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Abstract

Objective: The methylation status is considered as powerful diagnostic, prognostic, and predictive biomarkers.
However, the limited DNA amount and conversion efficiency after bisulfite treatment are considerable hindrances in
quantitative methylation analysis. In this study, we designed an artificial internal control (IC) system that contained
the cytosine-free fragment (CFF) following CpG sequences of the SHOX2 promoter whose methylation status has
been described as a valuable biomarker of lung cancer. Its performance in quantifying DNA recovery and bisulfite
conversion efficiency as well as in detecting false-positive SHOX2 methylation was determined on samples from
lung cancer patients. Material and Methods: The IC system is composed of two pConlC and pUnIC plasmids that
both contain a cytosine-free (CF) sequence derived from the CFF and the CpG containing SHOX?2 sequences. They
are identical in sequence, except that in the ConlC insert, all cytosines have been converted into thymines. Thus, the
ConlC can be used as calibrator of 100% bisulfite conversion efficiency, while the UnIC is the indicator in order to
evaluate the DNA recovery, bisulfite conversion efficiency of the SHOX2 promoter sequence by quantitative real time
PCR. Results: The copy number of the target sequences impacted on both DNA recovery rates and bisulfite conversion
efficiency. An amount of 0.005 ng pUnIC (10° copies) showed recovery rate of 18%, similar to that of pConlC, and a
bisulfite conversion efficiency of the SHOX2 reaching 98.7%. On the contrary, higher copy number of pUnIC showed
incomplete conversion (<85%) and over recovery (~42%). Using this calibrator/indicator couple, we were able to detect
false-positive SHOX2 methylation (3.77% instead of 0.03%) due to incomplete bisulfite conversion.Conclusion: Our
results proposed a customizable internal control using the ConlC/UnIC as calibrator/indicator to quantify simultaneously
and accurately the DNA recovery and bisulfite conversion efficiencies of individual sequence as well as whole genome
in methylation assays, thus promoting the validation of standardized clinical DNA methylation biomarker values to
progress toward clinical applications.
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Introduction

Wide studies of CpG methylation and its association
with diseases such as mental illness (Liu et al., 2018),
autoimmune disorders (Sun et al., 2016), infectious diseases
and cancer (Silmon de Monerri and Kim, 2014; Dugué
et al., 2018) have confirmed that DNA methylation is a
powerful diagnostic, prognostic and predictive biomarker.
However, only 14 DNA methylation-based biomarker
assays are currently commercially available (Koch et
al., 2018), which is mainly due to the lack in methods
for the evaluation and validation of standardized clinical
biomarker values. For instance, an eight-fold difference
(ranging from 5% to 40%) in the BRCA methylation in

ovarian cancer was reviewed among different methods
(Senturk et al., 2010). In addition, a false positive detection
of DNA methylation using pyrosequencing as compared to
bisulfite sequencing has been observed (Owa et al., 2018).
Using the same bisulfite-based methylation specific PCR
(MSP) method, two groups reported an overestimation of
DNA methylation due to remaining trace of unconverted
DNA and incomplete conversion of unmethylated
cytosines to uracil during bisulfite treatment (Lan et al.,
2014; Rand et al., 2002). Thus, the critical evaluation of
individual targeted region (s) with the precise CpG number
and the detailed validation of all the technical steps are
recommended in performingDNA methylation-based
biomarker assays (Koch et al., 2018; Bock et al., 2016).
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The analysis of DNA methylation of specific genes/
regions now exclusively relies on bisulfite-treated DNA
followed by PCR amplification or bisulfite sequencing
(Kurdyukov and Bullock, 2016). This chemical specifically
converts unmethylated cytosine, but not methylated
cytosine, to uracil residues (Clarket al., 1994). However,
the low pH and high temperature in this reaction can lead
to incomplete or inappropriate bisulfite conversion as well
as DNA degradation, resulting in over or underestimation
of DNA methylation (Olova et al., 2018; Ji et al., 2014;
Genereux et al., 2008). Recently, different commercial
bisulfite conversion kits, applied to various DNA sources
with high and low molecular weigh (HMW/LMW), have
been comprehensively evaluated for their DNA recovery
and bisulfite conversion efficiencies (Holmes et al., 2014;
Leontiou et al., 2015; Orntoft et al., 2017; Tierling et al.,
2018). In these performance evaluations, highly sensitive
detection methods such as quantitative and digital PCR
(qPCR, dPCR) were used to amplify different target
regions in genomic DNA (HMW-DNA) or in circulating
cell-free DNA (LMW-DNA) (QDrntoft et al., 2017; Tierling
etal.,2018; Kintetal., 2018). In addition, custom-designed
PCR fragments or cloned target sequences spiked in the
HMW/LMW DNAs were used as references (Leontiou et
al.,2015; Orntoft et al., 2017; Munson et al., 2007). These
artifically or endogenously targeted templates included (i)
cytosine-free fragments (CFF) that allow the simultaneous
quantification of total DNA before and after bisulfite
treatment thus the determination of bisulfite conversion
recovery; (ii) non-CpG cytosine sequences that allow the
quantification of converted DNA thus the determination
of bisulfite conversion efficiency, and (iii) CpG cytosine
sequences that allow the quantification of inappropriate
conversion to methylated cytosines thus the determination
of bisulfite conversion specificity (Leontiou et al., 2015;
Kintetal., 2018). However, in most of those performance
evaluations of commercial kits, only one concentration of
the references was used and yet the nucleotide sequence of
the references used to estimate the conversion efficiency
were not related with those of targeted DNA regions, thus
limiting the in-depth performance assessment. Indeed,
it has been reported that DNA concentration, sequence
complexity, GC content, secondary structure elements
and even a given cytosine in particular sequence context
can interfere with bisulfite conversion (Genereux et al.,
2008; Harrison et al., 1998). Recently, Owa et al. (2018)
provided evidence that localized incompleteness of
bisulfite conversion is a major source of false-positive
detection of methylated cytosines. Therefore, the use of
an optimal indicator to monitor bisulfite conversion and
DNA recovery in methylation assays has been highly
recommended (Orntoft et al., 2017).

