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Genome-wide DNA methylation profiling using 
Infinium® assay

In the recent years, the Human Epigenome 
Project (HEP) was initiated with one of the 
major goals to identify, catalogue and interpret 
genome-wide DNA methylation patterns of all 
human genes in all major tissues [101]. The suc-
cess of this project depends on the development 
of novel strategies to analyze DNA methylation 
state across the human genome and generate 
detailed maps of the DNA methylome.

Changes in patterns of the cytosine methyl-
ation play a critical role in the regulation of gene 
expression [1,2], and may play an important role in 
cell fate specifications. Methylation in the human 
genome is generally limited to 5-methyl cytosine 
in the context of CpG sites. Various techniques 
for DNA methylation profiling were developed 
in the last two decades. These methods can be 
broadly divided into three main categories based 
on how the methylation status is interrogated: dis-
crimination of bisulfite-induced C to T transition 
[3–9]; cleavage of genomic DNA by methylation-
sensitive restriction enzymes [10–14]; and immuno-
precipitation with methyl-binding protein or 
antibodies against methylated cytosines [15,16].

Each of these applications has its limitations. 
Methylation-sensitive restriction enzymes do 
not allow random access to specific sequences 
and cannot interrogate every CpG site; how-
ever, approximately a third of all CpGs in the 
genome can be assayed using a combination of 
enzymes [13] and, in combination with a high-
density array readout can provide a powerful 
approach for genome-wide methylation profiling. 
The immunoprecipitation method overcomes the 
sequence-dependent limitation of all restriction 
digestion-based approaches, but cannot provide 
methylation information at single-base resolution 
for any targeted sequence. The challenges for the 
bisulfite-based approach lies in dealing effec-
tively with the reduced genome complexity of the 
bisulfite-converted genome. The main remain-
ing technical hurdles are the target-specific probe 
selection and hybridization specificity, which can 
be improved by incorporation of an enzymatic 
discrimination step, such as oligo ligation [17] and 
allele-specific extension [18], thus allowing mul-
tiplexed profiling of CpG methylation status in 
several hundred genes. Recent technical advances 

Aims: Bisulfite sequence ana lysis of individual CpG sites within genomic DNA is a powerful approach for 
methylation ana lysis in the genome. The major limitation of bisulfite-based methods is parallelization. 
Both array and next-generation sequencing technology are capable of addressing this bottleneck. In this 
report, we describe the application of Infinium® genotyping technology to analyze bisulfite-converted 
DNA to simultaneously query the methylation state of over 27,000 CpG sites from promoters of consensus 
coding sequences (CCDS) genes. Materials & methods: We adapted the Infinium genotyping assay to 
readout an array of over 27,000 pairs of CpG methylation-specific query probes complementary to bisulfite-
converted DNA. Two probes were designed to each CpG site: a ‘methylated’ and an ‘unmethylated’ query 
probe. The probe design assumed that all underlying CpG sites were ‘in phase’ with the queried CpG site 
due to their close proximity. Bisulfite conversion was performed with a modified version of the Zymo EZ 
DNA MethylationTM kit. Results: We applied this technology to measuring methylation levels across a panel 
of 14 different human tissues, four Coriell cell lines and six cancer cell lines. We observed that CpG sites 
within CpG islands (CGIs) were largely unmethylated across all tissues (~80% sites unmethylated, b < 0.2), 
whereas CpG sites in non-CGIs were moderately to highly methylated (only ~12% sites unmethylated, 
b < 0.2). Within CGIs, only approximately 3–6% of the loci were highly methylated; in contrast, outside 
of CGIs approximately 25–40% of loci were highly methylated. Moreover, tissue-specific methylation 
(variation in methylation across tissues) was much more prevalent in non-CGIs than within CGIs. Conclusion: 
Our results demonstrate a genome-wide scalable array-based methylation readout platform that is both 
highly reproducible and quantitative. In the near future, this platform should enable the ana lysis of 
hundreds of thousands to millions of CpG sites per sample. 

KEYWORDS: bisulfite n CCDS n CpG n DNA array n DNA methylation n Infinium® Marina Bibikova1, 
Jennie Le1, Bret Barnes1, 
Shadi Saedinia-Melnyk1, 
Lixin Zhou2, 
Richard Shen1 & 
Kevin L Gunderson1†

†Author for correspondence: 
1Illumina, Inc., 9885 Towne 
Centre Dr., San Diego,  
CA 92121, USA 
Tel.: +1 858 202 4591 
kgunderson@illumina.com
2State Key Laboratory of 
Medical Genetics, Central 
South University, 110 Xiangya 
Road, Changsha, Hunan 
410078, PR China

For reprint orders, please contact: reprints@futuremedicine.com



technology RepoRt Bibikova, Le, Barnes et al.technology RepoRt Bibikova, Le, Barnes et al.

