal of DNA methy-
lation.

The current method of assessment of the risk
of recurrence in patients with stage I (T1-2N0)
NSCLC is imprecise — one third of such tumors
recur after curative surgery. Our results suggest
that the detection of promoter methylation of cer-
tain genes may identify cells with a potential for
metastatic spread not only within NSCLC but also
in lymph nodes. It is possible that the methylated

genes in lymph nodes represent tumor DNA that
drained to the nodes through the lymphatic sys-
tem, but this is unlikely because mediastinal nodes
are located far from the lung, in the mediastinum.
The correlation between short survival and the
number of methylated genes in the regional and
mediastinal lymph nodes supports the presence
of micrometastases in those sites. Recent prom-
ising results for predicting the risk of lung cancer3+
or its recurrence’” have been obtained by examin-
ing changes in gene methylation in sputum.3* Our
study was retrospective and conducted at a single
institution, and the number of patients studied
was small. For these reasons, replication of our
findings in a large, prospectively studied cohort is
essential before the four-gene panel we investigat-
ed can be used in clinical practice.
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