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Figure 3. /TPA rs1127354 genotypes and the quantitative reduction of blood cells from baseline. Mean reduction of (A) Hb levels, (B) platelet counts and (C) neu-
trophil leukocyte counts during treatment according to rs1127354 genotype is shown, Solid and dotted lines indicate patients with CC and AA/CA genotypes, respect-
ively. Error bars indicate standard error. CC genotype had more reduction in mean Hb levels during therapy compared with the AA/CA genotype (*P < 0.0001 for
weeks 2, 4, 8, 12). CC genotype had less of a reduction in mean platelet counts (*2 < 0.0001 for weeks 2, 4, 8, and **P = 0.019 for week 12), and showed a reactive

increase of platelet counts through weeks 1-4.
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Figure 4../TPA rs1127354 genotypes and reduction of platelet counts at week
4 of PEG-IFN/RBV therapy. The percentage of patients with platelet count
reduction of >50 (10‘)/]) (black bar), 30-50 (109/1) (gray bar) and <30
(10%/1) (white bar) at week 4 is shown for rs1127354 genotypes. The incidence
of platelet count reduction of >50 and <30 was significantly lower in patients
with the rs1127354 genotypes CC compared with AA/CA genotypes: 12
versus 35%, P < 0.0001, and 69 versus 31%, P< 0.0001, respectively.

In this ‘study, two SNPs, rs11697186 and rs6139030, which
were within and around DDRGK1 gene on chromosome 20,
were strongly associated with thrombocytopenia as well as

with Hb reduction at week 4. In clinical practice, the positive
predictive value and negative predictive value by rs11697186
genotypes were 66.5 and 69.4% for thrombocytopenia, as well
as 97.2 and 45% for RBV-induced anemia at week 4. As pre-
viously reported (22,26), a functional SNP (rs1127354) in the
ITPA locus, which is in strong LD with rs11697186, was the
most significant SNP associated with RBV-induced anemia
and, in this study, IFN-induced thrombocytopenia in Japanese
genetic populations. Note that severe Hb decline, which is
mainly found in ITPA-CC patients, was inversely correlated
with platelet reduction. This would contribute to an associ-
ation between severe anemia and relative reactive increase
of ‘platelet count in this population, which attenuated the
IFN effect on the platelet count. Our data supported a previous
report which described that the current use of RBV, inducing
severe anemia, might blunt the thrombocytopenic effect of
IFNs as a result of reactive increase of platelet counts (27).
A previous paper showed hematological and bone marrow
effects of RBV in rhesus monkeys (28). Hb values decreased
significantly during RBV administration due to ‘dose-related
erythroid hypoplasia in bone marrow and returned to normal
following withdrawal. On the other hand, increase of the plate-
let count occurred in both low- and high-dose treatment groups
during RBV administration, with a fall of the platelet count to
normal after drug withdrawal. The effect on platelet count was
clearly dose related, with maximum counts rising to twice and
three times above baseline levels in the low- and high-dose
groups, ‘respectively. This caused a significant increase of
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Figure 5. Reactive increase of platelet counts through weeks 1-4. Box plots of reactive increase of platelet count through weeks 1-4 according to the degree of
anemia at week 4 are shown for all patients (A) and a subgroup of patients with the rs1127354 genotypes CC (B). Patients with anemia (Hb reduction >3.0 g/dl)
at week 4 had a significantly higher degree of reactive increase of platelet count than those without anemia (P < 0.0001). Box plots of reactive increase of
platelet counts according to the rs1127354 genotype CC are shown for all patients (C) and a subgroup of patients without anemia (D) (Hb reduction
<3.0 g/dl) at week 4. Patients with the r1s1127354 genotypes CC had a significantly high degree of reactive increase of platelet counts compared with those

with genotypes AA/CA (P < 0.0001).

Table 4. Multivariate analysis of factors associated with reactive increase of
platelets >20 (10°/1) through weeks 1-4

OR 95% C1 P-value
Baseline platelet counts 1.168  1.101-1.239  <0.0001
ITPA AA/CA 0.379  0.168-0.856 0.0196
Platelet reduction >30 ('109/1) at week 4 0.051  0.021-0.120 <0.0001
HD reduction >3.0 g/dl at week 4 0.914-2.809 0.0996

1.602

the platelet count associated with increased numbers of mega-
karyocytes. Additionally, the sequence homology of thrombo-
poietin (TPO) and erythropoietin (EPO) may explain the
synergy of the physiologic role of TPO and EPO in platelet
production. When EPO is elevated, as in iron deficiency
anemia, an amino acid sequence similar to TPO may increase
the platelet count (29).

Another possibility is a direct association between I7PA
SNPs or the related SNPs with a strong LD and IFN-induced
thrombocytopenia. DDRGK! (DDRGK domain-containing
protein 1) is a novel C53/LZAP-interacting protein. C53/
LZAP (also named as Cdk5rap3) is a putative tumor suppres-
sor that plays important roles in multiple cell signaling path-
ways, including DNA damage response and NF-kappaB
signaling (30); however, it remains largely unknown how
the function of DDRGK] wvariants is regulated. Further
studies are required to elucidate the possible association
between DDRGK] variants and thrombocytopenia.

Multivariate analysis demonstrated that rs1127354 in the
ITPA gene was independently associated with RBV-induced
severe anemia and IFN-induced thrombocytopenia. This
finding suggests that rs1127354 would be a useful marker to
predict these hematological side effects by PEG-IFN/RBV
therapy, indicating that genetic testing of /TPA variant
might be applied to establish personalized dosages of
PEG-IFN/RBV therapy. The rate of SVR tended to be
higher in patients with /TPA-AA/CA genotype than those

with ITPA-CC in this population. This might reflect decreased
treatment efficacy (higher relapse rate) due to dose reduction
of RBV in patients with /7PA-CC genotype. Our recent paper
also demonstrated that the incidence of early dose reduction
was significantly higher in /7PA-major (CC) patients as
expected and, more importantly, that a significantly higher
SVR rate was achieved in I7PA-hetero/minor (CA/AA)
patients with HCV non-1b or low viral load strains (31) and
in a subset of Japanese patients with the favorable TT geno-
type at rs8099917 of IL28B (32). Taken together, our results
indicate that the /7PA minor variant A is not only a protective
allele against PEG-IFN and RBV treatment-associated anemia
in Japanese population, but also a significant predictor of SVR
in certain HCV strains that show good response to IFN. The
possible mechanism of protection against RBV-induced
hemolysis is that ITP deficiency or low-activity variants
(ITPA minor variant A) in turn lead to the accumulation of
ITP in red blood cells (33,34), and the ITP confers protection
against RBV-induced ATP reduction by substituting for eryth-
rocyte GTP (25). On the other hand, half of the /TPA-major
(CC) patients did not develop a significant Hb decline. This
finding suggests other low-frequency /7PA4 variants or SNPs
in other enzymes that are involved in erythrocyte purine
nucleoside metabolism.

In Japan, the older HCV-infected patients developing liver
fibrosis have been prevalent (mean age 62 years) (9). Throm-
bocytopenia by PEG-IFN/RBV therapy could lead to poor
treatment efficiency among such Japanese patients with LC
due to the initial or early dose reduction of PEG-IFN. In
fact, ~40% of such population in this study had the initial
dose reduction of PEG-IFN, resulting in a low SVR rate. Sple-
nectomy or embolization of the splenic artery might be one of
the options to increase the SVR rate, but a sufficient treatment
outcome had not been obtained at present (35). Based on the
recently accumulated SNP data, if patients had favorable
IL28B genotype and ITPA-CC (lower reduction of platelet
counts), a standard dose of PEG-IFN might be available for



3514 Human Molecular Genetics, 2011, Vol. 20, No. 17

the patients with lower platelet counts and the SVR rate might
‘be increased due to sufficient dose of PEG-IFN.

Several STAT-C agents (specifically targeted antiviral
therapies for hepatitis C) are being tested for clinical efficacy
against hepatitis C (12,13,15,16). Most experts believe that
when new drugs are approved to treat hepatitis C, they will
be used in combination with PEG-IFN and RBV. Moreover,
recent clinical trials, including NS3 protease inhibitors, have
shown that PEG-IFN plus RBV would be necessary to
achieve optimal treatment responses (12,13). Our present
results may provide a valuable pharmacogenetic diagnostic
tool for tailoring PEG-IFN and RBV dosing to minimize
drug-induced adverse events and for further optimization of
clinical anti-HCV chemotherapeutics.

MATERIALS AND METHODS
Patients

From April 2007 to April 2010, samples were obtained from
303 patients with chronic HCV (genotype 1) infection who
were treated at 14 multi-center hospitals (liver units with hepa-
tologists) throughout Japan. Each patient was treated with
PEG-TFN-a2b (1.5 pg/kg body weight, subcutaneously once
a week) or PEG-TFN-a2a (180 g once a week) plus RBV
(600~1000 mg daily according to body weight) for 48
weeks. Treatment duration was extended in some patients up
to 72 weeks, according to the physicians’ preferences. The
dose of PEG-IFN or RBV was reduced according to the rec-
ommendations on the package inserts-or the clinical conditions
of the individual patients. EPO or other growth factors were
not given. Written informed consent was obtained from each
patient and the study protocol conformed to the ethics guide-
lines of the Declaration of Helsinki and was approved by the
institutional ethics review committees. HBsAg-positive and/
or anti-HI'V-positive patients were excluded from this study.
In the following stage of replication study, SNP genotyping
in an independent set of 391 Japanese HCV patients treated
with PEG-IFN plus RBV treatment was completed using the
DigiTag2 "or TagMan assay (ABI) following the manufac-
turer’s protocol. The characteristics of patients for each
GWAS stage and replication stage are summarized in Table 1.