Epigenomics (2009) 1(1)178 future science group

Genome-wide DNA methylation profiling using Infinium® assay technology RepoRt

in array and genotyping technology are leading 
to development of more comprehensive, high-
resolution genome-wide methods for epigenomic 
ana lysis [19–22]. Microarray-based DNA methyla-
tion profiling technologies have been developed to 
access the methylation status for a large number 
of genes or the entire genome. In this report, we 
describe the application of the Infinium® (East 
Sussex, UK) assay and BeadArrayTM technology 
to the development of the Infinium Methylation 
assay, which enables a genome-wide high-
throughput quantitative methylation profiling 
of the human genome. 

Materials & methods
We analyzed 14 normal tissues, six human can-
cer cell lines and four B-lymphocyte non cancer 
cell lines. DNA from normal breast, ovary, pros-
tate, kidney, liver, spleen, testis, stomach, lung, 
heart, brain, pancreas, skeletal muscle, colon 
and human cancer cell lines A431, HeLa, Jurkat, 
K-562, MCF-7 and Raji were purchased from 
BioChain Institute (CA, USA). DNA samples 
NA06999, NA07033, NA10923 and NA10924, 
were purchased from the Coriell Institute for 
Medical Research (NJ, USA).

Mung bean nuclease (Cat. No. M0250L) 
and CpG methyltransferase (M.SssI, Cat. 
No. M0226L) were purchased from New 
England BioLabs® (MA, USA). The EZ DNA 
Methylation™ kit for bisulfite conversion of 
genomic DNA (Cat. No. D5001) was from 
Zymo Research (CA, USA). REPLI-g® Mini 
Kit (Cat. No. 150025) from QIAGEN (Hilden, 
Germany) was used for the whole-genome ampli-
fication. We used the TOPO® TA Cloning® Kit 
for Sequencing (Cat. No. K457501, Invitrogen, 
CA, USA) for cloning and amplification of 
fragments used in bisulfite sequencing.

 n Bisulfite conversion of  
genomic DNA
For bisulfite conversion, we used the EZ DNA 
Methylation kit from Zymo Research. We 
tracked the bisulfite conversion efficiency by 
monitoring BS-conversion controls on our 
Infinium Methylation 27k BeadChip. These 
controls were designed to monitor the conver-
sion efficiency of a C to U base in a defined 
genomic HindIII site. This site was originally 
chosen to provide a gel-based quality control 
of bisulfite conversion efficiency. This site is 
flanked by PCR primer sites devoid of cytosines 
enabling an agnostic PCR amplification and 
simple HindIII restriction digest to evaluate BS 
conversion efficiency. Similarly, the Infinium 

query probe hybridized to a genomic sequence 
devoid of Cs. The genomic sequence is: AGAT-
ATGGGTATTATTTTGGAGAGCATAGG
ACTAGAATGTAATCaagcttGAGGAAGAG
AGTAAAGAAATGGTGGAATGGAGATG
ATAG. The corresponding PCR primers are: 
(5´-AGATATGGGTATTATTTTG GAGA-3´ 
and 5´-C TATC ATC TCC AT TCC AC-
CATT-3´), and the Infinium Methylation query 
probes are: TCTTTATACTATCATCTCCAT
TCCACCATTTCTTTACTCTCTTCCTCA
A[A/G]. 

For optimized bisulf ite conversion, we 
employed 500 ng of genomic DNA and fol-
lowed the manufacturer’s protocol for the Zymo 
EZ DNA Methylation kit (kit #D5001) [102]. 
Namely, DNA was denatured by the addition of 
Zymo M-Dilution buffer (contains NaOH) and 
incubated for 15 min at 37°C. CT-conversion 
reagent (bisulfite-containing) was added to the 
denatured DNA and incubated for 16 h at 50°C 
in a thermocycler and denatured every 60 min 
by heating to 95°C for 30 s (please note: the 
manufacturer’s current protocol is based upon 
Illumina’s feedback to Zymo Research that 
bisulfite conversion efficiency can be improved 
by incorporating a cyclic denaturation protocol 
during the process of conversion).

After bisulfite conversion, the DNA was 
bound to a Zymo spin column and desulfonated 
on the column using M-desulfonation reagent 
per manufacturer’s protocol. The bisulfite-
converted DNA was eluted from the column in 
10 µl of elution buffer. 

