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Summary
Patients with malignant mesothelioma (MM), an aggressive cancer associated with asbestos
exposure, usually present clinically with advanced disease and this greatly reduces the likelihood of
curative treatment. MM is difficult to diagnose without invasive techniques; the development of non-
invasively detectable molecular markers would therefore be highly beneficial. DNA methylation
changes in cancer cells provide powerful markers that are potentially detectable non-invasively in
DNA shed into bodily fluids. Here we examined the methylation status of 28 loci in 52 MM tumors
to investigate their potential as molecular markers for MM. To exclude candidate MM markers that
might be positive in biopsies/pleural fluid due to contaminating surrounding non-tumor lung tissue/
DNA, we also examined the methylation of these markers in lung samples (age- or environmentally-
induced hypermethylation is frequently observed in non-cancerous lung). Statistically significantly
increased methylation in MM vs. non-tumor lung samples was found for estrogen receptor 1 (ESR1;
p=0.0002), solute carrier family 6 member 20 (SLC6A20; p=0.0022) and spleen tyrosine kinase
(SYK; p=0.0003). Examination of associations between methylation levels of the 28 loci and clinical
parameters suggest associations of the methylation status of metallothionein genes with gender,
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histology, asbestos exposure, and lymph node involvement, and the methylation status of leucine
zipper tumor suppressor 1 (LZTS1) and SLC6A20 with survival.
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Introduction
Malignant mesothelioma (MM) is an aggressive cancer of the pleura, peritoneum or
pericardium strongly associated with exposure to asbestos [1–3]. MM usually becomes
clinically apparent after a 30- to 40-year latency period following asbestos exposure [4]. The
use of asbestos in developed countries has continuously declined in the past 30 years and
because of this, mesothelioma incidence is expected to peak in many countries. In the United
States, the mesothelioma incidence peaked in the 1990’s [5]. However, more than 2000 cases
are still diagnosed annually and workers previously active in construction, railroads and
shipyards will continue to be at risk for developing MM [4,6]. Recently, concerns were raised
about asbestos exposure of New York residents and public servants such as firefighters, rescue
workers, and recovery teams after the collapse of the World Trade Center on September 11,
2001 [7]. In the United Kingdom, the peak of mesothelioma deaths is expected to fall around
2020 [3]. In contrast to the diminished use of asbestos in developed countries, asbestos use in
Asian and Latin American nations has become a more common trend [3]. For this reason, it is
projected that worldwide mesothelioma incidence will continue to increase in the next 10–20
years.

Because clinical symptoms only appear with advanced disease, the median survival for
mesothelioma patients is approximately 9 months [8]. Mesothelioma is usually diagnosed by
means of biopsies of pleura or peritoneum. Diagnosis of MM can be a challenge due to (i) the
atypical features of mesothelial cells or lack of cells in the pleural or peritoneal fluids [8] and
(ii) difficulties in differentiating MM from other afflictions, such as metastatic adenocarcinoma
and benign pleural inflammation [4]. To resolve these problems, various approaches have been
developed, including immunohistochemical assays [4,9]. Although immunohistochemical
markers can be highly specific and sensitive, a substantial sample of tumor tissue is necessary
for accurate diagnosis, requiring invasive surgery [10]. Therefore, the development of MM-
specific molecular markers that could allow a diagnosis through the analysis of blood, pleural
fluid or other bodily fluids and that does not require the presence of intact cells, would be highly
desirable.

The first phase of marker development is the discovery of candidate genes or proteins by
identifying molecular changes specific for tumor presence [11]. Exciting progress has been
made in developing protein-based as well as expression-based (mRNA-derived) molecular
markers for MM [1,12–18]. While these approaches are valuable, development of DNA-based
markers would provide a powerful complementary approach with the advantages that the signal
is exponentially amplifiable and relatively stable in bodily fluids. DNA methylation consists
of the addition of a methyl group to the 5-position of cytosine in the context of a CpG
dinucleotide. Hypermethylation of clusters of CpG dinucleotides (“CpG islands”) in the
promoter regions of genes appears to lead to transcriptional silencing, and is thought to be a
very common mechanism for the inactivation of tumor suppressor and growth regulatory genes
in cancer [19,20]. Different types of cancer show distinct DNA methylation profiles, suggesting
that it should be possible to develop cancer-type specific methylation signatures [21]. The
power of DNA methylation as a marker derives not only from its ability to be detected in a
wide variety of samples (from fresh specimens to bodily fluids and archival paraffin-embedded

Tsou et al. Page 2

Lung Cancer. Author manuscript; available in PMC 2009 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



specimens) but also from the defined localization of the lesion (in promoter CpG islands of
genes), allowing the design of gene-specific, targeted probes [22]. To date, findings regarding
the role of DNA methylation in MM are still rather limited [23–35].

The goals of this study were dual: to identify new MM-specific methylation markers that could
be used to develop highly specific and sensitive panels to effectively diagnose MM, and to
explore possible relationships between methylation profiles and clinicopathological patient
characteristics. Associations with patient features could be of importance for treatment or
prognostication, and could also provide insights into the molecular mechanism of MM
development. We examined the methylation status of 28 CpG islands of genes encoding tumor
suppressor proteins and other growth regulatory proteins in 52 MM samples. For comparison,
we analyzed 38 non-tumor lung samples from patients with lung carcinomas. The choice of
loci was based on previous exploratory studies in our laboratory ([24] and unpublished data)
as well as reports in the literature. Our data show that CpG island hypermethylation is common
in MM, and that analysis of methylation profiles can provide MM-specific methylation
markers, as well as insights into the potential role of epigenetic changes in the development
and progression of MM.