SNP genotyping and data cleaning

In the GWAS stage, we genotyped 303 Japanese HCV patients
with and without the decrease of platelet counts from baseline
to week 4 of PEG-IFN/RBV treatment [107 patients with a
decrease of >30 (10/1) in platelet counts and 196 patients
without a decrease of >30 (10%/1) in platelet counts], using
the Affymetrix Genome-Wide Human SNP Array 6.0 accord-
ing to the manufacturer’s instructions. The cut-off value was
calculated to maximize the difference, which was also close
to the median change. The average overall call rate of patients
with and without the decrease of PLT reached 98.69 and
98.72%, respectively. We then applied the following
thresholds for SNP QC in data cleaning: SNP call rate
>95% for all samples, MAF >1% for all samples. A total
of 595052 SNPs on autosomal chromosomes passed the QC
filters and were used for association analysis. All cluster

plots of SNPs showing P < 0.0001 in association analyses
by comparing allele frequencies in both groups with and
without the decrease of PLT were checked by visual inspec-
tion, and SNPs with ambiguous genotype calls were excluded.

In the following stage of the replication study and high-
density association mapping, we selected.23 tag SNPs from
the 44.7 kb region, including DDRGK]I gene and ITPA gene
by analyzing LD and haplotype structure based on the
HapMap data of Japanese, using the Haploview software. Of
these tag SNPs, rs1127354 within the ITPA gene, which was
associated with RBV-induced anemia (22), was included;
however, rs7270101 was excluded because recent papers
studying Japanese patients showed no variants in rs7270101
(26,31,32). The SNP genotyping in an independent set of
391 Japanese HCV patients with and without quantitative
change in PLT levels from baseline to week 4 of PEG-IFN/
RBV treatment (175 patients with quantitative change in
PLT and 216 patients without quantitative change in PLT)
was completed using the DigiTag2 assay (36). Twenty-two
of the 23 SNPs were successfully analyzed and were used
for SNP genotyping and data cleaning. All 22 SNPs in the
replication study cleared HWE P-value >0.001.

Based on the above SNPs data obtained from 303 Japanese
HCV patients, -using the Affymetrix Genome-Wide Human
SNP Array 6.0, we also performed GWAS between 94 patients
with a quantitative change of >3 g of reduction in Hb and 209
patients without quantitative change in Hb levels from base-
line to week 4 of PEG-IFN/RBV treatment. SNP genotyping
in an independent set of 391 Japanese HCV patients with
and without quantitative change-in Hb levels from baseline
to week 4 of PEG-IFN/RBV treatment (137 patients with
quantitative change in Hb and 254 patients without quantitat-
ive change in Hb) was also completed using the DigiTag2
assay (36). Twenty-two of the 23 SNPs were successfully ana-
lyzed and were used for SNP genotyping and data cleaning.

An application of the Cochrane—Armitage test on all the
SNPs showed the genetic inflation factor A = 1.000 for throm-
bocytopenia and A = 1.006 for anemiia in the GWAS stage
(Supplementary Material, Figs S1 and S2). In addition, princi-
pal component analysis was performed in 303 samples for the
GWAS stage together with the HapMap samples (CEU, YRI,
CHB and JPT) (Supplementary Material, Fig. S3). These
results implied that the effect of population stratification was
negligible, except one sample, which was excluded from
further analysis. ’

Laboratory and histological tests

Blood samples were obtained at baseline, 1, 2, 4, 8 and 12
weeks after the start of therapy and for hematologic tests
after the start of therapy and for hematologic tests, blood
chemistry and HCV-RNA. Genetic polymorphism in the
IL28B gene (1s8099917) was determined using the ABI
TagMan assay (Applied Biosystems, Carlsbad, CA, USA).
Fibrosis was evaluated on a scale of 0—4 according to the
METAVIR scoring system. The SVR was defined as an
undetectable HCV-RNA level by qualitative PCR with a
lower detection limit of 50 IU/ml (Amplicor, Roche Diagnos-
tic Systems, CA, USA) or by Cobas Ampliprep/Cobas
TaqMan assay (CAP/CTM) with a lower detection limit of



15 TU/ml (Roche Diagnostic Systems) 24 weeks after the com-
pletion of therapy.

Statistical analysis

The observed association between an SNP and the decrease of
platelets/quantitative change in Hb levels with response to
PEG-IFN plus RBV treatment was assessed by Xz test with
a two-by-two contingency table in three genetic models:
allele frequency model, dominant-effect model and
recessive-effect model. SNPs on chromosome X were
removed because gender was not matched between groups
with and without the decrease of PLT and quantitative
change in Hb levels. A total of 595052 SNPs passed the
quality control filters in the GWAS stage; therefore, signifi-
cance levels after Bonferroni correction for multiple testing
were P =8.40 x 107% (0.05/595052) in the GWAS stage
and P =227 x 107% (0.05/22) in the replication stage.

The association between an SNP of the ITPA gene
(rs1127354) and the incidence of platelet reduction at week 4
was analyzed by Fisher’s exact test. The association between
ITPA polymorphisms and the degree of reduction in platelet
counts and Hb levels at each time point during therapy were ana-
lyzed by Mann—Whitney U test. Multivariable regression
analysis was used to analyze the factors associated with /7PA4,
the rs1127354 genotype, factors associated with platelet count
reductions and factors associated with the reactive increase in
platelet counts. IBM-SPSS software v.15.0 (SPSS, Inc,
Chicago, IL, USA) was used for these analyses.

Possible heterogeneity in allele frequencies at rs1127354
was assessed by Tarone’s test. The association between the
SNP and thrombocytopenia/anemia were analyzed by the
Cochran—Mantel—Haenszel test. Both analyses were per-
formed using the R (version 2.9.0) software (Supplementary
Material, Table S3).
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Global changes in DNA methylation correlate with altered gene expression and genomic instability in cancer.
We have developed a methylation-specific digital sequencing (MSDS) method that can assess DNA
methylation on a genomic scale. MSDS is a simple, low-cost method that combines the use of methylation-
sensitive restriction enzymes with second generation sequencing technology. DNA methylation in two colon
cancer cell lines, HT29 and HCT116, was measured using MSDS. When methylation levels were compared
between the two cell lines, many differentially methylated regions (DMRs) were identified in CpG island
shore regions (located within 2 kb of a CpG island), gene body regions and intergenic regions. The number of
DMRs in the vicinity of gene transcription start sites correlated with the level of expression of TACC1, CLDNT1,
and PLEKHC1 (FERMT2) genes, which have been linked to carcinogenesis. The MSDS method has the potential

to provide novel insight into the functional complexity of the human genome.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

DNA methylation is an important component of the epigenetic
regulation of gene expression in eukaryotic cells. Methylation of CpG
dinucleotides within transcriptional regulatory sequences often re-
sults in reduced expression or silencing of adjacent genes [1-3]. Global
hypomethylation has been associated with chromosomal instability,
while hypermethylation of the promoters of certain tumor suppressor
genes is an important event in malignant transformation [4-8].

There are three predominant methods for investigating DNA
methylation. The first method is an antibody-based, affinity purification
procedure that captures methylated DNA [9-11]. The second method is
bisulfite sequencing, which converts unmethylated cytosines to uracils
that are subsequently recognized as thymines [12,13]. The third method
makes use of methylation-sensitive. restriction enzymes, which only
cleave DNA when their recognition sites are unmethylated [14]. These
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three approaches can be combined with electrophoresis, tag based
sequencing [15], microarray analysis [9,11,16-21] or high-throughput
sequencing [22-25].

High-throughput sequencing can report the sequence of millions of
DNA fragments in parallel. This technology has revolutionized the
analysis of genome-wide histone modifications [26] and the re-
sequencing of the human genome [27], as well as the analysis of
transcription start sites (TSSs) [28], full-length RNAs [29], small RNAs
[30], single nucleotide polymorphisms (SNPs) [31], and transcription
factor combination domains [32].