In the present study, we constructed an internal
control (IC) harboring both cytosine-free (CF) and
CpG cytosine sequences; the former was derived from
CFF while the latter was derived from the SHOX2 gene
promoter whose methylation status has been described as
a valuable biomarker for lung cancer detection (Darwiche
et al., 2013; Song et al., 2015). The IC was mixed with
genomic DNA extracted from formalin-fixed, paraffin-
embedded (FFPE) samples from patients with lung cancer
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or with non-cancerous pulmonary diseases. We showed
that appropriate concentration of the IC combined with
adequate DNA amount allowed the optimal simultaneous
monitoring of DNA recovery and bisulfite efficiency
using quantitative realtime PCR. Subsequently, based
on the bisulfite conversion efficiency assessed on the IC,
false positive SHOX2 methylation level and successful
conversion of the SHOX2 sequence was accurately
detected in patients with lung cancer patients.

Materials and Methods

Construction of the IC system

Four single-stranded synthetic oligonucleotides were
designed, each containing CF sequence derived from the
CFF (GRCh37:Chr13,19555120-19555208) (Holmes etal.,
2014), and CpG-containing sequence (named MP-SHOX?2)
of the SHOX2 promoter (GRCh38:Chr3,158103550
-158103675) (Song et al., 2015). All the cytosines (C) were
converted to thymines (T) in two oligonucleotides (named
ConlC-Oligos) but not converted in two others (named
UnIC-Oligos). The two oligonucleotides in each couple
(ConIC-Oligos or UnIC-Oligos) have been designed to
overlap each other so that they annealed together in the
PCR reaction for amplifying the duplex DNAs by primer
extension. The resulting dsDNAs, named respectively
ConlC and UnIC, were then subsequently cloned into
pTZ57R/T vector using InsTAclone PCR Cloning Kit
(Thermo Fisher Scientific) (Figure 1). The recombinant
plasmids, named respectively pConlC and pUnIC, were
extracted, and the insert sequences were confirmed by
sequencing. Nucleotide sequence of the ConIC was
identical to that of the UnIC except that all C were replaced
by T, thus the ConIC can be used as a calibrator for 100%
conversion efficiency of the UnIC sequence. Both ConlIC
and UnIC sequences formed the IC system used in this
study to evaluate DNA recovery and bisulfite conversion
efficiencies. The nucleotide sequences of the ConIC and
UnlC inserts and their synthesis by PCR extension were
presented in Supplementary Figure 1.

