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Aim: The detection of specific DNA methylation patterns bears great promise as biomarker for person-
alized management of cancer patients. Co-amplification at lower denaturation temperature-PCR (COLD-
PCR) assays are sensitive methods, but have previously only been able to analyze loss of DNA methylation.
Materials & methods: Enhanced (E)-ice-COLD-PCR reactions starting from 2 ng of bisulfite-converted DNA
were developed to analyze methylation patterns in two promoters with locked nucleic acid (LNA) probes
blocking amplification of unmethylated CpGs. The enrichment of methylated molecules was compared to
quantitative (q)PCR and quantified using serial dilutions.Results: E-ice-COLD-PCR allowed the multiplexed
enrichment and quantification of methylated DNA. Assays were validated in primary breast cancer speci-
mens and circulating cell-free DNA from cancer patients. Conclusion: E-ice-COLD-PCR could prove a useful
tool in the context of DNA methylation analysis for personalized medicine.
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The analysis of mutations present at low proportions in biological material has recently attracted great interest to
detect clinically relevant subpopulations or to follow the response and potential emergence of mutations conferring
treatment resistance [1–3]. Enrichment technologies such as co-amplification at lower denaturation temperature
PCR (COLD-PCR) approaches combined with various read-out technologies facilitate the detection of molecules
present at low to very low levels [4]. However, the mutations to be followed need to be adapted to each individual
patient and new subclones with genetic mutations may arise and escape detection. DNA methylation has been
proposed as an alternative molecular alteration that might be used for the detection and follow-up of cancerous
lesions [5–9]. The frequent and localized presence of aberrant DNA hypermethylation patterns in the promoter
regions of cancer-related genes bears therefore great promise for personalized medicine of cancer or other diseases.
Changes in DNA methylation patterns can be analyzed using a number of sequencing based read-out technologies
after bisulfite conversion, which ‘freezes’ the methylation state by deaminating unmethylated cytosines to uracils,
while methylated cytosines remain unchanged [10]. However, Sanger, next generation or pyrosequencing shows
an analytical sensitivity of 20–5% for DNA methylation detection [11]. Technologies such as methylation-specific
PCR (MSP), quantitative (q)MSP or MethyLight allow the selective amplification of molecules with a specific
DNA methylation profiles and detect methylated molecules at a sensitivity of 1:1000–10,000 [12,13]. However,
these technologies will amplify a subpopulation of molecules, usually completely methylated molecules, which
are complementary to the sequence of the amplification primers after bisulfite conversion. In the presence of
frequently observed heterogeneous methylation patterns, they might underestimate or fail to detect the aberrantly
methylated molecules [13,14]. COLD-PCR methods such as full-, fast-, ice- (improved and complete enrichment)
and E-ice- (enhanced-ice) use a critical temperature (Tc) in the PCR to selectively denature wild-type mutant
heteroduplexes allowing the enrichment of rare mutations [4]. Recently, a fast-COLD-MS-PCR (co-amplification
at lower denaturation temperature methylation-specific PCR) has been shown to enrich unmethylated genomic
regions even in the presence of an excess of methylated DNA molecules [15]. Due to the enrichment of the
molecules melting at lower temperatures, COLD-PCR approaches can only be used for the selective enrichment of
hypo- or unmethylated molecules restricting significantly the use of COLD-PCR for the detection of aberrant DNA
methylation patterns. However, especially for cancer, research has largely focused on the analysis of hypermethylated
loci.

In the present study, we demonstrate in proof-of-principle experiments that E-ice-COLD-PCR [16] can be
used to enrich methylated molecules, which can be subsequently read-out at single nucleotide resolution using
pyrosequencing. LNA-containing blocker probes were designed to prevent amplification of unmethylated bisulfite-
converted DNA enriching preferentially methylated DNA molecules during the E-ice-COLD-PCR reaction. The
performance of E-ice-COLD-PCR assays was evaluated by comparison to conventional amplification assays and
validated with clinical samples including circulating cell-free DNA (ccfDNA) samples. Accurate quantification was
achieved using calibration standards, and assays could easily be multiplexed.

Methods
DNA samples
Unmethylated and methylated bisulfite-converted DNAs were purchased from Qiagen (Courtaboeuf, France) and
unmethylated and methylated DNA standards from Zymo Research (CA, USA). Serial dilutions were used to
obtain standards with a known degree of methylation (100, 75, 50, 20, 10, 5, 2.5, 1, 0.5, 0.25, 0.1 and 0%
methylation).