For the Infinium Methylation Assay, 4 µl of 
converted product (~150 ng) was used in the 
whole-genome amplification (WGA) reaction. 
The Infinium Methylation Assay amplification 
and BeadArray protocols followed the Infinium 
Methylation Assay Experienced User Cards 
protocols. In brief, bisulfite-converted DNA 
was transferred to a new plate, denatured, neu-
tralized and incubated at 37°C overnight for 
amplification. After amplification, the DNA 
was fragmented enzymatically, precipitated 
and resuspended in RA1 hybridization buffer. 
All subsequent steps were performed following 
the standard Infinium protocol. Fragmented 
DNA was dispensed onto the multisample 
HumanMethylation27 BeadChips, and hybrid-
ization performed in an Illumina Hybridization 
oven for 20 h. BeadChips were washed, primer 
extended, and stained per instructions. Finally, 
BeadChips were coated and then imaged 
on an Illumina BeadArray Reader. Images 
were processed with BeadStudio software 
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(version 3.1.3.0) and methylation module (ver-
sion 3.2.5) using the HumanMethylation27 
270596 manifest (internal version).

 n Generation of genomic  
DNA reference standards for 
methylation ana lysis 
Unmethylated (U), hemi-methylated (H) and 
methylated (M) genomic reference standards 
were created from standard Coriell genomic 
DNA (gDNA; see Materials section). A total 
of 50 ng of gDNA (Coriell NA06999 and 
NA10924) was 100-fold amplified with the 
REPLI-g Mini Kit (Part No. 150023, QIAGEN) 
following manufacturer’s recommendations. 
Several reactions were carried out in parallel to 
generate enough material for the downstream 
processes. Amplified material was ethanol pre-
cipitated and re-suspended in TE buffer, followed 
by mung bean nuclease treatment to remove 
single-stranded DNA. Briefly, 2 µg of amplified 
DNA was incubated with 16 units of mung bean 
nuclease (New England Biolabs) in 1× NEB-2 
buffer in a total reaction volume of 20 µl at 30°C 
for 1 h. The reaction was stopped by adding 0.5 
M EDTA to 10 mM final concentration, heating 
to 65°C for 15 min and then ethanol precipitat-
ing. This whole-genome amplified, mung bean 
nuclease-treated NA06999 DNA served as the 
U reference. The NA10924 DNA was similarly 
processed and then methylated with M.SssI 
(CpG methyltransferase from New England 
Biolabs). Namely, 2 µg of whole-genome ampli-
fied, mung bean nuclease-treated NA10924 
DNA was incubated with 6 units of M.SssI 
and 640 µM S-adenosylmethionine (SAM) in 
NEB-2 buffer (w/o MgCl

2
) in total reaction vol-

ume of 50 µl at 37°C for 2 h. 10× NEB-2 buffer 
consists of 500 mM NaCl, 100 mM Tris-Cl (pH 
7.9), 10 mM MgCl

2
, and 10 mM dithiothreitol. 

M.SssI was inactivated by heating to 65°C for 
15 min, and the sample was ethanol precipitated 
and re-suspended in TE buffer. The H reference 
was created by mixing U (NA06999) and M 
(NA10924) in a 1:1 stoichiometric ratio. 

 n Bisulfite sequencing
Methylation status of selected CpG sites was 
examined by bisulfite sequencing. Primers 
for the CD44 gene (forward: 5´-GAAA-
GG AG AGGT TA A AGGT TG A AT T-3´; 
reverse: 5́ - AATTTTAAAAAATAACAACC-
CTCCC-3´) were designed flanking the CpG 
sites of interest (cg08530414, cg17640322, 
cg01879488 and cg08606356) using 
MethPrimer software [103]. The PCR amplified 

fragments were cloned into the pCR4-TOPO 
Vector (Invitrogen) followed by transforma-
tion into Escherichia coli TOP10 competent cells 
(Invitrogen). Transformants containing recom-
binant plasmids were selected by blue/white 
colony screening. PCR inserts were directly 
amplified from the white colonies in the reac-
tion mixture (35 µl) containing 3.5 µl GeneAmp 
10× PCR buffer (Applied Biosystems), 1.5 units 
of AmpliTaq Gold® (Applied Biosystems), 
1.5 mM MgCl2, 200 nM of dNTP and 
200 nM each of M13 primers (Forward: 
5́ -GTAAAACGACGGCCAGT-3´ and Reverse: 
5́ -CAGGAAACAGCTATGAC-3´). The PCR 
reaction was subject to an initial heat denatur-
ation step of 94°C for 10 min followed by 35 
PCR cycles with each cycle consisting of 30 s 
at 94°C, 30 s at 50°C and 30 s at 72°C. After 
completion of the 35 amplification cycles, a final 
5 min extension at 72°C was performed. The 
PCR products were sequenced by Agencourt 
Bioscience Corporation (MA, USA).