Materials and methods
Study subjects and tissue samples

MM samples were obtained from 52 patients treated by one of us (HIP) at the Karamanos
Cancer Institute between May 2000 and February 2004. Study subjects included 42 males and
9 females (gender unknown for one sample) ranging from 44–83 years old at time of surgery
(median: 64 years old, age unknown for 1 subject). Thirty-nine of the 49 subjects were exposed
to asbestos (asbestos exposure data was incomplete for 3 subjects). Histological subtypes were
epithelioid (35), mixed (9) and sarcomatoid (4), with incomplete histological data for 4 cases.
Lymph node involvement was observed in 38/49 patients (data was missing for 3 subjects).
The mean survival of the 33 patients who died during the study was 13 months; surviving
patients (n=17) were followed for an average of 19 months. Survival information was missing
for 2 cases. Primary histologically verified MM tumors were fresh-frozen 2–3 cm chunks of
whitish tissue, clearly different from lung, pleura, diaphragm etc. which, depending upon the
amount of tumor stroma in the specimen, consisted of 85–95% tumor tissue. Histologically
non-tumor-bearing lung samples were derived from paraffin sections from separate cancer-
free blocks of the adjacent lung of lung cancer patients from the Los Angeles County Hospital.
These lung cancer patients consisted of 23 male and 15 female subjects and ranged in age from
40 to 82 years old, with a median age of 58. All studies were institutionally approved. Patient
identity was not made known to the laboratory investigators.

DNA extraction and methylation analysis
DNA was extracted from MM and non-tumor lung samples via proteinase K digestion [36].
The DNA was bisulfite converted as previously described [37]. DNA methylation was analyzed
by MethyLight [37,38]. The primers and probes used are listed in Table 1. In addition to primers
and probe sets designed specifically for the gene of interest, duplicates of an internal reference
primer and probe set designed to analyze Alu repeats (Alu) were included in the analysis to
normalize for input DNA [39]. Percentage methylated reference (PMR) is a relative measure
comparing methylation in the sample to methylation in enzymatically methylated DNA. The
PMR is calculated from the GENE:ALU ratio of a sample divided by the GENE:ALU ratio of
human DNA methylated by treatment with SssI methylase, multiplied by 100. The average
PMR for each locus in each sample was calculated using values for duplicate ALU controls.
PMR values over 100 may occasionally be obtained for genes that are very heavily methylated
because in spite of extensive SssI treatment, the control DNA may not always be fully
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methylated. However, this in no way affects the obtained statistical significance, as the same
batch of SssI-treated DNA was used throughout the study.

Statistical analysis
For each gene, PMR values in MM versus non-tumor lung were compared by means of the
Mann-Whitney U test. To minimize the risk of finding random associations that are not truly
significant, we applied a multiple comparisons threshold [40] to the analysis of the 24 loci that
were studied here for the first time (Table 2). The relationship between the top markers was
examined by two-dimensional hierarchical clustering using log-transformed PMR values.
Ward’s hierarchical clustering method was applied using JMP version 6.0 software (SAS
Institute, Inc., Cary, NC).

Spearman correlation coefficients were calculated to investigate associations between age at
the time of surgery and methylation, and associations between the individual methylation
markers MT1A, MT2A, SFRP4 and SOCS4. P-values to test H0: r=0 were also calculated,
using a permutation test, because the large number of zeros for some loci violates the standard
assumptions of the Spearman correlation. To investigate the association between age at time
of surgery and other clinicopathological variables including sex, histology type, asbestos
exposure and lymph node involvement, the Mann-Whitney U test was performed. Associations
among gender, histology type, asbestos exposure and lymph node involvement were
investigated using Fisher’s exact test. The log-rank test was performed to test the association
of methylation with survival by dichotomizing the PMR. Dichotomization was done using the
median, or if the distribution of PMR values indicated two distinct groups of roughly similar
size, at the PMR value separating both groups. Alternatively, if a substantial fraction of subjects
showed no methylation, dichotomization was done by dividing the subjects into those with and
without methylation. In order to adjust for the effect of age (calculated from the date of surgery)
on survival, the stratified log-rank test was also performed using age at surgery as the stratifying
variable. Age at surgery was dichotomized at the median age of 64. Data from those who did
not die were censored at the date of last follow up. The Pike estimates of relative hazard ratio
were calculated with the use of observed and expected numbers of events as calculated in the
log-rank test. The survival probabilities were estimated using the product limit method. All
statistical tests were two-sided.

Results
Hypermethylation is common in MM

Our first goal was to examine the 28 loci for their utility as MM-specific DNA methylation
markers. Because methylation markers are under development for many different kinds of
cancer, establishing methylation marker panels for different types of cancer will be possible
in the future. However, it is also important that potential markers not be hypermethylated in
non-tumor tissues near the cancer. We and others have observed substantial hypermethylation
in normal lung samples ([24,41] and our unpublished observations). Through cellular
contamination or shedding of DNA, such hypermethylation could potentially contaminate
biopsies or pleural fluids, compromising marker specificity. In order to ensure cancer-
specificity of methylation markers for MM, it would be important to determine that the chosen
markers would not be as highly methylated in non-cancer lung. Because basal levels of
methylation in the lung may increase with environmental exposures and/or age [42,43], we
chose to make the most rigorous comparison; we used lung samples that would be most likely
to show high levels of background methylation: non-cancer lung samples from lung cancer
patients. Lung cancer tends to occur in older subjects with substantial exposure to
environmental agents such as tobacco smoke. Utilizing histologically verified cancer-free lung
from these patients would thus set stringent requirements for possible MM methylation
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markers; the ideal MM methylation marker should show higher methylation levels than any
kind of non-tumor lung samples, even from heavy smokers.