The development of new technology has driven new discoveries in
the area of DNA methylation. Meissner et al. showed that alterations in
histone modification can reduce DNA methylation [22]. Irizarry et al.
demonstrated that most tissue-specific differentially methylated re-
gions (T-DMRs) and cancer-specific DMRs (C-DMRs) localize to CpG
island shore regions [21,33]. Moreover, it has been established that DNA
methylation in both the promoter and the gene body can affect gene
expression [11,16,34,35]. Evolutionarily conserved regions (ECRs)
within the gene body have been reported to act as alternative promoters
under the control of DNA methylation [36]. On the other hand, DNA
methylation occurs not only on CpG dinucleotides but also in non-CG
contexts (mCHG and mCHH, where H=A, C or T) in embryonic stem
cells [37]. :

Each method of methylation detection has its advantages and
limitations. The use of antibodies allows determination of the methyl
cytosine density within a region of interest. The use of methylation-
sensitive restriction enzymes is only useful for the analysis of



K. Ogoshi et al. / Genomics 98 (2011) 280-287 281

methylation of an enzyme's specific recognition sites. Analysis of the
global DNA methylation profile of the genome at the single-base level
requires bisulfite sequencing. Whole genome bisulfite sequencing has
been accomplished in Arabidopsis and humans by using second
generation sequencing technology [23,24,37]. However, the wide-
spread application of this method is currently limited due to the vast
quantity of data it generates and its huge cost. Here, we report a
simple, low-cost method to detect global DNA methylation, which
combines the use of methylation-sensitive restriction enzymes
together with second generation sequencing technology.

2. Methods
2.1. Cell culture and sample preparation

Tumor samples examined in the present study comprised colon
cancer cell lines HT29 and HCT116 obtained from the ATCC. Cells were
cultured in McCoy’s 5A medium supplemented with 10% fetal bovine
serum. Genomic DNA was isolated using a QlAamp DNA mini kit
(QIAGEN) according to the manufacturer's protocol.

2.2. Generation of methylation-specific digital sequencing (MSDS) libraries

Genomic DNA (1 pg) was digested sequentially with the
methylation-sensitive enzymes, Sacll, Eagl and BssHII (Table 1).
DNA was first digested by Sacll (NEB) at 37 °C for 3 h, then by Eagl
(NEB) at 37 °C for 3 h, and finally by BssHII (NEB) at 50 °C for 3 h.
Digested samples were then purified by phenol-chloroform extraction
and the fragments were ligated to biotinylated linkers containing
synthetic restriction sites using T4 DNA ligase (Invitrogen), as follows:
(BssHII-A, 5'-bio-CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGT-
GATG-3’, BssHII-B, 5’-pho-CGCGCATCACCGACTGCCCATAGAGAG-
GAAAGCGGAGGCGTAGTGGTT-3’, Eagl-A, 5'-bio-
CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGATC-3’, Eagl-B,
5/-pho-GGCCGATCACCGACTGCCCATAGAGAGGAAAGCGGAGGCG-
TAGTGGTT-3', Sacll-A, 5’-bio-CCACTACGCCTCCGCTTTCCTCTC-
TATGGGCAGTCGGTGATCCGC-3', Sacll-B, 5'-pho-
GGATCACCGACTGCCCATAGAGAGGAAAGCGGAGGCGTAGTGGTT-3").
The ligated DNA was then fragmented randomly using an ultrasonic
device and 110-160 bp fragments were isolated by PAGE. Non-
methylated ends were enriched using streptavidin beads. The ends
of the DNA were repaired using the End-it DNA End repair kit
(Epicentre) so that they were blunt-ended. Repaired fragments were
then ligated to the following blunt-ended linkers using T4 DNA ligase:
(blunt-linker-A, 5’-CTGCCCCGGGTTCCTCATTCTCT-3/, blunt-linker-B,
5'-AGAGAATGAGGAACCCGGGGCAGTT-3'). The ligated DNA was am-
plified by PCR using linker-specific primers (primer-A, 5'-CCAC-
TACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT-3/, primer-B, 5'-

Table 1

CTGCCCCGGGTTCCTCATTCTCT-3') and sequenced in 35 bp reads on
the Life Technologies’ SOLiD sequencer (Fig. 1A).

2.3. Data analysis

Sequencing data (30/35bp per sequencing read) was analyzed
using Corona Light software, Human genome sequence and mapping
information (Mar. 2006, hg18) was downloaded from the University
of California Santa Cruz Genome Bioinformatics Site and used to
construct a virtual BssHII, Eagl and Sacll tag library on the basis of the
genome sequence. Genes neighboring each restriction enzyme site
were also identified in order to determine the effect of methylation on
their expression. ,

Each enzyme site contributes two tags to the sequence library: a
plus-strand library tag and a minus-strand library tag. The methylation
level of an enzyme site can be inferred by either of the two sequence tag
counts; we selected the tag that generated the greater number of counts.
When the distance between two successive restriction enzyme sites is
less than about 100 bp, the tags cannot be sequenced, because the tags
are deleted by the PAGE selection. CpGs localized in close proximity to
one another are often co-methylated [37], such that the level of
methylation of one enzyme site can usually be inferred from the level of
methylation of other sites localized within the same area, when the
distance between sites is too small. In situations where the distance
between these enzymes sites was <100 bp, the sites were considered
together as a group, and we again selected the tag that generated the
greatest number of counts within the group. If the tag sequence
matched a site within a repeated sequence or at more than two sites
within the whole human genome, the tag was excluded. Excluding such
sequences, 86,397 sites were analyzed (Table 1).

2.4. Bisulfite sequencing

Bisulfite modification of genomic DNA was performed using the
EpiTect Bisulfite Kit (Qiagen). Primers were designed using Methyl
Primer Express software (Life Technologies). Bisulfite-treated DNA was
amplified by PCR. The PCR products were cloned into the pCR2.1-TOPO
Vector, then transformed into One Shot TOP10 Competent Cells
(Invitrogen). At least 24 clones were sequenced using an ABI3730
Sequencer (Life Technologies). The data was analyZed using the
Quantification Tool for Methylation Analysis (Riken Institute of Physical
and Chemical Research).

2.5. Gene expression data

Gene expression data for the HT29 cells was generated as described
previously [28], while for the HCT116 cells, this data was obtained
using 5'SOLID technology [28]. Analysis of gene expression data was
based on the 5’ SOLiD method [28].

The number of restriction sites for the methY]ation—sensitive enzymes BssHII, Eagl and Sacll, in silico data.

Enzyme Recognition site No. of total sites in No. of genes containing the recognition No. of CpG island containing
human genome site within the promoter region the recognition site

BssHII G CGCGC 6 bp 72,899 8787 13,363

Eagl CNGGCCG 6 bp 90,190 9089 14,023

Sach CCGCGG 6 bp 66,312 9793 ; 15,317

BssHIl + Eagl + Sacll 229,401 13,978 21,164

Defined site data

No. of defined sites within
human genome

No. of genes containing the defined
site within the promoter region

No. of CpG island containing
the defined site

No. of CpG island shore
containing the defined site

MSDS method 86,897 11,217

19,592 8522

Promoter region is defined as the region 500 bp either side of the TSS.
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Fig. 1. Flow chart schematic of the methylation-specific digital sequencing (MSDS) method and the correlation between methylation level as assessed by bisulfite sequencing and the MSDS
methylation tag count. A. Genomic DNA was digested with methylation-sensitive restriction enzymes and ligated to biotinylated linkers. The ligated sample was then cleaved by sonication
and the fragments were captured with streptavidin beads. The captured DNA fragments were ligated to blunt-end linkers, amplified by PCR, and sequenced on the Life Technologies’ SOLID
sequencer. B. Scatter diagram of MSDS tag counts corresponding to 100 regions selected at random that were also subjected to bisulfite sequencing. Sample labels a-d and e-j indicate sets
of genes whose pattern of methylation was similar (a-d) or different (e-j) between HT29 and HCT116 cells. C. DNA methylation of genes a-j as analyzed by bisulfite sequencing. Gray
squares represent CpG sites within restriction enzyme sites. Circles represent potential methylation sites (CpG) where the shading intensity indicates the frequency at which the site was
found to be methylated amongst the clones analyzed (0-100%). a. TNFRSF8 (tumor necrosis factor receptor superfamily, member 8) gene promoter; b. CXCL5 (chemokine (C-X~C motif)
ligand 5) gene promoter; c. SNX14 (sorting nexin 14) gene promoter; d. intergenic region within CpG island; e. NKAIN3 (Na* /K" transporting ATPase interacting 3) gene; f. GJC1 (gap
junction protein, gamma 1, 45kDa) gene promoter; g. NPHS1 (nephrosis 1, congenital, Finnish type (nephrin)) gene exon; h. CD47 (CD47 molecule) gene promoter; i. B7H6 (B7 homolog 6)
gene intron; j. intergenic region within CpG island. D. and E. Correlation between methylation level as assessed by bisulfite sequencing and methylation tag count as assessed by MSDS.
Horizontal bars represent methylation as determined by bisulfite sequencing. In E, boxes represent the quartiles and whiskers mark the 5th and 95th percentiles.

methylation-sensitive restriction enzymes (BssHIl, Eagl, and Sacll)
and second generation sequencing technology. There are two CpG
dinucleotides within the recognition sequence of each enzyme
(GCGCGC, CGGCCG, and CCGCGG, respectively). Short sequence tag
fragments derived from the sites cleaved by these restriction
enzymes can be mapped to unique sites within the genome. In silico

3. Results
3.1. MSDS analysis

We have developed a simple method, which we call MSDS, to
detect global DNA methylation. The method makes use of three
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analyses indicate that there are 72,899, 90,190 and 66,312
recognition sites for BssHII, Eagl and Sacll within the human genome,
respectively (Table 1). These restriction sites cover 64% (13,978) of
unique gene promoters (within 500 bp of the TSS) and 75% (21,164)

of the CpG islands within the genome. This combination of

restriction enzymes allowed the most comprehensive coverage of
CpG islands without using a greater number of enzymes. After
excluding certain uninformative sites as described in Section 2.3, we
analyzed a total of 86,897 sites. These defined sites cover 51%
(11,217) of unique gene promoters (Supplemental Table 1), 69%

(19,592) of CpG islands, and 8522 CpG island shores w1thm the

genome (Table 1).

