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Methylation status of NEUROG2 and NID2
improves the diagnosis of stage I NSCLC
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Abstract. In our previous study, we attempted to develop
a tool for the early diagnosis of non-small cell lung cancer
(NSCLC) using DNA methylation biomarkers. With the aim of
improving the diagnostic potential by optimizing the composi-
tion of the target set, in this study, 13 candidate genes (ACTA1,
AIDH1A2, CBX8, CDH8, EVX1, MGC16275, NEUROG1,
NEUROG2, NID2, OTX20S1, PGAM2, PHOX2B and TOX)
were analyzed by methylation-specific PCR to determine the
methylation status of each gene in 5 NSCLC cell lines and
in lung tissue samples from 15 healthy volunteers, 103 stage I
NSCLC patients and 26 non-cancerous control patients. Results
showed that NEUROG?2 and NID2 were hypermethylated in
stage I NSCLC tissues (31.07 and 46.60%, respectively) and
unmethylated in normal lung tissues (0/15) and non-cancerous
tissues (0/26). Following recombination, an optimized 5-gene
panel (NEUROG2, NID2, RASSF1A, APC and HOXC9)
achieved a sensitivity of 91.26% with a specificity of 84.62%
in the detection of stage | NSCLC. The optimized 5-gene panel
greatly improved the diagnostic power for stage I NSCLC.

Introduction

Although the incidence and mortality rates for lung cancer
have declined in the USA in the past decade, with the aging
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of the population and rapid industrialization, the incidence of
this malignancy has been on the increase in China where the
mortality rate for lung cancer rose to the highest among all
types of cancer (1). In addition to the toxic substances found
in tobacco, a number of other chemical substances, including
chromium, formaldehyde and nickel, can increase the risk
of developing lung cancer (2). Non-small cell lung cancer
(NSCLC), which accounts for 85% of all lung cancer cases,
consists of three primary histological types: squamous cell
carcinoma, adenocarcinoma and large cell carcinoma (3). The
prognosis of NSCLC varies greatly depending on the clinical
stage at diagnosis and the use of appropriate treatments. The
overall 5-year survival rate is 73% for patients with patholog-
ical stage IA NSCLC, whereas this rate is only 25% for those
patients with stage IIIA NSCLC (4,5). Therefore, if biomarkers
are established for the early detection and diagnosis of NSCLC,
we may expect a marked decrease in mortality due to NSCLC.

Epigenetics is the study of mitotically and/or meiotically
heritable changes in gene expression that are unrelated to
changes in the DNA sequence (6). The dysregulation of epigen-
etic mechanisms is known to be involved in numerous diseases,
including cancer (7). Epigenetic aberrations may occur at an
earlier stage in tumor development than classical genetic trans-
formation events, including mutations or deletions in tumor
suppressor genes and proto-oncogenes. DNA methylation, a
widely studied topic in epigenetics, was found to be abnormal in
benign neoplasms and early stage tumors and both global DNA
hypomethylation and promoter-specific hypermethylation have
been observed. These attributes may qualify abnormal DNA
methylation as a potential biomarker in the detection of cancer,
especially at an early stage in carcinogenosis (8).

In our previous study, we identified a 5-gene panel
(RASSFIA, APC, ESR1, HOXC9 and ABCBI1) for the DNA
methylation-based detection of stage I NSCLC with a sensi-
tivity of 79.8% and a specificity of 73.1% for 124 cases of
stage I NCSLC and 26 cases of non-cancerous respiratory
disease (9). To further improve the diagnostic potential of this
marker panel, in this study we screened more gene targets that
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Table I. Clinical profile of the stage I non-small cell cancer patients and controls.

Non-small cell lung

Non-cancerous lung Healthy volunteers

cancer (n=103) lesions (n=26) (n=15)

Gender

Female 37 7 6

Male 66 19 9
Age (years)

31-40 1 0 7

41-50 9 5 3

51-60 34 10 2

61-70 39 6 3

=71 20 5

Range 32-79 42-75 23-66

Median + SD 61.13£9.12 59.48+8.90 42.47+16.78
Stage/category

I 103

Squamous 25

Adenocarcinoma 50

Adenosquamous 13

Other 15
Type of lung lesion

Pulmonary tuberculosis 6

Bronchiectasis 4

Pulmonary abscess 5

Organizing pneumonia 2

Pulmonary sclerosing hemangioma 3

Pulmonary giant lymph node hyperplasia 1

Pulmonary hamartoma 2

Pulmonary sequestration 1

Pulmonary inflammatory pseudotumor 2

are aberrantly methylated in NSCLC tissues and optimized
the diagnostic panel. Since tumor-specific gene methylation
may exist in different types of cancer (10,11), we investigated
13 genes that were identified from data from a bladder meth-
ylation chip in our laboratory in NSCLC tissues. We found
that the addition of 2 genes (NEUROG?2 and NID2) to the
diagnostic panel was of great benefit to the detection of stage I
NSCLC.