Results
 n Array content selection

There are over 28 million CpG sites in the 
human genome. Using a set of empirical 
rules, we bioinformatically designed Infinium 
methylation probes to over 16 million of these 
CpG loci. For an initial demonstration of the 
Infinium Methylation assay, we selected a set 
of 27,578 CpG sites located within the proxi-
mal promoter regions (1 kb upstream and 500 
bases downstream of transcription start sites 
(TSSs) of 14,475 consensus coding sequences 
(CCDS) genes and well-known cancer genes 
[104]. In addition, we included 254 assays across 
110 miRNA promoters. On average, we selected 
two assays per CCDS gene and from 3–20 CpG 
sites for over 200 cancer-related and imprinted 
genes (Supplementary table 1). Within promoter 
regions, assays were preferentially designed to 
sites within CpG islands whenever possible. We 
employed a NCBI ‘relaxed’ definition for CpG 
islands (CGIs) identified bioinformatically as 
DNA sequences (200 base window) with a GC 
base composition greater than 50% and a CpG 
observed/expected ratio [o/e] of more than 0.6 
[23,24,105]. Using this relaxed definition, 60% of 
CCDS genes contain one or more CGI, and 
40% contained no CGI. 

 n Probe design
There are several challenges in designing 
Infinium assay probes to query the state of a 
CpG site in bisulfite-converted DNA. Since 
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most of the cytosines in the genome are con-
verted to uracils, the uniqueness of any given 
sequence within the bisulfite converted genome 
decreases dramatically, potentially affecting 
specificity, and the fact that opposite strands are 
no longer complementary reduces the effective 
concentration of any given locus by a factor of 
2. Nonetheless, we found that, in general, the 
specificity and sensitivity of the Infinium assay 
was sufficient to read out the requisite loci.

We adapted the Illumina Infinium I Whole 
Genome Genotyping (WGG) assay for measur-
ing CpG methylation using quantitative ‘geno-
typing’ of bisulfite-converted genomic DNA. 
Bisulfite treatment of DNA converts unmethyl-
ated cytosines into uracil, and methylated cyto-
sines remain unchanged. This C/T variant in the 
bisulfite-converted DNA can be queried using a 
standard methylation-specific assay design con-
sisting of two probes per CpG locus: an ‘unmeth-
ylated’ and ‘methylated’ query probe (Figure 1). The 
3´ terminus of the probe was designed to match 
either the protected cytosine (methylated design) 
or the uracil base resulting from bisulfite conver-
sion (unmethylated design). The major challenge 

with locus-specific probe or array-based methyla-
tion assays is how to design the probe sequence 
to accommodate under lying CpG sites. For our 
current probe design, we assumed methylation 
is regionally correlated, and resolved underlying 
CpG sites to be in phase with the ‘methylated’ 
(cytosine) or unmethylated’ (uracil) query site 
[25]. The co-methylation assumption is based on 
the paper by Eckhardt et al. in which they bisul-
fite sequenced chromosomes 6, 20 and 22 [25,26]. 
Our probes have a span of 50 bases, and within 
this distance, methylation should be highly cor-
related. There are likely to be exceptions to this 
regional methylation rule. Nonetheless, although 
deviations from this hypothesis may affect the 
accuracy of the quantitative measurement, dif-
ferential methylation measurements should still 
be valid.

 n Methylation controls
To assess the overall functionality of the 27k 
assays and to generate a standard curve, we cre-
ated three gDNA methylation reference stan-
dards: unmethylated (U), 50% hemi-methylated 
(H), and a 100% methylated (M) gDNA control. 
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Figure 1. Infinium Methylation assay scheme. Nonmethylated cytosines (C) are converted to uracil 
(U) when treated with bisulfite, while methylated cytosines remain unchanged. Genomic DNA is 
bisulfite converted and whole-genome amplified using Infinium protocol. We make an assumption 
that adjacent CpG sites tend to be co-methylated or co-demethylated. Each CpG locus is represented 
by two bead types. One bead type (U) presents a probe that is designed to match to the unmethylated 
site; the second bead type (M) matches the methylated state. (A) On the left side of this figure, the 
locus of interest is unmethylated. It matches perfectly with U probe, enabling single-base extension 
and detection. The unmethylated locus has a single-base mismatch to the M probe, inhibiting 
extension that results in low signal on the array. (B) If the CpG locus of interest is methylated, the 
reverse occurs: the M bead type will display a signal, and the bead type will show a low signal on the 
array. If the locus has an intermediate methylation state, both probes will match the target site and will 
be extended. Methylation status of the CpG site is determined by the b-value calculation, which is the 
ratio of the fluorescent signals from the methylated probe to the total locus intensity.
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These three reference standards were created by 
in vitro demethylation (amplification-based) 
and methylation (M.SssI) of standard Coriell 
gDNA. Unmethylated gDNA was created by 
subjecting approximately 50 ng of Coriell gDNA 
to 100-fold whole-genome amplification (with 
Repli-G Mini kit) resulting in an output of 
5–8 µg of amplified sample. Limiting the whole-
genome amplification reaction to 100-fold ampli-
fication minimized representation bias (data not 
shown). The whole-genome amplified DNA 
from Coriell cell lines NA06999 and NA10924 
was subjected to mung bean nuclease treatment 
to remove single-stranded DNA and create the 
unmethylated reference sample (U). The resul-
tant NA10924 unmethylated DNA was treated 
with SssI methylase, which globally methylates 
all double-stranded CpG sites, to create a nearly 
completely methylated reference standard (M). 
The hemi-methylated reference standard was cre-
ated by mixing equal proportions of U (NA0999) 
and M (NA10924) reference standards. These 
three validation standards were run on the 
Infinium 27k methylation array, and the corre-
sponding methylation values (b = intensity[M] 
/(intensity[U] + intensity[M]) extracted. The 
distribution of b-values are consistent with the 