Two colon cancer cell lines (HT29 and HCT116) were utilized to
confirm the utility of this method. Using the SOLiD platform, 2,397,132
and 2,971,226 tags were mapped to the human genome in HT29 and
HCT116 cells, respectively. After ‘excluding uninformative sites as
noted above, 1,493,950 tags (62.3% of total tags) in HT29 cells and
1,886,310 tags (63.5% of total tags) in HCT116 cells were matched to
the remaining informative sites (Table 2, Supplementary Fig. 1). There

were 35,309 (40.6%), and 48,141 (55.4%) zero tag count or un-hit sites

in HT29 and HCT116 cells, respectively (Table 3).

3.2. Correlation between methylation level (bisulfite sequencing) and
MSDS tag counts

To validate the accuracy of the MSDS method, MSDS tag counts
were compared with the results of direct DNA methylation analysis,
which were generated by bisulfite sequencing at more than 100
random CpG sites (Fig. 1B). In both cell lines, CpG sites that generated
the highest number of tags corresponded to those that also exhibited a
low level of methylation by bisulfite sequencing analysis, such as those
within the SNX14 (sorting nexin 14) gene promoter. CpG sites that
generated relatively fewer tags in both cell lines corresponded to those
that were highly methylated in both cell lines according to the bisulfite
sequence analysis, such as those within the TNFRSF8 (tumor necrosis
factor receptor superfamily, member 8) gene promoter. Some sites
appeared to be differentially methylated between the two cell lines.
CpG sites that gave rise to many tags in HT29 cells alone were poorly
methylated only in these cells, such as those within the promoter of

the CD47 (CD47 molecule) gene. Similarly, CpG sites that g gave rise to

many tags in HCT116 cells alone were poorly methylated only in these
cells, such as those within the promoter of the NKAIN3 (Na*/K*
transporting ATPase interacting 3) gene (Fig. 1C). Thus, the methyl-
ation levels determined by bisulfite sequencing correlated inversely
with the MSDS tag count in both cell lines. Based on these results
(Fig. 1D), we classified the genesinto three arbitrary groups, based on
the number of tag counts at each restriction enzyme site. Sites
represented by >16 tags were considered to be poorly methylated
(<20% methylated), whereas sites represented by <5 tags were
considered to be highly methylated (>80% methylated), and sites
represented by 6-15 tags were considered to be methylated at an
intermediate level (21-79% methylated) (Fig. 1E)

Table 2
Summary of the results of sequence analysis for methylation tags, MSDS data.

Enzyme No. of tags mapped to the human No. of defined tags
genome (% of total tags)
HT29 HCT116 - HT29 HCT116
BssHII 648,117 (27.0%) 889,793 (29.9%) 415,643 563,851
Eagl 1,077,327 (449%) 1,141,883 (384%) 660,181 740,139
Sacll 671,688 (28.0%) 939,550 (31.6%) 418,126 582,320

BssHII + Eagl+ Sacll 2,397,132 2,971,226 1,493,950 1,886,310

Table 3
Level of DNA methylation at CpG sites in HT29 and HCT116 cells.

Methylation level No. of CpG sites

HT29 %

HCT116 %
Low k 27,478 - 31.60% 25,240 29.00%
Middle 10,112 11.60% 5485 6.30%
High 49,307 56.70% 56,172 64.60%
0 tag count sites - 35,309 40.63% 48,141 55.40%
Total CpG sites 86,897 100% 86,897 100%

Low level corresponds to 0-20% methylation, by bisulfite sequencing analysis, and
corresponds to a tag count of greater than 16, whereas the high level corresponds to
80%~methylation and is correlated with tag counts between zero and five.

3.3. Genome-wide DNA methylation

The results of the genome-wide DNA methylation analysis are
presented in Table 3. 56.7%(49,307) and 64.6% (56,172) of unique CpG
sites were highly methylated, and 31.6% (27,478) and 29.0% (25,240)
were poorly methylated in HT29 and HCT116 cells, respectively,
indicating that a majority of CpG sites were either highly or poorly
methylated, which is consistent with what has been reported
previously [37,38]. As CpGs in close proximity are often co-methylated
[37], we considered the tag with the greatest number of counts within
such promoter regions as representative of the methylation level of
those regions. Some gene promoters overlap CpG islands, whereas
others do not. 48% of the promoters evaluated in both cell lines were
poorly methylated (Fig. 2B-1); those that did not overlap CpG islands
were methylated to a greater extent than those that contained a CpG
island within the promoter region (P<0.01) (Figs. 2B-2, 3). Within
gene body regions, 63% of enzyme sites were highly methylated in
both cell lines (Figs. 2C-1) and the methylation level of CpG islands in
such regions was lower than in other regions of the gene body
(P<0.01) (Figs. 2C-2, 3). In promoter and gene body, the extent of
methylation within CpG islands was lower than that in regions outside
of the CpG islands (P<0.01). In addition, there was a difference in the
extent of methylation between CpG islands within the promoter and
CpG islands within the gene body. Methylation within CpG islands has
previously been reported to be dependent upon the position of the

~island W1thm the promoter region or within the gene body [36].

3.4. Comparison of MSDS methylation with gene expression

There is a strong relationship between gene expression and DNA
methylation. Therefore, we analyzed gene expression in the HT29 and
HCT116 cell lines and compared the results to the methylation data from
the same cell lines. The genes were. divided into three groups: high
expression (=100 copies), low expression (<1 copy), and moderate
expression (1<copies <100) [28]; and the level of expression of the
genes within these groups was compared to the level of methylation.
Highly and moderately expressed genes exhibited a low level of
methylation within the promoter and a high level of methylation within
the gene body. Genes with a low expression level exhibited a moderate
level of methylation within both the gene promoter and the gene body.
These results are consistent with those of previous reports [35,36]

(Fig. 3).
3.5. Differentially methylated regions between HT29 and HCT116

Next, we compared the extent of methylation of the HT29 and
HCT116 cells. Of the sites measured, 77% were methylated to a similar
extent in the two cell lines: 52% of the sites measured were poorly
methylated, and 23% of the sites measured were highly methylated
(Figs. 2A-1). DMRs between the two cell lines were defined as enzyme
sites that were highly methylated in one cell line and poorly
methylated in the other cell line. Such sites made up 9% of the sites
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measured. Two percent of the sites measured were highly methylated
in HT29 cells and poorly methylated in HCT116 cells, while 7% of the
sites measured were highly methylated in HCT116 cells and poorly
methylated in HT29 cells. As shown in Table 4, many DMRs were
observed not in the gene promoter region, but instead in the gene
body, intergenic or CpG island shore regions.

Finally, we investigated the correlation between the extent of -

methylation in the vicinity of the TSS and the expression of the
associated gene, We evaluated the expression of several genes localized
to DMRs within 1000 bp of the TSS and whose expression level differed
at least five-fold between HT29 and HCT116 cells. Of these genes, we
analyzed those linked to carcinogenesis. These included SMPD3
(sphingomyelin phosphodiesterase 3, neutral membrane (neutral
sphingomyelinase I1)), VASH1 (vasohibin 1), and TACC1 (transforming
acidic coiled-coil containing protein 1), which are involved in the cell
cycle; RIPK3 (receptor-interacting serine-threonine kinase 3), and
TNFSF9 (tumor necrosis factor (ligand) superfamily, member 9),
which are involved in apoptosis; and CLDN1 (claudin 1), NELL1 (NEL-
like 1 (chicken)), ROBO1 (roundabout, axon -guidance receptor,
homolog 1 (Drosophila)), ENG (endoglin), PLEKHC1 (pleckstrin
homology domain containing, family C) (FERMT2 (fermitin family
member 2)), which are involved in cell adhesion. In these genes, the
DMRs localize to several positions within the gene, in some cases only
upstream of the TSS (e.g. VASH1 and TACC1); in some cases only
downstream of the TSS (e.g. SMPD3, RIPL3, TNFSF9, CLDN1, NELL1 and
ENG); and in some cases, both upstream and downstream of the TSS
(e.g. ROBO1 and PLEKHC1 (FERMT2)) (Fig. 4). In TNFSF9, NELL1 and
ENG genes, CpG sites closer to the TSS than the DMR were methylated to
a similar level in both cell lines (Fig. 4). This result demonstrates that
these DMRs are not localized solely in the vicinity of the TSS.

