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Abstract. Most cases of gastric cancer (GC) are not diagnosed at early stage which can be curable, so it is necessary to identify
effective biomarkers for its diagnosis and pre-warning. We have used methylated DNA immunoprecipitation (MeDIP) to identify
genes that are frequently methylated in gastric cancer cell lines. Promoter regions hypermethylation of candidate genes were
tested by methylation-specific polymerase chain reaction (MSP) in serum samples, including GC (n = 58), gastric precancerous
lesions (GPL, n = 46), and normal controls (NC, n = 30). Eighty two hypermethylated genes were acquired by array analysis
and 5 genes (BCAS4, CHRM2, FAM5C, PRAC and MYLK) were selected as the candidate genes. Three genes (CHRM2, FAM5C
and MYLK) were further confirmed to show methylation rates increased with progression from NC to GPL, then to GC. There
was obvious decrease in detection of FAM5C and MYLK hypermethylation, but not CHRM2, from preoperative to postoperative
evaluation (P < 0.001). Combined detection of FAM5C and MYLK hypermethylation had a higher sensitivity in GC diagnosis
(77.6%,45/58) and pre-warning (30.4%,14/46) than one single gene detection and also had a high specificity of 90%. The
combined hypermethylated status of FAM5C and MYLK correlated with tumor size (P < 0.001), tumor invasion depth (P =
0.001) and tumor-node-metastasis (TNM) stage (P = 0.003). Hypermethylated FAM5C and MYLK can be used as potential
biomarkers for diagnosis and pre-warning of GC.
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1. Introduction

Gastric cancer (GC) is the thirdmost common type of
cancer and the second leading cause of cancer-related
death in the world [1]. Despite advances in the manage-
ment of this disease, the prognosis remains dismal. GC
patients have a high mortality rate, with a 5-year sur-
vival rate of approximately 20% [2]. One of the main
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factors limiting the survival rate is that most cases are
asymptomatic until advanced stages. GC, in most in-
stances, represents a sequential process, i.e., progress-
ing from inflammation to intestinal metaplasia, then to
gastric epithelial dysplasia, and finally, to GC [3]. Gas-
tric precancerous lesions (GPL) which confer a high
risk for GC were including chronic atrophic gastritis
(CAG), intestinal metaplasia (IM) and gastric epithe-
lial dysplasia (GED). Therefore, it is crucial to explore
effective biomarkers for diagnosis and pre-warning of
GC.

Epigenetic perturbation of gene regulation is patho-
logically important to tumorigenesis [4], and methy-
lation of CpG island (CGIs) is among the crucial epi-
genetic pathways regulating gene transcription. It had
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identified important correlation between methylation
frequency and gastric cancers [5]. Most of the re-
cent studies investigating methylation status of specific
genes were restricted to tissues only [6–8]. Thus far,
little data are available on hypermethylated DNA anal-
yses in the sera of GC and GPL patients for diagnosis
and pre-warning.

In this study, we determined the early diagnostic and
pre-warning potential of DNA hypermethylation in the
serum of gastric cancer patients. Five candidate genes
were selected according to the results of the methy-
lated DNA immunoprecipitation (MeDIP) assay and
then were measured in the sera from patients with GC,
GPL and NC. Our study showed that hypermethylated
FAM5C and MYLK might be potential biomarkers for
diagnosis and pre-warning of GC.

2. Materials and methods

2.1. Clinical samples and cell lines

Nine GC cell lines (SGC7901, MKN-45, and MKN-
28 were obtained from Cell Bank of Chinese Academy
of Sciences, AGS, NCI-N87, NCI-SNU-1, NCI-SNU-
16, HTB-103, andBGC823were obtained fromATCC)
and 6 samples of normal gastric mucosa were prepared
formethylatedDNA immunoprecipitation (MeDIP) as-
say analysis. These 9 GC cell lines were conserved
by Shanghai Institute of Digestive Surgery and authen-
ticated by flow cytometry three months before exper-
iment. Serum samples of 58 GC patients with av-
erage age of 62.0 years were diagnosed according to
the WHO criteria [9]. The 46 GPL patients (3 GEDs,
20 IMs, and 23 CAGs) with average age of 60.9 years
were diagnosed according to the gastroscopy exami-
nation. NC with average age of 55.2 years were tak-
en from 30 healthy volunteers. GC and GPL patients
and NC were detected without Helicobacter pylori in-
fection. Local research ethics committees approved
the collection of samples and informed consent was
obtained from each patient.