pConlC and pUnlIC spike preparation

Both pConIC and pUnIC recombinant plasmids
were linearized with Smal restriction enzyme (New
England Biolabs) and purified using the PureLink™ PCR
Purification Kit (Invitrogen Life Technologies). Plasmid
concentrations were quantified with the NanoDrop2000
device (Invitrogen Life Technologies). The copy number
was estimated according to the molecular weight,
amount, and length of each plasmid. To evaluate the
amplification efficiency, qPCR were performed on serial
concentrations ranging from 200 pg to 0.4 pg (equivalent
to ~ 5x107-10° copies) of the linearized pConIC diluted in
DNA-free water or a background of 10 ng bisulfite treated
genomic DNA. Since in the ConIC all cytosines had been
already converted to thymines, this sequence is used to
evaluate DNA recovery after bisulfite processing without
chemical conversion: to do so 5 ng and 1 ng (equivalent
to ~ 10°-3x108 copies) of linearized pConlIC was mixed
with 500 ng of genomic DNA and converted by bisulfite;
then the pConlC copy number was determined by qPCR.



To evaluate DNA recovery after bisulfite conversion along
with bisulfite conversion efficiency, serial concentrations
ranging from 5 ng to 0.005 ng (equivalent to ~ 10° - 10°
copies) of linearized pUnIC diluted in a background
of 500 ng genomic DNA were bisulfite converted and
subsequently subjected to 2 qPCR assays. All reaction
of bisulfite conversion was performed with the EpiTect
Bisulfite Kit (Qiagen).

Sample collection, genomic DNA isolation and bisulfite
conversion

Lymphocytes were collected from healthy volunteers;
formalin-fixed, paraffin-embedded (FFPE) tissue
specimens were collected from 97 lung cancer patients
and 72 patients suffering from non-cancerous pulmonary
diseases (whose classification was examined by
pathologists) at the Department of Pathology, 175 Hospital
(Ho Chi Minh City) during 2016. Informed consent was
obtained from healthy participants and patients in written
form and the study was approved by the guidelines of the
VNU University of Science ethical committee in Vietnam
(9/2016/108/HDTN/106-YS.06-2015.07). Genomic
DNAs were extracted from lymphocytes of healthy
volunteers or FFPE lung tissues using the QlAamp DNA
Mini Kit (Qiagen) or QIAamp DNA FFPE Tissue Kit
(Qiagen). An amount of 500 ng DNAs quantified with
the NanoDrop2000 (Invitrogen) was submitted to bisulfite
conversion using the EpiTect Bisulfite Kit (Qiagen).

Quantitative SYBR Green real time PCR assay

Bisulfite specific primers that are complementary to
the sense strand of the converted DNA were designed
using the Methyl Primer Express Software v1.0. The
primers used for methylated SHOX2 templates contained
CpGs to ensure their specific annealing to methylated
sequences. Real time PCR reactions with primer sets
specifically designed to ConIC and UnIC were performed
on bisulfite treated or nontreated DNAs extracted from
healthy volunteers’ lymphocytes in order to verify their
specificity.

The methylation status of the UnIC was evaluated by
real time PCR that was carried out in 20 ul per reaction
using 10 ng of bisulfite converted DNA as template and
qPCRBIOSyGreen Mix Hi-ROX (PCR Biosystem). Real
time PCR assays were duplexed in 2 reactions: (1) a
reaction to quantify the total input UnIC; (2) a methylation
specific reaction to quantify the bisulfite converted UnIC.
Water with no DNA template was included in each
PCR reaction as a control for contamination. All gPCR
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reactions were replicated and performed using a 7500
Real-time PCR instrument (Applied Biosystems, CA).
Primer sequences, amplicon lengths and gPCR conditions
are shown in Suplementary Table S1.

Statistical Analysis

The relative percentage of UnlIC conversion by
bisulfite was calculated for each sample according to the
delta—delta cycle threshold (AACT) method as described
previously (Livak and Schmittgen, 2001).

AACT

SHOX2

ACt

Calibrator®

ACT

TConIC/MP-SHOX2 -

CT

UnIC/MP-

ACTUnrc -
ACT

Sample - uniC

UnIC/CF? Calibrator TConIC/CF.

Efficiency of bisulfite conversion was calculated
using the following formula: Percentage conversion, .

= Percentage conversion X 2-AACTSample = 100% x
2-AACTSample

ConIC

For all statistical analyses, a p-value < 0.05 was
considered as significant. All analyses were performed
with the STATA program version 12 (https://www.stata.
com/) and Graphpad Prism program version 7 (https://
www.graphpad.com/scientific-software/prism/).

