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by High-throughput Sequencing

Jaroslav Jelinek and Jozef Madzo

Abstract

The digital restriction enzyme analysis of methylation (DREAM) is a simple method for DNA methylation
analysis at tens of thousands of CpG sites across the genome. The method creates specific signatures at
unmethylated and methylated CpG sites by sequential digests of genomic DNA with restriction endonu-
cleases SmaI and XmaI, respectively. Both enzymes have the same CCCGGG recognition site; however,
they differ in their sensitivity to CpG methylation and their cutting pattern. SmaI cuts only unmethylated
sites leaving blunt 50-GGG ends. XmaI cuts remaining methylated CCmeCGG sites leaving 50-CCGGG
ends. Restriction fragments with distinct signatures at their ends are ligated to Illumina sequencing
adaptors with sample-specific barcodes. High-throughput sequencing of pooled libraries follows. Sequenc-
ing reads are mapped to the restriction sites in the reference genome, and signatures corresponding to
methylation status of individual DNA molecules are resolved. Methylation levels at target CpG sites are
calculated as the proportion of sequencing reads with the methylated signature to the total number of reads
mapping to the particular restriction site. Aligning the reads to the reference genome of any species is
straightforward, since the method does not rely on bisulfite conversion of DNA. Sequencing of 25 million
reads per human DNA library yields over 50,000 unique CpG sites with high coverage enabling accurate
determination of DNA methylation levels. DREAM has a background less than 1 % making it suitable for
accurate detection of low methylation levels. In summary, the method is simple, robust, highly reproduc-
ible, and cost-effective.

Key words DNA methylation, CpG sites, Restriction endonuclease, SmaI, XmaI, High-throughput
sequencing, DREAM

1 Introduction

DNA methylation at CpG sites is an important epigenetic mecha-
nism determining chromatin configuration and accessibility of
genes for expression in mammalian cells [1]. Aging is associated
with erosion of the epigenomic integrity that can be detected as
discrete methylation changes [2, 3]. The disruption of epigenome
is frequently accentuated in cancer leading to vast disorganization
of DNA methylation patterns [4]. Aberrant DNA methylation
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interacts with genetic mutations in cancer development and pro-
gression [5–7]. Cancer-specific DNA methylation changes are used
as biomarkers [8–10]. Next-generation or high-throughput
sequencing made possible to assess DNA methylation profiles gen-
omewide. Affinity enrichment for methylcytosine, bisulfite conver-
sion of unmethylated cytosines, and restriction enzymes
distinguishing methylated and unmethylated CpG sites are three
main approaches used in DNA methylation analyses [11, 12].

Here we present a simple method that can accurately measure
DNA methylation levels at approximately 50,000–100,000 CpG
sites across the genome [13]. The method is based on methylation-
specific signatures created by restriction enzymes and deciphered by
high-throughput sequencing. SmaI and XmaI are a unique pair of
restriction endonucleases that target the same recognition site,
CCCGGG, but differ in their sensitivity to CpG methylation and
cutting pattern. SmaI cuts only unmethylated sites leaving blunt
ends. The enzyme is completely blocked by CpG methylation.
XmaI can cut both unmethylated and CpG-methylated sites
(CCmeCGGG) leaving 50CCGG overhangs. We utilize the enzymes
sequentially. First, genomic DNA is exposed to SmaI that cuts all
unmethylated sites, leaving all CCmeCGGG sites intact (Fig. 1a).
Having digested all available unmethylated sites, we continue the
cleavage by addingXmaI. The enzyme cuts the remaining sites that
have been protected from SmaI by CpGmethylation (Fig. 1b). The
unmethylated sites thus have the GGG signature whereas the
methylated sites have the CCGGG signature at the 50 ends of the
restriction fragments (Fig. 1c). Next, we stabilize the methylated
signatures by filling the 30 recesses using the exonuclease-deficient
Klenow fragment DNA polymerase. This enzyme adds 30-dA over-
hangs to all fragments for subsequent ligation of the sequencing