2.2. Methylated DNA immunoprecipitation (MeDIP)
and CpG island microarray assay

RNA-free genomic DNA extracted from 9 GC cell
lines and 6 normal gastric mucosa samples were en-
riched with the methyl-CpG binding domain (MBD)
protein by capturing mCG. MBD-enriched immuno-
precipitation (IP) samples were labeled with Cy5,

whereas the remaining non-enriched samples were la-
beled with Cy3 as control (INPUT) DNA. Then, two
samples were hybridized on NimbleGen human CpG
island microarray containing 300,000probes. The two-
color array was scanned and data were analyzed by the
NimbleScan software. Each feature on the array had a
corresponding scaled log2ratio, which was the ratio of
the INPUT and IP signals. From the scaled log2ratio
data, one-sidedKolmogorov-Smirnov (KS) testwas ap-
plied to determinewhether the probes were drawn from
a significantly more positive distribution than those in
the rest of the array. The resulting score for each probe
is the -log10 p-value which was called Peak. Peak da-
ta � 2 was considered to indicate statistical difference
between INPUT and IP samples.

2.3. DNA isolation and bisulphite modification

DNA was extracted from serum samples by using
QIAamp Circulating Nucleic Acid Kit (QIAGEN). The
concentration of DNA was measured by spectroscopy
at a wavelength of 260 nm. Sulfurization modification,
which converted unmethylated cytosine to uracil and
left methylated cytosine unaltered, was done with less
than 2 μg DNA. The samples were purified by use of
EpiTect Bisulfite Kit (QIAGEN). Modified DNA was
stored at −80◦C until used.

2.4. Methylation-specific polymerase chain reaction
(MSP)

Bisulfite-modifiedDNAwas amplified using primers
specific for either methylated or unmethylated promot-
er sequences of the target genes. The information of
primers and their products is shown in Table 1. Poly-
merase chain reaction (PCR) was performed in 25-
μl reaction volumes containing 2.5 μl of 10×PCR
buffer (100S Tris-HCl, pH 8.3, 500 mmol/L KCl,
15 mmol/L MgCl2), 2 μl deoxynucleotide triphos-
phates (200 μmol/L each, final concentration), 5 pmol
each primer, 1 μl modified DNA (10 ng), and 0.5U Taq
polymerase (Hot Start Version, TaKaRa). Touch-down
PCRwas used for amplification; its conditionwas 3min
at 95◦C, followed by 8 cycles of denaturation at 95◦C
for 20 s, annealing at the specific temperature for 25 s
(decreased by 0.5◦C at each cycle), and extension at
72◦C for 30 s. This reaction was followed by 35 cycles
of the above-mentioned program in which the anneal-
ing temperature has been decreased by 4◦C and a final
extension step at 72◦C for 5 min. The PCR products
were electrophoresed on 2% agarose gels. Each exper-
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Table 1
Primers for methylation-specific polymerase chain reaction (MSP)

Primers Regions Sequences Products
length(bp)

BCAS4-M-F chr20:48844271-480 GGGTTTATTTAGGTCGGTTTTC 128
BCAS4-M-R TAACGATCCTCGTCTTCCTC
BCAS4-U-F TAGGTTTGGAATTGTTTGTT 128
BCAS4-U-R CCAAAACTAACACACTTTACTC
CHRM2-M-F chr7:136204314-622 TAGATTAGTTAAGTGGTTGAGACGA 133
CHRM2-M-R ATAAAAATAAAACGAAAAAAACGAA
CHRM2-U-F TAGATTAGTTAAGTGGTTGAGATGA 132
CHRM2-U-R TAAAAATAAAACAAAAAAAACAAA
FAM5C-M-F chr1:188714132-341 TTTTTTTAGGTTTTATTTTTTTGGC 101
FAM5C-M-R TAACTTCTAATACAAAACGTTCGAA
FAM5C-U-F AGTTTTTTTAGGTTTTATTTTTTTGGTG 110
FAM5C-U-R AAAACTCTAACTTCTAATACAAAACATTCA
PRAC-M-F chr17:44157439-737 AATCGAGGATTTTAAGTTGGATTAC 126
PRAC-M-R ACCAAAAAATATAAATACATACGAA
PRAC-U-F TTGAGGATTTTAAGTTGGATTATGG 126
PRAC-U-R AAACCAAAAAATATAAATACATACAAA
MYLK-M-F chr3:125085114-300 TAATGGGATTTTAGTTAACGC 134
MYLK-M-R GACCCGCGAATACCAAAC
MYLK-U-F TAATAATGGGATTTTAGTTAATGT 134
MYLK-U-R ACAACCCACAAATACCAAACC

iment was repeated at least three times and we have
removed the false results. The EpiTect PCR control
DNA set (QIAGEN) was used as positive control of
methylated and unmethylated DNA.

