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Abstract

Background

DNA methylation is an important epigenetic mechanism in sévenman diseases, md
notably cancer. The quantitative analysis of DNA methylatiotepa has the potential
serve as diagnostic and prognostic biomarkers, however, there remtbura lack of
consensus regarding the optimal methodologies to quantify methyléitus.sTo addres
this issue we compared five analytical methods: (i) MethyLight gPQRA€thyLight digital
PCR (dPCR), methylation-sensitive and -dependent restrictionmeniSRE/MDRE
digestion followed by (iii) gPCR or (iv) dPCR, and (v) bisulfitedicon next generatio
sequencing (NGS). The techniques were evaluated for linearity, accuracyeaistbpr

Results
Methylight qPCR displayed the best linearity across theerarigested samples. Obser

methylation measured by Methylight- and MSRE/MDRE-qPCR atiilCR were nQ
significantly different to expected values whilst bisulfite acgst NGS analysis ove

estimated methylation content. Bisulfite amplicon NGS showed goedspn, whilst the

lower precision of gPCR and dPCR analysis precluded discriminatidifferfences of <259

st

S

in methylation status. A novel dPCR Methylight assay is ééstribed as a potential meth



for absolute quantification that simultaneously measures both sedsanéisense DNA
strands following bisulfite treatment.

Conclusions

Our findings comprise a comprehensive benchmark for the quantitattugaay of key
methods for methylation analysis and demonstrate their appligabilthe quantification gf
circulating tumour DNA biomarkers by using sample concentrations thaépresentative of
typical clinical isolates.

Keywords

DNA methylation, Reference material, Digital PCR, NGS, Quantiticati

Background

The methylation of CpG dinucleotides is a common epigenetic meahanisukaryotes that
plays an essential role in the regulation of gene activity. Befacmethylation have been
described in several human diseases, most notably cancer (reing@pdAlterations in the
methylation status of CpG islands in human cancers can lead to igemstability and
silencing of tumour suppressor genes [2-5]. The strong correlatiovedr® methylation
status and cancer development and progression has led to a gmotenegtiin the use of
methylation markers in circulating DNA for cancer diagnosid prognosis [6,7]. However,
in order for such clinical applications to be developed, further workgsired to determine
which are the optimal methodologies to quantify methylation statcuraely and
reproducibly. Indeed, numerous technologies are used for methylatilysisr{eeviewed in
[8] and [9]) and many of these have not previously been evaluated nns t@fr their
guantitative accuracy, precision and repeatability of measurement.

The majority of the most commonly used methods for DNA metloylaginalysis are those
based on sodium bisulfite conversion or methylation-dependent or -sensifitrestion
enzymes (defined as MSREs or MDREs respectively throughout)henfirst, sodium
bisulfite is used to hydrolytically deaminate unmethylatgthbsine to uracil while leaving
methylated cytosines unchanged [10-12]. Bisulfite converted DNAbeansed to assess
methylation status by several methods, including PCR and seque@tongl sequencing of
bisulfite converted DNA is considered to be the ‘gold standard’ roethylation
guantification, as it allows the high-throughput identification ofttai methylated cytosines
within an extensive region combined with single molecule quantoicafl3]. The
development of pyrosequencing and Next Generation Sequencing (N&sgm years has
provided an increased genomic coverage and sequencing depth [14-17]. Mathi8j49]
is one of the most common PCR based approaches; it involves thetdisativersion of
DNA followed by real-time quantitative PCR (gPCR) by usingners and hydrolysis probes
that are complementary to either the methylated or unmetiylaisulfite-converted DNA
sequences. The Methylight approach has also been applied to a yredewtloped
microfluidic digital PCR platform [20]. Digital PCR (dPCR) invek the distribution of
samples over hundreds of reaction wells resulting in each wellicioggaeither one or no
template molecules, allowing a digital readout of the number oécutds present in the
distributed sample, and the absolute quantification of copy number witheuteed for
calibration [21,22]. An alternative to the sodium bisulfite conversiondoashods are those



that utilise MSREs and MDREs. One such method involves gPCR amg@ldytarget region
spanning several CpG sites that have been digested by one or BRiEsNr MDRES [23-
25]. MSREs are unable to digest restriction sites containingyha&tdd cytosine residues,
whereas MDREs require the presence of methylated DNA to inslnaed cleavage. By
comparison of expression levels with a mock digested templataeldterze amounts of
methylated and unmethylated DNA can be calculated [23,24]. Ratedies have also
applied RE digestion analysis to dPCR platforms [26,27], with Hindsonl. ef2@]
demonstrating a superior precision and sensitivity of measurement compar&Rto qP

In this study, we investigate the suitability of a range athods based on bisulfite
conversion and restriction enzyme digestion for accurate quantficat methylated DNA
copies. The methylation status of the ¥4(alternative reading frame) gene was chosen as
the target for quantification, as it is a putative tumour suppreseertbat has been shown to
be hypermethylated in human cancers [28-31] and offers potesiteacandidate biomarker
[32-36]. The comparison study was performed using a panel of stanctamtEning a
mixture of methylated and unmethylated DNA combined in a rangaaivn ratios. We
analysed quantities of DNA that were representative of elimamples, such as circulating
cell free DNA, which is typically present at*l§enomic copies per mL plasma [37], in order
to make this study relevant to the use of methylation biomankeren-invasive diagnosis.
This material was used to compare restriction enzyme (defiseBE throughout)- and
Methylight-based analysis using qPCR and dPCR platforms andvaimage bisulfite
amplicon NGS. Our findings provide the first comprehensive comparistmesé methods
and we also develop a novel strategy for absolute quantificationetiiylated DNA by
Methylight dPCR.