Examination of methylation in the MM and non-tumor lung samples showed that the frequency
of methylation in the sample collection and the median PMR values varied substantially for
loci studied (Fig. 1, Table 2). CpG islands for adenomatosis polyposis coli (APC), epithelial
and heart cadherins (CDH1 and CDH13), cyclin-dependent kinase inhibitors 2A and 2B
(CDKN2A EX2/p16 and CDKN2B), caudal type homeobox transcription factor 2 (CDX2),
ESR1, homeobox A1 (HOXA1), LZTS1, MT1A, MT2A, opioid binding protein/cell adhesion
molecule-like (OPCML), ras association domain family 1 (RASSF1), secreted frizzled-related
proteins 1 and 5 (SFRP1 and SFRP5), SLC6A20, SYK and twist homolog 1 (TWIST1) were
methylated in 46–100% of the MM cases. However, many of these loci showed a similar
frequency of methylation in non-tumor lung.

We examined the statistical significance of methylation frequency and levels (expressed as
percentage methylated reference or PMR, see methods) in MM vs. non-tumor lung samples
by comparing the PMR values of all samples for each locus using the Mann-Whitney U test.
Because examination of multiple markers can lead to spurious associations, we incorporated
a multiple comparisons threshold for those markers for which no demonstration of significant
differences in methylation in MM vs. normal lung had been previously shown (Table 2). Seven
loci showed statistically significant differences in methylation between MM and non-tumor
lung: APC, ataxia telangiectasia (ATM), CDKN2B, CDH1, ESR1, SLC6A20 and SYK. Of
these, APC, ATM and CDKN2B showed highly significantly elevated methylation in non-
tumor lung (p≤0.0001, Table 1). This methylation in non-tumor lung could be related to aging
[42]. However, we found no evidence for age-related increases of methylation of these genes
in MM or lung tissue (see below). More likely, the methylation in non-tumor lung is related
to environmental exposures, which have been shown to increase methylation of various loci
in the lung, possibly creating a “field defect” (reviewed in [43,44]). Three loci, ESR1,
SLC6A20 and SYK showed a substantially elevated frequency and/or level of methylation in
MM compared to non-tumor lung (p=0.0002, 0.0022 and 0.0003, respectively, Table 2 and
Fig. 1 and 2). Examination of the ability of these three loci to distinguish MM from non-tumor
lung samples indicated that neither marker on its own was very strong (Receiver Operating
Characteristic curves for the three markers based on the tissue collection used showed areas
under the curve ranging from 0.70–0.73, data not shown). Combination of SLC6A20 and SYK
methylation as positive markers for MM yielded a sensitivity of 81% and specificity of 73%
based on evaluation of the current collection of tissues. Adding ESR1 methylation as a third
positive marker increased sensitivity to 94% but reduced specificity to 55%, since ESR1
methylation is relatively frequent in non-tumor lung. Because many samples with ESR1
methylation were also methylated in SYK or SLC6A20, we explored using APC methylation
as a negative marker instead. The APC/SYK/SLC6A20 combination resulted in a sensitivity
of 92% and a specificity of 73%. A two-dimensional clustering analysis using these three
markers shows separation of most samples into the correct categories (Fig. 3). The diagram
illustrates the utility of combining markers with complementary methylation patterns (SYK
and SLC6A20) to maximize sensitivity. One main branch of the dendrogram consists of non-
tumor lung, while the second branch consists of MM interspersed with seven non-tumor lung
samples, pointing to the need to identify additional markers to bolster specificity.

Clinicopathological associations with methylation of loci in MM
Besides their potential role as molecular markers for early cancer detection, DNA methylation
of loci in MM could also provide information about the nature of the disease in each patient.
Because methylation of certain genes can increase with age [42], we first compared the age of
the patients at time of surgery vs. methylation. We found that TWIST1, cytochrome P450,
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family member 1B1 (CYP1B1), RASSF1, and OPCML methylation increased with age
(p=0.008, 0.013, 0.018, and 0.038, respectively). No clear associations with age were observed
for other genes (p>0.05), so that the statistically significant differences in methylation between
MM and non-tumor lung (Table 2) do not appear to be due to the slightly higher mean age of
the MM patients. None of the clinicopathological variables (gender, histological subtype,
asbestos exposure, lymph node involvement) was significantly associated with age.

We next examined possible association between the clinicopathological variables and
methylation. Toyooka and colleagues had reported a significant difference in the methylation
frequency of RASSF1A in epithelioid vs. sarcomatoid/mixed patterns [45], but we did not find
such a correlation (p=0.2). However, we did note associations between gender, histology,
asbestos exposure and lymph node involvement vs. methylation levels for two members of the
metallothionein family, MT1A and MT2A, and the SFRP4 and SOCS4 loci (Table 3). As
expected, age adjustment did not significantly affect the results (not shown). Because many
associations were examined (methylation levels at 28 loci vs. four clinical variables),
application of a multiple comparisons threshold would be appropriate, and under those
conditions the associations would not be deemed significant. Thus, we cautiously interpret this
data as providing suggestions for further study. However, in the case of MT1A and MT2A, we
observe associations with three variables (Table 3), which might support the significance of
methylation at these two loci. A higher median PMR was observed for MT1A in men, in
patients exposed to asbestos, and in patients showing lymph node involvement. A higher
median PMR for MT2A was associated with female gender, epithelioid histology, and lack of
exposure to asbestos. The opposite trends in the methylation levels of the two loci were
supported by the observation of a negative correlation between MT1A and MT2A methylation
levels (p=0.019). Because of the similarity in methylation trends of each of these two loci for
multiple clinical characteristics, we reasoned that association with one trend might drive
association with the others. Therefore, we examined associations among gender, histological
type, asbestos exposure, and lymph node involvement. Asbestos exposed patients were more
likely to be male (p=0.016) and to show lymph node involvement (p=0.008). All other
associations showed p>0.05. Thus it is possible that at least in the case of MT1A, multiple
associations are driven by one variable.

