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Abstract

Background L1 and SAT-a are repetitive DNA elements that undergo demethylation in association with cancerization.
Unlike L1 hypomethaylation, nothing is known regarding the prognostic implication of SAT-a hypomethylation alongside
L1 hypomethaylaton in gastric cancers.

Methods Formalin-fixed paraffin-embedded samples from 492 cases of advanced gastric cancer were analyzed to determine
their L1 and SAT-a methylation status using pyrosequencing methylation assay.

Results L1 and SAT-o methylation statuses were correlated with clinicopathological parameters, including survival. L1 or
SAT-a methylation levels were lower in gastric cancers with venous invasion or nodal metastasis than those without. L1
methylation was lower in gastric cancers with lymphatic emboli than in those with no lymphatic emboli, but was higher in
gastric cancers with perineural invasion than in those with no perineural invasion. Multivariate survival analysis revealed
that both tumoral L1 and SAT-a hypomethylations were found to correlate independently with OS (HR =1.477; 95% CI
1.079-2.021 and HR =1.394; 95% CI 1.011-1.922, respectively) and RFS (HR =1.477; 95% CI 1.090-2.001 and HR =1.516;
95% CI 1.106-2.078, respectively). Combined L1 and SAT-a hypomethylation turned out to correlate independently with
OS (HR =2.003; 95% CI 1.268-3.164) and RFS (HR =2.226; 95% CI 1.411-3.510).

Conclusion Not only tumoral L1 hypomethylation, but also tumoral SAT-a hypomethylation was found to be independent
prognostic parameters in patients with advanced gastric cancer. SAT-o methylation status can be used to further divide gastric
cancers with L1 hypomethylation into subsets of gastric cancers with better and worse prognosis.
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Introduction

Cytosines in CpG dinucleotides are the methylation targets
of DNA methyltransferases. In normal cells, the CpG sites
of CpG islands located in promoter and 5' exonal sequences
are usually protected from DNA methylation, but CpG sites
Younghoon Kim and Xianyu Wen contributed equally to this located in other genomic sequences, particularly repetitive
work, DNA elements, are usually methylated. Repetitive DNA ele-
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with the repression of their retrotransposon activity [2, 3].
High-copy tandem repeats include alpha-satellite (a-SAT),
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B-SAT, and SATI, II, and III. Although these repeats are
located in centromeres and juxtacentromeric regions and
their RNA transcription is repressed by constitutive hetero-
chromatin formation, satellite RNAs are expressed in some
conditions, including stress and demethylation [4, 5].

Cancer cells feature contrasting DNA methylation
changes, namely, regional CpG island hypermethylation
and diffuse genomic hypomethylation. The latter genomic
hypomethylation involves mainly repetitive DNA elements,
including both interspersed and tandem repeats [6]. Gastric
cancers are known to develop through progression of the
lesion from chronic gastritis to intestinal metaplasia to gas-
tric adenoma. Although the methylation levels of repetitive
DNA elements are lower in the cancer stage than in precan-
cerous lesions or conditions, DNA methylation behaviors
differ during multistep gastric carcinogenesis depending on
the types of repetitive DNA elements [7, 8]. Tumoral L1
hypomethylation has been demonstrated to be associated
with shortened survival time in patients with gastric cancers
[9, 10], which might be related to the increased frequency
of venous invasion or lymphatic emboli in association with
tumoral L1 hypomethylation [10]. However, the hypometh-
ylation of satellite sequences has not been investigated in
the context of its relationships with the clinicopathological
features of gastric cancer, including prognosis, although not
only interspersed repeats, but also tandem repeats are dem-
ethylated in gastric cancers [7].