Fig. 1 Principle of the DREAM DNA methylation analysis. (a) SmaI restriction
endonuclease cleaves CCCGGG sites in the middle. Only sites with unmethylated
cytosines are cut, since CpG methylation completely blocks the enzyme from
cutting. (b) XmaI restriction endonuclease added in the next step cleaves the
remaining sites with methylated CpG cutting after the first cytosine. (c) Distinct
GGG or CCGGG signatures are created at the 50 ends of restriction fragments
reflecting unmethylated or methylated CpG sites, respectively
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adaptors. Standard procedures for making libraries and high-
throughput sequencing follow. The sequencing reads are mapped
to the SmaI/XmaI restriction sites in the reference genome. Meth-
ylation levels at individual CpG sites are calculated based on the
counts of reads with methylated and unmethylated signatures
mapping to the site. Paired end sequencing and 40 base read length
is sufficient to map up to 200,000 unique CpG sites in the human
genome. Using 25 million sequencing reads per sample typically
yields more than 50,000 CpG sites covered with 20 and more
reads. The assay is highly reproducible. Technical replicates show
minimum differences and high correlation of methylation values at
individual CpG sites (Figs. 2 and 3). Capture of consistent CpG
sites with the high-sequencing depth makes the method suitable for
analysis of large sample sets. Although the targets are restricted to
accessible CCCGGG sites in the genome, the method has several

Fig. 2 Reproducibility of DREAM. Methylation differences at 66187 CpG sites
covered with the minimum sequencing depth of 20 reads were evaluated in
technical replicates. (a) Density plot shows bimodal distribution of methylation
by the highest data density close to 0 % and 100 %. (b) Kernel density plot of
methylation differences between technical replicates. Dotted lines: methylation
differences smaller than 5 % were observed at 54740 CpG sites (83 % of total).
Methylation differences 5–10 % were observed at 8066 CpG sites (12 % of
total). Differences greater than 10 % were observed at 3381 CpG sites (5 % of
total analyzed)
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advantages over bisulfite-based approaches. The background is
below 1 %, since SmaI, the enzyme specific for unmethylated sig-
nature, is completely blocked by CpG methylation. Additionally,
mapping the reads to the unconverted reference genome is com-
putationally straightforward. The accuracy and reproducibility of
DREAM is further increased by spiking the samples with standards
of known methylation levels before enzymatic processing [13, 14].
These standards are used for fine adjustment of raw methylation
levels and can be used for mitigating potential batch effects. We and
others have successfully used DREAM as a robust, highly repro-
ducible, and cost-effective method for global DNA methylation
analysis of more than 1000 samples of human [3, 10, 13, 15–19],
mouse [20], and zebrafish [21] cells and tissues.

2 Materials

2.1 Making

Methylation Standards

1. E. coli genomic DNA, unsheared (Affymetrix, USB Cat#
14380).

2. Lambda bacteriophage DNA (New England Biolabs).

3. SmaI restriction endonuclease (New England Biolabs).

4. HpaII CpG methyltransferase (New England Biolabs).

5. HpaII restriction endonuclease (New England Biolabs).

6. S-adenosylmethionine (SAM) (New England Biolabs).

7. Oligonucleotide primers (Sigma, IDT or other suppliers).

Fig. 3 High correlation of methylation values in technical replicates. Methylation
levels at CpG sites sequenced with 20 reads showed Pearson correlation
r ¼ 0.97 between technical replicates. This correlation was 0.997 for CpG
sites sequenced with 100 reads
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8. Taq DNA polymerase with ThermoPol® Buffer (New England
Biolabs).

9. TE buffer (TRIS 10 mM, EDTA 1 mM, pH 8.0).

10. LTE buffer (TRIS 10 mM, EDTA 0.1 mM, pH 8.0).

11. Sodium acetate 3 M, pH 5.0.

12. Isopropanol.

13. Ethanol.

14. Bovine serum albumin (BSA).

15. 96-well PCR plates, not skirted.

16. Adhesive seals for PCR plates.

17. PCR thermal cycler.

18. Agarose gel electrophoresis supplies.

19. QIAquick PCR Purification Kit (Qiagen).

2.2 Construction of

Sequencing Libraries

1. SmaI restriction endonuclease (New England Biolabs).

2. XmaI restriction endonuclease (New England Biolabs).

3. Klenow fragment (30 ! 50 exo-) (New England Biolabs).

4. T4 DNA ligase (New England Biolabs).

5. dNTP Set (100 mM each A,C,G,T) (GE Healthcare Life
Sciences).

6. NEBNext®Multiplex Oligos for Illumina® (Index Primers Set
1 and 2) (New England Biolabs).

7. KAPA HiFi HotStart ReadyMix PCR Kit (Kapa Biosystems,
Inc.).

8. 96-well PCR plates, not skirted.