17 anonymized primary breast cancer tumors were used to validate the enrichment of methylation by E-ice-
COLD-PCR assays. Use of these samples was approved by the Norwegian Regional Committee for Medical Research
Ethics (approval numbers 429-04148 and 2014/895), and patients have given written informed consent for the
use of material for research purposes. DNA was isolated from snap frozen tumor tissue using phenol/chloroform
extraction. DNA concentrations were determined using the Quant-iT™ dsDNA broad range assay kit (Thermo
Fisher Scientific, CA, USA) and normalized to a concentration of 50 ng/μl.

Six ccfDNA samples, previously extracted from human plasma samples of two colon, two breast, one lung
cancer patients and one healthy individual, were included in this study [17]. Two plasma samples from kidney
cancer patients were purchased from Seralab (Haywards Heath, West Sussex, UK) and extracted and quantified as
previously described [17].

526 Epigenomics (2018) 10(5) future science group



Enrichment of methylated DNA using E-ice-COLD-PCR Methodology

GTGTATAGTATGGTTGGTTTTT TT TTAGTT TG TTTTTTTAGTAGAGAAABGGTTAAG TT TTTCGTTTTTAATTTAGT
TTGATTTTTGGGGCGATTAGTA AA TCGGGTTTGTTATTTTTTTTTTAGAGAGTTTAA TT AGTAGAGGATTTAGGA

TTTTTTATGGTGTTTATTTT

PCR primers: 5’-
5’-Biotin-

LNA probes:

Pyrosequencing primer: 5’-

PCR primers: 5’-
5’-Biotin-

LNA probes:

Pyrosequencing primer: 5’-

GTGTATAGTATGGTTGG TT TTTTTT-3’
TCCT AA ATCCTCT CA TAATT AA ACTCTCTA-3’

AIM2-LNA1: 5’-

AIM2-LNA2: 5’-
AIM2-LNA3: 5’-

AIM2-LNA4: 5’-

RARB2_LNA1: 5’-
RARB2_LNA2: 5’-
RARB2_LNA3: 5’-
RARB2_LNA4: 5’-
RARB2_LNA5: 5’-

GGGG+T+GATTA TG AAAT+T+GGGTTTGT AT TTTTTTTTTTAGAGA-ph-3’
GGGG+TGATTAG AT AAT+TGGG TT TGTTA TT TTTTTTTTAGAGA-ph-3’
GGGG+TGATTAG AT AATYGGGTTTGTTA TT TTTTTTTTAGAGA-ph-3’
GGGGYGATTAG AT AAT+TGGGTTTGTTA TT TTTTTTTTAGAGA-ph-3’

TTTTGATTTTTGGGG-3’

AGGAGGG TT TATTTTTTGTTAAAGGGGGGATTAGAA TT TTTTTATG AGTTGTTTGAGGATTGGGATGTCGAGAACGCGAGCGATTCGAGTAG
GGTTTGT TT GGGTATCGTCGGGGTAGGATTCGGAAC TG ATTCGGAAGGTTTTTTGTAAGTATTTATTTGGAAGGAGAATTT

AGGA GGGTTTATTTTTTGTTAAAGG-3’
AAATTCTCCTTCCAAATAAATACTTACAA-3’

GGGTAT+TGT+ GT GGGTAGGATT+TGGAA+TGTATT+TGGAAGGTTTTTTGTAA-ph-3’
GGGTAT+TGT+ GT GGGTAGGATTYGGAA+TGTATT+TGGAAGGTTTTTTGTAA-ph-3’
GGGTATYGTY GG GGTAGGATT+TGGAA+TGTATT+TGGAAGGTTTTTTGTAA-ph-3’
GGGTATYGTY GG GGTAGGATTYGGAA+TGTATT+TGGAAGGTTTTTTGTAA-ph-3’
GGGTATYGTY GG GGTAGGATTYGGAAYGTATT+TGGAAGGTTTTTTGTAA-ph-3’

TTGAGGATTGGGATGT-3

AIM2 assay

RARB2 assay

CG

Figure 1. Sequences of E-ice-COLD-PCR assays targeting AIM2 and RARB2. + denotes an LNA building block. PCR primers are indicated in
yellow, LNA probes are underlined, pyrosequencing primers are noted in green and the sequence analyzed using pyrosequencing is in
bold and italic for each assay.

Bisulfite conversion
The bisulfite conversion of DNA standards and the breast cancer samples was performed on 200 or 500 ng of
genomic DNA using the EpiTect Fast DNA Bisulfite (50) kit on a QIAcube (Qiagen) according to the manufacturer’s
instruction in an elution volume of 40 μl. The bisulfite conversion of cell-free circulating DNA was performed
on 15–65 ng in 20 μl of ccfDNA using the EZ DNA Methylation-Gold Kit from Zymo Research according to
the manufacturer’s instruction with an elution volume of 30 μl. A different bisulfite conversion kit was used for
the bisulfite conversion of the cell-free DNA as this kit was previously found to yield higher recovery rates for low
amounts of fragmented DNA [18]. The quantity of bisulfite-converted DNA was estimated using a 75% recovery
rate.