2.5. Statistical analyses

The methylation frequencies in serum samples were
compared using the χ2 test. ROC curve analysis was
used to assess methylation detection significance for
GC diagnosis. The association between clinicopatho-
logical characteristics and combined DNA hyperme-
thylation was compared using χ2 tests. For all tests,
probability values less than 0.05were regarded as statis-
tically significant. All datas were analyzed with SPSS
13.0 for Windows (SPSS, Chicago, IL).

3. Results

3.1. Identification of candidate hypermethylated
genes

DNA samples from 9 gastric cancer cell lines and
6 normal gastric mucosae were prepared by MeDIP,
and the resulting methylated and unmethylated frac-
tions were hybridized to Nimblegen human CpG is-
land CHIP. Eighty two hypermethylated genes in can-
cer cells comparedwith normalmucosae were acquired
(Fig. 1). As our aim was to identify novel high pene-

Fig. 1. Methylated DNA immunoprecipitation (MeDIP) CpG island
microarray assay analysis. DNA was extracted from 9 GC cell lines
and 6 normal gastric mucosa and methylated DNA was enriched by
MeDIP. Methylated DNA and un-enriched DNA were hybridized
on NimbleGen human CpG island microarray. The two-color array
was scanned and data were analyzed by the NimbleScan software.
Red color represents high levels of DNA methylation. Green color
represents low levels of DNA methylation.

trance markers for the GC diagnosis and pre-warning,
many loci previously reported as methylated in GC
were not included in this study. Instead,5 genes,BCAS4
(breast carcinoma amplified sequence 4), CHRM2
(cholinergic receptor muscarinic 2), FAM5C (family
with sequence similarity 5, memberC), PRAC (prostate
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Table 2
Methylated ratio peak in CpG island microarray for five selected genes

BCAS4 CHRM2 FAM5C PRAC MYLK

MKN-45 7.03 6.03 6.26 < 2.00 4.04
SGC-7901 5.85 4.32 4.36 3.45 3.6
AGS 3.15 2.99 < 2.00 4.47 3.42
HTB-103 8.04 4.49 3.65 4.87 3.23
MKN-28 9.12 3.9 4.72 4.87 3.38
BGC823 7.16 6.48 8.66 5.39 3.22
NCI-N87 7.45 < 2.00 < 2.00 3.62 2.62
NCI-SNU-1 4.12 2.47 < 2.00 < 2.00 2.22
NCI-SNU-16 < 2.00 < 2.00 < 2.00 < 2.00 < 2.00
NC1 < 2.00 < 2.00 < 2.00 < 2.00 < 2.00
NC2 < 2.00 < 2.00 < 2.00 < 2.00 < 2.00
NC3 < 2.00 < 2.00 < 2.00 < 2.00 < 2.00
NC4 2.04 < 2.00 < 2.00 < 2.00 < 2.00
NC5 < 2.00 < 2.00 < 2.00 < 2.00 < 2.00
NC6 < 2.00 < 2.00 < 2.00 < 2.00 < 2.00

NC, normal gastric mucosa.

cancer susceptibility candidate) and MYLK (myosin
light chain kinase) that were not previously reported as
methylated were selected for the subsequent analysis.
Besides, Peak data of four genes were lower than 2 in
normal controls except BCAS4. The exact peak data
obtained by CHIP analysis for these 5 loci were shown
in Table 2.

3.2. Identification of hypermethylated genes in a set
of serum samples

To evaluate the significance of the DNA promot-
er region methylation for diagnosis and pre-warning
of GC according to MeDIP assay results, five genes
were further examined in the serum samples collect-
ed from patients with GC, GPL and NC. Methylation
rates of three genes (CHRM2, FAM5C and MYLK) were
confirmed to show methylation rates increased with
progression from NC to GPL, then to GC (CHRM2
(6.7%,15.2%,31.05%), FAM5C (3.3%,6.5%,31.0%)
and MYLK (6.7%,28.3%,70.7%)). However, methyla-
tion of BCAS4 and PRAC were shown to be frequently
detected in NC and there was no correlation with the
histological progression. The DNA methylation rates
of these five genes were shown in Fig. 2A and repre-
sentative examples of methylation analysis of CHRM2,
FAM5C and MYLK were shown in Fig. 2B.