9. Adhesive seals for PCR plates.

10. PCR thermal cycler.

2.3 Cleaning,

Separation, and

Quantitation of

Sequencing Libraries

1. Agencourt AMPure XP magnetic beads (Beckman Coulter).

2. DynaMag-96 Side Magnetic Particle Concentrator (Invitrogen
Cat. No. 123.31D).

3. Ethanol.

4. Molecular biology grade water.

5. 96-well PCR plates, not skirted.

6. Qubit 2.0 fluorometer, dsDNA BR and HS Assay kits (Life
Sciences).

7. NanoDrop UV–vis Spectrophotometer (Thermo Scientific).

8. Agilent 2100 Bioanalyzer (Agilent Technologies).

9. Agilent High Sensitivity DNA Kit or DNA 1000 Kit (Agilent
Technologies).
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2.4 Next-Generation

Sequencing

1. Illumina HiSeq 2500 or a similar instrument for high-
throughput sequencing.

2. Linux server and/or bioinformatics support for processing of
the sequencing data.

3. Hard disk storage for the sequencing data.

3 Methods

3.1 Making

Methylation Standard

for Spiking in the

Samples

For making an unmethylated standard LA168 as a PCR amplicon,
use primers LA248F TCGAAAAAGAGCAGCACAGTGATGCCC
and LA248R GTATGCCGCATTGCACTTT with lambda bacteri-
ophage DNA (NEB #N3011) as the template:

1. Mix the following reagents for PCR on ice: 800 ng lambda
DNA in 340 μl of water, 40 μl of PCR buffer (final Mg2+

concentration 2 mM), 4 μL of 10 μM LA248F primer, 4 μl of
10 μM LA248R primer (final primer concentration 100 nM),
4 μl of 25 mM dNTP mix (final 250 μM), and 8 μl (40 U) of
Taq polymerase. Aliquot the reaction mix to 16 wells in a PCR
plate.

2. Run the PCR program as follows: Initial denaturation at 94 �C
for 3 min; 33 cycles consisting of denaturation at 94 �C for
15 s, annealing at 60 �C for 30 s, and elongation at 72 �C for
30 s; final extension at 72 �C for 5 min. Pool the PCR products
from all aliquots into a single tube.

3. Verify the presence of CCCGGG sites by SmaI digestion of 5 μl
of the PCR product. Compare the digested and undigested
PCR product using 2 % agarose gel electrophoresis. You
should obtain a single band of 248 bp from the undigested
PCR product and fragments of 168 bp, 53 and 27 bp after
SmaI digestion. Purify the remaining PCR product using the
PCR purification kit (Qiagen, QIAquick PCR Purification Kit
#28104) following the manufacturer’s protocol. Measure
DNA concentration of the unmethylated standard using Nano-
Drop spectrophotometer and/or Qubit fluorometer.

Making partially methylated (50 %) standard of E. coli geno-
mic DNA

First, methylate completely E. coli genomic DNA with the
HpaII methyltransferase at CpG sites in the CCGG recognition
sequence. Check the completeness of methylation as the resis-
tance to the HpaII restriction endonuclease. Next, make the
50 % methylated standard by mixing equal amounts of
unmethylated andHpaII-methylated E. coliDNA (seeNote 1).
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4. Methylate E. coli genomic DNA. Dissolve 10 mg of E. coli
genomic DNA (Affymetrix, Part #14380) in 5 ml of TE buffer
(10 mM Tris–HCl, EDTA 1 mM, pH 8.0). Set up methylation
reaction M1 by pipetting 825 μl of nuclease-free water, 50 μl
(100 μg) of E. coli gDNA, 100 μl of HpaII methylase buffer,
and 2.5 μl of S-adenosylmethionine (SAM) 32 mM and 25 μl
(100 units) of HpaII methyltransferase (NEB #M0214). SAM
and the reaction buffer are provided with the enzyme. Set up a
parallel tube M0 for unmethylated DNA: 825 μl of nuclease-
free water, 50 μl (100 μg) of E. coli gDNA, 100 μl of HpaII
methylase buffer, 2.5 μl of S-adenosylmethionine (SAM)
32 mM, and 25 μl of water instead of the HpaII methylase.
Incubate both tubes overnight in a water bath at 37 �C. Incu-
bate both tubes at 65 �C for 20 min to activate the enzyme.