E-ice-COLD-PCR
qPCR and E-ice-COLD-PCR reactions were performed on a LightCycler 480 thermocycler (Roche Applied Science,
Penzberg, Germany). Primers, probes and pyrosequencing primers (Figure 1) for the E-ice-COLD-PCR assays were
purchased HPLC-purified from TIBMOLBIOL (Berlin, Germany).

Conditions for the E-ice-COLD-PCR were 1 × HotStar Taq buffer (Qiagen) supplemented with 1.6 mM
MgCl2, 200 μM of each dNTP, 2.0 U of HotStar Taq polymerase, 200 nM of forward and reverse primers,
2 μM of SYTO9, 50 nM of blocker probe (AIM2-LNA1) for AIM2 or 40 nM of blocker probe (RARB2-LNA1)
for RARB2 and 2 ng of bisulfite-converted DNA (corresponding to ∼700 DNA molecules) in a 25 μl volume
(Figure 1). The E-ice-COLD duplex PCR was performed under the same conditions except for the quantity of
each primer, which was halved [19]. The E-ice-COLD-PCR cycling conditions included an initial denaturation
step for 10 min at 95◦C, followed by six cycles of 30 s at 95◦C, 20 s at 61◦C and 10 s at 72◦C, followed by 52
cycles of 20 s at 95◦C, 30 s at 70◦C, 20 s at 74◦C, 20 s at 61◦C and 10 s at 72◦C, followed by a melting curve
at 20 acquisition per degree from 65 to 95◦C and a final cooling to 40◦C. Melting curve analysis was performed
as a quality control to detect amplification products not corresponding to the amplification product, for example,
primer dimers. Optimal concentrations of blocker probes for each E-ice-COLD-PCR assay were determined by
comparison to amplification reactions without the respective blocker probe using the same cycling conditions.
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qPCRs for standard curves and samples analysis were performed under the same conditions without adding the
blocker probes. The qPCR cycling included an initial denaturation step for 10 min at 95◦C, followed by 52 cycles
of 30 s at 95◦C, 20 s at 61◦C and 10 s at 72◦C, followed by the above-described melting curve analysis. The
methylation patterns of standards and samples were analyzed in sextuplicates and triplicates, respectively.

Pyrosequencing
Pyrosequencing was performed using PyroMark Gold SQA Q96 Reagents (Qiagen) as previously described [20] using
4 pmol of the pyrosequencing primer (Figure 1). DNA methylation sequencing was performed on a Pyromark R©

Q96 HS (Qiagen) and analyzed with the Pyromark CpG software (Qiagen). The enrichment factor was calculated
using the percentage of methylation detected by pyrosequencing following E-ice-COLD-PCR divided by the
methylation level of the sample without enrichment.

Results
Due to the previously reported strong enrichment of mutations using E-ice-COLD-PCR [16], we investigated in
this proof-of-concept study if E-ice-COLD-PCR can – despite the unfavorable higher melting temperature of
methylated molecules – be also used to enrich and facilitate the detection of rare methylated DNA molecules in
the presence of unmethylated molecules in bisulfite-converted DNA. The method contains three steps: bisulfite
conversion, the E-ice-COLD-PCR to enrich bisulfite-converted methylated DNA followed by pyrosequencing to
analyze and quantify DNA methylation at single CpG resolution.

E-ice-COLD-PCR assays
Two assays (Figure 1) were developed targeting the promoter regions of RARB2 (175 bp) and AIM2 (172 bp),
which we and others have previously shown to present differential methylation in breast cancer samples [21–23].
The size of the amplification product was kept relatively small to facilitate the analysis of fragmented DNA such as
ccfDNA. E-ice-COLD-PCR reactions were developed to start from 2 ng of bisulfite converted DNA/reaction to
make the method applicable to samples with limited DNA availability such as ccfDNA. Reactions were optimized
using temperature gradients to define the optimal Tc. Gradients of the concentration of the blockers (0–100 nM)
were performed to determine the best conditions for the enrichment and detection of methylated molecules using
methylation standards with a known degree of DNA methylation (20, 10, 5, 1, 0.5–0.1, 0%).