Results

Validation of the specificity of primer sets

The CF and SHOX2 promoter sequences contained in
the IC system (both ConlIC and UnIC) differ in positions
from genomic DNA (Figure 1). Thus, specific primer
sets (named CF-F/R and MP-SHOX2-F/R, see Table S1),
which specifically recognised CF and SHOX?2 sequences,
respectively, amplified only the targets in the IC but not
those in genomic DNA. Actually, no PCR product was
obtained when genomic DNA from healthy volunteers’
lymphocytes was used as templates, with or without
previous bisulfite conversion. On the contrary, the primer
sets specifically amplified the CF and SHOX2 sequences
in ConlC and UnlIC (Table 1). Moreover, as false positive
result in DNA methylation analysis could be due to
mismatches of primers to unspecific targets (Dohmet al.,
2008; Lan et al., 2014), the specificity of Me-SHOX2-F/R
primers, designed to specifically recognize methylated
SHOX?2 promoter in genomic DNA, was tested using
bisulfite treated and untreated DNAs as templates for
gPCR. No PCR product was amplified from untreated
DNAs. Note that these primers neither amplified any PCR
product from bisulfite treated or untreated IC sequences.
The specificity of the primer sets used in the study were

Table 1. Specificity of Primer Sets Used for the Amplification Targets in the IC Sequences and in Genomic DNA

(gDNA)
Primer pair PCR products amplified from the templates
Non converted Bisulfite converted ~ Bisulfite converted ~ Bisulfite converted pConlC without pUnIC without
gDNA gDNA gDNA+pConIC (pUnIC+gDNA)* bisulfite treatment  bisulfite treatment

CF-F and CF-R neg neg pos pos pos pos
MP-SHOX2-F and

MP-SHOX2-R neg neg pos pos pos neg
Me-SHOX2-F and

Me-SHOX2- R neg pos pos pos neg neg

neg, negative; pos, positive; *, genomic DNA was mixed with linearized pUnIC and converved by bisulfite.
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Figure 1. Design of the ConlC and UnIC. Four oligonucleotides containing CF sequence and CpG sequence of the
SHOX2 promoter were extended and amplified by PCR resulting in the ConIC and UnIC sequences (1) that were cloned
into pTZ57R/T vector (2); the resulting pConlIC and pUnIC plasmids were then linearized (3). The ConlIC and UnIC
fragments were identical, excepted that all C in the UnIC were replaced by t in the ConIC. A serial concentrations of
pConlC and pUnIC were mixed with genomic DNA (gDNA) for evaluating the amplification and bisulfite conversion
efficiencies (4). 1F/IR and 2F/2R: CF-F/R and MP-SHOX2-F/R primer sets used for evaluating DNA recovery and
conversion efficiency. CF region: cytosine-free region.

presented in Table 1.

Calculation of gPCR amplication efficiency using the

ConlC sequence

The UnlC sequence contain cytosines that were
converted into uracils by bisulfite treatment and
subsequently to thymines after the first run in PCR
reaction. The ConlC sequence, in which all cytosines had

been already converted into thymines, would be identical
to the PCR amplified UnlIC sequence if this latter were
fully converted (100% conversion efficiency). Thus, the
ConlC sequence can be used as a calibrator in real time
PCR assay to calculate the DNA recovery and bisulfite
conversion efficiencies of the UnIC. The two primer
sets used here, named CF-F/R and MP-SHOX2-F/R, are
directed against the CF (reference) and SHOX?2 (target)
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Figure 2. Validation of the AACT Method to Quantify pConlC Amplification Efficiency. (A-C) The amplification
efficiency of the CF and SHOX? targets on the same pConlC template was examined using qPCR. Serial dilution
of the pConIC were amplified by 2 primer sets named CF-F/R and MP-SHOX2-F/R, specific to CF and SHOX2
sequences, respectively. The ACT (C, -CT,,) was calculated for each pConIC dilution. (D) Difference in ACT
value analysed by one-way ANOVA statistical method when using qPCR templates as following: pConlIC alone (1),
pConlC mixed with 10 ng of bisullfite-treated genomic DNA (2) and 1 ng pConlC mixed with 500 ng of genomic
DNA then subsequently treated by bisulfite (3). ns: non significant.
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Figure 3. Monitoring of DNA Recovery and Bisulfite Conversion Efficiencies in SHOX2 Methylation Assay. (A)
Serial concentrations of the pUnIC was mixed with 500 ng of genomic DNA and subsequently bisulfite converted in
order to determination of the optimal pUnIC concentration. The conversion efficiency where determined by the AACT
method using pConlC as calibrator for 100% conversion. A cut-off value was determined in order to dichotomize the
quantitative AACT value into a qualitative result (successful or unsuccessful conversion). (B) Bisulfite conversion
efficiency using serial pUnIC concentrations expressed as % as compared to the calibrator pConlIC set at 100%
conversion. (C) DNA recovery determined by the 22T method and expressed as % compared to input DNA amount.
All statistical analyses were performed using one-way ANOVA. ns: non significant; **** p<(0.0001. The horizontal

bars represent the mean.