In the present study, we analyzed archival tissue samples
of advanced gastric cancer for their methylation status in
L1 and SAT-a using pyrosequencing methylation assay and
correlated tumoral L1 or SAT-o hypomethylation with clin-
icopathological features, including survival. In a previous
study using paired fresh-frozen and formalin-fixed, paraffin-
embedded (FFPE) tissue samples, it was found that forma-
lin fixation leads to an artificial increase in the measured
value of L1 methylation level and that prolonged heating
of the extracted DNA samples before bisulfite modification
helped reduce the discrepancy in the measured value of L1
methylation levels between paired fresh-frozen and FFPE
tissue samples [11]. Thus, in the present study, we adopted
prolonged heat treatment of the DNA samples obtained from
FFPE tissue samples for the purpose of lessening an arti-
ficial deviation in the measured value of the L1 or SAT-a
methylation level. Because both SAT-a hypomethylation and
L1 hypomethylation are two phenomena of diffuse genomic
hypomethylation, we attempted to identify whether both
SAT-a hypomethylation and L1 hypomethylation or one of
these types of hypomethylation alone is a prognostic marker
for advanced gastric cancers.

@ Springer

Materials and methods
Tissue samples and clinicopathological analysis

We collected formalin-fixed paraffin-embedded (FFPE)
tumor material from a consecutive series of advanced gas-
tric cancer (T2-T4) patients operated in Seoul National
University between January 2007 and December 2008.
Main inclusion criteria for the retrospective patient selec-
tion were age over 18, adenocarcinoma histology, T2 or
greater stage, and availability of FFPE cancer tissues.
Patients were excluded if they refused to participate in the
molecular study, or had a history of neoadjuvant therapy
for gastric cancer or other malignancy (except for thy-
roid papillary carcinoma) within 5 years. This study was
approved by Seoul National University Hospital Institute
Review of Board (IRB No. 1312-051-542) and was con-
ducted in accordance with the Declaration of Helsinki.
Clinical and histological data were retrieved from the
electronic medical record, including tumor subsites within
the stomach, Lauren’s classification, histological type,
lymphatic emboli, perineural invasion, venous invasion,
and tumor-node-metastasis (TNM) stage (American Joint
Committee on Cancer, 7th edition). We checked electronic
medical records carefully and excluded patients who had
received palliative intent surgery and patients who had
a history of other malignancy within 5 years. For multi-
ple synchronous gastric cancers, data were derived from
higher T stage tumor or larger tumors if the synchronous
tumors were of the same T stage.

Pyrosequencing methylation analysis

Through microscopic examination of all available glass
slides, up to 1 cm? samples from tumor areas with the
highest tumor purity and most prevalent histological type
in the individual case were marked. The corresponding
areas on unstained tissue slides were manually scraped
and collected into the microtubes containing tissue lysis
buffer solution (50 mM Tris, 1 mM EDTA, pH 8.0 and 1%
Tween-20) and proteinase K (3 mg/ml). The microtubes
were kept at 55 °C for 24 h and then incubated at 95 °C for
30 min. After spinning down the solutions, the superna-
tants were transferred into newly labeled microtubes. DNA
samples were subjected to bisulfite modification using
the EZ DNA methylation kit (Zymo Research, Orange,
CA, USA). The modified DNA samples were PCR-ampli-
fied with the same oligonucleotide primers, which were
designed by the Dr. Yang group for pyrosequencing meth-
ylation assays of L1 and SAT-a [12]. For the measure-
ment of L1 methylation levels, a pyrosequencing assay
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was performed as described previously. For SAT-«a, the
percentage of C/(C+T) at the first three consecutive CpG
sites was averaged and defined as the methylation level. To
assess assay precision, we evaluated the reproducibility of
bisulfite modification efficiency and PCR-pyrosequencing
and the variability of methylation measurement using the
same FFPE DNA sample as described previously [13].
We performed pyrosequencing on 24 PCR products of L1
and 24 PCR products of SAT-o and measured the level
of L1 methylation on 4 CpG sites and the level of SAT-«
methylation on three CpG sites. Data for L1 and SAT-a
methylation levels for the pool of tumor DNA sample are
summarized in Supplementary Tables 1 and 2. The mean
of bisulfite-to-bisulfite (between-bisulfite treatment) stand-
ard deviation (SD) was 1.617 and 2.596 for L1 and SAT-
a, respectively. The mean of run-to-run (between-PCR
pyrosequencing run) SD was 1.728 and 2.258 for L1 and
SAT-a, respectively.