Materials and methods

Cell lines and collection of the clinical tissue samples. The
clinical tissue samples from 103 stage I NSCLC patients and
26 non-cancerous controls used in this study were the same
as those used in our previous study and patient samples were
obtained from the Shanghai Chest Hospital (Shanghai, China).
Tumor-node-metastasis (TNM) staging/classification of the
patient was performed according to the WHO classifica-
tion (12). Normal lung tissue samples from 15 healthy organ
donors were collected from the chest surgery department of
the First Affiliated Hospital of Guangxi Medical University
(Nanning, China) with the informed consent of the patients

and the approval of the ethics committee. Table I shows the
patient profiles, including the pathological types, ages and
gender.

The lung cancer cell lines A549 [lung adenoma,
ATCC (American Type Culture Collection, Manassas,
VA, USA) no. CCL-185™], NCI-H1299 (NSCLC, ATCC
no. CRL-5803™), LTEP-a-2 (lung adenoma, Cell Bank in
Shanghai no. TCHu 33), SPC-A-1 (lung adenoma, Cell Bank
in Shanghai no. TCHu 53) and NCI-H460 (large cell lung
cancer, ATCC no. HTB-177™) were cultured in L-DMEM
medium containing 10% FBS at 37°C in a 95% air, 5% CO,
humidified incubator to the log phase of proliferation prior to
the collection of the cells.

DNA isolation and methylation-specific PCR (MSP). Genomic
DNA was isolated from the cell lines and the frozen clinical
tissues, using conventional proteinase K/organic methods, as
described in a previous study (13-15).

The primer pairs for MSP analysis used in this study
were designed using software available online (http://www.
urogene.org/methprimer/index1.html; Table II). The bisulfite
conversion and PCR analyses were performed as previously
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described (13,15) and the representative PCR products were
TA-cloned and then sequenced for validation.

165
204
151
184
212

Size (bp)
209
190
211
175
208
215
141
193

Statistical analysis. Statistical calculations were performed
with the use of SPSS 13.0 software. The incidence of hyper-
methylation in NSCLC tissues versus the non-cancerous
tissues was calculated by a 2x2 Fisher's exact test. The asso-
ciations among the pathological variables and the methylation
status of the genes were assessed by means of univariate
logistic-regression analysis. Multivariate regression models
were then constructed to adjust for gender (female vs.
male), smoking status (never smoked vs. smoker) and tumor
histology.

The area under the receiver operating characteristics (ROC)
curve (AUC) is a measure of the ability of a continuous marker
to accurately classify tumor and non-tumor tissue. In this
study, cut-off values were obtained to increase the sensitivity
[%, TP/(TP + FN), (TP, true positive; FN, false negative)] and
the specificity [%, TN/(TN + FP), (TN, true negative; FP, false
positive)]. The sensitivity and the specificity of each gene set
were calculated and plotted.

to transcription start
-355to -190
-632 to -428
-2221 to -2071
39 to 223
-3055 to -2844
658 to 866
147 to 337
927 to 1148
256 to 431
-673 to -881
208 to 423
-1234 to -1375
1314 to 1506

Amplicon location relative

Results

MSP profiling of 13 genes in 5 NSCLC cell lines and 15 normal
lung tissues. The 13 genes listed in Table II were analyzed by
MSP to determine their methylation status in the CpG sites
within their promoter or the first exon region. These genes
were methylated in various NSCLC lines, ranging from 2 lines
to all NSCLC cell lines (Table IIT).

In the 15 normal lung tissues, the methylation status of
each gene ranged from 0 to 100%. NEUROG?2 and NID2
were unmethylated in all 15 normal lung tissues; by contrast,
another 5 genes (CBX8, MGC16275, NEUROGI1, PGAM2
and PHOX2B) were methylated in all the normal lung tissues,
while the remaining 6 genes [AIDH1A2 (20.00%), ACTA1
(33.33%), TOX (40.00%), EVX1 (46.70%), OTX20S1
(60.00%) and CDHS (73.30%)] were methylated in some of
the normal lung tissues (Table III).

Consequently, we hypothesized that NEUROG?2 and NID2
have the potential to discriminate lung cancer from healthy
controls as these genes were methylated in several lung cancer
cell lines but not in any of the normal lung tissues.