4. Discussion

Diverse methods for the measurement of DNA methylation have
been developed [9,11,16-24]. Moreover, second generation sequenc-
ing technology has facilitated genome-wide analyses of DNA methyl-
ation. However, this technology generates too much data and is too
expensive to be accessible to most researchers in the field. Therefore,
we have developed a method for detecting global DNA methylation
that makes use of methylation-sensitive restriction enzymes com-
bined with second generation sequencing technology. The methyla-
tion level can be determined by monitoring the number of times a
particular recognition site is sequenced within the genomic pool. This
method optimizes data handling by limiting the data generated to only
the restriction enzyme sites.

Table 4 .
Differentially methylated regions between the HT29 and HCT116 cell lines.

No. of sites in each  No. of differentially P value
gene position methylated sites

Gene position

Tags mapped to genome = 86,897 7903

CpG island 46,985 ’ 3682 1.67E—44
CpG island shore® 9895 1219 2.12E-32
Other region 30,017 3002 147E~11
Gene body )

— 5000~2001 bp 2216 240 0.00399
- 2000~1001 bp 1642 187 0.001
—1000~501 bp 2503 264 0.01
—500~1 bp 9178 605 1.16E~-18
TSS+50 bp 3562 187 3.65E—16
st exon 9168 651 2.21E-12
Intron 23,164 2111 0.908
Exon 4191 314 0.0002172
Last exon 2090 180 0437
Intergenic 32,730 3348 1.55E—19

2 CpG island shore; 2000 bp within CpG island.

Changes in DNA methylation profiles have been observed during
normal development and tumorigenesis. However, differences in the
genome-wide methylation pattern between related cancer cell lines
derived from related tumors have not been examined previously. We
found many sites, localized predominantly to CpG island shore and
intergenic regions, which are differentially methylated in HT29 and
HCT116 cells. Differences between the HT29 and HCT116 cell lines may
have arisen in the process of transforming from normal tissue to cancer
tissue, or may be due to differences in the cells before they became
cancerous. Regions of the genome that are differentially methylated
may provide insight into the variety of regions of the genome where
differential gene expression is linked to the development of cancer. By
searching regions of the genome that are differentially methylated
between cell lines from similar tissue, it may be possible to reveal
differences in the initiation of cancer and/or in the types of cells that
cause the malignant transformation: from a basal cell or layer cell, for
example. :

The following genes have been reported to exhibit tumor suppressor
activity and to be regulated by methylation within their promoter
regions: SMPD3 [39], VASH1 [40], RIPK3 [41], TNFSF9 [42], NELL1
[43,44], ROBO1 [45-47], ENG [43,48]. In.this study, we identified
additional genes characterized by a link between DNA methylation and
expression: TACC1, CLDN1, and PLEKHCT (FERMT2). These genes may
also be important in carcinogenesis.

Analysis of DNA methylation using microarrays suffers from a bias
towards gene promoter regions and CpG islands. The microarray
method can only provide relative data, and therefore requires a
reference standard. Methods based on restriction enzymes possess
inferior sensitivity to bisulfite sequencing, but do allow a quantitative
comparison of methylation patterns. Bisulfite sequencing allows
analysis of DNA methylation at the single nucleotide level, but at a
very high cost for a'genome the size of the human genome [37].

Established methods that make use of methylation-sensitive
restriction enzymes include methylation-specific digital karyotyping
(MSDK). [15], modified methylation-specific digital karyotyping
(MMSDK) [25], methyl-sensitive cut counting (MSCC) [35] and others.
The MMSDK method is similar to the MSDS method that we have
developed. Both methods are based on digital karyotyping technology.
The process of digestion of genomic DNA with a methylation-sensitive
restriction enzyme, and the use of a fragmenting enzyme with which
to generate short sequence tags is essential to both methods. The key
difference between MSDS and MMSDK is. the location of the short
sequence read using second generation sequencing technology. The
MMSDK method targets the nearest Nlalll sites to the methylation-
sensitive enzymes, while the MSDS method targets the methylation-
sensitive enzyme sites themselves. This difference simplifies the
construct preparation process. It results in a shortening of the duration
of the procedure and reduces loss of the sample. Furthermore, it
requires less PCR cycles, and therefore minimizes PCR bias. During data
analysis, the directly identifiable measurement positions make it easy
to perform direct sequencing of the cleavage site. However, because
direct sequencing is employed, when a restriction enzyme site exists
within a repeated sequence, these tags are considered unreliable and
excluded. Accordingly, MSDS method is not able to measure repeated
sequences. The difference between MSCC and MSDS is the combina-
tion of methylation-sensitive enzymes used. MSCC uses the Hpall
enzyme, while MSDS uses three enzymes (BssHII, Eagl and Sacll).
Methods that make use of methylation-sensitive restriction enzymes
are limited to profiling the methylation of these enzyme's recognition
sites, suggesting that use of enzymes that cleave at a greater number of
sites is advantageous. The Hpall and Mspl enzymes are four base
encoding enzymes, and the recognition site of each enzyme contains
one CpG dinucleotide within an identical recognition sequence, CCGG.
Hpall cleaves only at unmethylated sites, whereas Mspl cleaves both
methylated and unmethylated sites. In silico analyses reveal that there
are approximately two million recognition sites for these enzymes
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Fig. 4. Correlation between the extent of methylation within DMRs and the level of expression of the associated gene. We selected five genes containing DMRs in close proximity to
the TSSs: TACC1, TNFSF9, CLDN1, NELL1, and PLEKHC1 (FERMT2). The panel to the left shows relative MSDS tag counts (circles) at the relevant sites within each gene in each cell line.
A black box around the two circles represents the position of the DMRs that were selected. The panel on the right shows the relative expression of each gene in each cell line.

within the human genome. The MSDS method reported here makes
data analysis simpler because it results in analysis of fewer sites and
therefore fewer tags.

Within the data obtained via the MSDS methods, zero tag count or
un-hit sites made up about 40-50% of the uninformative sites. These
sites may be fully methylated or just false negative. The use of enzymes
that recognize six-base target sequences obviates the need for a
comparison target, as is the case when evaluating Mspl against Hpall.
To verify this, we performed bisulfite sequencing at 44 CpG sites that
gave rise to a MSDS tag count of zero. We found that 41 of the 44 sites
were highly methylated. This finding suggests that the bias due to PCR or
cleavage efficiency of the restriction enzymes was small, and that the
number of sequence tag counts was enough to cover the total restriction
enzyme sites. At the same time, this false negative rate is considered low.
Under the MSDS method, we determined the cut-off values for poorly,
moderately and highly methylated sites, based on the results of bisulfite
sequencing. The depth of the MSDS sequence affects the cut-off values,
and deeper sequencing coverage should improve accuracy, as is the case
with the MSCC method [35]. Quantitative information was based on the
comparison between bisulfite sequencing data and MSDS tag counts in

Fig. 1E. The reliability of these data might be affected by imperfect
cleavage by BssHII, Eagl and Sacll enzymes or a bias derived from the
PCR amplification used in MSDS. However, the cutting efficiency of these
enzymes was verified, and only a limited number of PCR cycles were
used to make the construct.

The MSDS method was able to detect the difference between highly
methylated and poorly methylated sites. In the process of the
carcinogenesis, DNA methylation is changed in many ways. MSDS was
unable to detect minor changes (10-20%) in DNA methylation. However,
the MSDS method was able to detect large changes in DNA methylation
(e.g. a change from 0-20% methylation to 80-100% methylation).

The MSDS method is a robust means of detecting global DNA
methylation. This method has the potential to provide novel insight
into the functional complexity of the human genome, and may also
serve as a basis for the diagnosis of diseases such as cancer.

5. Accession number

MSDS tags have been deposited in the NCBI Short Read Archive
under the project accession SRA028119. Expression tags for HT29 and
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HCT116 cell lines have been deposited in NCBI Short Read Archive
under the project accessions SRA002659 and SRA028119, respectively.

Supplementary materials related to this article can be found online
at doi:10.1016/j.ygeno.2011.07.003.
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introduction

Polymerase chain reaction (PCR) is a commonly used technique
in molecular biology. Scveral previously developed methods have
employed multiplexed PCR in order to analyze genomic variations
such as microsatellites or short tandem repeats (STRs), single
nucleotide polymorphisms (SNPs) and insertions/deletions [1-3].
Multiplexed preparation of DNA templates in a single reaction is
cost-cffective, saving starting materials and run-time, while
requiring careful optimization of assay conditions. The optimiza-
tion process is highly cmpirical and time consuming, and
depending on the combinations of markers, may or may not lead

to successful assay development. For the conventional design of

multiplex PCR, optimization of rcaction conditions and carcful
pre-sclection of targets are required in order to prevent excessive
off-target priming by the numerous primers in the reaction.
Moreover, the risk of generating errors in multiplex PCR, such as
insufficient amplification, biased amplification and considerable
primer-dimer formation within primers, tends to increase roughly
as the square of the number of added primer pairs [4].