Results

To assess the accuracy and precision of DNA methylation goatigh technologies, five
commonly used methods for the quantification of the proportion of methdylBINA
molecules were investigated by analysing the methylationsstftthe biomarker, p£4-,
with each method targeting the same region of théHIgtomoter (Additional file 1), using
a panel of DNA standards combined in a range of methylated andthyhaed ratios.
Aliquots of a single preparation of this panel were used fdysiseby all of the methylation
guantification methodologies in a series of independent experinterdsder to test the
robustness of the approaches.

RE digestion gPCR and dPCR guantification

To evaluate RE digestion based PCR (termed RE digestion (g/d)R&BRafter)
guantification of DNA methylation, the panel of methylated/uniylated DNA standards
were treated with either MSRESs which cleave restrictiassithen unmethylated or MDRES
which induce strand cleavage only in the presence of methylated iDNi#yee independent
experiments replicating the whole process. Both classes adttiestenzyme showed a good
performance in terms of the efficiency and specificity ofedigpn. For example, the 0%
methylated sample treated with MSREs showed no detection of p14 probiéA when
measured either by gPCR or dPCR (Table 1). The 100% methylatgdiesdid not show a
complete digestion with the MDRE treatment, however only minimalusus of template
were present following digestion compared to controls used for normalizadbre(T).



Table 1Restriction enzyme qPCR and dPCR

Expected methylation (%) Average methylation + standard deviation (%)
qPCR dPCR
MDRE MSRE MDRE MSRE
100 97+ % 100 94+6 100
90 87+6 85+4 86+6 63 +12
75 79+8 69 +17 74 +13 93 +32
50 42 + 23+ 36 + 11¥%* 59 + 16 55 + 11¥%*
25 25+9 21+ 4 31+17 24+ 7
10 22 +20 7+% 11+28 12+5%
0 0 g 0 o+

The average % methylation calculated from threeepetident gPCR and dPCR measurements of a panel of
methylated/unmethylated DNA standards using MetmyaDependent Restriction Enzyme (MDRE) and Madligh-
Sensitive Restriction Enzyme (MSRE) treatments;hERCR measurement was performed using an indepermien
digestion as template. Data normalised to the 1@08thylated sample for MSRE assays and 0% for MDR&ays.
Statistical comparisons using a One-Way ANOVA weegformed on the data where each RE class waswisieith its
optimal template range (0-50% for MSRE; 50-100%NtWDRE); all comparisons between samples that wigmgificant at

the level ofp < 0.05 are shown with pairs of symbols denotingctviiwo samples were compared, e.g. for MDRE dPCR,
only the 50 and 100% methylated (expected % metibpgadata points were significantly different fromach other at the
level of p < 0.05. Data points that were outside the viablgge of the assay (<0% or >100% methylation) wensoved
from the analysis; all experimental conditions were 3 with the exception of the following that weres 2: 25% and 10%
MDRE gPCR and 90% MSRE gPCR (expected % methylation

The average percent methylation measured in all reactigmesented in Table 1 and Figure
1 (see Materials and Methods for details of percent metbglatlculations). Consistent with
a previous study [23], the data demonstrate how the variability asumement can increase
when the REs are used within a range of template % matylthat is not optimal for
accurate PCR quantification, e.g. standard deviation measuremzgenarally higher in the
0-25% methylated template range with the MDRE digestion (Tabld-igure 1A,C).
Furthermore, outside the optimal template range, several datas plsptayed values that
were outside the feasible range of the assay (<0% or >100%lateth) and therefore were
removed from the analysis (Table 1 and Figure 1A,B). Thereforerdar to assess the
accuracy of this method, the correlation between expected andethgsrcent methylation
for the data points was analysed where each class of RE vitgsojptimal range (0-50%
methylated data points for MDRE and 50-100% methylated for M&RjHre 1A-D). Figure

1 demonstrates that, within the optimal template methylatioregrgpth MS- and MDRES
show a significant correlation with the expected percent meibryyldor both gPCR and
dPCR measurementg € 0.0011 for MDRE dPCR, all others grec 0.0001) however when
data from the entire range are included, the correlation betweenvethsed expected values
generally decreases (data not shown), highlighting the immataf using the digestion
enzymes within their optimal working range.



Figure 1 Restriction enzyme qPCR and dPCRCorrelation between expected and observed
percent methylation for MSREB,D) and MDRE (A,C) qPCR (A,B) and dPCR(C,D)
analysis. Correlation performed with samples which comprisegtinal working range of
the respective enzyme classes: 0-50% for MSBP) and 50-100% for MDRHEA,C)
(dotted lines). Data points that were outside the viable randgeeadidsay (<0% or >100%
methylation) were removed from the analysis. All experimerwalditions weren = 3 with

the exception of the following which were= 2: 25% and 10% MDRE gqPCR and 90%
MSRE gPCR (expected % methylation). Error bars show + Standevihtion of three
independent replicate measureme(E. Correlation between Restriction enzyme gPCR vs.
dPCR measurements using the data points in which the restrictipmenare within their
optimal working range. A single outlying data point was removed fthe correlation
analysis. All correlations were significantpag 0.0001 except for expected vs. MDRE dPCR
which wasp = 0.0011.

The correlation between the gPCR and dPCR measurements, usiogtithal template
methylation range values, was also significarft €/0.93;p < 0.0001; Figure 1E) however,
analysis of the standard deviation values (Table 1 and Figurgebled that, in the majority
of cases, dPCR showed greater variability of measurement dsetplicates compared to
gPCR. Precision of measurement was tested by performing aan@&MOVA statistical
analysis of the data to determine which observed differencesethylation status were
statistically significant. This analysis revealed that Rie gPCR approach could accurately
discriminate differences ir25% methylation, however comparisons of 10% and 15%
differences could not be resolved, indicating that the precisiorhisfmhethod was not
accurate enough to use for differences of <25% methylation. EOORRCR, the MSRE
approach showed a comparable performance to gPCR, with the samarisoms between
samples showing statistically significant differences. eosv, the MDRE dPCR approach
showed poorer precision than MDRE qPCR, with only the 50 vs. 100% raugdiny
comparison showing a statistically significant difference (Table 1).