The two other loci for which associations with clinicopathological variables were suggested
were SOCS4, associated with lymph node involvement (but methylated only in 6 cases), and
SFRP4, which trends toward association with female gender (methylated in 37% of MM).
SFRPs encode a family of modulators of wingless-type mouse mammary tumor virus
integration site (WNT) signaling that function through direct binding to the WNT protein. Lee
and colleagues reported a much higher methylation frequency for SFRP4 (89%, or 17/19 MM
samples), but to our knowledge, an association with gender was not examined [31]. The same
investigators reported frequent (>80%) methylation of SFRP1 and 5, similar to our results
[31]. Interestingly, the SFRPs are not the only WNT antagonists that are methylated in MM;
the Wnt inhibitory factor 1 gene (WIF1) was recently shown to be methylated in 11/12 MMs
[35]. Thus, it appears that methylation may be a common mechanism of inactivation of genes
in the Wnt pathway.

Methylation and survival
The observed trends linking methylation of certain genes to gender, histology, asbestos
exposure and lymph node involvement prompted an investigation of methylation vs. survival
for all loci examined. It should be noted that the sample size is relatively small, which makes
observing survival differences challenging. Indeed, we did not detect a significant survival
difference when we compared gender, lymph node involvement, histology and asbestos
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exposure (data not shown), even though a better survival has been reported in the literature for
women, epithelioid subtype, and in some studies, patients lacking involved nodes [10,46].

Associations between survival and methylation were examined by dichotomizing PMR values
into low or high methylation groups or into methylated and unmethylated cases when a
substantial fraction of subjects showed no methylation (see Materials and Methods). Like other
researchers, we found no association of survival of MM patients with the methylation of the
individual loci APC, CDH1, CDH13, CDKN2A, MGMT and RASSF1 [25,34]. Two
marginally significant associations were observed (Fig. 4): a better survival of the group with
the lower LZTS1 PMR values (p=0.046; age-adjusted p=0.065), and a better survival of the
group showing SLC6A20 methylation (p=0.022; age-adjusted p=0.023). Neither of these
associations would remain statistically significant if a multiple comparisons correction were
applied, and thus their potential role should be further evaluated.

Discussion
To our knowledge, the present study of 28 methylation markers in MM is the largest such
analysis to date. We generally find a higher methylation frequency compared to other
investigators (e.g. [25,30]), which is likely due to our use of the quantitative and highly sensitive
MethyLight technique. We have identified three loci (ESR1, SLC6A20 and SYK) that are
significantly more methylated in MM than in non-tumor lung from lung cancer patients and
several negative markers, of which APC is the strongest. Combination of SLC6A20, SYK, and
APC yields a sensitivity of 92% and specificity of 73% based on evaluation of the current
collection of tissues. Adding ESR1 methylation as a third positive marker increases sensitivity
but reduces specificity, illustrating that the best results are obtained with a minimum number
of complementary markers. Identification of further markers is required to increase specificity,
and the utility of the current markers for the analysis of bodily fluids (effusions, plasma or
serum) remains to be determined.

Some of the loci we examined were also studied by Toyooka and colleagues, in a comparison
of methylation levels in 66 MM and 40 lung adenocarcinomas [25]. All loci that were found
by Toyooka and coworkers to show statistically significant differences between the two cancer
types (APC, CDH13, CDKN2A, O-6-methylguanine-DNA methyltransferase (MGMT) and
retinoic acid receptor beta (RARB)) showed elevated methylation in adenocarcinoma, and thus
would be potential negative markers for MM. Similar to our findings, APC showed the
strongest difference in methylation between adenocarcinoma and MM.

One interesting aspect of our results is the frequent methylation of the genes encoding heavy
metal binding proteins MT1A and MT2A, and the potential link to gender, asbestos exposure,
histology and nodal status. The MT genes are located in the metallothionein family gene cluster,
a 75-kb region of chromosome 16q [47]. Tissue-specific methylation has been reported for
MT1A and MT1J; while both genes showed methylation in breast tumors, only the latter gene
showed methylation in normal breast tissue [48]. This differential methylation is surprising,
given that the two CpG islands lie less than 2 kilobases apart [48]. It indicates that CpG islands
within the MT cluster are not necessarily coordinately regulated, an observation supported by
our analysis of MT1A and MT2A methylation. Epigenetic regulation has been implicated in
the control of various MT genes [49]. Hypermethylation of the MT1G promoter has been
reported to be associated with higher tumor stage in prostate cancer [50], and MT3 and MT1G
expression are downregulated by methylation in oesophageal cancer and thyroid carcinoma
respectively [51,52]. The biological role of silencing of these metal-binding proteins in cancer
remains to be further investigated. It has been suggested that MT expression might retard
growth of cancer cells, or that lack of metallothioneins could increase availability of cellular
zinc for cell growth [53].
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Our observation of potential associations of LZTS1 and SLC6A20 with survival is intriguing
but needs to be borne out by further studies. How methylation of the SLC6A20 transporter
gene might be associated with increased survival is not clear at this time, but it is conceivable
that methylation-associated silencing might affect resistance of cells to chemotherapy. Given
its potential utility as part of a marker panel, SCL6A20 methylation might be of both diagnostic
and prognostic value, and merits further investigation.