LNA blocker probes for E-ice-COLD-PCR were designed to have six bases overlapping with one of the reverse
PCR primers and had a minimum length of approximately 40 bases [24]. Several LNA blocker probes blocking
different numbers of CpGs were used for the evaluation of the enrichment by E-ice-COLD-PCR (Figure 1).
They were designed to block at least one unmethylated bisulfite-converted cytosine in the context of a CpG
dinucleotide present in the sequence of AIM2 and RARB2 (Figure 1). For the AIM2 assay, four blocker probes
targeting the same sequence were compared using either four LNA bases to block the two unmethylated cytosine
as well as the adjacent guanosine bases (AIM2-LNA1) of the two CpGs present in the analyzed sequence; two
LNA bases to block each of the unmethylated cytosine of CpGs (AIM2-LNA2) or one LNA to block one of the
two unmethylated cytosine of one of the CpGs (AIM2-LNA3 and AIM2-LNA4) (Figure 1). For the RARB2 assay,
five blocker probes targeting the same sequence were compared using five (RARB2-LNA1), four (RARB2-LNA2),
three (RARB2-LNA3), two (RARB2-LNA4) and one (RARB2-LNA5) LNA bases to block unmethylated cytosines
of CpGs (Figure 1). The blocker probes AIM2-LNA3, AIM2-LNA4, RARB2-LNA4 and RARB2-LNA5 did not
yield any enrichment, whereas all others enriched methylated DNA to different degrees. Assays using these blocker
probes were subsequently compared with conventional qPCR. The strongest enrichment was obtained for AIM2
and RARB2 with LNA oligonucleotides that blocked all CpGs (AIM2-LNA1 and RARB2-LNA1) underlying
the blocking probe sequence. For the RARB2 E-ice-COLD-PCR assay, there was also an enrichment using three
or four of the five CpGs blocked (RARB2-LNA3 and LNA2), but the enrichment was lower compared with
the LNA blocking five CpGs (RARB2-LNA1) yielding a 10.7-, 17.6- and 44.8-fold enrichment for the analysis
of a 0.5% methylated DNA standard, respectively. For the AIM2 E-ice-COLD-PCR assay, there was a stronger
enrichment using four LNAs (AIM2-LNA1) compared with two LNA bases (AIM2-LNA2) with a 32.6- and
12.8-fold enrichment for the analysis of a 0.5% methylated DNA standard, respectively. For higher methylation
levels the efficiency of the enrichment decreased slightly, but showed the same trend with a 4.9-, 16.6- and 34.6-fold
enrichment for RARB2 and 10.3- and 27.5-fold enrichment for AIM2, respectively. Increasing the amount of input
material to 4 ng, led to a strong increase in the enrichment efficiency with a 61-fold enrichment for the 0.5%
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Figure 2. Standard curves for DNA methylation analysis using E-ice-COLD-PCR and qPCR targeting AIM2 and RARB2. Standard curves
were obtained using serial dilution of 100, 75, 50, 20, 10, 5, 1, 0.25 and 0.1–0% of methylated and unmethylated bisulfite converted DNA
standards in sextuplicates. For the AIM2 assay, the standard curve for CpG1 by E-ice-COLD-PCR was y = 13.602 ln (x) + 24.284 (R2 = 0.9701,
green curve) and for CpG 2 was y = 12.512 ln (x) + 42.808 (R2 = 0.9714, black curve), for CpG1 by qPCR was y = 0.0066 x2 + 0.1957 x + 2.4394
(R2 = 0.9972, blue curve) and for CpG2 by qPCR was y = 0.0075 x2 + 0.1804 x + 5.8741 (R2 = 0.9965, red curve). For the RARB2
E-ice-COLD-PCR assay, the standard curve for CpG1 was y = 12.988 ln (x) + 31.723 (R2 = 0.973, purple curve), CpG2 y = 14.239 ln (x) + 29.63
(R2 = 0.9556, red curve), CpG3 y = 12.786 ln (x) + 30.307 (R2 = 0.9694, gray curve), CpG4 y = 13.133 ln (x) + 31.64 (R2 = 0.9606, green curve),
CpG5 y = 15.02 ln (x) + 33.403 (R2 = 0.9505 faded red curve). For the qPCR assay, the standard curve for CpG1 by qPCR was y = 0.006
x2 + 0.0827 x + 3.8353 (R2 = 0.9851, blue curve), CpG2 y = 0.0076 x2 + 0.01033 x + 3.7873 (R2 = 0.9887, red curve), CpG3 y = 0.0063
x2 + 0.0105 x + 3.0971 (R2 = 0.9808, purple curve), CpG4 y = 0.0057 x2 + 0.1656 x + 3.113 (R2 = 0.9862, orange curve) and CpG5 y = 0.0077
x2 + 0.0931 x + 4.8262 (R2 = 0.9841, black curve).
qPCR: quantitative PCR.

methylation standard for AIM2. For higher DNA quantities, the concentration of the blocker should be reduced
to maintain the possibility for quantification. DNA methylation levels of 5% or below were indistinguishable after
qPCR amplification without the blocking probe due to the limit of quantification of the pyrosequencer.