Statistical analysis

To determine whether the methylation levels of L1 and
SAT-a were normally distributed, a normality test was per-
formed with Shapiro—Wilk’s W test. Methylation levels of
L1 and SAT-a were found to be not normally distributed. For
the comparison of means, we used both parametric and non-
parametric tests. Student ¢ test and Mann—Whitney test were
performed for comparisons of two groups, whereas ANOVA
and Kruskal-Wallis test were performed for comparisons
of three or more groups. Recurrence-free survival was cal-
culated from the date of surgery to the date of recurrence
or the date of death (whichever came first). Kaplan—-Meier
log rank test was performed to compare overall-survival
and recurrence-free survival times across groups. Hazard
ratio (HR) was calculated using the Cox proportional hazard
model, and baseline characteristics were adjusted for covari-
ates which were found to be significant in univariate survival
analysis: age (younger and older), tumor subsite (involv-
ing and not involving cardia), T category, N category, M
category, lymphatic emboli, venous invasion and perineural
invasion. A backward stepwise elimination was carried out
with P=0.05 as a threshold, to select variables for the final
model. Statistical analysis was performed with SPSS soft-
ware for Windows, version 25.0 (SPSS, Chicago, IL, USA).

Results
Patient characteristics
A total of 492 patients with advanced gastric carcinoma

were included. The male-to-female ratio was 2.06:1 (332
males and 160 females), and the median age was 61 years

(range 23-86 years). Tumor subsite according to the epi-
center of tumor was lower one-third in 250, mid-third in 147,
and upper one-third in 95. Approximately 29% (n=142) of
the cases involved upper-one-third. There were 63 stage I,
162 stage 11, 209 stage III, and 58 stage IV carcinomas.

L1 or SAT-a methylation levels
and clinicopathological features

There was a positive correlation between L1 and SAT-«
methylation levels (Pearson’s rho=0.559, P <0.001).
Patient age was negatively correlated with L1 or SAT-a
methylation level (Pearson’s tho=-0.189, P <0.001;
Pearson’s rho=—-0.216, P <0.001). L1 or SAT-a meth-
ylation tended to be lower in male gastric cancers than in
female gastric cancers (Table 1). However, the relation-
ship between age and L1 or SAT-a methylation level con-
trasted between male and female patients: female patients
exhibited no difference in the methylation level of L1 or
SAT-a between < 62 and > 62 years of age, whereas in male
patients, L1 or SAT-a methylation was significantly lower in
tumors from patients > 62 years of age than in tumors from
patients < 62 years of age (Table 2). L1 or SAT-a methyla-
tion level was closely associated with Lauren histology with
the highest and lowest methylation levels in gastric cancers
of the diffuse type and intestinal type, respectively. L1 or
SAT-a methylation level was lower in gastric cancers with
venous invasion, lymphatic emboli, or nodal metastasis than
in gastric cancers without the respective one. L1 methyla-
tion tended to be higher in gastric cancers with perineural
invasion than in gastric cancers with no perineural invasion,
but this result did not reach statistical significance. However,
no association was found between L1 or SAT-a methylation
level and T or M stage. Of the molecular subtypes defined by
MSI and EBV statuses, L1 methylation level was the highest
in EBV+ gastric cancers and the lowest in EBV—/MSI-gas-
tric cancers. However, there was no significant difference in
the methylation level of SAT-a between different molecular
subtypes.