three reference standards with the unmethylated 
(U) standard showing low b-values, the hemi-
methylated (H) standard showing intermedi-
ate b-values, and the methylated (M) standard 
having high b-values (Figure 2). 

 n Bisulfite conversion optimization
The Infinium assay employs whole-genome 
amplification and requires relatively intact DNA. 
Since all DNA present in the reaction will be 
amplified, it is important that bisulfite conversion 
is efficient yet minimizes DNA fragmentation. 
We evaluated several commercial bisulfite conver-
sion kits and assessed the efficiency of conversion 
by monitoring a cytosine located in a HindIII 
site within the genome (see Methods section). 
We chose this particular HindIII site to enable a 
simple restriction enzyme (HindIII) digestion of 
a PCR product to monitor conversion efficiency. 
Furthermore, the PCR primers to this site were 
designed to be agnostic to the conversion effi-
ciency. The upstream primer has no Gs, and the 
reverse complement downstream primer has no 
Cs. During the assay optimization we also moni-
tored conversion efficiency by using a large set 
of probes complementary to bisulfite-converted 
DNA or unconverted gDNA. 
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Figure 2. Reference samples for methylation ana lysis. Unmethylated (U), hemi-methylated (H), 
and methylated (M) reference standards were created from Coriell genomic DNA samples. 
Unmethylated gDNA was created by 100-fold whole-genome amplification of gDNA NA06999 and 
NA10924. The NA10924 amplified sample was treated with mung bean nuclease to remove  
single-stranded DNA, and then methylated with SssI methylase (M). The hemi-methylated reference 
was created by mixing U (NA06999) and M (NA10924) in a 1:1 ratio, and validated by genotyping.
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We compared conversion ef f iciency 
between the standard protocol for the EZ 
DNA Methylation kit (Zymo Research) and 
the revised protocol using a precursor to the 
HumanMethylation27 array that contained 
a large number of probes to unconverted 
gDNA (data not shown). We also tested a 
number of other bisulfite conversion kits, but 
chose the optimized protocol for the EZ DNA 
Methylation kit based upon the array intensities 
and ratio of bisulfite-converted to unconverted 
signal intensities. The signal from the uncon-
verted DNA may be elevated due to its enhanced 
amplification in the Infinium WGA assay, since 
more intact DNA amplifies more efficiently than 
degraded DNA. 

In summary, we optimized the efficiency 
of the EZ DNA Methylation bisulfite conver-
sion kit from Zymo Research using a cyclic 
denaturation protocol in which the gDNA was 
denatured at 95°C every hour for 30 s during 
the 16 h 50°C treatment process. Surprisingly, 
we found that this limited heat treatment did 
not significantly degrade the DNA relative to 
the non-heat denaturing treatment (data not 
shown). In general, bisulfite-treated DNA was 
relatively intact, ranging in size from a few hun-
dred bases to several thousand bases, serving as 
a suitable substrate for the WGA reaction used 
in the Infinium assay. In the final product, we 
estimated that the conversion efficiency was 
over 99% by monitoring the ratio of the C to T 

signal from probes to the HindIII control site. 
The fact that this particular site converts with 
high efficiency does not suggest all Cs in the 
genome convert with similar efficiency. GC-rich 
regions that don’t denature as well may show 
poorer bisulfite conversion. 

To test whether the presence of residual 
unconverted gDNA affects the assay, we spiked 
unconverted gDNA into bisulfite-converted 
DNA in various proportions (Figure 3). We com-
puted the b-value and observed that for over 
96.8% of the loci, the b-values were unaffected 
by the presence of unconverted DNA . However, 
we observed that for approximately 3.2% of the 
loci the b-values were sensitive to the presence 
of as little as 5% of unconverted DNA; thus, 
it is paramount to ensure the bisulfite conver-
sion is complete to prevent these artifacts from 
occurring. Alternatively in future array designs, 
this spike experiment can be used to function-
ally screen for loci robust to trace amounts of 
unconverted DNA. 