3.3. Alteration of DNA methylation rates in pre- and
postoperative serum samples of GC patients

We next compared the DNA methylation rates of
CHRM2, FAM5C and MYLK in serum collected from
58 GC patients before operation or at the 3rd day post

operation. The methylation rate of FAM5C was 31.0%
before operation and decreased to 3.5% post operation.
Meanwhile, the methylation rate of MYLK decreased
from 70.7% (preoperative) to 20.7% (postoperative).
Our results showed significant decreases in the hyper-
methylation status of FAM5C and MYLK from the pre-
to postoperative period (P < 0.001). However, no no-
table differences were detected in the hypermethylat-
ed CHRM2 between pre- and postoperative sera of GC
patients. The DNA methylation rates of these three
genes detected in the pre- and postoperative sera are
shown in Fig. 3A, and representative examples of the
methylation analysis are shown in Fig. 3B.

3.4. Combined detection analysis of FAM5C and
MYLK hypermethylation

One of FAM5C and MYLK hypermethylation de-
tected in serum samples as positive for combine de-
tection. ROC curve analysis was used to assess DNA
methylation detection significance for GC diagnosis.
Area under the ROC curve ofFAM5C was 0.639,MYLK
was 0.820, combined FAM5C and MYLK was 0.838
(Fig. 4A). Combined detection of FAM5C and MYLK
hypermethylation for GC diagnosis was more signifi-
cant than one single gene. Positive rate of the com-
bined detection in GC sera was 77.6% (45/58), which
had a statistical difference in contrast to normal control
(10.0%, 3/30) (P < 0.001) (Fig. 4B). Combined dec-
tion in GPL (30.4%, 14/46) was also had a statistical
difference in contrast to normal control (P = 0.037)
(Fig. 4B). Moreover, there was a significant decrease in
the combined detection ofFAM5C andMYLK hyperme-
thylation from the pre- (77.6%, 45/58) to postoperative
period (24.1%, 14/58) (P < 0.001)(Fig. 4C).
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A

B

Fig. 2. Methylation-specific polymerase chain reaction (MSP) analysis of serum samples. Methylation status of five candidate genes (BCAS4,
CHRM2, FAM5C, PRAC and MYLK) in serum samples including GC (n = 58), GPL (n = 46) and NC (n = 30) were detected by MSP.
A Histogram representing methylation rates of five candidate genes in serum samples is shown. Three genes (CHRM2, FAM5C and MYLK)
were confirmed to show methylation rates increased with progression from NC to GPL, then to GC. B MSP results for three genes (CHRM2,
FAM5C and MYLK) in representative samples are shown. GC: gastric cancer, GPL: gastric precancerous lesions, NC: normal controls. WM,
weight marker; M, PCR product with primers specific for methylated DNA; U, PCR product with primers specific for unmethylated DNA; CM,
methylated DNA control; CU, unmethylated DNA control.

3.5. Association between clinicopathological features
and combined FAM5C and MYLK methylated
pattern in GC sera

The combined hypermethylated status of FAM5C
and MYLK in the pretherapeutic sera of the 58 GC
patients was analyzed for its association with clini-
copathological parameters. No correlation between
the methylated status of these two genes and age,
differentiation grade and lymph node metastasis was

found. However, the combined hypermethylated sta-
tus of FAM5C and MYLK was shown to correlate with
tumor size (P < 0.001), tumor invasion depth (P =
0.001) and TNM stage (P = 0.003) (Table 3).

4. Discussion

In this study, we evaluated the DNA promoter re-
gion methylation of five novel genes (BCAS4, CHRM2,
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Fig. 3. Alteration of DNA methylation rates of CHRM2, FAM5C andMYLK in pre- and postoperative serum samples. Methylation status of
CHRM2, FAM5C andMYLK in pre- and postoperative GC serum samples were detected by MSP. A Histogram representing methylation rates
of three genes in pre- and postoperative serum samples is shown. There were significant decreases in the hypermethylation status of FAM5C
and MYLK from the pre- to postoperative period (P < 0.001). B MSP results for three genes (CHRM2, FAM5C and MYLK) in representative
samples is shown. WM, weight marker; M, PCR product with primers specific for methylated DNA; U, PCR product with primers specific for
unmethylated DNA; CM, methylated DNA control; CU, unmethylated DNA control.

FAM5C, PRAC, and MYLK) that were selected on the
basis of the MeDIP assay results in NC, GPL (CAG,
IM, and GED), and GC patients.