L1 or SAT-a methylation levels and patient survival

Gastric cancers were grouped into quintile subsets accord-
ing to their L1 methylation level, and then, these quintile
subsets were analyzed for their associations with recur-
rence-free survival (RFS) and overall survival (OS) using
a Kaplan—Meier log rank test (Fig. la, b). Eighteen patients
were excluded from survival analyses because of non-
availability of survival data. Based on Kaplan—-Meier sur-
vival analysis, five subsets were divided into two groups: a
lower L1 methylation group (Q1, Q2 and Q3) and a higher
L1 methylation group (Q4 and Q5) (Fig. lc, d). The same
approach was conducted for the survival analysis of SAT-a
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Table 1 Relationships between
clinicopathological features and
L1 or SAT-a methylation levels
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N LI P Pb SAT-a P* P
Mean SD Mean SD

Age
<62 years 245 72,63  7.111 0.015 0.026  63.47 8.132 <0.001 <0.001
> 62 years 247 7095 8.063 60.37 9.056

Sex
M 332 7126 8.117 0.028 0.098 61.39 9.164 0.055 0.156
F 160  72.87 6.437 63.00 7.696

Subsite
Not involving 350  71.27  7.902 0.019 0.019 62.08 9.048  0.498 0.248
Involving cardia 142  73.06  6.823 61.49 7.940

Lauren
Intestinal 183 6885 9.168 <0.001 <0.001 59.55 9.992 <0.001 <0.001
Diffuse 237 7417 5.093 63.99 6.995
Mixed 65 71.73  7.633 61.58 9.041
Unclassified 7 68.48  9.404 56.33 6.661

Lymphatic emboli
Absent 180  73.41 7.105 <0.001 <0.001 6297 8.316  0.040 0.035
Present 312 70.85 7.794 61.30 8.929

Venous invasion
Absent 367 7285 6.718 <0.001 <0.001 62.84 8.031 <0.001 <0.001
Present 125 68.66 9211 59.19  10.101

Perineural invasion
Absent 220  70.66  9.238 0.003 0312 61.07 9.753  0.055 0.256
Present 272 72770 50915 62.59 7.775

T stage
T2 114 7098 8.716 0.253 0.604 62.39 9.538 0.116 0.146
T3 181 7150 8.178 61.14 9.424
T4a 176 72.68 6.246 62.76 7.259
T4b 21 71.16  7.035 58.89 8.823

N stage
NO 149  73.68 6.103 0.005 0.001 64.36 7.127  0.001 0.001
N1 92 71.41  9.490 61.30 10.068
N2 92 70.26  8.570 61.30 9.617
N3a 98 70.82 6917 60.05 8.237
N3b 61 71.57  6.820 60.76 8.534

M stage
MO 434 71.78 7.833 0.970 0.366  62.00 8.818  0.522 0.381
M1 58 71.82  6.080 61.22 8.159

TNM stage
I 63 7238  7.230 0.502 0.040 64.07 7.547 0.078 0.030
1I 162 7230 8.552 62.43 9.509
111 209 71.20 7.409 61.05 8.518
v 58 71.82  6.080 61.22 8.159

Molecular phenotype
MSS/EBV— 397 7096 7956 <0.001 <0.001 61.73 8.943  0.151 0.108
MSI-H 59 7392  5.209 61.47 7.934
EBV+ 36 77.34  3.349 64.62 7.339

MSS microsatellite-stable, EBV Epstein—Barr virus, MSI-H high level of microsatellite instability

4Parametric test

®Non-parametric test
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Table2 Age-dependent N L1 pa pb SAT- pa pb
difference of L1 and SAT-a -
methylation levels in gastric Mean SD Mean SD
cancers from male patients,
but not in gastric cancers from Male age
female patients <62 years 149 72.48 7.399 0.013 0.012 63.40 8.343 <0.001 <0.001
> 62 years 183 70.26 8.550 59.75 9.494
Female age
<62 years 96 72.85 6.671 0.964 0.696 63.58 7.834 0.240 0.214
> 62 years 64 72.90 6.120 62.12 7.459