The Tc of E-ice-COLD-PCR using blocker probes of AIM2-LNA1 and RARB2-LNA1 (Figure 1) was 74◦C
for both assays and optimal concentrations of the blocker were 50 and 40 nM for AIM2 and RARB2, respectively,
allowing the enrichment of methylated DNA present below 10% in the DNA methylation standards with minimal
false positive detection of unmethylated DNA (Supplementary Figure 1).

Methylation enrichment using E-ice-COLD-PCR
The enrichment of DNA methylation of both E-ice-COLD-PCR assays was then compared with the DNA
methylation analysis using a methylation-independent qPCR assay without the blocking probe (Figure 2). Standard
curves of E-ice-COLD-PCR and qPCR assays for each CpG were established using serial dilutions (from 0 to 100%)
of methylated DNA in sextuplicates. The standard curves of E-ice-COLD-PCR were logarithmic (R2 = 0.97 for
AIM2 and R2 = 0.96 for RARB2) as previously shown for the enrichment of mutations [16]. However, the standard
curves of the qPCR assays fitted a second degree polynomial equation (R2 = 0.99 for AIM2 and R2 = 0.98 for RARB2)
indicating the presence of the commonly observed preferential amplification of unmethylated molecules [25].
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Figure 3. Average methylation level (%) and standard deviation detected by qPCR, E-ice-COLD-PCR and quantified using the standard
curves for E-ice-COLD-PCR of AIM2 or RARB2 assays from 17 breast cancer patients.

The detection of DNA methylation was improved using E-ice-COLD-PCR, especially in samples/standards with
a low to very low degree of DNA methylation (below 1%), compared with standard qPCR amplification. Further-
more, the limit of detection of E-ice-COLD-PCR coupled with pyrosequencing starting with 2 ng DNA/reaction
was below 0.5%, tenfold less than the limit of detection of a standard PCR combined with pyrosequencing starting
with 20 ng DNA per reaction, which was found to be around 5% concordant with previous publications [26].

Quantification of clinical samples
E-ice-COLD-PCR assays were validated using DNA from 17 breast cancer samples. All samples showed an
enrichment for AIM2 and most samples for RARB2 (Figure 3). The percentage of methylation was measured in
triplicate and the average level of methylation and the standard deviation of the two CpGs of AIM2 and the five
CpGs of RARB2 were calculated. The mean standard deviation was 4.6% for replicates of E-ice-COLD-PCR assays
compared with 2.5% for the conventional qPCR for AIM2 and 7.8% compared with 2.3% for RARB2 showing
a slight loss of accuracy probably due variation in the enrichment efficiency for the E-ice-COLD-PCR assays.
Moreover, the DNA methylation levels were quantified using the E-ice-COLD-PCR standard curves for each CpG
(Figure 2) taking the mean of all CpGs and triplicate experiments into account (Figure 3). The quantification
of methylation using E-ice-COLD-PCR yielded results in the same methylation range as the conventional qPCR
assays or standard pyrosequencing assays starting with 20 ng of DNA.
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Figure 4. Multiplexed E-ice-COLD-PCR assay for the simultaneous enrichment and analysis of methylated DNA molecules
for AIM2 and RARB2. Upper panel: high-resolution melting curves of the duplex E-ice-COLD-PCR assay enriching methylation at the AIM2
and RARB2 promoters using 100, 75, 50, 20, 10, 5, 2.5, 1, 0.5, 0.25, 0.1 and 0% of methylated DNA. Lower panel: pyrograms after
enrichment of a 0.5% methylated DNA standard using duplex E-ice-COLD-PCR combined with pyrosequencing assays analyzing AIM2 and
RARB2.

Duplex of E-ice-COLD-PCR reaction
E-ice-COLD-PCR assays can be multiplexed if assays have a similar annealing (Ta) and Tc [19]. Therefore, we
evaluated the possibility to analyze the methylation of AIM2 and RARB2 in a duplex E-ice-COLD-PCR assay using
a Ta of 61◦C, a Tc of 74◦C, and 50 and 40 nM of blocker probes for AIM2 and RARB2, respectively. The quantity
of PCR primers in the duplex reaction was reduced to half compared with simplex reactions [19].