Conclusion
The presence of highly methylated genes in MM demonstrates that hypermethylation occurs
in this type of cancer. A three-marker methylation panel can distinguish between our MM and
non-tumor lung tissues with considerable sensitivity but specificity needs to be strengthened
through the identification of additional loci. The modest number of informative genes identified
to date suggests that other types of loci might need to be examined [30]. An epigenomic
approach, in which methylation of thousands of CpG islands can be quickly prescreened,
followed by a detailed evaluation of selected markers by MethyLight, might prove more fruitful
in rapidly identifying strong candidate genes that are highly MM-specific. Such studies are in
progress in our laboratory. Aside from its relevance for marker development, analysis of
methylation profiles in MM can provide clues to the epigenetic hits that may play a role in MM
development and progression. The studies presented here hint at a role for metallothioneins,
among others, and underscore the utility of methylation research in uncovering new avenues
of exploration in MM. Ongoing efforts in many laboratories to identify loci hypermethylated
in MM promise to provide important insights that will facilitate early diagnosis and may one
day lead to new therapeutic applications.
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Figure 1.
Graphical representation of methylation of 28 loci in MM cases. Percentage of MM (black) or
non-tumor lung (light gray) samples showing methylation is indicated in (A). Median PMR
value of the samples showing methylation in MM (black) or non-tumor lung (white) is indicated
in (B). Because the spread in PMR values was large, log-transformed values were plotted in
(B). Stars indicate statistically significant differences in methylation between MM and non-
tumor lung samples, using PMR as a continuous variable and taking into account a multiple
comparison correction threshold (see Table 2 for values).
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Figure 2.
Comparison of distribution of PMR values for ESR1, SLC6A20 and SYK in MM (triangles)
and non-tumor lung (open circles). The median PMR of methylation positive samples is
indicated by the dashed line. Two MM samples (indicated with an asterisk) showed very high
PMR values for SLC6A20 as indicated by the discontinuous scale.
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Figure 3.
Two-dimensional hierarchical clustering analysis of methylation data for APC, SYK and
SLC6A20. MM and non-tumor lung samples are indicated by closed black and open gray
circles, respectively. Methylation levels range from undetectable (light gray) to most elevated
(black).
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Figure 4.
Kaplan Meier analyses of survival vs. methylation for LZTS1 (left) and SLC6A20 (right) loci.
LZTS1 PMR values were dichotomized at 130. P=0.046 without and 0.065 with age adjustment
respectively, and the relative hazard ratio for PMR≥130 was 1.93 (0.94–3.97). SLC6A20
subjects were divided into with and without methylation; p=0.022 without and 0.023 with age
adjustment respectively, and the relative hazard ratio for absence of methylation was 2.14
(1.05–4.37).

Tsou et al. Page 15

Lung Cancer. Author manuscript; available in PMC 2009 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tsou et al. Page 16
Ta