#Parametric test

Non-parametric test

methylation level in patients with gastric cancer. Quintile
subsets of gastric cancers according to tumoral SAT-a meth-
ylation level were analyzed for their RFS and OS by using
Kaplan—Meier log rank test. RFS and OS were lower in sub-
sets with lower SAT-a methylation levels (Q1, Q2, and Q3)
than in subsets with higher SAT-a methylation levels (Q4
and Q5) (Fig. 2a—d). Then, multivariate analysis was per-
formed to identify whether tumoral L1 or SAT-a hypometh-
ylation was an independent prognostic value. Both L1 and
SAT-a methylation statuses and other covariates of prognos-
tic value on univariate survival analysis were incorporated
into multivariate models. Tumoral L1 hypomethylation was
found to correlate independently with OS (HR=1.477;95%
CI 1.079-2.021) (Table 3) and RFS (HR=1.477; 95% CI
1.090-2.001) (Table 3). Tumoral SAT-a hypomethylation
was found to correlate independently with OS (HR =1.394;
95% CI 1.011-1.922) (Table 3) and RFS (HR=1.516;95%
CI 1.106-2.078) (Table 3).

Combinatory L1 and SAT-a hypomethylation
as a prognostic factor

Although L1 and SAT-a are repetitive elements, L1 is inter-
spersed over the chromosome, whereas SAT-a is localized to
centromere. Because their methylation statuses represent dif-
ferent aspects of methylation statuses of the genome, com-
binatory methylation statuses of L1 and SAT-a are likely to
better represent the methylation status of the whole genome
than either the methylation status of L1 or SAT-a alone.
Based on this plausibility, we attempted to identify whether
combined L1 and SAT-o hypomethylation was a more pow-
erful prognostic parameter than L1 hypomethylation or
SAT-a hypomethylation alone. Of the four subsets generated
by a combination of L1 and SAT-a methylation statuses,
the subset with combined low L1 and SAT-a methylation
statuses and the subset with combined high L1 and SAT-a
methylation statuses showed the worst and best survival
outcome, respectively, whereas the subset with low L1 and
high SAT-a methylation statuses and the subset with high L1
and low SAT-a methylation statuses showed survival curves

in-between (Fig. 3a, b). In multivariate analysis, combined
L1 and SAT-a hypomethylation turned out to correlate inde-
pendently with OS (HR=2.004; 95% CI 1.269-3.166) and
RFS (HR =2.255; 95% CI 1.430-3.556) (Table 4). In both
OS and RFS, the combinatory status of both L.1 and SAT-a
hypomethylation was found to have a higher hazard ratio
than either L1 hypomethylation or SAT-a hypomethylation
status alone.

Discussion

In the present study, we have analyzed archival tissue sam-
ples of advanced gastric cancers for their methylation sta-
tuses in L1 and SAT-« using pyrosequencing and correlated
L1 and SAT-a methylation statuses with clinicopathological
features, including prognosis. We found that both L1 hypo-
methylation and SAT-a hypomethylation were independent
prognostic parameters heralding poor prognosis in both OS
and RFS. Combinatory statuses of L1 and SAT-a methyla-
tion were found to better identify a subset of gastric cancers
with poor prognosis than either L1 methylation or SAT-a
methylation status alone. In the literature, there are two stud-
ies which investigated prognostic implications of SAT-a
hypomethylation in human cancers, one in chronic lym-
phocytic leukemia [14] and the other in multiple myeloma
[15]. However, no study is available regarding prognostic
implications of SAT-a hypomethylation in solid cancers. To
the best of our knowledge, the present study is the first to
demonstrate the relationship between tumoral SAT-o hypo-
methylation and shortened survival in patients with gastric
cancer. Further study is required to validate the relationship
with another independent set of gastric cancers.