There arc several approaches to resolving these drawbacks,
including solid-phasc assay formats (glass slide arrays, microbcads),
oligonucleotides containing locked nucleic acid (LNA) residues and

circularized amplification. Primers immobilized on the surface of

the solid phase appear to markedly increase product yicld on solid
supports and may avoid the need for target pre-sclection with a

@ PLoS ONE | www.plosone.org

modification to enrich the input genomic DNA via a crude
solution-phase multiplex PCR [5,6]. LNA pentamers showed high
priming efficiency to achieve small biased priming in multiplex
PCR [7]. CGircularized amplification avoids gencrating artifacts
associated with conventional multiplex PCR where two primers
arc used for cach target [8]. This procedure was shown to perform
a 96-plex amplification of an arbitrary set of specific DNA
sequences. The arrayed primer extension-based genotyping
method (APEX-2) allows efficient homogencous 640-plex DNA
amplification with locus-specific primers [9]. These approaches
show cffective consequences for multiplex amplification, however,
a small number of approaches are practically used in the ficld of
molecular genetics, presumably due to its cost and time consuming
steps in preparation.

We developed the DigiTag?2 assay for multiplex SNP typing as a
simple and cost effective approach by combining multiplex PCR to
cenrich genetic regions including the target SNPs and an oligonucle-
otide ligation assay to encode all of the SNP genotypes into well-
designed oligonucleotides designated DNA coded numbers (DCNs)
[10]. For an effective primer design for multiplex PCR, there are.
several important physical propertics for primer sequences, including
melting temperature, Gibbs energy of duplex between primer and
template, and interactions between primers and PCR amplicons. The
DNA polymerase enzyme used in a multiplex PCR is one of the
important factors for a successful unbiased amplification.

January 2012 | Volume 7 | Issue 1 | €29967



The DigiTag2 assay is a suitable approach to analyze an
intermediate number of SNPs (tens to hundreds of locus) in the
replication study after genome wide association study [11-12].
However, the most time consuming step for the DigiTag?2 assay in
a total running tme of 13 hours is multiplex PCR for target
preparation (5.5 hours). Here, we report an improved protocol for
the DigiTag? assay with a short-acting multiplex PCR through the
usc of Kapa 2GFast HotStart DNA polymerase, which reduces
total running time and increases assay throughput. In this study,
we also validate the applicability of the 192-plex PCR with locus
specific primers to amplify the target regions from genomic DNA,
which leads to save genomic DNA samples.

Methods
DNA samples

Genomic DNA samples from 96 unrelated healthy donors were
obtained from the Japan Health Science Rescarch Resources Bank
(Osaka, Japan). All donors provided written informed consent and
samples were anonymized. One microgram of purified genomic
DNA was dissolved in 100 pl of TE buffer (pH 8.0) (Wako, Osaka,
Japan), followed by storage at —20°C until use.

Primer design

A total of 192 pairs of primer were designed using the Visual
OMP software version 7.1.0.0 (DNA software, Ann Arbor, MI,
USA) with relatively long length (35-45-mer; average, 39.5-mer)
to give amplicon sizes between 312 bp and 995 bp (average,
589 bp), cach of which had an SNP site (Table S1). Prediction of
DNA melting temperature was calculated using nearest-neighbor
thermodynamic models. To avoid spurious amplification products,
we employed a two-step protocol (denature and extension steps)
using specifically designed” primer pairs with an  extension
temperature at 68°C. The specificity of primer sequences was
verified by Blat scarch in order to predict its location(s) on the
human genome (GRCh37), and to confirm no unexpected SNP(s)
within the primer sequence. The specificity of primer pairs was
verified using MFE primer software, which can predict potential
amplicon(s) generated from the human genome (GRCh37, up to
5kb in amplicon size) [13]. All oligonucleotides (de-salted,
100 pmol/pl in TE (10 mM Tris-HCI, pH 8.0, 1 mM EDTA))
were purchased from Life Technologies (Carlshad, CA, USA), and
were stored at —20°C.

Multiplex PCR with Kapa 2GFast HotStart DNA

polymerase

Multiplex PCR mix had a final volume of 10 pl, including
10 ng of genomic DNA, 25 nM cach primer, 1.5x KAPA2G
Buffer (including 2.25 mM Mg*"), an additional 2.25 mM Mg
(final concentration of Mg?*: 4.5 mM), 0.2 mM dNTPs and 0.4 U
of Kapa 2GFast HotStart- DNA polymerase (Kapa Biosystems,
Woburn, MA, USA). PCR amplification was conducted using a
TGradient (Biometra, Gottingen, Germany) or PTC-225 (M]J
Research, Waltham, MA, USA) as follows: 95°C for 3 min,
followed by 40 cycles of 957C for 15 s and 68°C. for 2 min. When
necessary, the fragment length of PCR products was confirmed by
capillary electrophoresis {Agilent 2100 Bioanalyzer, Agilent, Santa
Clara, CA, USA) in order to cvaluate PCR efficiency. The total
running tmes for multiplex PCR with Kapa 2GFast HotStart
DNA polymerase using TGradient and PTC-225 were 1 h 48 min
55 s and 2 h 6 min 59 s, respectively.

@ PLoS ONE | www.plosone.org
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Multiplex PCR with QIAGEN Multiplex PCR Kit

Multiplex PCR mix had a final volume of 10 ul, including
10 ng of genomic DNA, 25 nM cach primer, 1 x Multiplex PCR
Buffer (including 3.0 mM Mg®), 0.2 mM dNTPs and HotStar-
Taq DNA polymerase (QIAGEN Multiplex PCR Kit; QIAGEN,
Valencia, CA, USA). PCR amplification was conducted using a
TGradient or PTC-225 as follows: 95°C for 15 min, followed by
40 cycles of 95°C for 30 s and 68°C for 6 min. The total running
times for multiplex PCR with QIAGEN Multiplex PCR Kit using
TGradient and PTC-225 were 5 h 27 min 53 s and 5 h 46 min
39 s, respectively.

96-plex genotyping by the DigiTag2 assay

The DigiTag? assay performs multiplex SNP typing by
encoding all of the SNP genotypes into well-designed oligonucle-
otides, designated DNA coded numbers (Figure 1, DCNs: D1_4,
ED-1 and ED-2) [10]. The DCNs are assigned to the target SNPs
in an unconstrained manner; therefore, the DNA chips prepared
to read out the types of DCNs are universally available for any
type of SNP without optimization of assay conditions. The
DigiTag? assay proceeds in four steps; target preparation,
encoding, labeling and detection. k

( 1. Target preparation h
¥
r
;”?.f?"’///
g
{ SNP-i
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Figure 1. Schematic representation of the DigiTag2 assay. The
assay has four steps: target preparation, encoding, labeling and
detection. SNP genotypes are encoded into well-designed oligonucle-
otides, designated DNA coded numbers (DCNs: D1_i, ED-1 and ED-2).
D1_iis a variable sequence assigned to each SNP. Reverse complement
sequences are written by attaching the character ‘c’ before the
sequence name.

doi:10.1371/journal.pone.0029967.g001
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The encoding reactions had a final volume of 15 pl, including
0.5 pl of multiplex PCR products, 20 mM Tris-HCI, pH 7.6,
25 mM potassium acetate, 10 mM magnesium acetate, 10 mM
DTT, 1 mM NAD, 0.1% Triton X-100 (Ix Tagq DNA ligasc
buffer) with 0.33 nM of cach probe and 5 U Taq DNA ligasc
(New England BioLabs, Ipswich, MA, USA). Encoding reactions
were conducted using a TGradient or PTC-225 under the
following conditions: 95°C for 5 min, followed by 38°C for
15 min. The reaction was stopped by holding the temperature at
10°C.

The labeling reactions had a final volume of 12 pl, including
6 pl of ligation products, 0.5 pM cach labeled primer (Alexa555-
cED-1 and Alexa647-cED-2), 2.5 nM cach D1 primer (DI1_1),
50 mM KCl, 2 mM Mg2+, 0.1 mM DTT, 0.2 mM cach dNTP
(N=A, G, ), 0.1 mM ["H]-dTTP, 0.25 mg/ml activated salmon
sperm DNA (I1x FEx Tag Buffer) and 0.05 U of Ex Tag™
polymerase (TaKaRa, Shiga, Japan). Labecling reactions were
conducted using a TGradient or PTC-225 under the following
conditions: first held at 95°C for 1 min, followed by 30 cycles of
95°C for 30 s, 55°C for 6 min and 72°C for 30 s. The reaction
was stopped by holding the temperature at 10°C. Total running
times for labeling using TGradient and PTC-225 were 3 h 49 min
48 s and 4 h 8 min 48 s, respectively.

In the detection step, a hybridization mixture was prepared by
mixing 6.25 pl of labeling products with 8.75 pl of hybridization
buffer containing 0.5x SSC, 0.1% SDS, 15% formamide, 1 mM
EDTA and 3.125 finol of hybridization control (Alexa555-labeled
D1_100 and Alexab47-labeled D1_100). The hybridization
control was prepared for ensuring the hybridization step. Ten
microliters of hybridization mixturc was applied to cach block on
the universal DNA chip. Hybridization was carried out for 30 min
at 37°C. in a hybridization oven (ThermoStat plus; Eppendorf,
Ham, Germany). After hybridization, glass slides were washed in
washing buffer (0.1x SSC, 0.1% SDS) by shaking at 60 rpm for
3 min. Glass slides were consecutively washed in distilled water by
shaking at 60 rpm for 1 min and then dried up by centrifugation
at 500x g for 1 min. Hybridization images were scanned at
photomultiplier voltages of 400 V for Alexa555 and 480 V for
Alexa647 using a commercially available DNA chip scanner and
fluorescence image analysis was performed using commercially
available software (GenePix 40008 unit and GenePix Pro 4.1
softwarce package; Molccular Devices, Sunnyvale, CA, USA).