bl
e 

1
Su

m
m

ar
y 

of
 M

et
hy

Li
gh

t p
rim

er
s f

or
 2

8 
lo

ci
 st

ud
ie

d

H
U

G
O

1
Fo

rw
ar

d 
Pr

im
er

 S
eq

ue
nc

e
R

ev
er

se
 P

ri
m

er
 S

eq
ue

nc
e

Pr
ob

e 
O

lig
o 

Se
qu

en
ce

A
PC

G
A

A
C

C
A

A
A

A
C

G
C

TC
C

C
C

A
T

TT
A

TA
TG

TC
G

G
TT

A
C

G
TG

C
G

TT
TA

TA
T

6F
A

M
-C

C
C

G
TC

G
A

A
A

A
C

C
C

G
C

C
G

A
TT

A
-B

H
Q

-1

A
TM

A
C

G
G

A
G

A
A

A
A

G
A

A
G

TC
G

TG
G

TC
G

C
G

A
C

G
A

TA
A

C
TA

C
A

A
C

G
C

A
A

A
T

6F
A

M
-C

G
A

C
TC

C
TC

TC
G

C
C

TC
C

TC
C

C
G

-B
H

Q
-1

C
D

H
1

A
A

TT
TT

A
G

G
TT

A
G

A
G

G
G

TT
A

TC
G

C
G

T
TC

C
C

C
A

A
A

A
C

G
A

A
A

C
TA

A
C

G
A

C
6F

A
M

-C
G

C
C

C
A

C
C

C
G

A
C

C
TC

G
C

A
T-

B
H

Q
-1

C
D

H
13

A
A

TT
TC

G
TT

C
G

TT
TT

G
TG

C
G

T
C

TA
C

C
C

G
TA

C
C

G
A

A
C

G
A

TC
C

6F
A

M
-A

A
C

G
C

A
A

A
A

C
G

C
G

C
C

C
G

A
C

A
-B

H
Q

-1

C
D

K
N

2A
G

C
G

TT
C

G
A

G
TG

G
C

G
G

A
C

TC
C

C
G

A
A

C
A

A
C

G
TC

G
TA

C
A

C
6F

A
M

-C
A

A
TT

A
A

A
C

TC
C

G
C

G
C

C
G

TA
A

A
A

C
A

A
C

A
A

-B
H

Q
-1

C
D

K
N

2B
A

G
G

A
A

G
G

A
G

A
G

A
G

TG
C

G
TC

G
C

G
A

A
TA

A
TC

C
A

C
C

G
TT

A
A

C
C

G
6F

A
M

-T
TA

A
C

G
A

C
A

C
TC

TT
C

C
C

TT
C

TT
TC

C
C

A
C

G
-B

H
Q

-1

C
D

X
2

G
G

TA
A

TC
G

TC
G

TA
G

TT
C

G
G

G
TA

TT
A

C
TC

C
G

TA
C

G
C

C
A

C
TC

TA
A

C
G

6F
A

M
-C

A
A

C
C

TA
A

C
G

C
C

G
C

A
A

A
A

C
TT

C
G

TC
A

-B
H

Q
-1

C
H

FR
C

G
G

G
A

G
TT

TT
TA

TG
G

G
C

G
T

A
A

C
C

G
TC

C
C

C
A

A
A

A
C

TA
C

G
A

C
6F

A
M

-C
C

TC
G

A
A

C
C

G
C

TC
C

A
TC

G
A

A
A

TT
C

A
-B

H
Q

C
Y

P1
B

1
G

TG
C

G
TT

TG
G

A
C

G
G

G
A

G
TT

A
A

C
G

C
G

A
C

C
TA

A
C

A
A

A
A

C
G

A
A

6F
A

M
-C

G
C

C
G

C
A

C
A

C
C

A
A

A
C

C
G

C
TT

-B
H

Q
-1

ES
R

1
G

G
C

G
TT

C
G

TT
TT

G
G

G
A

TT
G

G
C

C
G

A
C

A
C

G
C

G
A

A
C

TC
TA

A
6F

A
M

-C
G

A
TA

A
A

A
C

C
G

A
A

C
G

A
C

C
C

G
A

C
G

A
-B

H
Q

-1

H
M

G
A

1
C

G
TG

A
TT

TT
TT

TG
C

G
C

G
TG

A
C

C
TA

A
A

C
TA

C
G

A
A

C
TC

G
A

A
TC

G
A

C
6F

A
M

-C
A

C
TC

C
TC

G
C

A
A

TC
C

C
G

A
A

C
G

A
A

-B
H

Q
-1

H
O

X
A

1
G

TT
G

TT
G

C
G

G
C

G
A

TT
G

TA
A

A
C

G
C

G
C

A
A

A
A

C
G

C
A

A
C

TT
6F

A
M

-T
A

C
TC

TT
C

TT
C

G
C

TC
C

A
A

C
A

C
TC

C
A

A
A

TC
G

-B
H

Q
-1

LZ
TS

1
G

C
G

G
C

G
TT

G
TA

G
G

G
A

C
G

C
G

C
G

C
G

C
TA

A
C

TC
TT

C
TA

C
G

6F
A

M
-A

TT
A

C
C

G
C

C
TT

TA
A

A
C

TC
C

G
A

A
C

C
C

TC
C

A
-B

H
Q

-1

M
G

M
T

G
C

G
TT

TC
G

A
C

G
TT

C
G

TA
G

G
T

C
A

C
TC

TT
C

C
G

A
A

A
A

C
G

A
A

A
C

G
6F

A
M

-C
G

C
A

A
A

C
G

A
TA

C
G

C
A

C
C

G
C

G
A

-B
H

Q
-1

M
T1

A
C

G
TG

TT
TT

C
G

TG
TT

A
TT

G
TG

TA
C

G
C

TC
G

C
TA

TC
G

C
C

TT
A

C
C

TA
TC

C
6F

A
M

-T
C

C
A

C
A

C
C

TA
A

A
TC

C
C

TC
G

A
A

C
C

C
A

C
T-

B
H

Q
-1

M
T2

A
G

C
G

TT
TT

C
G

TC
G

TG
TG

TA
TA

G
TT

T
TT

C
C

C
A

A
A

TC
C

C
G

C
TT

TC
A

6F
A

M
-C

G
C

G
C

G
C

TA
A

C
G

A
C

TC
A

A
A

TT
C

G
-B

H
Q

-1

O
PC

M
L2

C
G

TT
TC

G
A

G
G

C
G

G
TA

TC
G

C
G

A
A

C
C

G
C

C
G

A
A

A
TT

A
TC

A
T

6F
A

M
-A

A
C

A
A

C
TC

C
A

TC
C

C
TA

A
C

C
G

C
C

A
C

TT
TC

T-
B

H
Q

-1

PG
R

G
G

C
G

G
TG

A
C

G
G

TC
G

TA
TT

C
A

C
A

A
A

C
C

G
TC

C
C

G
C

G
A

A
6F

A
M

-A
A

C
A

A
C

C
G

C
TC

G
C

G
C

C
C

G
A

-B
H

Q
-1

PT
EN

G
TT

TC
G

C
G

TT
G

TT
G

TA
A

A
A

G
TC

G
C

A
A

TA
TA

A
C

TA
C

C
TA

A
A

A
C

TT
A

C
TC

G
A

A
C

C
G

6F
A

M
-T

TC
C

C
A

A
C

C
G

C
C

A
A

C
C

TA
C

A
A

C
TA

C
A