 n Methylation status of 27k CpG sites 
across normal human tissues
To assess the biological performance of the assay, 
we analyzed the methylation profile of a panel of 
14 different human tissues (male unless otherwise 
specified): brain (female), breast (female), colon, 
heart, kidney, liver, lung, ovary (female), pan-
creas (female), prostate, skeletal muscle, spleen, 
stomach and testis. In addition, we profiled four 
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Figure 3. Effect of unconverted DNA presence in the Infinium Methylation assay. (A) This plot shows reproducibility between 
technical replicates of bisulfite-converted Coriell DNA sample NA10923. (B) This plot shows correlation between fully converted 
NA10923 and the same sample spiked with 5% of unconverted DNA prior to the Infinium whole-genome amplification. Approximately 
3.2% of CpG loci exhibit various shifts in b-values, resulting in a significant number of false-positive ‘differentially methylated’ loci. 
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normal lympho blastoid cell lines and six cancer 
cell lines of different origin (see Materials & 
methods section) (Supplementary Figure 1).

The average correlation R2 of b-values across 
a subset of 24 technical replicates was 0.992 
(Figure 4a). Based upon the standard deviation of 
the b-values across the replicates and the average 
b-values of the control samples, we estimate a 
Db detection sensitivity of 0.2 (95% confidence 
level) across greater than 90% of the loci for any 
given pair of samples (Figure 4b). The Db sensi-
tivity is higher at both the unmethylated state 

and highly methylated state. At unmethylated 
promoters, we can detect a change in b-value, 
on average, of approximately 0.07. 

We evaluated the correlation of our Infinium 
Methylation assay with the absolute methylation 
state of a locus by comparing methylation b-val-
ues with methylation levels computed by clonal 
bisulfite sequencing across three genes and six 
samples. The Infinium Methylation results cor-
relate favorably with bisulfite sequencing with an 
R2 of approximately 0.82 (Figure 5a). Similarly, we 
compared the correlation between GoldenGate® 
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methylation and Infinium Methylation, show-
ing an R2 of 0.86 (Figure 5b). In addition, we 
have compared results with data from over 
2700 CpG sites on the same samples analyzed on 
the HumanMethylation27 BeadChip, and also 
sequenced on the Genome Analyzer (Illumina) 
using next-generation sequencing technol-
ogy. We achieved correlation of b-values R2 
of 0.85–0.87 (data not shown; manuscript in 
preparation). In another validation study, pyro-
sequencing was used for nine different genes 
across 72 tissue samples and three technical 
controls. The highly quantitative pyrosequenc-
ing data showed strong correlation with data 
obtained using the Infinium Methylation assay 
across the spectrum of b methylation values 
(average r2 = 0.91, range = 0.82–0.98) [106].

These results all indicate that the b-values 
from the Infinium Methylation assay reproduc-
ibly and accurately reflect the methylation state 
of the queried CpG loci.

We observed a significant difference in methyl-
ation states within a CGI versus outside of a CGI 
(table 1 & table 2, Supplementary Figure 2). In normal 
human tissues, the b average was 0.16 within 
a CGI and 0.58 outside of CGI (Figure 6a). The 
CpG sites within CGIs were largely unmethyl-
ated across all tissues (~80% sites unmethylated, 
b < 0.2), whereas CpG sites outside of CGIs were 
moderately to highly methylated (only ~12% sites 
unmethylated, b < 0.2) (table 2). Within CGIs, 
only approximately 3–6% of the loci were highly 
methylated, in contrast to outside of CGIs where 
approximately 25–40% of loci were highly meth-
ylated. Moreover, tissue-specific methylation 
(variation in methylation across tissues) was much 

more prevalent in non-CGIs than within CGIs. 
The overall methylation level of CpG sites within 
a CGI, increased and outside of CGI slightly 
decreased, in several cancer cell lines that we ana-
lyzed for comparison, with the average b-value 
of 0.26 within a CGI and 0.53 outside of CGI 
(Figure 6b). In particular, the Raji cell line showed 
a gain of methylation across CpG sites and the 
K562 showed a loss of methylation. In general, 
only a small fraction of promoters/CGIs in tumor 
cells exhibit gain or loss of methylation. This is 
consistent with the change in distributions shown 
in Figure 6. In addition, table 1 shows that methyla-
tion levels of CGI loci were higher on average in 
cancer cell lines versus normal tissues. 

The definition of tissue-specific methyla-
tion is that certain loci are either methylated in 
some tissues and not in others or vice versa. To 
look for such loci, we filtered the data by look-
ing for loci that exhibited a range greater than 
0.4 and standard deviation greater than 0.15 
across the 14 different tissues. These thresholds 
were set based upon maximal enrichment for 
X-chromosomal loci. We observed 504 CGI and 
909 non-CGI sites out of 25,483 non-X chromo-
somal loci passing this threshold. This set was 
highly enriched for non-CGI loci, constituting 
62.5% of the loci in the tissue-specific set versus 
27.5% in the 27k set. Correspondingly, the aver-
age methylation level of this set was 0.47, in con-
trast to the global average of 0.15. This suggests 
that a significant fraction of the tissue-specific 
methylation occurs in non-CGI promoters. As a 
positive control, 19% of the loci on the X chro-
mosome were contained in this enriched class, 
compared with 3.9% in the 27k set (females 
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randomly inactivate one of the X chromosomes 
by methylating one of the parental chromo-
somes [27]). We also assayed the methylation sta-
tus of 110 different miRNA promoters. Almost 
all miRNA promoters were unmethylated across 
the normal tissue panel. We observed that most 
miRNA promoters contained CGIs and were 
unmethylated. Only mir-254, mir-52, mir-135, 
mir-675 and mir-523 were highly methylated in 
normal tissues (Supplementary Figure 3). 