High-resolution melting curves showed two peaks at approximately 76◦C and approximately 80◦C for un-
methylated DNA and two peaks at approximately 78◦C and approximately 85◦C for methylated DNA for AIM2
and RARB2, respectively. The comparison of standard curves demonstrated the enrichment of both targets in the
E-ice-COLD-PCR duplex. The E-ice-COLD-PCR duplex was followed by two separate pyrosequencing assays
analyzing the AIM2 and RARB2 promoters to identify methylated DNA (Figure 4). The percentage of the detected
methylation levels of the seven CpGs in the two promoters after enrichment ranged between 20 and 35% starting
from 2 ng of 0.5% methylated DNA demonstrating the efficient enrichment and straightforward detection of low
to very low DNA methylation levels.

Circulating cell-free DNA samples
With the current interest in the analysis of ccfDNA for personalized patient management, we then applied the
E-ice-COLD-PCR duplex to the detection of methylation in ccfDNA from eight plasma samples from different
cancer patients (kidney, breast, colon and lung cancer) and one healthy individual (Figure 5). ccfDNA was analyzed
in triplicate and serial dilutions of methylated and unmethylated bisulfite-converted DNA were used as controls
and compared with the duplex qPCR assay without LNA probes. High-resolution melting curves of the E-ice-
COLD-PCR duplex showed that all ccfDNA were highly methylated for the AIM2 promoter and unmethylated
for the RARB2 assay with the notable exception of one colon cancer sample, which showed low levels of DNA
methylation (Figure 5). Results were confirmed by two pyrosequencing assays of these genes (Figure 5). The average
percentage of the detected methylation levels in the plasma samples after enrichment was 93–98% for AIM2 and
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Figure 5. High-resolution melting curves for eight circulating cell-free DNA samples isolated from plasma using the duplex
E-ice-COLD-PCR assay enriching methylation at the AIM2 and RARB2 promoters and example of the two pyrosequencing assays for a
circulating cell-free DNA sample from a colorectal cancer patient.

25% for RARB2 in the ccfDNA from a colon cancer patient. The actual level of methylation in this sample using
the standard curves was estimated DNA to be approximately 0.5% corresponding to a methylation degree that
could not easily be detected by methods using methylation-independent amplification.

Discussion
In the current manuscript, we demonstrate that E-ice-COLD-PCR, which we initially developed to enrich low-
abundant somatic mutations, can be also used for the enrichment of low-abundant methylation in bisulfite-
converted DNA [4,16].

E-ice-COLD-PCR allowed the detection of methylated DNA using LNA-containing probes to block unmethy-
lated cytosines and provides therefore a novel approach for the sensitive detection of, for example, promoter
hypermethylation, which is currently of great interest for many clinical applications for the management of cancer
patients using non-invasive liquid biopsies [3,7,27,28]. As unmethylated molecules have a lower melting temperature
compared with methylated molecules as the bisulfite conversion leads to the replacement of unmethylated cytosines
by thymines, they are more easily to enrich in COLD-PCR-based approaches and a fast-COLD-MS-PCR method
has previously been reported [15]. We demonstrate in this work that the LNAs contained in the blocking oligonu-
cleotide will induce a stronger effect on the strength of the hybridisation compared to the melting temperature
allowing for the enrichment under thermodynamic unfavorable conditions. Blocker probes must therefore be de-
signed with several LNA bases and some more constraints are inevitable for the design of the assays. While in the
initial ice-COLD-PCR publication, the blocking nucleotide was required to overlap with one of the amplification
primer binding sites [29], we have previously shown that this was not a prerequisite for the assay performance when
using LNA containing blocking nucleotides [16]. However, for the analysis of methylated DNA, blocking oligonu-
cleotides that did not overlap primer binding sites did not efficiently block the amplification of unmethylated
molecules. We have previously shown that successful E-ice-COLD-PCR assays for the enrichment of BRAF, KRAS
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and NRAS mutations contained at least three LNA bases per blocker probe covering the mutated codons [16,19,30].
For the DNA methylation analysis shown in this study, it was not necessary that the LNA-containing blockers
covered all CpGs in the region of interest. For the AIM2 assay only two of the four CpGs were covered by the
blocking probe and therefore two LNAs complementary to invariable nucleotides were included to achieve optimal
enrichment efficiency. For RARB2, five of the 11 CpGs were blocked and this allowed also the enrichment also at
the five other CpGs as determined by pyrosequencing. It is probable that with fewer LNAs incorporated in the
blocker probe, the decrease in the melting temperature due to the mismatch with partially or completely methy-
lated molecules cannot outweigh the lower melting temperature of completely unmethylated molecules leading to
a loss of the enrichment efficiency. As the enrichment will be determined by the DNA methylation status of the
CpGs complementary to the blocker probe, a detailed knowledge of the CpG positions correlating best with the
phenotype under investigation is required to determine the CpGs targeted by the blocker probe. Nonetheless, 90%
closely neighbored CpGs with a distance of 50 base pairs or less show the same methylation status [31] allowing
some flexibility in the probe design.