Antisense 5'-3'
GACTAAAAAAAATCGAAAAATCGAA
CAATAACCCTAAAACCAACTCGA
CACCAACTACACTTTAAATTACGAA
AAAACTCCCAACTTAACTTCCG

ATCGAAAAACCTCGCGTC
ACAACCCCAAACTATTAAAAACGTA

AATCTAATACACGATTACAAACGAC

AACGACCGATACTATCGTCGTT
CCACGCCTAAAACTAATTAAACGTA

AATACTAAAACGAACCATCCGCA

CCCCCAAATTTAATTAAAATCGT
GTCCGCGACAATTTAATACG

AAACAAATACGATTCCCGAA

Sense 5'-3'

MSP profiling of NEUROG?2 and NID2 in stage | NSCLC
tissues and non-cancerous lesion controls. To further assess
the potential of NEUROG?2 and NID2 as biomarkers for the
early detection of NSCLC, we MSP-profiled the two genes
in the tissue samples from 103 stage I NSCLC patients and
26 patients suffering from non-cancerous lung disease; the
cohorts were the same as those mentioned in our previous
study (9). In this study, the methylation of NEUROG2 was
detected in 32 of the 103 (31.07%) cancer tissues but none
(0%) of the 26 non-cancerous control tissues, indicating a
significant association between NEUROG2 methylation and
cancer. NID2 was methylated in 48 of the 103 (46.60%) cancer
tissues and unmethylated in all 26 non-cancerous control
tissues; thus NID2 was also a cancer-specific gene (Table IV).
Therefore, these two genes were demonstrated to be ideal
biomarkers for the diagnosis of NSCLC.

GTTTTAGGTAACGCGGGTC
GAAAGGTTAGGAAAGTTTAGGTTGC
TCGTTTAGAGAAAGTTTATTTTTCGT
GTTTATAAATGGTTGGAGGTGTTC
GTTTTATACGCGTCGTTTTTTC
TTAGGTTGGTTGTTTAGCGC
GAGGAAGTCGGATAGGTTATTGTC
TTTTGGTGAGTTTGGCGTTTTC
TGTAGGGGATTCGTTAGTTTTATTAC
ATAGGGGTCGATAGGGGTTC
GTTTTTCGTTTATCGGGGGC
TTTATAAAGTTTTTATAGGGGTATTTAGGC
CGATTTTTTTCGTGGAATGTATC

NT_010194

NT 010783

NT 010498

NT 007819

NT_010783

NT_034772

NT_016354

NT_026437

NT_026437

NT 007819

NT_OO623 8

NT_008183

NT_167186

GenBank no.

Table II. Primer list for methylation-specific PCR.

Gene name
ACTAL1
ALDHI1A2
CBX8
CDHS8
EVX1
MGC16275
NEUROG1
NEUROG2
NID2
OTX20S1
PGAM?2
PHOX2B
TOX
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Table III. Methylation profile of lung cancer cell lines and healthy controls.
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Methylation frequency in

Gene symbol A549 H460 H1229 LTEP-a-2 SPC-A-1 15 healthy controls (%)
ACTA1 2 2 2 2 2 33.33
AIDH1A2 1 2 2 2 2 20.00
CBX8 2 2 2 2 2 100.00
CDHS8 2 2 2 2 2 73.30
EVXI 2 2 2 2 2 46.70
MGC16275 2 1 2 2 2 100.00
NEUROGI1 2 2 2 2 2 100.00
NEUROG2 1 1 1 2 2 0.00
NID2 1 1 2 2 2 0.00
OTX20S1 2 2 2 2 2 60.00
PGAM2 2 2 2 2 2 100.00
PHOX?2B 2 2 2 2 2 100.00
TOX 2 2 2 1 1 40.00

1, unmethylated; 2, methylated.

Table I'V. The diagnostic performance of different panels of genes using patients with non-cancerous lung lesions as controls.

Gene symbol Sensitivity, %  Specificity, % PPV, % NPV, % P-value
NEUROG?2 31.07 (32/103) 100.00 (0/26) 100 26.8 0.0003
NID2 46.60 (48/103) 100.00 (1/26) 100 32.1 <0.0001
NEUROG2, NID2, HOXC9 66.02 (68/103) 100.00 (1/26) 100 42.62 <0.0001
NEUROG?2, NID2, RASSF1A,APC, ESR1, HOXC9,ABCB1 92.23 (95/103) 73.00 (7/26) 9223 69.23 <0.0001
NEUROG?2, NID2, RASSF1A, APC, HOXC9 91.26 (94/103)  84.62(5/26) 9592 7097 <0.0001
RASSFI1A,APC,ESR1, HOXC9, ABCB1 79.61 (82/103)  73.08 (7/26)  92.13 475 <0.0001

PPV, positive predictive value; NPV, negative predictive value.