Methylight gPCR and dPCR analysis

To analyse and estimate the variation of quantification of magibyl by Methylight g°PCR
and dPCR, three independent bisulfite conversions were performed opatiet of
methylated/unmethylated DNA. The replicates of bisulfite caedeDNA were quantified
by gPCR and dPCR using the same hydrolysis probe assay. Efyared B show that there
was a strong correlation between the average observed and dxpentent methylation
when measured by gPCR and dPCR across the full range of metnya& 0.0001 for all
correlations). The pl4 assays showed a good specificity of measuremée methylated
template with both Methylight gPCR and dPCR, as the 0% metHytataplate was not
detected by either method with the p14_M assay.

Figure 2 Methylight gPCR and singleplex dPCR. Correlation between expected and
observed % methylation for Methylight gPQR) and singleplex dPCRB). using the
pl4d M assay. Error bars show + Standard Deviation of three indepengdichtee
measurements(C).Correlation between Methylight qPCR vs. singleplex dPCR. All
correlations were significant at p < 0.0001.

However, the performance of qPCR and dPCR in terms of reprodycifilineasurement
revealed that, in the majority of cases, the standard deviatiosuree@ents were higher for
dPCR compared to gPCR (Table 2). The inferior precision of MgtitydtPCR was also



demonstrated in that g°PCR was able to resolve differences ienpenethylation 0-25%
however none of the statistical comparisons below a 50% difierenmethylation were
significant for Methylight dPCR using the p14_M assay in singleplex (Table 2)

Table 2Methylight gPCR and dPCR

Expected methylation (%) Average methylation + standard deviation (%)
gPCR dPCR
P14 M P14 M P14 M P14 M2 P14 M+ P14 M2
Singleplex  Singleplex Duplex Duplex Duplex

100 100 100 100 100 100
90 78+ 4 77 +27 99+19 86+20 92+19
75 66 +18 81 +13 86 + 20 77 +£17 81+19
50 49 + 1¢* 52+ 16 58 +1F 57+28 56 +18
25 28+ 4 2147 31+5 28+2 29+4
10 13+3 17 +4 18 £ 6 9+15 13+ 10
0 i 0 0 0 0

The average % methylation calculated from threepetident g°PCR and dPCR measurements of three mikrgebisulfite
conversions of a panel of methylated/unmethylatdtABtandards; Data for dPCR show measurements fhenP14 M
assay used in singleplex and for the P14 _M and M24assays used together in duplex, showing the ¥hyiaion for
each assay when analysed individually and with g¢bgmated targets combined (P14_M + P14 M2). Sysbehote
statistical comparisons using a One-Way ANOVA tddl.comparisons between samples with expecteceudiffces in
methylation of>50 % were significant at the level pf < 0.05 (with the exception of 50 vs. 100% methglatwith
Methylight P14_M2 Duplex) and are not shown; alinparisons between samples of differences betwe#df®-expected
methylation that are significanp (< 0.05) are shown with pairs of the same symbelsoting which two samples were
compared, e.g. for dPCR P14_M2 duplex, only then® 80% methylated (expected % methylation) datantpoivere
significantly different from each other at the legép < 0.05.

Duplex Methylight dPCR analysis

A dPCR approach offers the possibility of absolute quantificatiormethylated DNA

without a calibration curve [21]. However one source of uncertaintly véspect to the
accuracy of copy number concentration measurements is wheth&NAetemplate is

present in single-stranded or double-stranded conformation [38]. In ofmerf case
individual strands of the duplex can become separated into differetitiopa and be

amplified, resulting in a ‘double-count’ which could lead to overedion of template
concentration under the assumption of double-stranded conformation [38]. Wadsyped

that this source of uncertainty could be resolved for dPCR analfysiethylated DNA as
following bisulfite treatment the DNA strands are no longer comeigary, enabling each
strand to be discriminated [13]. In the case of the region targetdus study, 47% of
nucleotides within the Methylight pl4 assay target region are omplementary after
bisulfite conversion of the 100% methylated template and 68% for them@thylated

template.

An additional MethyLight assay (‘P14 _M2’) was designed (Additiorial 2) to amplify the
opposite of the two resultant heteroduplex strands to that targetedebly14 M assay
(previous section). To enable the assays to be distinguished, the praselioassay was
labelled with a different fluorophore, allowing duplexing of the tieac The p14 M2 assay
also showed high specificity for methylated P14 DNA and did not &mpdin-methylated
templates (Figure 3).



Figure 3 Methylight duplex dPCR. (A) Duplex p14 dPCR assay showing data for p14_M
and pl4_M2 assays separately and with estimated targets for dsaty's acombinedB)
dPCR heatmap showing distribution of p14_M (red) and p14_M2 (blue) positivédbeleam

a duplex reaction showing three example panels of a dPCR (@at€orrelation between
Methylight gPCR vs. duplex dPCR (estimated targets for bothyassombined). All
correlations were significant at p < 0.0001.

Figure 3A shows the observed vs. expected percent methylatiothd dPCR analysis
showing the p14 M and pl4_ M2 primers and probe when used in duplex (datafehown
each assay individually and when estimated targets from both assapsoled). The data
demonstrate that both single- and duplex dPCR assays show a gsirogigtion with the
expected valuep(< 0.0001).