5. Check the completeness of methylation by HpaII restriction
digest. Make the restriction buffer as follows: 360 μl of water,
40 μl of NEB Buffer 1 or NEB CutSmart® Buffer, and 4 μl of
MgCl2 1 M. Mark four microcentrifuge tubes as E1, E2, E3,
and E4. Add 40 μl of the restriction buffer to each tube. Add
10 μl of unmethylated E. coli DNA from tube M0 to tubes E1
and E2. Add 10 μl of HpaII-methylated E. coli reaction from
tube M1 to tubes E3 and E4. Add 5 μl (50 units) of HpaII
restriction endonuclease (NEB #R0171) in tubes E2 and E4.
Incubate all tubes in a water bath at 37 �C for 1 h. Check the
restriction digests by running electrophoresis of 20 μl of the
reactions and a 100 bp DNA ladder (NEB #N3231) in 2 %
agarose. Samples E1 and E3 are undigested controls. Sample
E2 shows a smear of digested unmethylated DNA. If methyla-
tion of HpaII recognition sites (CCGG) is complete, sample
E4 looks like E1 and E3 (Fig. 4).

Fig. 4 Methylation of E. coli gDNA with HpaII methyltransferase. E. coli
methylated at CCGG sites with HpaII methyltransferase is protected from
cleavage with HpaII restriction endonuclease (lanes 7 and 8) while
unmethylated DNA (lanes 3 and 4) is completely digested. Lanes 1, 2, 5, and
6 are controls without the restriction enzyme
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6. Clean the DNA in tubes M0 and M1 by alcohol precipitation
and dissolve in TE. Add 111 μl of Na-acetate 3 M pH 5.0 to
tubes M0 and M1 containing 1000 μl of DNA and mix by
vortexing. Split the content of each tube in half by transferring
555 μl of the content to additional tubes M0 and M1. Add
389 μl (0.7 volume) of isopropanol to all tubes. Mix well by
inverting and vortexing. Centrifuge the tubes at 12,000 g for
15 min. Pour out the supernatant while keeping the DNA
pellet attached to the side of tubes. Wash the pellet with
1200 μl of 70 % ethanol two times. Spin briefly the empty
tubes with DNA pellets after the second ethanol wash and
carefully pipette out all traces of liquid using a fine tip. Add
100 μl of TE to each tube and dissolve the DNA pellets by
incubation at 50 �C for 1 h followed by incubation at room
temperature overnight. Pool the duplicate M0 and M1 tubes
separately making M0 (unmethylated) and M1 (methylated)
pools.

7. Measure DNA concentration in M0 and M1 pools using spec-
trophotometer (NanoDrop) and/or fluorometer (Qubit).
Make a stock solution of 50 % methylated E. coli standard by
pooling of equal amounts of unmethylated (M0) and methy-
lated (M1) DNA. Measure DNA concentration of the pool.

Making working solution of pooled methylation standards

8. Make working solution of the methylation standards by dilut-
ing the stock of 50 % methylated E. coli solution to the con-
centration of 2 ng/μl in LTE buffer (10 mM Tris–HCl,
0.1 mM EDTA, pH 8.0) supplemented with bovine serum
albumin (BSA) at 100 μg/ml. Add the unmethylated standard
LA168, so that its final concentration is 2 pg/μl (i.e., 1000-
fold lower than the concentration of E. coli DNA). Make 50 μl
aliquots of the working solution of the methylation standards
and keep them at �20 �C. Use 1 μl of the methylation stan-
dards to spike each sample before making DREAM libraries.

3.2 Preparing DNA

Samples by Cleaning

and Quantification

The DREAM assay requires unbroken genomic DNA free from
traces of phenol, guanidinium salts or other potential contaminants
that may interfere with enzymatic reactions. We recommend DNA
purification using AMPure XP beads as the initial step before
construction of sequencing libraries for all samples. The procedure
removes small DNA fragments and traces of contaminants that may
affect the activity of restriction enzymes and forming of methyla-
tion signatures:

1. Measure DNA concentration in the samples using spectropho-
tometry (NanoDrop) and/or fluorometry (Qubit). Clean
DNA should have OD ratio of 260/230 nm above 2.0 and
260/280 nm ratio in the range of 1.8–2.0. Check the integrity
of gDNA by running electrophoresis of 200 ng of gDNA in
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1 % agarose with 100 bp and 1 kb markers. Inspect the gel for
the smear of fragmented DNA running below 500 bp and
estimate the proportion of high molecular weight gDNA
migrating above ~ 5 kb.