Although tumoral L1 hypomethylation has been dem-
onstrated to be associated with shortened survival time
in patients with gastric cancer, the mechanism of how
tumoral L1 hypomethylation contributes to increased
aggressiveness of gastric cancer remains unclear. Many
researchers have suggested that diffuse genomic hypo-
methylation, represented by L1 hypomethylation, leads
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Fig. 1 Kaplan—Meier log-rank tests of overall survival (a) and recurrence-free survival (b) in quintile subgroups according to L1 methylation

level and Kaplan—Meier log-rank test of overall survival (c¢) and recurrence-free survival (d) in two subgroups (Q1-Q3 vs. Q4 and Q5)

to chromosomal instability, which might contribute to
increased aggressiveness of cancer cells. However, satel-
lite hypomethylation is more likely to be related to chro-
mosomal instability than L1 hypomethylation. Human can-
cer cells exhibit increased expression of satellite RNAs in
association with diffuse genomic hypomethylation [16].
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The demethylation of satellite sequences and expression
of satellite RNAs might cause functional abnormalities
in centromeres as the kinetochore in mitosis [5, 17]. In
addition, the transfection of satellite sequences has been
demonstrated to bring about chromosomal instability in
murine cancer or human epithelial cell lines [5, 18].
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In our current study, tumor areas with highest tumor den-
sity and representative histology were selected for manual
dissection. However, the proportion of stromal and immune
cells included in the dissected tumor areas varied case by
case, and tumor purity ranged from 10 to 90% with a median
of 50%. A concern might be raised over whether tumor
purity affected the results of the survival analysis of L1 and

SAT-a methylation statuses in the patients with advanced
GC. To identify whether low L1 or SAT-a methylation sta-
tus was a significant prognostic factor regardless of tumor
purity, we divided gastric cancers into two subsets, gastric
cancers with tumor purity < 50% (r=231) and gastric can-
cers with tumor purity >50% (n=243), and then performed
survival analysis in the two subsets. Low methylation status
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Table 3 Multivariate survival analysis

No. of cases  HR (95% CI) P
Overall survival®
L1 methylation level
High (>75.0%) 192 Ref
Low (<75.0%) 282 1.477 (1.079-2.021)  0.015
SAT-a methylation level
High (>65.4%) 180 Ref
Low (<65.3%) 294 1.394 (1.011-1.922)  0.043
Recurrence-free survival®
L1 methylation level
High (>75.0%) 192 Ref
Low (<75.0%) 282 1.477 (1.090-2.001)  0.012
SAT-a methylation level
High (>65.4%) 180 Ref
Low (<65.3%) 294 1.516 (1.106-2.078)  0.010

#Adjusted for age, tumor subsite, T stage, N stage, M stage, lymphatic
emboli, venous invasion, and perineural invasion. Multivariate cox
regression results for these covariates are summarized in Supplemen-
tary Table 3

® Adjusted for age, tumor subsite, T stage, N stage, M stage, lymphatic
emboli, venous invasion, and perineural invasion. Multivariate cox
regression results for these covariates are summarized in Supplemen-
tary Table 4

of L1 or SAT-a was prognostic in the subset of tumor purity
>50%, whereas in the subset of tumor purity <50%, statis-
tical significance was marginal in both OS and RFS (Sup-
plementary Tables 5 and 6). These findings indicate that
the relationship between the low methylation status of L1
or SAT-a and worse survival was more evident in gastric
cancers with higher tumor purity.

L1 or SAT-a methylation level showed significant associ-
ations with prognostic parameters, including lymphatic inva-
sion, venous invasion, and nodal stage, but did not exhibit
significant associations with T stage or M stage. In con-
trast lymphatic or vascular invasion in which the presence
of invasion was associated with a lower methylation level
of L1, L1 methylation level tended to be higher in gastric
cancers with perineural invasion than in those without peri-
neural invasion. A similar trend was identified in a previous
study in which L1 methylation levels were compared regard-
ing their relationships with the clinicopathological features
of intrahepatic cholangiocarcinomas; L1 methylation level
was lower in tumors with lymphatic or venous invasion than
in tumors without respective invasion but was not different
between tumors with and without perineural invasion [19].
In Min et al.’s study analyzing the L1 methylation status in
22 gastric cancers, L1 methylation level was not different
between gastric cancers with and without perineural inva-
sion but was lower in gastric cancers with venous or lym-
phatic invasion than in gastric cancers without the respective
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L1 high/SAT-a low 93 63.7 59.7
L1 high/SAT-a high | 99 72.0 69.6