The duplex approach to Methylight dPCR demonstrates that amiudifiseof the two non-
complementary DNA strands (by p14 M and pl4_ M2 assays) are indepgndealised, as
seen in the dPCR heat maps in three example panels (Figuré<@BR% of positive
chambers showed amplification with both assays on average over radls paf all
experiments). This confirms that the starting template igelg in a single-stranded
conformation and that each assay is specific to either strathe starting template as non-
specific amplification of the ‘non-template’ strand would have reduih amplification of
both assays in a large number of the chambers. Similarly tontleex Methylight dPCR
(Figure 2C), there was a significant correlation between théRgRnd duplex dPCR
measurements (Figure 3@< 0.0001).

Absolute quantification of restriction digested- aml bisulfite-treated DNA

In order to assess the comparative yield between theitasaffd RE approaches, the copy
number obtained from RE dPCR and Methylight dPCR was comparedgHEyurhe DNA
guantified in our experiments before RE digestion or bisulfitertreat was ~1500 genomic
copies based on the manufacturer’s specifications of the 100% atethgind unmethylated
DNA standards. However, our fluorimetric measurements (Qubit)ateticche copy number
to be ~950 genomic copies (Figure 4). The number of amplifiableesayi the pl4 and
COL2A1 genomic regions detected by MSRE-dPCR, mock digestion corslitand
Methylight dPCR was less than the values based on Qubit angbysis0.05) with the
exception of the MDRE-dPCR assay (0% methylated tempfate ot significant). No
significant differences were observed between MSRE or MDREysaseof their control
templates (100% and 0% methylated respectively) and mock digeditions. Likewise,
comparison of the copy numbers of pl4 obtained by Methylight dPCRthvasie obtained
for the methylation independent control, COL2A1, in the same sample (@rGiylated),
did not reveal any significant differencgsX 0.05, student’s-test), indicating a comparable
efficiency for the p14 and COL2A1 assays, confirming that COL2A1 wagabke reference
for the effects of sample processing on the target gene of interest.



Figure 4 Comparison of DNA copy numbers obtained using differentéchniques.DNA
copy numbers of methylated/unmethylated DNA standards based aificgpens of
manufacturer (Expected), measured by flourimeter and of p14 bgnR&p14 and COL2A1
with Methylight dPCR in the 0% and 100% methylated samples. Gompers shown were
obtained from 5 ng starting material (based on expected DNA gyampre-bisulfite
conversion and RE digestion. RE dPCR data shows p14 copy number fromdkheM®RE
and MDRE treatments. Methylight dPCR data shows copy numbenettasing the p14 M
assay in singleplex and the methylation independent control COL2AdtistBal
comparisons are for Student’s t-test (* = p < 0.05). Error baow & Standard Deviation of
measurement.

Bisulfite amplicon NGS

To assess bisulfite amplicon NGS, sequencing experiments2( replicating the bisulfite,
PCR and sequencing protocols) were performed using the Roche 454 iGiSadplicon
sequencing protocol on independent Dbisulfite conversions of the panel of
methylated/unmethylated DNA. In order to quantify multiple s@®ph a single experiment,
template DNA was PCR amplified using fusion primers containitigdviThe assignment of
MIDs to samples was randomised across the two experiment® (Faiwo of the samples
(25% and 50% methylated) were replicated within each experiomng different MID
fusion primers in order to assess intra-run measurement abpigat Figure 5A and B show
strong correlationsp(< 0.0001) between the expected and observed percent methylation
values, both when averaging the observed percent methylatiol Bangples across both
experiments (Figure 5A;R= 0.976) or when performing the correlation with individual data
points (Figure 5B; B = 0.961). Although there was a strong correlation with the esgect
values, linear regression showed a clear trend for the bisatfipgdicon NGS to over-estimate

the percent methylation (intercept of +8%, Figure 5A-B), eviderstaimple of mixed ratios

by 1.32-fold on average. This effect was not observed in the 0% and 10@f}esavith less

than 1% of reads not matching the expected sequence, resulting in domdistribution of

the residuals of the linear regression analysis (Additional file 3). Theestienation bias had

a greater impact for the lower percent methylation samfdesxample, 10% methylation
was over-estimated by 2.03-fold, whereas 90% methylation was stweraged by 1.06-fold
(Figure 5, Table 3).



Table 3Bisulfite amplicon NGS

Run no. MID no. % methylation
Expected x replicate no., Observed x replicate no.)

1 1 100 100
2 90 96.4
3 75 87.7
9 50 x 1 85.3
4 50 x 2 60.2
7 50 x 3 64.3
5 25x1 35.6
10 25x 2 38.7
8 10 24.9
6 0 0.2

2 7 100 99.7
3 90 94.8
8 75 91.8
9 50 x 1 84.5
10 50 x 2 61.5
6 50 x 3 74.5
1 25x1 29.8
4 25x2 28.2
5 10 15.7
2 0 0.6

The % methylation determined by bisulfite amplicdGS using Multiplex Identifier (MID) fusion primero amplify
samples from a panel of methylated/unmethylated Ditkdards mixed in a range of known ratios. Th# 26d 50%
methylated samples were replicated (x1-3) withicheaf two runs.

Figure 5 Bisulfite Amplicon NGS. Analysis showing read-based estimates of percent
methylation(A-C). (A,B) Correlation between expected and observed percent methylation
showing (A) average percent methylation for all samples across both campNGS
experiments o(B) all data points plotted individually excluding MID9 samples from the
analysis in A and B(C) Correlation between two bisulfite amplicon NGS experiments
(including MID9). (D) Correlation between read- and site-based estimates of percent
methylation. All correlations were significant at p < 0.0001.