C
TT

A
-B

H
Q

-1

R
A

SS
F1

A
TT

G
A

G
TT

G
C

G
G

G
A

G
TT

G
G

T
A

C
A

C
G

C
TC

C
A

A
C

C
G

A
A

TA
C

G
6F

A
M

-C
C

C
TT

C
C

C
A

A
C

G
C

G
C

C
C

A
-B

H
Q

-1

SF
R

P1
G

A
A

TT
C

G
TT

C
G

C
G

A
G

G
G

A
A

A
A

C
G

A
A

C
C

G
C

A
C

TC
G

TT
A

C
C

6F
A

M
-C

C
G

TC
A

C
C

G
A

C
G

C
G

A
A

A
A

C
C

A
A

T-
B

H
Q

-1

SF
R

P4
G

TT
G

TT
C

G
G

G
C

G
G

G
TT

C
G

C
G

A
A

A
C

TC
C

G
C

C
G

TC
TA

6F
A

M
-A

A
A

C
A

C
G

A
A

C
A

A
C

G
C

C
A

A
C

TC
TC

A
A

C
C

T-
B

H
Q

-1

SF
R

P5
G

C
G

TT
TG

TA
G

TT
TA

TC
G

TG
TG

G
TA

G
A

G
A

A
C

C
G

C
TA

C
A

C
G

A
C

C
G

C
T

6F
A

M
-C

G
C

C
G

C
A

A
TA

C
C

TT
A

A
C

A
TC

C
C

TA
C

C
G

-B
H

Q
-1

SL
C

6A
20

A
G

G
C

G
A

A
TA

C
G

A
A

TT
G

TA
G

C
G

TA
A

A
A

C
G

A
C

G
C

G
C

C
TA

A
C

G
6F

A
M

-C
C

G
C

G
C

A
C

TA
A

A
A

C
TA

C
C

G
TA

C
C

G
A

A
-B

H
Q

-1

SO
C

S4
TA

TA
TT

G
C

G
TT

TG
C

G
TC

G
A

TT
C

A
C

G
C

C
G

C
A

A
C

TA
A

C
G

C
C

6F
A

M
-C

C
C

G
A

C
G

A
C

C
TC

TA
TC

G
A

A
A

C
C

TA
C

G
C

TA
-B

H
Q

-1

SY
K

G
G

G
C

G
C

G
A

TA
TT

G
G

G
A

G
G

C
G

A
C

TC
TT

C
C

TC
A

TT
TT

A
A

A
C

A
A

C
6F

A
M

-C
C

TT
A

A
C

G
C

G
C

C
C

G
A

A
C

A
A

A
C

G
-B

H
Q

-1

TW
IS

T1
G

TA
G

C
G

C
G

G
C

G
A

A
C

G
T

A
A

A
C

G
C

A
A

C
G

A
A

TC
A

TA
A

C
C

A
A

C
6F

A
M

-C
C

A
A

C
G

C
A

C
C

C
A

A
TC

G
C

TA
A

A
C

G
A

-B
H

Q
-1

V
H

L
C

G
G

G
A

G
C

G
C

G
TA

C
G

TA
G

TT
C

TC
C

G
A

A
A

C
A

TT
C

C
C

TC
C

G
6F

A
M

-C
G

A
A

C
C

G
A

A
C

G
C

C
G

C
G

A
A

A
-B

H
Q

-1

Lung Cancer. Author manuscript; available in PMC 2009 September 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tsou et al. Page 17
1 H

um
an

 G
en

om
e 

O
rg

an
iz

at
io

n 
no

m
en

cl
at

ur
e.

 A
cr

on
ym

s a
re

 d
ef

in
ed

 in
 th

e 
te

xt
 e

xc
ep

t f
or

 th
e 

fo
llo

w
in

g 
lo

ci
: C

H
FR

 (c
he

ck
po

in
t w

ith
 fo

rk
he

ad
 a

nd
 ri

ng
 fi

ng
er

 d
om

ai
ns

), 
H

M
G

A
1 

(h
ig

h 
m

ob
ili

ty
 g

ro
up

A
T-

ho
ok

 1
), 

M
G

M
T 

(O
-6

-m
et

hy
lg

ua
ni

ne
-D

N
A

 m
et

hy
ltr

an
sf

er
as

e)
, P

TE
N

 (p
ho

sp
ha

te
 a

nd
 te

ns
in

 h
om

ol
og

) a
nd

 V
H

L 
(v

on
 H

ip
pe

l L
in

da
u 

tu
m

or
 su

pp
re

ss
or

).

2 Th
is

 p
rim

er
/p

ro
be

 se
t s

ha
re

s h
om

ol
og

y 
w

ith
 th

e 
C

pG
 is

la
nd

 o
f t

he
 a

dj
ac

en
t H

N
T 

ge
ne

, w
hi

ch
 a

pp
ea

rs
 to

 h
av

e 
ar

is
en

 v
ia

 g
en

e 
du

pl
ic

at
io

n.

Lung Cancer. Author manuscript; available in PMC 2009 September 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tsou et al. Page 18
Ta

bl
e 

2
Fr

eq
ue

nc
y 

an
d 

m
ed

ia
n 

PM
R

 v
al

ue
s o

f m
es

ot
he

lio
m

a 
an

d 
no

n-
tu

m
or

 lu
ng

 ti
ss

ue
s f

or
 2

8 
lo

ci

L
oc

us
1

M
M

2  (n
=5

2)
N

T
L

5 (n
=3

8)
p-

va
lu

e6
M

C

Fr
eq

ue
nc

y(
%

)3
M

ed
ia

n 
PM

R
4

Fr
eq

ue
nc

y3 (%
)

M
ed

ia
n 

PM
R

4
L

oc
us

1
M

M
 v

s N
T

L
T

hr
es

ho
ld

7

A
PC

58
0.

36
94

4.
84

A
PC

<.
00

01
n.

a.

A
TM

37
0.

01
59

0.
16

ES
R

18
0.

00
02

n.
a.

C
D

H
1

98
4.

33
82

12
.7

C
D

H
1

0.
01

43
n.

a.

C
D

H
13

65
2.

91
37

5.
45

PG
R

0.
08

48
n.

a.

C
D

K
N

2A
EX

2
10

0
43

.8
96

43
.3

C
D

K
N

2B
<.

00
01

0.
00

21

C
D

K
N

2B
98

5.
43

96
9.

66
A

TM
0.

00
01

0.
00

23

C
D

X
28

86
7.

11
66

3.
40

SY
K

0.
00

03
0.

00
25

C
H

FR
13

0.
04

4
1.

65
SL

C
6A

20
0.

00
22

0.
00

27

C
Y

P1
B

1
27

1.
66

24
0.

44
H

O
X

A
1

0.
00

33
0.

00
30

ES
R

18
71

3.
29

32
1.