Labeling with Kapa 2GFast HotStart DNA polymerase

The labeling reactions with Kapa 2GFast HotStart DNA
polymerase had a final volume of 12 pl, including 6 pl of ligation
products, 0.5 uM cach labeled primer (Alexa555-cED-1 and
Alexab47-cED-2), 2.5 nM cach D1 primer (D1_1), 1.5 x KAPA2G
Buffer (including 2.25 mM Mg”"), an additional 2.25 mM Mg*"
(final concentration of Mg%: 4.5 mM), 0.2 mM dNTPs and 0.4 U
of Kapa 2GFast HotStart DNA polymerase. Labeling reactions
were conducted using a TGradient or PTC-225 under the
following conditions: first held at 95°C for 1 min, followed by 30
cycles of 95°C for 15 s, 55°C for 120 s and 72°C for 5s. The
reaction was stopped by holding the temperature at 10°C. The
total running times for labeling using TGradient and PTC-225
were 1 h 29 min 48 s and 1 h 48 min 34 s, respectively.

Results

Singleplex PCR using 192 pairs of locus-specific primers

Singleplex PCR was conducted under the same reaction
condition with multiplex PCR using 25 ng of genomic DNA to
ensure target amplicon detection and to confirm the emergence of
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extra bands (unexpected amplicons). Singleplex PCR with 192
pairs of locus-specific primers revealed that most of the primer
pairs are able to achieve sensitive detection (concentration of
target amplicon =5 nM) and specific amplification without extra
bands (concentration of unexpected amplicons <2 nM) except for
14 pairs of primers; low sensitivity (<5 nM) for 5 pairs of primers
(61, 99, 102, 189 and 191) and low specificity with extra bands
(=2 nM) for 9 pairs of primers (40, 56, 62, 70, 91, 106, 149, 173
and 174) (Figure 2 and Table 52). Five pairs among the 9 low-
specific primer pairs with extra bands (62, 70, 149, 173 and 174)
resulted from heteroduplex formation of target amplicons during
polyacrylamide gel clectrophoresis. Despite the presence of extra
bands, the remaining 4 pairs of low-specific primers had a target
amplicon with a detectable concentration =5 nM.

Validation of efficacy of 192-plex PCR by 96-plex
genotyping with the DigiTag2 assay

The DigiTag2 assay enables the simultancous analysis of 96
target SNPs in: (1) multiplex PCR with locus-specific primers to
amplify target genomic regions including target SNPs; (2) multiple
oligonucleotide ligation assay with locus-specific probes to
determine the genotype of cach SNP; and (3) hybridization to
the universal DNA chip tethered with probe sequences identical to
D1_i (23-mer) (Figure 1) [10]. The validity of 192-plex PCR was
assessed with 96 individual DNAs (population control samples) by
comparing two scts of 96-plex genotype calls acquired from 96-
plex PCR with those from 192-plex PCR (Table 1).

Conversion rate shows the proportion of successfully genotyped
SNPs with fewer than 3 undetected samples after excluding low-

~ quality genotyping data, which had more than 5 undetected SNPs

in a total of 96 SNPs. However, the composition of failed SNPs in
genotyping was not identical, and the conversion rate showed no
differences between 192-plex PCR and 96-plex PCR. For the 1st
sct of 96 SNPs, 7 SNPs among 10 failed SNPs were matched
between 192-plex PCR and 96-plex PCR, and for the 2nd set, 8
SNPs among the 9 failed SNPs were matched. The average call
rate for successfully genotyped SNPs was over 99.79% for both sets
of 96-plex genotyping, cven if 192-plex PCR products were
adopted for target preparation. Reproducibility was determined by
independent genotyping with 96 individuals twice. As a conse-
quence, four discordant genotype calls were observed in the
duplicated genotyping data. Concordance of genotype calls
between 192-plex PCR and 96-plex PCR was determined using
6,290 genotype calls for the 1st set and 7,884 genotype calls for the
2nd set. Consequently, 14,171 out of 14,174 genotype calls were
matched by comparison with 83 SNPs for the Ist set and 86 SNPs
for the 2nd set. In total, 3 discordant genotype calls were observed
(Figure 3).

Short-acting multiplex PCR by use of Kapa 2GFast
HotStart DNA polymerase

Kapa 2GFast HotStart DNA polymerase was employed to
perform multiplex PCR with the locus-specific primers for target
preparation in genotyping with the DigiTag?2 assay. To optimize
reaction conditions with Kapa 2GFast HotStart DNA polymerase,
singleplex PCR was conducted using 25 ng of genomic DNA with
three randomly chosen pairs of locus-specific primers. The
designed amplicon sizes for the three pairs of primers were
501 bp, 671 bp and 492 bp. We performed singleplex PCR using
a two-step protocol (denature and extension steps) with varied
extension periods (155, 305, 60 s and 120 s) and with varied
Mgwr concentrations (3.0 mM and 4.5 mM) (Figure 4). The most
sensitive detection and highest levels of amplification for the three
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Figure 2. Electropherogram of singleplex PCR products with 192 pairs of locus-specific primers. The designed amplicon size is depicted

below each lane.
doi:10.1371/journal.pone.0029967.g002

pairs of primers were observed with 120 s for the extension period
and 4.5 mM for the Mg®" concentration. The total running time
for multiplex PCR with locus-specific primers was less than
2 hours, which is about 3 h 30 min shorter than the previous
protocol (see MATERIALS AND METHODS).

The total running time of the DigiTag? assay was markedly
reduced when the labeling step was also conducted using Kapa

@ PLoS ONE | www.plosone.org

2GFast HotStart DNA polymerase instead of Ex Tag polymerase.
When the DigiTag?2 ‘assay was conducted with Kapa 2GFast
HotStart DNA polymerase for multiplex PCR and labeling step,
the total running time of the assay was about 7 hours, which is
about 6 hours shorter than the previously used protocol in
combination with QIAGEN Multiplex PCR Kit for multiplex
PCR and Ex Tag polymerase for the labeling step.
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Table 1. Validation of efficacy of 192-plex PCR by 96-plex-genotyping.

192-plex PCR

Call rate

concordance

Call rate

concordance

99.84% (7,728/7,740 genotype)

99.79% (8,074/8,091 genotype)

96-plex PCR

99.81% (6,695/6,708 genotype)

99.98% (6,289/6,290 genotype)

99.97% (7,882/7,884 genotype)

doi:10.1371/journal.pone.0029967.t001

Table 2 summarizes the quality parameters (conversion rate,
call rate, reproducibility and concordance) when genotyping was
conducted with 192-plex PCR or 96-plex PCR by usc of Kapa
2GFast HotStart DNA polymerase. The conversion rate was
slightly decreased when multiplex PCR was conducted in 192-plex
form. However, the conversion rates were better than those
observed when multiplex PCR was conducted with the QIAGEN
Multiplex PCR Kit. The composition of failed SNPs in genotyping
was not consistent for the 1st set of 96 SNPs, in which 4 SNPs were
matched between 192-plex PCR and 96-plex PCR. For the 2nd
set, a total of 8 failed SNPs in the 96-plex PCR were completely

matched to those in the 192-plex PCR. When the composition of

failed SNPs were compared between Kapa 2GFast HotStart DNA
polymerase and QIAGEN Multiplex PCR Kit, the Ist set had 5
matched SNPs in a total of 8 failed SNPs for 192-plex PCR, and 4
matched SNPs in 5 failed SNPs for 96-plex PCR. From the 2nd

96-plex PCR 192-plex PCR
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Figure 3. Scatter plots for three SNPs with 3 discordant
genotypes. Scatter plots in genotyping with 192-plex PCR and 96-
plex PCR are depicted side-by-side. The genotypes of discordant
samples are indicated in the scatter plots by arrows.
doi:10.1371/journal.pone.0029967.9003
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set, 5 SNPs in a total of 9 failed SNPs were matched when 192-
plex PCR was conducted and 4 SNPs in a total of 8 failed SNPs
were matched when 96-plex PCR was conducted. The average
call rate for successfully genotyped SNPs was over 99.76% for both
sets of 96-plex genotyping, even if 192-plex PCR products were
adopted for target preparation. The reproducibility was 100% for
the 2nd set; however, three discordant genotype calls were
observed for the lst sct. With regard to the concordance of
genotype calls between 96-plex PCR and 192-plex PCR, only one
discordant genotype call was observed in the comparison for the
Ist set, and no discordant genotype calls were observed in the 2nd
sct.

Table 3 shows the concordance rate in comparison with the
genotype calls by the use of Kapa 2GFast HotStart DNA
polymerase or QIAGEN Multiplex PCR Kit for multiplex PCR.
For the st set, there were 4 discordant genotype calls with 96-plex
PCR and 8 discordant genotype calls with 192-plex PCR. For the
2nd set of 96 SNPs, there was one discordant genotype call in
genotyping with 96-plex PCR and 192-plex PCR.