2. Clean the genomic DNA sample and remove small fragments
using AMPure XP beads at 0.5� beads to DNA ratio. Set up a
96-well PCR plate and mark wells for each DNA sample to be
purified. We usually process 12 samples at a time. Ensure that
AMPure XP beads have reached room temperature and resus-
pend them well before proceeding.

3. Pipette aliquots of 2.5–10 μg of genomic DNA in the marked
wells and adjust the volume to 70 μl with water (see Note 2).
Add 35 μl of AMPure XP beads (0.4� ratio of beads to DNA)
into the wells with DNA. Mix well by pipetting up/down.
Incubate at room temperature for 15 min (see Note 3).

4. Transfer the plate to magnetic stand and let it stand for 5 min
to completely clear the solution of beads. With the plate on the
magnetic stand, carefully remove 95 μl of clear binding buffer
without drawing any beads. Save the supernatant containing
low molecular weight DNA fragments in separate tubes for
potential future use. High molecular weight DNA stays
bound to the beads (see Note 4).

5. Keep the plate on the magnetic stand and wash the beads with
freshly prepared 80 % ethanol as follows: Add 200 μl of 80 %
ethanol and allow to stand for 30 s. Remove and discard the
supernatant. Repeat the wash with fresh 80 % ethanol one
more time. Using a P20 pipette with a fine tip, carefully remove
the remaining ethanol without disturbing the beads. Allow the
beads air dry for 10 min or until fine cracks appear at the bead
layer. Inspect each well carefully to ensure that all the ethanol
has evaporated. It is critical that all residual ethanol be removed
prior to continuing.

6. Remove the plate from the magnet. Add 30 μl of room tem-
perature nuclease-free water to the dried beads. Mix thor-
oughly to ensure all the beads are evenly suspended. Incubate
at room temperature for 5 min (see Note 5).

7. Place the plate on the magnetic stand. Incubate at room tem-
perature for 2–5 min or longer until the supernatant gets
completely clear. While keeping the plate on the magnet, care-
fully collect the eluted DNA, ensuring as few beads as possible
are carried over and transfer the purified DNA to a fresh set of
tubes.

8. Measure DNA concentration in the samples using spectropho-
tometry (NanoDrop) and/or fluorometry (Qubit) and calcu-
late the total amount of recovered DNA. One to two
micrograms of purified genomic DNA are required for making
high complexity DREAM libraries.

DNA Methylation Profiling by High-throughput Sequencing 119



9. Spike in 1 μl of methylation standards to each sample. It is
important to add the standards in the samples before the restric-
tion digests in the following steps.

3.3 Making DREAM

Libraries for Illumina

High-Throughput

Sequencing

1. Digest the DNA sample with spiked in standards with SmaI
restriction endonuclease. The enzyme cuts all unmethylated
CCCGGG sites creating blunt-ended fragments. Set up restric-
tion digests in microcentrifuge tubes as follows: Add 21.5 μl of
DNA sample (1–2 μg) spiked with 1 μl of methylation stan-
dards, 2.5 μl of CutSmart® Buffer, and 1 μl (20 units) of SmaI
enzyme in the tube. Mix gently, spin briefly, and incubate in
25 �C water bath for 8 h.

2. Continue the restriction digest by adding the second enzyme,
XmaI restriction endonuclease. Add 20.5 μl of water, 2.5 μl of
CutSmart® Buffer, and 2 μl (20 units) of the XmaI enzyme in
each tube with the SmaI digest. Mix gently, spin briefly, and
incubate in a 37 �C water bath overnight for 16 h.

3. Fill the 30 recesses left by the XmaI digest and add 30 dA
overhangs to all fragments. Add to each tube with SmaI/
XmaI digests 2 μl of the CGA mix (dCTP, dGTP, and dATP,
10 mM each), 3 μl of Klenow fragment (30 ! 50 exo–) DNA
polymerase and mix. Spin briefly and incubate in a water bath at
37 �C for 30 min.

Purify the DNA fragments by AMPure XP beads (2.0�
volume ratio of beads to DNA). Ensure that the beads have
reached room temperature and resuspend them well before
proceeding. Set up a 96-well PCR plate and mark wells for
each sample to be purified.