While focusing on the technically more demanding detection of hypermethylation, blocker probes could also be
used to block methylated DNA and enable the enrichment of unmethylated DNA in the presence of an excess of
methylated DNA. This might be particularly useful for the analysis of complex diseases other than cancer such as the
detection of hypomethylated molecules of the INS promoter in individuals with diseases inducing pancreatic β-cell
death such as Type 1 diabetes [11,32].

E-ice-COLD-PCR combined with pyrosequencing has previously been used for the quantification of mutations
in ccfDNA using standard curves of serial dilutions of known KRAS mutations and yielded data comparable to
those obtained by digital PCR, but allowed a higher throughput, lower cost and shorter time-to-results [33]. The
possibility for quantification was here confirmed for DNA methylation analysis. The initial protocols devising
the ice-COLD-PCR required a nested amplification approach totaling a first round of amplification of 35 cycles
followed by the enrichment amplification using 25–40 cycles [29]. E-ice-COLD PCR uses a single PCR, but requires
a substantial number of amplification cycles to enrich for the methylated molecules, with detectable amplification
levels only after 40 cycles as assessed by real-time monitoring of the enrichment and amplification. Nonetheless
variation between technical replicates only slightly increased compared with conventional qPCR amplification. In
the current study we have chosen to start from small amounts of DNA to be compatible even with ccfDNA samples
from individuals with low levels of ccfDNA. Increasing the DNA input for patients with high levels could increase
the accuracy and lower the detection limit of aberrantly methylated molecules.

E-ice-COLD-PCR will be extremely useful for the detection of low levels of DNA methylation while for very high
methylation levels, the quantification was improved using standard qPCR because of the logarithmic curves for E-
ice-COLD-PCR leading to a plateau with no further enrichment. We have previously shown that the concentration
of blocker probe could be adapted to the range of mutation levels and a similar approach could be taken for
methylation. Furthermore, E-ice-COLD-PCR assays can be easily optimized using gradients of temperature and
blocker concentrations. Various concentrations of blocker probes could be used to improve the resolution of the
standard curves for different ranges of methylation levels and to enhance the quantification as we have previously
shown for the detection of mutations [33]. We have previously shown, that the COLD-PCR cycling protocol is
essential for obtaining the enrichment observed for E-ice-COLD-PCR assays, as using a wild-type blocking PCR
assay [34] targeting the same sequence and using the same blocker, did achieve much lower rates of enrichment [16].
In the future, it will be important to better understand the molecular nature of the enriched molecules. While
our approach should enrich all molecules that contain at least some methylated positions at the CpG positions
covered by the blocker, our read-out technology does not allow an analysis at the level of individual molecules.
Further development is necessary to combine E-ice-COLD-PCR with next-generation sequencing (or cloning and
conventional sequencing) as read-out technology. This would allow counting of the individual molecular patterns
before and after enrichment and – using templates with heterogeneous levels of DNA methylation on the CpGs
covered by the blocker – assessing the impact of DNA methylation at the different positions of the blocker as well
as neighboring CpGs for the enrichment.