Methylated Genes
|

NEUROG2 |

Male/female —e—:-

Smoking (never/smoker) _='°_

ADC/SSC

NID2
Male/female

I
Smoking (never/smoker) ——g——o

— T

ADC/SSC

HR (95% Cl)

0.51 (0.22-1.20)

1.37 (0.58 - 3.22)

9.66 (2.10-44.40) *

1.04 (0.46- 2.34)

1.08 (0.50 - 2.37)

0.56 (0.23- 1.38)

0.1 1

10
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Figure 1. Associations of gene methylation (odds ratios) with pathological variables of NSCLC. Univariate logistic-regression analysis was used. HR, hazard
ratio; CI, confidence interval; ADC, adenocarcinoma; SSC, squamous cell carcinoma; NSCLC, non-small cell lung cancer. *P<0.05.

Univariate analysis was carried out to assess the correlation
between the methylation frequencies of NEUROG?2 and NID2
with each of the clinical characteristics; the result was graphed

as a forest plot. Notably, the methylation status of NEUROG2
differed greatly between ADC (adenocarcinoma) and SSC
(squamous cell carcinoma) with an odds ratio of 9.66 (95% CI
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Table V. Multivariate analysis of the tumor characteristics of NSCLC of different pathological types.
HR 95% CI P-value
NEUROG?2 (methylated vs. unmethylated) 4.28 1.19-15.30 0.0255
Gender (male vs. female) 0.03 0.00-0.25 0.0013
Smoking (never vs. smoker) 1.28 0.42-3.90 0.6623

HR, hazard ratio with 95% CI, adjusted for multiple comparisons; CI, confidence interval; NSCLC, non-small cell lung cancer.

NEUROG2, NID2, RASSF1A, APC, HOXC9
—— AUC=0.869 P<0.001
95% Cl 0.782 - 0.957

RASSF1A, APC, ESR1, HOXCS, ABCB1
-=-=-- AUC=0.763 P<0.001
95% Cl 0.655-0.872

ROC Curves
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Figure 2. ROC curves for the two 5-gene panels. The curves show the capacity of the different panels of methylation markers to discriminate between NSCLC
cases and controls. ROC, receiver operating characteristics; AUC, area under the ROC curve; NSCLC, non-small cell lung cancer.

2.10-44 40; P=0.0006; Fig. 1). Multivariate regression models
were then established to consolidate the correlation between
the methylation of NEUROG?2 and ADC which was adjusted
for other clinical characteristics, such as gender and smoking
history. If NEUROG?2 was methylated, the adjusted odds ratio
for ADC was 4.28 (95% CI 1.19-15.30; P=0.0255; Table V).

No statistically significant correlation was observed
between the methylation of either NEUROG?2 or NID2 and
either gender or smoking status.

By analyzing the ROCs, we found that the addition of
NID2 to the previous panel of 5 genes (RASSF1A, APC,
ESR1, HOXC9 and ABCB1) detected 11 additional stage I
NSCLC patients, who were false negatives for the previous
panel, thus improving the sensitivity from 79.61 to 90.29%
with no decline in specificity. By adding another gene
(NEUROG?), another 2 patients were diagnosed, raising the
sensitivity to 92.23%, and no additional false-positive cases
were added. This combination of 7 genes (RASSF1A, APC,
ESR1, HOXC9, ABCB1, NEUROG?2 and NID2) provided
92.23% sensitivity and 73.08% specificity (Table IV).

However, to facilitate the screening for cancer in the
general population, a panel of biomarkers should have a high
specificity to minimize false positives; otherwise, numerous
unnecessary follow-up procedures, which may be expen-
sive and invasive, may be performed (16). A 3-gene panel
(NEUROG?2, NID2 and HOXC9) may provide 100% speci-
ficity; however, the 66.02% sensitivity was barely satisfactory.
To optimize the panel, we constructed another panel of 5 genes

(NEUROG?2, NID2,RASSF1A, APC and HOXC9), achieving
a sensitivity of 91.26% and a specificity of 84.62% (Table IV).