Several studies have addressed the diagnostic utili-
ty of epigenetic biomarkers in the detection of human
cancer [10]. It is now necessary to develop noninva-
sive and affordable methods of “serologic biopsy” for
the asymptomatic population. With this goal in mind,
we evaluated five candidate genes (BCAS4, CHRM2,
FAM5C, PRAC, and MYLK) in serum samples from
patients with GC, GPL, and NC. Detecting aberrant
DNA methylation events in patients’ sera is preferred
for several reasons. First, compared with conventional
serum tumor markers, such as carcinoembryonic anti-
gen (CEA) and carbohydrate antigen (CA) 19-9, DNA
methylation markers are associated with higher levels
of sensitivity and specificity [11,12]. MSP assays can
detect alterations of DNA methylation based on low

levels of circulating tumor DNA [13]. Although Py-
rosequencing results are the “golden standard” of DNA
methylation, this method is very expensive and can just
be fit for detection of the small samples. Second, com-
pared with mRNA and protein, DNA is a more stable
molecule. Third, in contrast with mutations, the in-
cidence of aberrant DNA methylation is higher, with
smaller specific regions of the genome effected [14],
thereby making it is easier to detect methylated targets.
But MSP assays results were showed by agarose elec-
trophoresis, which was not convenient to clinical ap-
plication. So we can use the Methylight method [15]
to detect DNA methylation aberrant in serum samples
and apply it to clinical practice.

Most previous studies focused on single gene rather
thanmultiple genes. We found that the combined detec-
tion of hypermethylated FAM5C and MYLK achieved a
more significant diagnosis for GC than one single gene.



L. Chen et al. / Hypermethylated FAM5C and MYLK in serum as diagnosis and pre-warning markers for gastric cancer 201

Fig. 4. Combined detection of FAM5C and MYLK hypermethylation in GC, GPL and NC serum specimens. A ROC curve which evaluate
combined detection significance for GC diagnosis. Combined detection of FAM5C and MYLK hypermethylation for GC diagnosis was more
significant than one single gene. B Histogram representing the combined detection rates in serum samples of GC, GPL and NC. Combined
detection of FAM5C and MYLK in GC (P < 0.001) and GPL (P = 0.037) sera were higher than in NC. C, histogram representing the combined
detection rates in pre- and postoperative serum samples. There was a significant decrease in the combined detection from the pre- to postoperative
period.

Table 3
Clinicopathological parameters and combined detection of
FAM5C and MYLK hypermethylation in GC serum

Characteristics Ma Ub χ2 P

Tumor size 14.099 < 0.001
> 5 cm 30 1
� 5 cm 15 12
Differentiation Grade 1.180 0.352
I–II 20 8
III–IV 25 5
Tumor invasion depth 12.026 0.001
T1-2 11 10
T3-4 34 3
Lymph node status 2.057 0.212
N0 21 9
N1-3 24 4
TNM Stage 9.757 0.003
I–II 16 11
III–IV 29 2

a: M means one gene of FAM5C and MYLK detected as
methylation; b: U means both genes of FAM5C and MYLK
detected as unmethylation.

Combined detection had a higher sensitivity in GC di-
agnosis and pre-warning than general methods [16,17].
Furthermore, the obvious decrease of combined detec-
tion of hypermethylated FAM5C and MYLK in sera of
postoperative GC patients in contrast to in preoperative
samples and the combined detection of FAM5C and
MYLK methylation status correlates with tumor size,
which can effectively reflect tumor burden status and
also can help to evaluate the efficiency of operation and

follow-up for tumor recurrence. The DNA methyla-
tion level can be used to discriminate tumor stages in
GC [18]. Besides, we found that combined detection of
FAM5C and MYLK methylation status correlates with
tumor invasion depth and TNM stage. This correla-
tion can be used for evaluation of disease condition and
prognosis.

BCAS4 and PRAC play a negative regulatory role in
the development of breast and prostate cancer, respec-
tively [19,20]. Therefore, our findings might explain
the high methylation rates in NC. There are currently
no reports on the relationship of CHRM2 and cancer.
FAM5C is identified as a novel tumor suppressor gene
in tongue squamous cell carcinoma [21] and might has
similar biological functions in GC. It has been found
MYLK inhibitor ML-7 and ML-9 can inhibit invasion
of mammary, prostate, and pancreatic cancer cells in
vitro [22–24]. MYLK mRNA expression level increas-
es obviously in non-small cell lung cancer cells and
is related with recurrence and metastasis [25]. These
findings suggest that MYLK may be an oncogene. It
seemed to be complicated that MYLK shows DNA hy-
permethylation in GC. Actually, our study found that
some GC highly expressed MYLK, which restricted in
the stromal cells (unpublished). Up-regulated expres-
sion of MYLK in stroma cells may regulate GC cells
proliferation, apoptosis, invasion and migration.

In summary, our findings suggested that combined
detection of hypermethylatedFAM5C andMYLK might
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be a potential method for GC diagnosis and pre-
warning,monitoring recurrence and auxiliary judgment
of TNM stage. However, it is necessary to enlarge clin-
ical samples and validate the potential significance for
the clinical application of these findings.
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