 n Methylation in tumor cell lines 
versus normal tissues
 To illustrate the utility of differential methylation 
between tumor and normal samples, we exam-
ined the methylation state of four different classes 
of genes: germ-line specific genes  [28]; Polycomb 
group (PcG) genes (targets of PRC2) [29]; 
Homeobox genes [30] and ribosomal housekeep-
ing genes. We examined 55 germline-specific 
genes described by Koslowski et al. [28]. These are 
genes that are expressed only in germline cells and 
than repressed in somatic cells. Consistent with 
this classification, we observed that most genes 
were highly methylated across all normal tissues 
(Supplementary Figure 4). In contrast, the tumor cell 
lines exhibited a highly variegated expression 

pattern, many exhibiting loss of methylation. This 
is consistent with the global demethylation com-
monly observed in tumor cell lines. We exam-
ined a subset of 175 PcG target genes described 
by Widschwendter et al., and observed that most 
were relatively unmethylated in normal tissues but 
highly methylated in at least one or more tumor 
cell lines [29] (Supplementary Figure 5). Similarly, the 
homeobox genes were mostly unmethylated in 
normal tissues, with only a small subset exhib-
iting moderate to full methylation (Supplementary 

Figure 6). In contrast a large fraction of unmethyl-
ated and intermediate methylated loci became 
fully methylated in one or more tumor cell lines. 
Interestingly, most homeobox genes fully methyl-
ated in normal tissues remained fully methylated 
in the tumor cell lines. The only exception was 
the K562 cell line, which exhibited demethyl-
ation in the PAX8, PAX4, CDX4, POUF6A, 
HOXA3, TGIF2LX and ALX3 genes. As a con-
trol, we examined the ribosomal housekeeping 
genes (RPL family) and observed minimal basal 
methylation across all normal tissues, as well as 
the cancer cell lines (Supplementary Figure 7). This 
observation is expected, since most housekeeping 
genes remain relatively unchanged during cancer 
cell growth and evolution.

Discussion
This is the first report of a scalable array-based 
genome-wide site-specific methylation assay 
that allows almost any set of CpG sites in the 
genome to be queried. We explored the use of 
the Infinium assay to read out the methylation 
state of CpG sites by generating a ‘pseudo-SNP’ 
via bisulfite conversion. Specifically, we demon-
strate an array format supporting the ana lysis of 
over 27,000 loci across 12 samples on a single 
BeadChip. For this initial demonstration of 
the Infinium Methylation assay (design imple-
mented in April 2007), we chose to analyze CpG 
sites in the proximal promoter of the CCDS 
gene set, particularly in CGIs near the TSS of 
CCDS genes, due to their potential biological 
significance [31]. 

In the future, the Infinium Methylation assay 
can be scaled to support over 4 million assays on 
a single BeadChip, and optimal array CpG con-
tent would ideally be generated by understanding 
which CpG sites are the most biologically infor-
mative, such as being highly correlated or anti-
correlated with gene expression, histone marks, 
nucleosome positioning and so on. In addition, 
one can screen for differentially methylated CpG 
sites that serve as markers for a disease processes 
such as cancer. For instance if a CpG site is 

Table 1. Average methylation levels.

Tissue CGI Non-CGI

Brain 0.144 0.579

Breast 0.190 0.571

Colon 0.168 0.602

Heart 0.137 0.593

Kidney 0.159 0.578

Liver 0.163 0.580

Lung 0.145 0.607

Ovary 0.167 0.560

Pancreas 0.163 0.554

Prostate 0.155 0.576

Skeletal 0.142 0.573

Spleen 0.155 0.619

Stomach 0.167 0.560

Testis 0.129 0.620

Average 
normal

0.156 0.584

Hela 0.200 0.509

Raji 0.389 0.645

Jurkat 0.305 0.597

A431 0.257 0.507

K562 0.173 0.282

MCF7 0.259 0.652
Methylation levels were higher on average in cancer cell 
lines versus normal tissues, as shown above.
CGI: CpG island.
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invariant across a large number of normal and 
tumor samples, it is probably not very useful site 
to include on the array. The goals of the HEP are 
to collect these methylation variable CpG sites, 
and upon completion of the project they can be 
included on a Beadchip, much like tag SNPs in 
our genotyping products. 