sequences, respectively, located on the same IC templates
(either ConlC or bisulfite-treated UnIC). In order to use
the ConlC as a calibrator, real time PCR reactions should
have the same amplification efficiency, meaning the ACT
(CTp.s10x2~ CT ) should stay unchanged with different
pConlC concentrations (Livaket al., 2001). In this case,
the AACT method can be applied to calculate the relative
DNA quantification.

In order to quantify the amplification efficiency
using pConlC, serial dilutions of the linearized pConlIC
plasmid, ranging from 200 pg and 0.4 pg (equivalent to
5x107 to 10° copies),were prepared either in DNA-free
water (group 1) or in a solution containing 10 ng of
bisulfite-treated genomic DNA (group 2). In a third group,
1 ng of linearized pConlC plasmid was mixed with 500 ng
of genomic DNAs, then the mix was subsequently treated
with bisulfite, and serial dilutions were prepared for jPCR
templates. Subsequently, real time PCR was performed
on all samples of the three groups using the CF-F/R and
MP-SHOX2-F/R specific primer sets. In Figure 2, the ACT
is plotted according to the serial pConlC concentrations,
showing slopes of 0.006, 0.027 and 0.005 for groups 1, 2,
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3, respectiviely, thus meaning that ACT stayed unchanged
along with pConlIC concentrations in the three groups
(Livaketal., 2001). In group 3 where pConlC was bisulfite
treated, we observed a slight and constant decrease in
amplification efficiency of both CF and SHOX?2 sequences
probably due to complexes of single-stranded AT rich
DNAs created during the conversion process (Pughet
al., 2008; Underhillet al., 2016), but since this decrease
concerned both CF and SHOX? sequences, the ACT stayed
unchanged. Therefore, the AACT calculation was suitable
to analyze the data. Moreover, no significant difference in
ACT values was observed among the three experimental
groups, as assessed by one-way ANOVA (Figure 2D).
This result indicated that ConlC alone can be used as a
calibrator for relative quantification of UnlC recovery
and bisulfite conversion efficiencies in further analysis.

Calculation of bisulfite conversion and DNA recovery
efficiencies using ConlC as calibrator and UnIC as
indicator

After having validated the use of ConlC as a calibrator
for 100% bisulfite conversion, we proceeded to determine
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Figure 4. Overestimation of SHOX2 Methylation Level due to Its Incomplete Bisulfite Conversion. On the left:
Bisulfite conversion efficiency was determined using the UnIC indicator in methylation assay performed on 3 patient
samples (CP9, CP103 and CP123) previously treated by bisulfite for the recommended time (UnIC-F) or for half-time
(UnIC-In). On the right: SHOX2 methylation level in the respective samples sufficiently (SHOX2-F) or insufficiently
(SHOX2-In) bisulfite treated.
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Figure 5. Determination of Bisulfite Conversion
Efficiency. The bisulfite conversion efficiency of the
DNA extracted from the samples was determined using
the UnlC indicator. The horizontal bars represent the
mean.