4. Add 110 μl of AMPure XP beads into the marked wells. Add
the contents of the end-filling-A-tailing reactions (55 μl) in the
wells with beads. Mix well by pipetting up and down. Incubate
at room temperature for 15 min (see Note 3).

5. Transfer the plate to the magnetic stand, and let it stand for
5 min until the solution becomes completely clear and the
beads attached to the wall.

6. Carefully remove 150 μl of the binding buffer and discard it.
Leaving some of the volume behind minimizes bead loss at this
step.

7. Keep the plate on the magnetic stand and wash the beads with
freshly prepared 80 % ethanol follows: Add 200 μl of 80 %
ethanol and allow to stand for 30 s. Remove and discard the
supernatant. Repeat the wash with fresh 80 % ethanol one more
time. Using a P20 pipette with a fine tip, carefully remove the
remaining ethanol without disturbing the beads. Allow the
beads air dry for 10 min or until fine cracks appear at the bead
layer. Inspect each well carefully to ensure that all the ethanol

120 Jaroslav Jelinek and Jozef Madzo



has evaporated. It is critical that all residual ethanol be removed
prior to continuing.

8. Remove the plate from the magnet. Add 30 μl of room
temperature nuclease-free water to the dried beads. Mix thor-
oughly to ensure all the beads are evenly suspended. Incubate at
room temperature for 5 min (see Note 5).

9. Place the plate on the magnetic stand. Incubate at room tem-
perature for 2–5 min or longer until the supernatant gets
completely clear. While keeping the plate on the magnet, care-
fully collect the eluate with DNA, ensuring as few beads as
possible are carried over and transfer the digested dA-tailed
DNA to a fresh PCR plate labeled “Ligation.”

10. Ligate sequencing adapters to the restriction fragments. Add to
each well with DNA the following reagents: 3 μl of 10� liga-
tion buffer (NEB #B0202S), 0.5 μl of NEBNext adaptor for
Illumina 10 μM (from NEB kits #E7335 or #E7500), and 2 μl
(800 U) of T4 DNA ligase (NEB #M0202). Mix by pipetting
up and down. Cover the wells with adhesive seal. Spin briefly.
Incubate the ligation reaction at 16 �C overnight.

11. Cleave the hairpin loops in the NEBNext adaptors. Add 3 μl of
USER enzyme to each reaction and pipette up and down to
mix. Incubate at 37 �C for 15 min.

Clean up the ligated DNA and perform dual size selection
using AMPure XP beads. First, remove large DNA fragments
(>450 bp) by binding to beads used at the 0.6� ratio of
AMPure beads to sample. At this step, collect the supernatant
containing smaller DNA fragments (<450 bp). Next, transfer
the supernatant into new wells and add additional beads. Addi-
tion of AMPure beads will increase the concentration of PEG
and salt and result in binding of DNA fragments larger than
250 bp to the beads. The dual SPRI size selection will isolate
target DNA fragments (250–450 bp) and leave behind unli-
gated adaptors, self-ligated adaptor dimers, and large DNA
fragments.

12. Add 66.5 μl of water into the wells containing the 33.5 μl of the
ligation reaction from the previous step to increase the DNA
volume to 100 μl. Add 60 μl of AMPure XP beads (0.6�
volume). Mix well by pipetting up and down. Incubate at
room temperature for 15 min.

13. Transfer the plate to the magnetic stand and let the beads
completely separate from the supernatant for 5 min or more.
Carefully collect 155 μl of the supernatant containing short
DNA fragments (<450 bp) and transfer to a new set of wells.
Note: The beads with large DNA fragments are left behind.
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14. Add 20 μl of AMPure XP beads to the 155 μl of clear superna-
tant in a new set of wells and mix thoroughly by pipetting up/
down. Incubate at room temperature for 15 min.

15. Transfer the plate to the magnetic stand and let the beads
completely separate from the supernatant for 5 min or more.

16. Carefully remove only 160 μl of the binding buffer and discard
it. Leaving some of the volume behind minimizes bead loss at
this step. DNA fragments larger than 250 bp are attached to
the beads. Note: The beads should not disperse; instead, they
will stay on the walls of the tubes. Significant loss of beads at
this stage will impact the yield, so ensure beads are not removed
with the binding buffer or the wash.