Discussion

The locus specific primers sufficiently worked in a multiplex
form under the same reaction conditions without any optimization
processes, cither 96-plex PCR or 192-plex PCR. We also found
that either 96-plex PCR or 192-plex PCR could be accomplished
within two hours through the use of Kapa 2GFast HotStart DNA
polymerase. The total running time of the DigiTag? assay was
shortened by 6 hours over the original 13-hour long protocol using
Kapa 2GFast HotStart DNA polymerase for both multiplex PCR
and the labeling step. The quality parameters (conversion rate, call
rate, reproducibility and concordance) observed in genotyping
with the new protocol were the same as those observed in the
original protocol using QIAGEN Multiplex PCR Kit for multiplex
PCR and Ex Tag polymerase for the labeling step. The DigiTag2
assay worked with a conversion rate of over 93.2% (179 / 192
SNPs), average call rate of over 99.80% (16,789/16,823
genotypes) and reproducibility of over 99.99% (16,135/16,136
genotypes) using 96-plex PCR under the new protocol. The
composition of successfully genotyped SNPs was different when
the genotype calls were acquired using the different polymerases
(Kapa 2GFast HotStart DNA polymerase and QIAGEN Multi-
plex PCR Kit), which would result from a varying amplification
bias in multiplex PCR. We also found that 192-plex PCR with
locus-specific primers worked in 96-plex genotyping with the

igiTag? assay, giving the same quality parameter data as thosc
observed in genotyping with 96-plex PCR. However, the
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Figure 4. Electropherogram of singleplex PCR products using Kapa 2GFast HotStart DNA polymerase. Singleplex PCR was performed
with varied extension periods (15's, 30 s, 60 s and 120 s) and with varied Mg?* concentrations (3.0 mM and 4.5 mM) using three pairs of locus-
specific primers. The designed amplicon size is depicted below each lane.

doi:10.1371/journal.pone.0029967.g004

composition of successfully genotyped SNPs was not consistent calls, the genotype calls were completely different depending on
between 192-plex PCR and 96-plex PCR, which may be the type of polymerasc. The genotype calls acquired using Kapa

explained by changing the interactions between primer pairs in 2GFast HotStart DNA polymerase were 100% concordant (6 of 6)
192-plex PCR and in 96-plex PCR. The composition of successful with those acquired by direct sequencing. This suggests that SNP
SNPs was not consistent when using different polymerases or allelic bias in PCR amplification readily occurred ‘with the
multiplex systems in the multiplex PCR, which casts some shadows QIAGEN Muldplex PCR Kit; however, the crror rate in
on the reliability of the assay. Regardless of the existing shadows, genotyping was only 0.04% (6 out of 14,886 genotypes). The
indeed, 96-plex and 192-plex PCR work with a high conversion remaining 7 discordant genotype calls were randomly observed in
rate in genotyping over 93.2%. To clear the existing shadows itis 1 out of 8 different conditions. This shows that the random error
necessary to continuously accumulate genotyping data. rates were almost equal in the genotype data acquired with both

In this study, fifteen discordant genotype calls were in total types of polymerases (4 out of 62,227 genotypes for QIAGEN
observed in the comparison of genotype calls with: i) duplicated Multiplex PCR Kit and 3 out of 66,008 gcnotypcs for Kapa
genotyping data; ii) genotyping data by use of 192-plex PCR and 2GFast HotStart DNA polymerase).

96-plex PCR; and iii) genotyping data with different types of Among the five low-sensitivity primer pairs found on singleplex
polymerascs (Table S3). Table S3 shows the genotype calls PCR (61, 99, 102, 189 and 191), no amplicons were detected by
acquired 8 times under different conditions. All fifteen discordant primer pair 189 and low concentrations (<5 nM) of amplicon
genotype calls were analyzed with direct sequencing, of which 13 were detected by the 4 other primer pairs (Table $2). Therefore,

genotype calls were determined. In 8 of 15 discordant genotype the SNP189 failed in genotyping, independently of the type of

Table 2. Validation of efficacy of 192-plex and 96-plex PCR with Kapa 2GFast HotStart DNA polymerase.

192-plex PCR 96-plex PCR

Call rate 99.84% (8,259/8,272 genotype) 99.76% (8,443/8,463 genotype)

concordance 99.99% (7,982/7,983 genotype)

Call rate 99.91% (8,171/8,178 genotype) 99.83% (8,346/8,360 genotype)

concordance 100% (8,161/8,161 genotype)

doi:10.1371/journal.pone.0029967.t002
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Table 3. Concordance of genotype calls between Kapa
2GFast HotStart DNA polymerase and QIAGEN Muitiplex PCR
Kit.

Kapa 2G

QIAGEN

192-plex PCR 99.89% (7,441/7,449 genotype)

192-plex PCR

~99.99% (7,700/7,701 genotype)

doi:10.1371/journal.pone.0029967.t003

polymerase and multiplicity in multiplex PCR (192-plex or 96-
plex). However, the SNP191, which was amplified by primer pair
191, was successfully genotyped only when the QIAGEN
Multiplex PCR Kit was used for the multiplex PCR. The
concentration of amplicon amplified by primer pair 99 was the
same as the 2.8 nM observed with the amplicon amplified by
primer pair 191. SNP99, which was amplified by primer pair 99,
was successfully genotyped independently of polymerase type and
multiplicity in multiplex PCR (192-plex or 96-plex). These results
suggest that the sensitivity in genotyping with Kapa 2GFast
HotStart DNA polymerase was lower than the previously used
protocol with QIAGEN Multiplex PCR Kit. These results would
be explained by a biased amplification with the shortened protocol
using Kapa 2GFast HotStart DNA polymerase, which tends to
lead to a consequent biased genotyping. However, the investigated
number of primer pairs would not be sufficient to decide the
sensitivity in genotyping; therefore, it is necessary to continuously
accurnulate genotyping data. As the investigated number of primer
pairs was only 192 (384 primers) in this study, melting temperature
of cach primer and the number of potential amplicons predicted
by the MFE primer softwarc were strongly associated with low
sensitivity and low specificity in an amplification, respectively
(multiple  rcgression  analysis, P=1.26x10"% and P=
1.52x1077", respectively).
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Through the use of Kapa 2GFast HotStart DNA polymerase,
the genotype calls for 96 SNPs can be acquired in about 7 hours
by the DigiTag2 assay. The genotyping platform with high
conversion rate plays an important role for the replication studics
to identify the discase associated genes from candidate loci found
in the GWAS (genome-wide association study). The DigiTag?2

- assay with an improved protocol will be an cfficient platform for

screening an intermediate number of SNPs (tens to hundreds of
sites) in the replication studies. Because of limitations in the
variation of DNA coded numbers (DCNs), 192-plex genotyping is
not available for the current DigiTag? assay. However, 192-plex
PCR can save genomic DNA samples and time for target
preparation.  Morcover, 192-plex PCR is also available for
dircct-sequencing and other PCR-based assays to amplify the
target regions from genomic DNA.

Supporting Information

Table S1 Sequence information of 192 pairs of locus
specific primer.

(XLSX)

Table S2 Results of singleplex PCR with 192 pairs of
locus specific primer.

(XLSX)

Table 83 The 15 discordant genotype calls in 8 different
conditions.

(XLSX)

Acknowledgments

We would like to thank M. Takasu for technical support, and H. Adachi,
N. Tabei and J. Fujimiya (Dynacom Co., Ltd.) for assistance with primer
and probe design.

Author Contributions

Conceived and designed the experiments: NN K. Performed the
experiments: YM MS. Analyzed the data: NN YM MS. Contributed
reagents/ materials/analysis tools: NN YM MS. Wrote the paper: NN KT

8. Dahl I, Gultberg M, Stenberg J, Landegren U, Nilsson M (2005) Multiplex
amplification enabled by selective circularization of large sets of genomic DNA
fragments. Nucleic Acids Res 33: ¢71.

9. Krjutskov K, Andreson R, Magi R, Nikopensius ‘I, Khrunin A, et al. (2008)
Development of a single tube 640-plex genotyping method for detection of
nucleic acid variations on microarrays. Nucleic Acids Res 36: ¢75.

10. Nishida N, Tanabe T, Takasu M, Suyama A, Tokunaga K (2007) Further
development of multiplex single nucleotide polymorphism typing method, the
DigiTag? assay. Anal Biochem 364: 78-85.

11, Tanaka Y, Nishida N, Sugiyama M, Kurosaki M, Matsuura K, ct al. (2009)
Genome-wide association of 1L28B with responsc 1o pegylated interferon-alpha
and ribavirin therapy for chronic hepatitis C. Nat Genet 41: 1105-1109.

12, Miyagawa T, Kawashima M, Nishida N, Ohashi ], Kimura R, et al. (2009)
Variant between CPTIB and CHKB associated with susceptibility to
narcolepsy. Nat Genet 40: 1324-1328.

13. Qu W, Shen 7, Zhao D, Yang Y, Zhang C (2009) MFEprimer: multiple factor
evaluation of the specificity of PCR primers. Bioinformatics 25: 276-278.

January 2012 | Volume 7 | Issue 1 | e29967