One distinct advantage of the Infinium 
Methylation assay is that discrete CpG sites 
anywhere in the genome can be targeted in 
contrast to alternate array-based assays such 
as methylated-CpG island recovery assay 
(MIRA), methyl ated DNA immunoprecipi-
tation (MeDIP), and methyl ation-sensitive 
restriction enzyme approaches that are limited 
to CpG-rich regions or restriction sites [15,16,32]. 
This is particularly limiting since many bio-
logically important CpG sites may lie outside 
of CGIs. In a recent paper by Irizzary et al., 
they describe tissue specific methylation in CGI 
shores, regions flanking CGIs, but not within 
CGIs [33], whose methylation state is associated 
with evolutionary conservation, gene expression, 
sensitivity to demethylating agents and suscep-
tibility to change in cancer. In a limited panel 
of three tissues including brain, liver and spleen, 
they identified over 16,000 tissue-specific dif-
ferentially methylated regions. These CpG ‘poor’ 
regions could easily be adapted to the Infinium 
Methylation assay in future array designs.

Future perspective
The parallelization of both array and sequenc-
ing technology is having a transforming impact 
on both genome and epigenome science. In this 

report, we describe the use of highly parallelized 
Bead Array technology to measure CpG methyl-
ation states. However, next-generation sequenc-
ing technology is also enabling highly parallel-
ized bisulfite-based genome-wide methyl ation 
ana lysis [34–37]. To date, most sequencing 
approaches have employed a restriction enzyme-
based reduced representation approach that can 
query up to several million CpG sites; the caveat 
is that the reduced representation is biased to 
CpG-rich regions due to the use of CG-rich 
restriction sites. As an alternative, bisulfite shot-
gun sequencing of the entire genome would 
eliminate this bias, but currently the approach 
is relatively expensive and bio informatically 
complex. Nonetheless, within the next several 
years, decreasing next-generation sequencing 
prices should enable the platform to serve as 
an extremely useful epigenomic discovery tool. 
By comparison, array-based methylation ana-
lysis offers several distinct advantages over 
sequencing, including: access to low-density 
CpG regions, reduced gDNA input require-
ments, simpler sample preparation protocols, 
lower running costs, higher sample through-
put and simpler data storage and ana lysis. In 
summary, the Infinium Methylation assay is an 
ideal screening tool providing a powerful array-
based assay for simple and rapid genome-wide 
methylation ana lysis of thousands to millions 
of CpG sites across large sample numbers. In 
conclusion, sequencing and array technologies 
can be effectively used in combination for vari-
ous phases of an epigenome project, wherein 
sequencing might be applied to the discovery 
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portion of a project and arrays applied to the 
screening portion. 
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Executive summary

 � The Infinium® Methylation assay is a scalable, highly parallel, cost-effective approach to screening the state of tens of thousands to 
hundreds of thousands of CpG sites across dozens to thousands of samples. 

 � The current array assays over 27,000 CpG sites selected from proximal promoter regions of over 14,000 consensus coding  
sequences genes.

 � Low-input gDNA requirements (~500 ng), coupled with high reproducibility between technical replicates ( > 0.98 b R2) and high 
accuracy ( > 0.85 b R2) with bisulfite sequencing or GoldenGate® assay results are advantages of this technology.

 � There are two probes per CpG assay. Probes query either ‘methylated’ or ‘unmethylated’ CpG state, with underlying CpG sites assumed 
to be in phase with each other.

 � It is important to identify the biologically most informative CpG sites to generate optimal content for future versions of Infinium 
Methylation products.
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Supplementary Figure 1. Global overview of the methylation profiles for 14 normal tissues, 
four normal lymphoblastoid cell lines, six cancer cell lines and methylation reference samples.
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Supplementary Figure 2. Distribution of methylation states across DNA samples. 
(A) Distribution of unmethylated loci (b < 0.2) across normal tissues and tumor cell lines. 
(B) Distribution of methylated loci (b > 0.75) across normal tissues and tumor cell lines. 
CGI: CpG islands; Meth: Methylated; Unmeth: Unmethylated.

  

Supplementary Figure 3. Heatmap of the methylation profiles for the 254 CpG sites in 110 
promoters of microRNA genes.
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Supplementary Figure 4. Heatmap of the methylation profiles for the 93 CpG sites in 
55 germline genes.
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Supplementary Figure 5. Heatmap of the methylation profiles for 686 CpG sites located in 
the promoter regions of 175 PolyComb gene targets.
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Supplementary Figure 6. Heatmap of the methylation profiles for 361 CpG sites in the 
Homeobox gene family.

Supplementary Figure 7. Heatmap of the methylation profiles for the 146 CpG sites in the 
ribosomal RNA gene family (RPS and RPL genes).