The correlation between experiments 1 and 2 was strong (FiguRf5€0.987;p < 0.0001)
suggesting a high level of reproducibility of the whole procedseeMtomparing results from
replicate samples with different MID fusion primers, however, one of the M8 primers
(MID9) caused a clear bias in both experiments (Figure 5B)rardfore was removed from
the correlation analysis (Figure 5A and Bjtgst showed that, for the 50% methylated
sample, the MID9 values were significantly higherpat 0.05 than the values excluding
MID9). With the exception of the MID9-tagged amplicon, the differemtepercent
methylation between replicates € 2) ranged from 1% to 13%. The range of differences
between replicates were similar when comparing within and leetwee two sequencing
experiments, indicating that sources of variation within an expetirte.g. different MID
primers, independent PCRs) were the major sources of variabditypared to factors
differing between experiments (ie.g. bisulfite treatment, lbpaeparation and sequencing).
Figure 5D shows that there was a very strong correlation betive read- and site-based
estimations of methylation indicating no measurable effect of PCR aeimer



Discussion

DNA methylation status has been proposed as a biomarker for dhe@gses including
cancer [6,7]. However, for the quantification of DNA methylation tdrbeslated to clinical

care, further work is needed to determine the accuracy of thaldeanethods. In this study
five methods were compared, comprising of two strategies toglissh between methylated
and unmethylated DNA (restriction digestion or bisulfite conversiangl three analytical

platforms (qPCR, dPCR and NGS).

Accuracy and precision of gPCR-based methods

Of the gPCR methods tested, MethyLight gPCR demonstrated supsnioaey as reflected
in good linearity over a wider range of % methylation compardd$RE- or MDRE-based
analyses which were optimal within the 0-50% and 50-100% methylation rangesivespect
This highlights the importance that both digestion strategiesajgpéed when using this
techniqgue on samples of an unknown methylation status. However, Methwagtdlso less
accurate above 75% methylation. The MSRE/MDRE gPCR findingsc@msistent with
Oakes et al. [23] which also identified a decreased accuracyeasurement in >75%
methylated samples for MSRE and <25% for MDRE. This is likklg to difficulties in
accurately discriminating between small differences betweersample and control (100%
methylated DNA for MethyLight and MSRE qPCR and 0% metedaDNA for MDRE
gPCR) by PCR, i.e. for RE qPCR analysis, a 10% differenceddtaado a difference in Cq
of only 0.2, which is comparable to the typical standard deviation oé€upical replicates.
In addition, enzyme restriction or bisulfite conversion are sourcear@bility as the initial
treatment of DNA can cause non-specific template degradation ariduad the relative
comparison between samples and control 100% methylated DNA [39].

The precision of both MethyLight- and RE-qPCR approaches wasnigmih terms of
discrimination between samples with small differences inhyhaion content. Our
experiments demonstrated that the precision of Methylight merasuits was sufficient to be
able to discriminate differences 6f25% methylation but not 10% or 15%, which is
comparable with a previous study by Ogino et al. [40]. Both Methtylqg®CR assay and
bisulfite conversion were observed to contribute to overall technical [@0]. The precision
of RE gPCR approaches measurement within their optimal rangsscamparable to
Methylight gPCR, as statistical analysis revealed thaemdiffces in methylation af25%
could be reliably discriminated but not below this.

Hashimoto et al. [24] reported that when using a MSRE qPCR appneglhfour
independent replicate experiments, differences between twoesamipl1% in methylation
status could be determined, therefore increased replication npagvienprecision. Holemon
et al. [25] found, when using a combined MDRE and MSRE gPCR approachthéhat
standard deviation measurements of replicate qPCR experimemsgreater than that of
replicate RE digestions. This further highlights how the numbeeplicate assays is as
important a consideration when determining the confidence or uncertaintthe
measurement, as both sample treatments (RE digestion or bisatfitersion) and analysis
stages contribute to the overall measurement variability. ¢rusial that both stages are
replicated in order to estimate the precision of measurenaecurately. Control samples of
defined methylation content such as those tested in this studybenayuseful means of
monitoring whole process precision.



Application of dPCR to quantification of methylation

Methylight has recently been applied to a dPCR platform [20], hawdseuse for
methylation quantification has not been extensively investig#éités study provides the first
direct comparison of Methylight gPCR with Methylight dPCR andd®ER with RE dPCR.
The correlation between qPCR and dPCR measurements for both upstaanents was
high (R > 0.90), suggesting similar linearity to gPCR approaches. Howtheeprecision of
both Methylight and MSRE/MDRE-dPCR was found to be worse comparétetqPCR
measurements. This is likely to be as a result of using &vedalow concentration of
template X < 0.2 for all samples, Additional file 4) in order to be represmetatf typical
clinical samples as our experiments were focussed on the ajgplicait methylation
guantification to biomarker analysis. Based on Poisson statisiRSR dis predicted to
demonstrate highest precision at lambda values of between 1.0 and 2l@dééfl, Hayden
et al. [42] observed that dPCR showed higher measurement variabihpared to gPCR
when measuring human cytomegalovirus DNA in low concentration clisarables. As in
the Hayden et al. [42] report, the quantity of DNA analysed in matysdoy dPCR within the
partitions of the IFC (0.65 ng) was lower than that analysed per gf&®on (5 ng). dPCR
platforms with higher sample volume input and a greater number aigrestcompared to
the BioMark (such as the Bio-Rad Droplet Digital System ante LTechnologies
QuantStudio 3D Digital PCR System) may improve Methylight- REE-based dPCR
precision.

Hayden et al. [42] observed that dPCR showed higher measuremabiliarcompared to
gPCR when measuring human cytomegalovirus DNA in low concentratrooatisamples.
As in the Hayden et al. [42] report, the quantity of DNA analyzeour study by dPCR
within the partitions of the IFC (0.65 ng) was lower than tinalyzed per gPCR reaction (5
ng). dPCR platforms with higher sample volume input and a greatelatunh partitions
compared to the BioMark (such as the Bio-Rad Droplet Digitgsté®n and Life
Technologies QuantStudio 3D Digital PCR System) may improviéhyght or RE-based
dPCR precision.