ROC curves were constructed for each of the two panels
of 5 DNA methylation biomarkers from our previous study
(RASSFI1A, APC, ESR1, HOXC9 and ABCB1) and the
present study (NEUROG2, NID2, RASSFIA, APC and
HOXC9). The ROC curve for the previous panel used to clas-
sify stage | NSCLC and non-cancerous lung disease yielded an
AUC of 0.763 (P<0.0001; 95% CI, 0.655-0.872); by contrast,
the present panel yielded an AUC of 0.869 (P<0.0001; 95%
CI, 0.782-0.957; Fig. 2).

The increase in the AUC demonstrates the superiority of
the optimized panel of biomarkers.

Discussion

In our previous study, 5 genes (RASSF1A, APC, ESRI1,
HOXC9 and ABCB1) were combined as a panel for the diag-
nosis of stage I NCSLC by the method of MSP, which was
able to achieve 79.8% sensitivity and 73.1% specificity, based
on 124 cases of stage | NCSLC and 26 cases of non-cancerous
respiratory disease (9).

Aiming to increase the sensitivity and specificity of DNA
methylation as a biomarker for the diagnosis of NSCLC, we
analyzed additional gene targets in this study in order to opti-
mize the gene panel.

Recently, MBD-MethylCap/sequencing of bladder cancer
cell lines and normal bladder mucosa was carried out in our
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laboratory, through which we identified numerous aberrantly
methylated genes in bladder cancer cells (data unpublished).
Aberrant methylation of CpG sites in the promoter region
was found in more than one type of cancer and we selected
13 genes (ACTA1, AIDHIA2, CBXS8, CDHS, EVXI,
MGC16275, NEUROGI1, NEUROG2, NID2, OTX20S1,
PGAM2,PHOX2B and TOX) from among the top 100 bladder
cancer-specific genes to conduct further studies concerning
the early detection and diagnosis of NSCLC. In this study, the
tissue samples from the 103 stage I NSCLC patients and those
from the 26 non-cancerous lung disease patients were from the
same cohorts as used in our previous study, but the tissue DNA
samples from some of the patients were no longer available.

The methylation of NEUROG?2 and NID2 was associ-
ated with NSCLC. NEUROG?2 and NID2 were found to be
potential methylation biomarkers in stage I NSCLC diagnosis,
being hypermethylated (NEUROG2, 31.07%; NID2, 46.60%)
in cancer tissue samples but completely unmethylated in the
non-cancerous controls.

Neurogenin-2, encoded by the NEUROG2 gene
(4925), is affiliated with the neurogenin subfamily of basic
helix-loop-helix (bHLH) transcription factors, which are
essential in neurogenesis from migratory neural crest cells (17).
However, no evidence thus far has shown that NEUROG?2 is
correlated with the process of carcinogenesis.

The gene NID2 (1q43) encodes nidogen 1, which belongs
to the nidogen family of basement membrane proteins and
may play a role in maintaining the structure of the basement
membrane (18). A number of studies have already reported that
NID2 is correlated with cancer. The results of one study revealed
that NID2 was methylated in 29% of colon cancer tissues
and 95% of gastric cancer tissues, whereas it was completely
unmethylated in the corresponding normal mucosa (19).
Another study found that the concentration of nidogen-2 in the
serum of patients suffering from ovarian cancer was elevated
relative to that of normal controls and patients with benign
conditions (20). At present, no report of an association between
the methylation of NID2 and lung cancer is available.

This study was the first to demonstrate an association of
these two genes with stage I NSCLC. Moreover, NEUROG2
showed an ADC-specific methylation.

An optimized 5-gene panel NEUROG2, NID2, RASSF1A,
APC and HOXC9) was developed for the early detection of
NSCLC. Adding NEUROG?2 and NID?2 to the previous 5-gene
panel markedly increased the sensitivity for stage I NSCLC
diagnosis (from 79.61 to 92.23%), but the 73.08% specificity of
this 7-gene panel (RASSF1A, APC, ESR1, HOXC9, ABCBI,
NID2 and NEUROG1) remained barely satisfactory. Removing
two genes to yield another panel of 5 genes (NEUROG2, NID2,
RASSFI1A, APC and HOXC9) achieved a sensitivity of 91.26%
with a specificity of 84.62%. ROC analysis demonstrated that
this optimized 5-gene panel was superior to the previous 5-gene
panel and thus has greater potential for use in clinical diagnosis.

In conclusion, this study developed an optimized panel of
methylation biomarkers for the diagnosis of stage I NSCLC.
This panel needs further confirmation in a large patient cohort.
Moreover, the gene NEUROG?2 was reported to be associated
with cancer for the first time and NID2 was studied in lung
cancer for the first time. The involvement of these two genes
in NSCLC should be explored further.
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