Fig.3 Kaplan—Meier long rank tests of overall survival and recur-
rence-free survival in four subsets generated by a combination of L1
methylation status [low methylation status (Q1-Q3) vs. high methyla-
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tion status (Q4 and Q5)] and SAT-a methylation status [low methyla-
tion status (Q1-Q3) vs. high methylation status (Q4 and Q5)]
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Table 4 Multivariate survival analysis

No. of cases HR (95% CI) P value

Overall survival®
Combinatory statuses of L1 and SAT-a methylation level ~ 0.008
L1 high/SAT-a high 99 Ref
L1 low/SAT-a low 201 2.004 (1.269-3.166) 0.003
L1 low/SAT-a high 81 1.391 (0.811-2.384) 0.230
L1 high/SAT-a low 93 1.316 (0.774-2.235) 0.310
Recurrence-free survival®
Combinatory statuses of L1 and SAT-a methylation level ~ 0.002
L1 high/SAT-a high 99 Ref
L1 low/SAT-alow 201 2.255 (1.430-3.556) <0.001
L1 low/SAT-a high 81 1.501 (0.883-2.551) 0.134

L1 high/SAT-a low 93 1.539 (0.917-2.586) 0.103

#Adjusted for age, tumor subsite, T stage, N stage, M stage, lymphatic
emboli, venous invasion, and perineural invasion

invasion [20]. The pathogenesis of perineural invasion was
traditionally hypothesized as tumor cells invading nerves
because of their lowest resistance (due to loose and disten-
sible perineural space) and thus spreading along nerves in
an unopposed manner [21]. However, as evidenced by the
present study in which 45% of advanced gastric cancers did
not harbor perineural invasion, a considerable proportion of
gastric cancers invade into proper muscle and subserosal lay-
ers without the involvement of nerves. Now, it is understood
that perineural invasion is not a passive extension, but an
active invasion facilitated by the perineural microenviron-
ment, which secretes specific molecular signals, including
growth factors and chemokines [22]. At present, it is unclear
why tumors with perineural invasion tend to harbor higher
L1 methylation levels than in tumors with no perineural
invasion. Different molecular mechanisms are thought to
operate between lymphatic or venous invasion and peri-
neural invasion based on their contrasting associations with
tumoral L1 methylation levels between lymphatic or venous
invasion and perineural invasion.

Our study has demonstrated a close association between
tumor histology (by Lauren classification) and methylation
levels of L1 or SAT-a. Of the three histological types (except
for the unclassified type), gastric cancers of the diffuse
type showed the highest methylation level of L1 or SAT-a,
whereas gastric cancers of the intestinal type showed the
lowest methylation level of L1 or SAT-a, which is regardless
of sex (Supplementary Table 7). Considering the fact that
genome-wide DNA demethylation correlates with chromo-
somal instability in gastrointestinal tract carcinomas [23, 24]
and that gastric cancers of the diffuse and intestinal type are
genomically stable and unstable, respectively [25], methyla-
tion levels of repetitive DNA elements are expected to be
higher in gastric cancers of the diffuse type than in gastric