Absolute quantification of methylated DNA templates

Our study extended the application of dPCR to analysis of DNA yhagitm by
demonstrating how dPCR can be useful for studying the impact of aipstreatments on the
number of amplifiable copies in a sample. Our dPCR experiments dhaweparable pl4
DNA copy numbers in bisulfite-treated samples with thosetddeavith REs or mock
conditions. A previous study using an earlier bisulfite conversion progg@ptlemonstrated
a loss of 84-96% of DNA after bisulfite treatment. Our studyalestrates that more recently
developed protocols that use less harsh treatment conditions, may realuple loss
significantly. However both Methylight and RE-based measun&ngere between 1.5- and
2.3-fold lower than the copy number predicted by fluorimetric gfieation, suggesting that
additional sources of bias may reduce the number of amplifiable copies.

We also developed a novel strategy for absolute quantification dfylaed DNA by
measuring both strands of the double helix post bisulfite-treatmieistniethod addresses an
important source of uncertainty for dPCR-based quantificationetel&d whether the
template DNA is in single-stranded or double-stranded form [38]. data showing the
location of the two strands of the double helix into separate pagitonfirm the single-
stranded nature of the bisulfite converted DNA [13]. By quantifyingoglthe template



strands in a reaction, this method provides an improvement for thelt@bgoantification of
DNA copy number which could be particularly useful for the assegrinof values to
reference materials [38].

Accuracy and precision of bisulfite amplicon NGS minod

Bisulfite amplicon NGS using 454 pyrosequencing has been ev@lpieiously in analyses
of clinical samples but has not been assessed in terms oftitgaag of measurement or
directly compared against other technologies. The bisulfite ampliG# &bproach using the
Roche Junior platform demonstrated superior precision compared to g°PCR/dPCR nasthods
evidenced by the high concordance of replicate experimerits (R987). However the
accuracy of bisulfite amplicon NGS was inferior to that of qR@R dPCR as demonstrated
by a systematic bias to over-estimate the percent nagibry] with every observed value
being above the expected, with the exception of the 0% and 100% medhsdemples. On
average, the measured values were 1.32-fold above the expectedottlmamaled out that
the bias resulted from initial inaccuracy in template quaatifi@ and/or preparation prior to
bisulfite amplicon NGS analysis. However, the same mateaalwsed for analysis by all of
the other methodologies, none of which also showed a systematic treties of
methylation suggesting the bias was specific to this procedure.

Our findings are also consistent with a previous study which foymdasequencing-based
method to have a far superior precision of measurement comjpakéethylight but it also
demonstrated a systematic over-estimation in percent methylai43]. However
interrogation of passed and failed reads from the GS Junior sequevealed that these did
not differ between the unmethylated methylated sequences, suggesting that the bias did
not stem from differences in the number of homopolymeric tracthe sequences which
may cause errors in pyrosequencing data due to the incorporatiamtipfiennucleotides in
one flow [44].

It is more likely that the methylation bias was at the |@fé?CR as several previous studies
have shown how bisulfite PCR, using methylation independent primersxiainit @ strong
methylation bias [45-47]. In these cases, however, the PCR bidts iesan underestimation
of methylation levels which was attributed to methylated DN#ntaining secondary
structures in the template associated with a reduction in PG&erfy compared to
unmethylated sequences [45]. Other studies have observed a PER-takd towards
methylated DNA: Dabney and Meyer found that certain DNA polysesrdavour template
molecules of higher GC content [48] while Shenhal. found that higher annealing
temperatures increased the estimation of methylation contesaimples of low to medium
methylation (20-50%) [49], suggesting that changes in the choicezpie and/or annealing
temperature may improve the bias observed in this study.

In addition, our study demonstrates that there can be an interadtic@ebesample identifier
primer tags (MIDs) and PCR bias. One of the MID-tagged panm@tID9) showed
methylation values that were clear outliers in both sequencpeyiexents: measurements of
85% were observed for the 50% methylated sample compared to ageaweeasurement of
65.1% for other MID tags (Figure 5 and Table 3). A previous bactaethgenomics study
demonstrated that barcoded primers can introduce biases in PCRatisdate into less
reproducible data sets and can reduce apparent bacterial diverstyto dpreferential
amplification of certain 16S rRNA sequences [50]. This is also itappbrfor DNA
methylation analysis as multiplexed amplicon sequencing isgbapplied to large-scale



analysis of multiple methylation biomarkers [16,51]. In summarther validation of the
guantitative accuracy of deep sequencing is warranted, reinfotbmgimportance of
reference controls to identify any biases that may be introduced.

Conclusions

Although previous investigations have discussed the relative mebisulfite conversiorvs.
RE digestion based methods of methylation quantification [18,24,25], tiie fg'st study to
directly compare both upstream treatments with alternative dozanstPCR methods and
platforms. Whilst MethyLight assays demonstrated an extended giaetrange compared
to MSRE-or MDRE-gqPCR, Methylight is a methylation speciR€R approach and is
therefore limited to the CpGs that lie within the region that gheners and probes are
designed to bind. In contrast, REs can be used that will targegea lumber of methylation
sites within a target region. Bisulfite amplicon NGS has thaatage over the other tested
methods that it provides information on the methylation status df@B residues in an
amplicon of the gene promoter that is larger than that of tygie@R/dPCR assays; this
technique displayed superior measurement precision compared to the edatuated,
however a systematic bias to over-estimate methylationwate evident. These findings
provide an important benchmark for these methods that assistschessaembarking on
methylation studies to determine which method is most suifabléhe purposes of their
experiments and guide the aspects of these techniques that neeadtirdssed through the
implementation of reference standards for methylation measurements.