MSP- and qMSP-based methods, such as SMART-MSP, MethyLight, HeavyMethyl or Quantitative Analysis of
Methylated Alleles, have proven well suited for the detection of cancer-specific methylation patterns in primary
tumor tissues, but also for the detection of very low levels of methylation in body fluids in contact with the
tumor site and in circulating DNA [4,10,35]. These technologies are most commonly applied to validate and analyze
DNA methylation biomarkers. While MSP and MethyLight will specifically amplify methylated molecules in the
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presence of a 1000–10,000-fold excess of unmethylated molecules, the efficient amplification relies on a predefined
consistent methylation profile underlying the bindings sites for the amplification primers and the hydrolysis probe
(for MethyLight) usually completely methylated molecules [12,36]. We and others have previously shown, that in the
presence of heterogeneous DNA methylation patterns, the assays fail to amplify partially methylated molecules and
significantly underestimate the proportion of methylated samples [13,14,37]. Further, a recent large-scale comparison
of locus-specific DNA methylation technologies for potential DNA methylation-based biomarker assessment,
MethyLight was the most quantitative method among the relative methylation assays, but still failed to detect a
considerable number of differences in the analyzed samples raising concerns on its use for the analysis of samples
in a clinical setting [38]. While HeavyMethyl uses small blocking oligonucleotides complementary to unmethylated
molecules to compete with methylation-independent amplification primers to favor the amplification of methylated
molecules, the hydrolysis probe will be complementary to completely methylated molecules [39]. This technology
is currently used in the US FDA-approved commercial Epi proColon R© assay for the detection of colorectal cancer
through the analysis of DNA hypermethylation of the v2 region in the SEPT9 gene [40]. While highly specific and
sensitive in proof-of-principle experiments [39,41], the assay displays in clinical practice only moderate sensitivity
(positive detection of 48% of patients with a colorectal cancer) while maintaining high specificity [42]. Furthermore,
the design requires five oligonucleotides with some constraints on the availability and position of CpG complicates
assay design. The design of E-ice-COLD-PCR assays is fundamentally different from these assays as it impedes the
amplification of the normal, unmethylated state, but does not make any requirements on the degree or the patterns of
DNA methylation in the amplified target region. All molecules different from the blocked pattern will be amplified
and the subsequent sequencing-based analysis give detailed information on the molecules that have been enriched.
While head-to-head comparisons with the HeavyMethyl technology will be required, it could be speculated that
E-ice-COLD-PCR might have an increased sensitivity, as it does not require any specific co-methylation patterns in
the analyzed region. In the current study we have been using pyrosequencing for its quantitative accuracy and short
time to results, the enrichment could also be combined with next generation sequencing (NGS)-based read-out,
which would allow the detailed analysis of DNA methylation patterns on individual molecules.

Methylation analysis of tumor-derived ccfDNA from different liquid biopsies has shown to bear information of
great clinical value for diagnostics, early detection, prognostics and treatment decisions including early detection
of neoplastic or preneoplastic lesions as well as the time detection of metastasis, recurrence or development of
treatment resistance [3,7,27,28,43]. The assays described within this manuscript have not the purpose to be used
for clinical purposes, but solely as proof-of-principle of the technical feasibility of the developed approach. Of
note, AIM2 shows significant methylation levels in blood cells, making it unsuitable for diagnostic assays due to
the potential contamination of the samples through lysed blood cells. While assays like the above described Epi
proColon V2 test analyzes the DNA methylation levels at a single locus, increased sensitivity and specificity can
be obtained using signatures combining the DNA methylation levels at several CpGs in both the primary tumor
and liquid biopsies [44–47]. DNA methylation signatures will be difficult to analyze using real-time MSP or digital
PCR assays requiring a single target per reaction. E-ice-COLD-PCR methylation assays can be designed to be
multiplexed using the same Ta and Tc allowing the methylation analysis as shown with a duplex assay for in this
study and previously for a triplex assay for mutation detection which demonstrated that E-ice-COLD-PCR can
be used for the analysis of a gene panel [19]. Therefore, for smaller signatures the approach described here will be
sufficient, which is further supported by the fact that the commercial MX-ICP kits for mutation detection (Precipio,
CT, USA), which rely on the same approach, allow the multiplexed analysis of a larger number of amplicons. For
larger signatures, protocols for multiplexing COLD-PCR methods have been devised [48,49] which should allow
the analysis of even larger number of target regions or assays might be complemented with alternative approaches
such as Name-Pro [50].

Conclusion
In summary, in this proof-of-concept study, we demonstrated that E-ice-COLD-PCR greatly facilitates the detection
of low-abundant mutations or methylation patterns and could be a well-suited method for individualized patient
management. E-ice-COLD-PCR can detect, identify and quantify low-abundant methylated molecules, requires
little starting material, can be easily multiplexed and performed at high-throughput with a short time to results
making it compatible with the time frame of clinical decisions. Additional work using next-generation sequencing
is required to fully understand the nature of the enriched molecules and the impact of heterogeneous DNA
methylation on DNA methylation.
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Executive summary

• DNA methylation patterns contain valuable information for diagnosis, prognosis and treatment decisions for the
clinical management of cancer patients.

• COLD-PCR assays have shown to enrich mutated alleles as well as hypomethylated molecules, but could due to
unfavorable thermodynamic conditions not analyze hypermethylation.

• Enhanced-ice-COLD-PCR allows for the enrichment up to 40-fold of methylated molecules and enables the
sensitive detection and accurate quantification of DNA methylation levels.

• DNA methylation can be analyzed by E-ice-COLD-PCR in both primary tumor specimens as well as liquid biopsies.

• Multiplexing enables the analysis of DNA methylation signatures, which are promising tools for personalized
medicine.
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