29
C

D
X

28
0.

00
91

0.
00

33

H
M

G
A

18
6

0.
00

18
0.

02
LZ

TS
1

0.
00

98
0.

00
37

H
O

X
A

1
63

0.
43

63
3.

82
M

T2
A

0.
06

85
0.

00
42

LZ
TS

1
10

0
13

3
10

0
18

3
C

D
H

13
0.

10
06

0.
00

47

M
G

M
T

13
1.

75
14

9.
22

R
A

SS
F1

8
0.

14
21

0.
00

53

M
T1

A
10

0
13

4
10

0
11

0
SF

R
P5

8
0.

19
71

0.
00

61

M
T2

A
10

0
11

.0
71

12
.2

SF
R

P1
8

0.
19

85
0.

00
71

O
PC

M
L

94
6.

19
69

9.
20

PT
EN

0.
25

62
0.

00
83

PG
R

27
4.

28
4

6.
95

M
T1

A
0.

27
01

0.
00

99

PT
EN

15
0.

05
20

0.
85

H
M

G
A

18
0.

27
36

0.
01

20

R
A

SS
F1

8
57

32
.4

58
0.

86
C

D
K

N
2A

EX
2

0.
37

76
0.

01
48

SF
R

P1
8

88
4.

39
87

10
.0

1
O

PC
M

L
0.

50
29

0.
01

88

SF
R

P4
8

37
0.

65
42

1.
03

C
H

FR
0.

54
55

0.
02

45

SF
R

P5
8

98
4.

08
92

5.
78

M
G

M
T

0.
54

82
0.

03
33

SL
C

6A
20

46
6.

60
10

0.
41

V
H

L
0.

75
62

0.
04

80

SO
C

S4
8

12
1.

60
13

1.
70

SO
C

S4
8

0.
91

74
0.

05
00

SY
K

67
0.

22
22

0.
43

C
Y

P1
B

1
0.

88
31

0.
05

00

Lung Cancer. Author manuscript; available in PMC 2009 September 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tsou et al. Page 19

L
oc

us
1

M
M

2  (n
=5

2)
N

T
L

5 (n
=3

8)
p-

va
lu

e6
M

C

Fr
eq

ue
nc

y(
%

)3
M

ed
ia

n 
PM

R
4

Fr
eq

ue
nc

y3 (%
)

M
ed

ia
n 

PM
R

4
L

oc
us

1
M

M
 v

s N
T

L
T

hr
es

ho
ld

7

TW
IS

T1
75

3.
25

53
7.

45
SF

R
P4

8
0.

56
71

0.
05

00

V
H

L
4

0.
90

0
0.

00
TW

IS
T

0.
64

44
0.

05
00

1 H
U

G
O

 n
om

en
cl

at
ur

e 
(o

n 
rig

ht
 lo

ci
 a

re
 li

st
ed

 a
lp

ha
be

tic
al

ly
 b

y 
p-

va
lu

e,
 w

ith
 p

re
vi

ou
sl

y 
id

en
tif

ie
d 

lo
ci

 a
t t

he
 to

p)
;

2 M
M

: m
al

ig
na

nt
 m

es
ot

he
lio

m
a;

3 pe
rc

en
ta

ge
 o

f s
am

pl
es

 w
ith

 p
os

iti
ve

 m
et

hy
la

tio
n 

va
lu

es
;

4 m
ed

ia
n 

pe
rc

en
t m

et
hy

la
te

d 
re

fe
re

nc
e 

ca
lc

ul
at

ed
 fr

om
 p

os
iti

ve
 m

et
hy

la
tio

n 
va

lu
es

;

5 N
TL

: n
on

-tu
m

or
 lu

ng
;

6 p-
va

lu
e 

ca
lc

ul
at

ed
 u

si
ng

 M
an

n-
W

hi
tn

ey
 U

 te
st

;

7 M
C

 th
re

sh
ol

d:
 m

ul
tip

le
 c

om
pa

ris
on

 p
-v

al
ue

 th
re

sh
ol

d 
ac

co
rd

in
g 

to
 B

en
ja

m
in

i e
t a

l.[
40

]. 
Th

is
 th

re
sh

ol
d 

w
as

 n
ot

 a
pp

lie
d 

to
 th

e 
fo

ur
 lo

ci
 fo

r w
hi

ch
 p

re
vi

ou
s r

es
ea

rc
h 

su
gg

es
te

d 
si

gn
ifi

ca
nt

 d
iff

er
en

ce
s

be
tw

ee
n 

M
M

 a
nd

 n
on

-tu
m

or
 lu

ng
;

8 M
M

 n
=5

1

Lung Cancer. Author manuscript; available in PMC 2009 September 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tsou et al. Page 20

Table 3
Summary of associations between clinicopathological characteristics and
methylation for which p≤0.05

Characteristics Locus1 Median PMR2 p-value3

Gender Male
(n=42; 41)4

Female
(n=9; 6)4

MT1A 153 91 0.048

MT2A 10 25 0.006

SFRP4 1 3 0.022

Histology
Mixed/Sarcomatoid

(n=13)
Epithelioid

(n=35)

MT2A 7 13 0.017

Asbestos Exposure Exposed
(n=39)

Not Exposed
(n=10)

MT1A 151 93 0.050

MT2A 10 21 0.018

Lymph Node Involvement Involved
(n=38; 37)4

Not Involved
(n=11; 10)4

MT1A 162 106 0.047

SOCS4 3 1 0.005
1
HUGO nomenclature;

2
For SFRP4 and SOCS4 value is median of all positive samples;

3
Mann-Whiteny U test;

4
SFRP4 methylation was available for 41 males and 6 females; SOCS4 methylation data was available for 47 cases.
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