Methods

Preparation of a panel of methylated/unmethylated DA standards

A panel of seven DNA standards was prepared by combining the fofgevoportions of
methylated and non-methylated Human DNA (Zymo ResearclmelnCA, USA): 100%,
90%, 75%, 50%, 25%, 10%, 0% methylated in 1.5 ml tubes at a final concentya20

ngful. The commercially available Human DNA did not require approyakbResearch
Ethics Committee. DNA was diluted in TE buffer (10 mM Tris 9, 0.1 mM EDTA)
(USB Corporation, Cleveland, OH, USA) and stored at —20°C. DNA was quantified using the
Qubit 2.0 Fluorometer with the dsDNA BR Assay (Life Technologies, Carlsbad, 6A).U

RE digestion

Three replicate RE digestions were performed on aliquots of & girgparation of the panel
of methylated/unmethylated DNA standards. To encourage compledwagk of the
template, double digestions were performed for both the MS- and Milfe&tion reactions.
For the MSRE reactions, Acil and Hhal were used, which contairahdbfive potential
cleavage sites in the pl4 target region. For MDRE digestion, Rspitlh recognises seven
potential methylated restriction sites, was used in combinatitm McrBC which cuts at
multiple positions in methylated CpG rich sequences between twssitesfof the form
(G/IA)"C at an optimal distance of 55-103 bp. For each replicate, 34 RE& digestion
reactions were prepared for each sample: MSRE, MDRE and a argeedtion. All reaction
components for the digestions were supplied by New England BiolabgdlipdMA, USA).
MSRE reactions contained: 1 x Buffer 3, 1 x Bovine Serum AlbumiiA}BS U Acil, 5 U
Hhal and 100 ng DNA. MDRE reactions contained: 1 x Buffer 4, 1 x BSA,Enzyme



Activator Solution, 1 x GTP, 5 U FspEl, 5 U McrBC and 100 ng DNA. Modctrens
contained 1 x Buffer 4 and 1 x BSA. Reactions were incubated at f&7°C h and
subsequently heat inactivated for 20 min at 65°C. Digests weredliluin 10 with TE buffer
(20 mM Tris pH 8.0, 0.1 mM EDTA) (USB Corporation) to 1 pddgbr subsequent analysis
and stored at —20°C.

Sodium bhisulfite treatment

Three replicate sodium bisulfite conversion reactions were peztbron the panel of
methylated/unmethylated DNA standards using the EpiTect PlsslfiBa Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructiotis 200 ng DNA and ethanol
from Sigma (St. Louis, MO, USA). DNA was eluted from DNA spaiuenns in 15ul and
the volume made up to 50 with TE buffer (10 mM Tris pH 8.0, 0.1 mM EDTA) (USB
Corporation). Reactions were performed on a GeneAmp 9700 thermocftdfer
Technologies). Samples were stored at —80°C.

gPCR

gPCR experiments (RE digestion qPCR and Methylight gPCR) weréormed in
accordance with the Minimum Information for Publication of Quaniaikeal-Time PCR
Experiments (MIQE) guidelines (Additional file 5). Reactionsravperformed using 1 x
Tagman Universal PCR mastermix, Cat no. 4304437 (Life Technoldgie®E digestion
gPCR and 1 x Tagman Universal PCR mastermix without Uracil-&osylase, Cat no.
4324018 (Life Technologies) for Methylight gPCR in a final volum®fu. All reactions
also contained 900nM final concentration forward and reverse primers, 2B@riMds (see
Additional file 6 for primer and probe sequences and Additional7fifer details of assay
performance) and 5 ng template DNA. All primers and probes weisd by Sigma (UK).
For RE gPCR, reactions containeglSemplate DNA and Methylight gPCR contained 1.25
ul DNA. Reactions were performed using a Prism 7900HT Real R@R system (Life
Technologies). gPCR thermal cycling conditions were as follows: 8&°C0 min, followed
by 40 cycles of 95°C for 15 s, 60°C for 1 min.

For RE digestion gPCR, all reactions were performed in taggicAt least one PCR NTC
was run for each assay as controls on all plates. The SDS oftud (Life Technologies)
was used to calculate the quantification cycle (Cq) value. FOREhgPCR assays, percent
methylation was calculated by subtracting the mean Cq valuéseoMSRE or MDRE
digested templates from the corresponding mock digé&at). AACq was then calculated by
subtracting theACq of the 100% methylated sample (MSRE digests) or the 0% @DR
digests) fromACq of the sample in question, and the equations 100“%'Y2and 100 x (1-
(2*4“Y) were used to calculate % methylation respectively [52].

For Methylight gPCR, quantification was performed using thedstal curve method with
Bisulfite Converted Methylated Human DNA from Zymo Reskarthe standard curves
consisted of 5 x 1 in 5 dilutions, the highest copy number being 75%batsti haploid
genome copies/reaction. For Methylight gPCR, standard curves pexfermed using
triplicate measurements for each dilution and duplicates for theel paof
methylated/unmethylated DNA standards. For Methylight gPQORA Bopy number values
were interpolated from standard curves and values for p14 were lis@an@ methylation
independent COL2A1. Normalised copy numbers were then further nordhtadiskee 100%
methylated sample.