cancers of the intestinal type. Furthermore, difference in the
frequency of TP53 mutations between histological types
might contribute to the difference in the methylation lev-
els of L1 retrotranspons between histological types because
TP53 protein acts to restrain L1 activity and mutant TP53
proteins are disabled for this function [25, 26]. The signifi-
cant difference of L1 or SAT-a methylation level between
tumor subsites seems to be related to the significant differ-
ence in the proportion of the diffuse type between gastric
cancers involving and not involving cardia (data not shown).
The higher proportion of the diffuse type in gastric cancers
involving cardia is thought to lead to higher methylation
levels of L1 or SAT-alpha in gastric cancers involving cardia
than in gastric cancers not involving cardia. Although aging-
dependent DNA hypomethylation has been demonstrated in
gastric cancers [24, 27], we found that aging-related DNA
hypomethylation was not shared between male and female
patients and among gastric cancers of the different histologi-
cal types (Supplementary Figs. 1 and 2). For male patients,
gastric cancers of the intestinal type or mixed type, except
for the diffuse type, showed aging-related DNA hypometh-
ylation, whereas gastric cancers from female patients did
not exhibit, regardless of the histological type, aging-related
DNA hypomethylation. The reason why age-associated dif-
ference in methylation levels of L1 or SAT-a was found in
male patients, but not in female patients could be explained
as follows: for gastric cancers from male patients, a signifi-
cant difference existed in the proportion of the intestinal type
between younger and older patients (36 vs. 53%) but there
was no significant difference in the proportion of intesti-
nal type for gastric cancers from female patients between
younger and older group (15 vs. 31%). For male patients,
methylation levels of L1 or SAT-a significantly decreased
from younger group to older group because half of the gas-
tric cancers from older patients was comprised by the intes-
tinal type which showed aging-related hypomethylation of
L1 or SAT-a. In contrast, for female patients, there was no
significant increase in the proportion of the intestinal type
with aging and the intestinal type did not show aging-related
DNA hypomethylation.

Tournier et al. cast doubt upon the feasibility of pyrose-
quencing methylation assays in formalin-fixed, paraffin-
embedded (FFPE) tissue samples as they demonstrated
discrepancies in the measured methylation level of inter-
rogated CpG sites between paired fresh-frozen and FFPE
tissue samples [13]. In a previous study in which we
measured methylation levels in four serial CpG sites of L1
using a pyrosequencing assay, differences in the measured
value of L1 methylation levels between paired fresh-frozen
and FFPE tissue samples existed, and the difference varied
depending on CpG sites [11]. We thought that an artificial
increase in the measured value of L1 methylation level
might be related to the resistance of archival tissue DNA
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samples against thermal and alkaline denaturation because
of the inter-strand DNA crosslinking and protein to DNA
crosslinking caused by formalin fixation. However, we
found that treating DNA samples with prolonged heat-
ing before bisulfite conversion decreased the difference
in the measured value of L1 methylation levels between
paired fresh-frozen and FFPE tissue samples. In the pre-
sent study, we applied prolonged heat treatment to archival
tissue DNA samples before bisulfite conversion and then
performed a pyrosequencing methylation assay for both
L1 and SAT-a.

In our study, overall survival was defined as time to
death regardless of cause. RFS was defined as time to pro-
gression of disease, local recurrence, distant metastasis, or
death, whichever comes first. Only reappearance of gastric
cancer (but not non-gastric cancer) were defined as event
for progress of disease, recurrence, and metastasis. Mean
survival for RFS and OS did not show a vast difference in
the current study. However, the discrepancy between OS
and RFS outcomes are considered organ specific because
the mean survival between OS and other survival out-
comes could show a much smaller gap in gastric cancer
than in other cancers such as adrenocortical carcinoma
or testicular germ cell tumor [28]. In the current study,
most gastric cancer patients with recurrence died within a
short span of time, which might contribute to the smaller
gap between OS and RFS. Besides, stage IV cases were
included and comprised 12% of the cases, which also con-
tributed to the overlap of RFS and OS.

In conclusion, we analyzed a consecutive series of 492
cases of advanced gastric carcinoma for their methylation
status in L1 and SAT-a using a pyrosequencing methylation
assay and found that both L1 and SAT-a hypomethylation
statuses were independent prognostic parameters heralding
poor prognosis in both OS and RFS. SAT-a methylation sta-
tus can be used to identify a subset of gastric cancers with
worse prognosis in gastric cancers with L1 hypomethylation.
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