17. With the plate still on the magnet, add 200 μl of freshly
prepared 80 % ethanol and allow to stand for 1 min. Remove
the ethanol wash using a pipette. Repeat the 80 % ethanol wash
one more time, for a total of two washes. Using a fine tip,
carefully remove all traces of ethanol from the bottom of each
well. Note: It is critical to remove as much of the ethanol as
possible after the final wash.

18. Air dry the beads while keeping the plate on the magnet for a
minimum of 10 min. Inspect each well carefully to ensure that
all the ethanol has evaporated. It is critical that all residual
ethanol be removed prior to continuing.

19. Remove the plate from magnet. Add 25 μl of room tempera-
ture nuclease-free water to the dried beads. Mix thoroughly to
ensure that beads in all wells are homogeneously resuspended.
Incubate at room temperature for 5 min (see Note 5).

20. Transfer the plate to the magnet and let it stand for 2 min or
until the supernatant becomes clear.

21. While keeping the plate on the magnet, carefully collect 22.5 μl
of the eluate, ensuring as few beads as possible are carried over.
Transfer the eluted DNA to a new plate labeled “PCR.”

Perform ligation-mediated PCR amplification. Use NEB-
Next oligos for Illumina (NEB #7335 with barcodes 1–12
and/or NEB #7500 with barcodes 13–27). Make sure to use
a unique barcode for each sample.

22. Transfer the PCR plate with DNA on ice. Add to each well
1.25 μl of NEBNext universal primer, 1.25 μl of the NEBNext
Index i7 primer with a sample-specific barcode, and 25 μl of
KAPA HiFi HotStart ReadyMix 2� (Kapa Biosystems, Inc.
#KK2601). Seal the plate, spin briefly, and return on ice.

23. Perform PCR amplification using the initial denaturation tem-
perature of 98 �C for 45 s, followed by 11–12 cycles at 98 �C
for 15 s, 60 �C for 30 s, and 72 �C for 30 s. Add the final
extension step at 72 �C for 1 min after the cycling (seeNote 6).
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Perform a post PCR cleanup with AMPure XP beads (1.2�
volume beads to DNA ratio).

24. Add 60 μl of AMPure beads into wells with PCR reactions. Mix
well by pipetting up/down. Incubate at room temperature for
15 min.

25. Transfer the plate to the magnet and let it stand for 5 min to
completely clear the solution of beads.

26. Carefully remove only 94 μl of the binding buffer and discard
it. Leaving some of the volume behind minimizes bead loss at
this step (see Note 4). With the plate still on the magnet, add
200 μl of freshly prepared 80 % ethanol and allow to stand for
1 min. Remove the ethanol wash using a pipette. Repeat the
80 % ethanol wash one more time, for a total of two washes.
Using a fine tip, carefully remove all traces of ethanol from the
bottom of each well (see Note 7)

27. Air dry the beads on the magnet for a minimum of 10 min.
Inspect each well carefully to ensure that all the ethanol has
evaporated (see Note 7).

28. Remove the plate from the magnet. Add 30 μl room tempera-
ture nuclease-free water to the dried beads. Mix thoroughly to
ensure all the beads are homogeneously resuspended. Incubate
at room temperature for 5 min (see Note 5).

29. Transfer tubes to magnet and let it stand for 2 min or until the
supernatant clears out completely.

30. While keeping the plate on the magnet, carefully collect the
finished sequencing libraries in 25 μl of the eluate, ensuring as
few beads as possible are carried over and transfer to a fresh set
of tubes labeled with sample IDs.

3.4 Quality Control 1. Measure DNA concentration in the samples using high sensi-
tivity fluorometry (Qubit HS). Analyze the size distribution
and the molarity of the library by Agilent 2100 Bioanalyzer
electrophoresis using Agilent High Sensitivity DNA Kit
(Fig. 5).

2. Pool 12 samples with unique barcodes for Illumina sequencing
using equal amount of femtomoles or nanograms of DNA for
each sample (see Note 8).

3.5 High-Throughput

Sequencing and Data

Processing

1. Sequence the pooled libraries on the Illumina high-throughput
instrument using a paired end setup and 40–50 bases read
length (see Note 9).

2. Obtain the sequences in the fastq format. Align the sequences
to the reference genome supplemented with the sequences of
the methylation standards (see Note 10).
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3. Bowtie2 generates files in a generic Sequence Alignment/Map
(SAM) format. Next, use SAMtools for conversion of SAM files
into sorted indexed binary (BAM) files.