Microfluidic dPCR

Microfluidic dPCR experiments (Methylight dPCR and RE digestiB&€R) were performed
in accordance with the Minimum Information for Publication of RgQuantitative PCR
Experiments (digital MIQE) guidelines (Additional file 8) usitige Biomark system with 48
panel “qdPCR" 37 K” integrated fluidic circuits (IFCs), Cat. No. 100-6152 (Fluidigm
South San Francisco, CA, USA). Assays were performed usingdgman Universal PCR
mastermix, Cat no. 4304437 (Life Technologies) for RE digestion d&®@R1 x Tagman
Universal PCR mastermix (no Uracil-DNA Glycosylase), Qab. 4324018 (Life
Technologies) for Methylight dPCR. All reactions also contaiBed DA sample loading
reagent, 900nM final concentration forward and reverse primers, 20Rrd¥es (see
Additional file 2 for details of primer and probe design, Additionl 6 for primer and
probe sequences, and Additional file 9 for assay performance) agdDWNA. All primers
and probes were supplied by Sigma (UK). For RE dPCRyl 2@actions containing fl
DNA were prepared and loaded across four panel inlets ¢&r inlet) with the number of
positive amplifications (counts) from the four panels being pooledhege~or Methylight
dPCR, 5ul reactions containing 1.2pl template DNA were loaded onto each panel inlet.
dPCR thermal cycling conditions were as follows: 95°C for 10 mimpvat by 45 cycles of
95°C for 15 s, 60°C for 1 min. PCR NTCs were run as controls on adispl@he Fluidigm
BioMark Data Collection software (version 4.0.1) was used to antigsdata. The number
of positive amplifications (counts) was used for analysis of Ciqti@n, whereas the number
of estimated targets (based on a Poisson correction of the propdrpositive partitions, to
estimate the number of copies) was used for quantification adttaogpy number [53]. The
average number of estimated molecules per chamber (larhpdas calculated using the
following equation:A = — In(1 - k/n) wherek is the number of counts amdis the total
number of partitions [54]. To calculate percent methylation for REedigestion dPCR,
estimated targets for the digestion reactions were normabs#tse of the corresponding
mock digest and further normalised to the 100% methylated saoppMSRE and 0% for
the MDRE reactions to obtain %RQ. For the MDRE reactions, the Vales were
calculated using the equation 1 - %RQ. For Methylight dPCR, a&tédntargets for pl4
assays were normalised to those of the methylation independent Qis2Ay. Normalised
copy numbers were then further normalised to the 100% methylated sample.

Bisulfite amplicon next generation sequencing

Two replicate sample libraries were prepared from two indepemigulfite conversions and
PCR amplifications of the methylated/unmethylated DNA standée of the three
replicate bisulfite conversions that were also used for Methéghtysis) according to the
standard Roche (Basel, Switzerland) GS Junior 454 protocol for ampeguencing
(January 2013 version) using fusion primers where both the forward andergwémers
contain the Roche adapter sequences and the forward primers alam @riviultiplex
Identifier (MID) to enable sequencing reads to be assigmexh¢h sample (see Additional
file 6 for fusion primer sequences). Two of the samples (25% and 5Qfylated) were
replicated in each library preparation (25867 2; 50%,n = 3) using different MID fusion
primers. The assignment of MID fusion primers to samples a@domised in each library
preparation (Table 3). Amplicon libraries were generated usin@Rtiohe FastStart High
Fidelity PCR System according to the manufacturer’s protocol @&ingg template DNA
and the following cycling parameters: 94°C for 3 min, 35 cyofe84°C for 15 s, 60°C for
45 s, 72°C for 60 s followed by an incubation at 72°C for 8 min. After patifin, libraries
were quantified using the Qubit 2.0 Fluorometer (Life Technologeesstimate DNA copy



number and analysed with the Agilent Bioanalyzer 2100 to verify pragdzpet Amplicon
libraries were combined in an equimolar ratio, using 1 %A molecules with 5 x 10
beads (2 to 1 ratio) for emulsion PCR. Two sequencing experimenésperformed on the
replicate library preparations using the Roche GS Junior Titapimmision PCR (Lib-A),
Sequencing and PicoTiterPlate Kits according to the manufacym@tocols on a Roche GS
Junior sequencer.

Sequencing data analysis

Sequence reads were aligned (Exonerate, version 2.2.0, with options méde:toeal and
subopt = F, score = 600) to a 205 nucleotide template pl4 referenmnese in which all
cytosine residues were masked. Masking avoided bias in alignmémeepe bisulfite
modified and un-modified sequences. As a stringent quality filter, dgs with >90%
identity (excepting bisulfite modifiable sites) and >90% coveragihe reference sequence
were considered for further analysis. Pairwise alignmente wsed to construct reference
sequenced anchored multiple read alignments by preserving afiggages in the sequence
read but removing alignment gap-columns in the reference sequaheach methylation
informative site (C of the CpG in the unmodified template) tlaetion of bisulfite non-
conversion (Ccount/(Ccount + Tcount)) were scored across all readsmé&ae of the
methylation rate over the 19 informative sites provided a “sitecoastimate” (SBE) of
methylation for each sample. As a complementary approachsegaiduced a “read based
estimate” (RBE) of methylation by categorising each secei@ead based on the fraction of
bisulfite converted informative sites: methylated (<=20%), indateate (>20%, <80%) or
unmethylated (> = 80%). The RBE for the sample was calculai®e the fraction
methylated/(methylated + unmethylated) ignoring indeterraickgssification reads. In these
datasets the fraction of indeterminate reads was always &¥Yuence and alignment
manipulation was implemented in Perl (version 5.10.1), quantization andsianalyR
(version 3.0.0).

Statistical analysis

Statistical analysis was performed using Graphpad Prisnores€04 (GraphPad). All data
sets showed a normal distribution, passing the Kolmogorov-Smirnov norrresit ato =
0.05. One-way Analysis of Variance (ANOVA) comparing observeagngrmethylation
values between different samples within the constructed panelperdermed with the
Tukey’s Multiple Comparison post-hoc test. Correlation analysispggsrmed using a two-
way Pearson correlation.
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