4. Count methylation signatures and compute methylation levels.
Use the sorted BAM files as input for the custom Python script
which assigns the reads to individual CCCGGG sites posi-
tioned in the genome. The script counts the reads with methy-
lated and unmethylated signatures and calculates raw
methylation values as the percentage of reads with the methy-
lated signature in the total number of reads. The Python script
and annotation tables of target sites for several reference gen-
omes are available at https://github.com/jmadzo/DREAM_-
project/ and https://github.com/jaroslavj/DREAM_tools.

5. We recommend to normalize the raw methylation values using
the observed and expected methylation values of the spiked in
methylation standards [13, 14] (see Note 11).

4 Notes

1. Complete methylation of CpGs in the CCGG recognition
sequence is easily achievable by a single treatment of DNA
with the HpaII methyltransferase (Fig. 4). All CCGG sites are
inside the CCCGGG sites targeted by DREAM. In contrast,
multiple enzymatic treatments are needed to achieve complete
methylation of all genomic CpG sites using the M.SssI
methyltransferase.

Fig. 5 Size distribution of typical DREAM libraries. Agilent 2100 Bioanalyzer
electrophoresis using standard sensitivity DNA 1000 kit. (a) DREAM library made
from human blood gDNA. (b) DREAM library made from mouse liver gDNA
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2. The amount of DNA used for cleaning should be approxi-
mately 2.5–10 μg, depending on availability. The yield of the
cleaning procedure depends on the purity and integrity of the
DNA sample. One microgram of cleaned high molecular
weight gDNA is sufficient for the DREAM assay. The mini-
mum amount for making high complexity libraries is approxi-
mately 500 ng.

3. Shaking a sealed plate on a microplate shaker at 1800 rpm may
facilitate the binding of DNA to beads. Spin the plate briefly
after removing from the shaker.

4. The beads should not disperse; instead, they should stay
attached to the side walls of the wells. Significant loss of beads
will impact the yield, so ensure beads are not removed with the
binding buffer or the wash.

5. Shaking a sealed plate on a microplate shaker at 1800 rpm may
facilitate the elution of DNA from the beads. Spin the plate
briefly after removing from the shaker.

6. Adjust the optimal number of PCR cycles so that the final
concentration of DNA purified after the amplification is in the
range of 10–20 ng/μl. Libraries with concentrations lower
than 5 ng/μl could be re-amplified by additional 4–6 PCR
cycles. Primers for Illumina termini P5 and P7 AATGA-
TACGGCGACCACCGAGATCTACAC and CAAGCAGAA-
GACGGCATACGAGAT can be used for all libraries, since
the sample-specific barcodes were set by the previous PCR
(Subheading 3.3, steps 22–23).

7. It is critical to remove as much of the ethanol as possible after
the final wash.

8. Pooling of 12 DREAM libraries works well for Illumina Rapid
Run flow cell. The number of samples to be pooled should be
adjusted to obtain approximately 25 million paired end reads
per sample.

9. Spike the sequencing pool with 10 % PhiX library to ensure
sufficient diversity at first 5 bases. DREAM libraries have either
C or G at bases number 1 and 2. Base 3 is invariably G. Spiking
in a percentage of PhiX control library increases the nucleotide
balance and makes clusters easier for the software to identify.

10. We first build a bowtie2 index combining the reference
genome, the E. coli genome, and the methylation standards
added as extra chromosomes. We align the fastq reads using the
Bowtie2 aligner with the sensitive option.

11. We use the spiked in methylation standards to compensate for
potential distortions of raw methylation values expressed as the
percentage of methylated reads. We compare the expected and
observed ratios of methylated to unmethylated reads mapped
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to the calibrators and calculate the correction coefficient. We
first verify that the background methylation level of the
completely unmethylated standard is less than 1 %. Next, we
calculate the difference d of log ratios log (M/U) and log (m/u)
for each standard, where M/U is the expected ratio of methy-
lated and unmethylated reads and m and u are observed num-
bers of methylated and unmethylated reads (a). Correction
factor c is expressed as an antilog of the average log difference
(expected–observed) from all standards (b). Finally, we com-
pute adjusted methylation values for each CpG site (c). We add
0.5 reads to the number of methylated and unmethylated reads
to avoid division by zero.

(a) d ¼ log (M/U) – log (m/u)

(b) c ¼ exp(mean(d))

(c) adjusted methylation ¼ c*(m + 0.5)/[c*(m + 0.5) + u + 0.5]
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