the optimal pUnIC concentration to use in methylation
assays for the highest bisulfite conversion efficiency. To
do so, we prepared 4 pools of PCR templates by mixing
the linearized pUnIC at concentrations of 0.005 ng, 0.05
ng, 0.5 ng and 5 ng (equivalent to 10°-10° copies) with a
constant amount of genomic DNA equal to 500 ng. This
concentration of genomic DNA was choosen according to
the manufacturer’s instruction for input DNA. Replicates
of these mixed DNA templates were then treated with
bisulfite (the smallest group had n=13). UnIC bisulfite
conversion efficiency was calculated by the AACT method
usingthe ConlC as calibrator having 100% conversion.
Significant difference was observed between pConlC
and the groups using from 5 ng to 0.05 ng pUnIC, but not
with the group using 0.005 ng, as assessed by one-way
ANOVA (Figure 3A); thus, we choosed 0.005 ng pUnIC
as the optimal concentration. Since the AACT value using
pConlC template ranged from -0.2 to 0.2 (around 0 value)
as observed with n=20 replicates (probably caused by
complex of single stranded AT rich DNAs as mentionned
above), in order to use pConlC as the calibrator for 100%
conversion, it was necessary to determine a cut-off value
to dichotomize quantitative AACT values into qualitative
result (successful or unsuccessful conversion). Such a
cut-off AACT value was chosen so that 5% of AACT
values obtained with pUnIC are considered as false
positive (unsuccessful) conversion. As showed in Figure
3A, the cut-off AACT value of 0.23 was chosen so that
all pConlC replicates and 21/22 (>95%) pUnIC replicates
were classified as successful conversion. According to
this cut-off in AACT, samples with conversion efficiency
of pUnIC more than 85% calculated on the basis of the
AACT method with assumption that pConIC having
100% conversion were classified as successful conversion
(Figure 3B). The proportion of unmetylated cytosines
fully converted and unconverted using 0.005 ng to
5 ng of pUnIC were quantified by direct sequencing
(Supplementary Figure 2). In addition, we also assessed
DNA recovery efficiency (compared to input DNA) via
the relative quantification using 24T method. Between 2
concentrations of pConlIC, 5 ng and 1ng, no significant
difference in DNA recovery was observed, both showing
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around 17% recovery. There was neither significant
recovery difference between 1ng pConlC and 0.05 ng or
0.005 ng pUnIC, the latters showed around 20% -24%
recovery after bisulfite conversion (Figure 3C). On the
contrary, higher amount of pUnIC input (5ng and 0.5ng)
showed higher recovery rates of around 41% -44%, but
since they have been shown to be incompletely bisulfite
converted, these pUnlC input quantities were not chosen
for further analysis. Thus, based on these results, 0.005
ng pUnlC can be used as a reliable internal control to
quantitatively monitor both bisulfite conversion efficiency
and DNA recovery rate in SHOX2 methylation assay.

After bisulfite treatment, all unmethylated cytosines
in the pUnIC plasmid were converted into uracils. In
order to access the PCR amplification efficiency using
uracils-containing pUnlc versus thymines-containing
pConlC as initial template, 0.005 ng of linearized
pUnIC or pConIC where separately mixed with 500ng
of genomic DNA, then the mix was subsequently treated
with bisulfite. Subsequently, real time PCR was performed
on both samples using the CF-F/R and MP-SHOX2-F/R
specific primer sets. We found that the CT values are
not significantly different (p>0.05) (data not shown),
indicating that pConlC can be used as representative
of the 100% bisulfite converted pUnIC. This result was
consistent with previous report describing that DNA
polymerases recognise uracil as efficiently as thymine
during extension (Heyn et al., 2010).

In order to confirm the performance of pUnIC as an
indicator of bisulfite conversion efficiency, aliquots of
0.005 ng of linearized pUnIC were mixed with 500 ng
genomic DNA extracted from 3 FFPE samples of patients
with non-cancerous pulmonary diseases and then treated
with bisulfite following (1) manufacturer’s instruction
using the EpiTect Bisulfite Kit (Qiagen) or (2) with a
50% reduced time for bisulfite treatment compared to
recommended time. qPCR were performed in triplex
using MP-SHOX2-F/R and Me-SHOX2-F/R primer sets,
which recognized methylated SHOX? targets in pUnIC and
in genomic DNA, respectively. All samples sufficiently
treated with bisulfite showed bisulfite convesion rates
above 86% indicating successefull conversion, and 0.03%
methylation level of SHOX2 promoter. In contrast, a
disastrous decrease in conversion rate to 17% along with
an increase in SHOX2 methylation level (3.77%) were
detected in samples with half-time bisulfite treatment
(Figure 4). PCR products amplified by primer sets specific
to CF and methylated SHOX2 promoter were directly
sequenced, revealing that the proportion of unconverted
cytosines belonging to the pUnlC and SHOX2 promoter
was strictly related to that in DNAs previously bisulfite
treated for insufficient time (Supplementary Figure 3).
Therefore, using the pUnlC indicator, we were able to
detect a false positive SHOX2 methylation (3.77% instead
0f 0.03%). Based on these results, 0.005 ng of linearized
pUnIC mixed with 500 ng genomic DNA extracted from
patient samples was used for further validation of bisulfite
conversion of the SHOX2 promoter from patients with
pulmonary disease.

Bisulfite conversion efficiency was performed on 169
FFPE samples: 97 from patients with lung cancer and 72



from patients with non-cancerous lung diseases, using 500
ng genomic DNA mixed with 0.005 ng pUnIC. However,
in some samples, DNAs were seriously fragmented and
impacted on DNA recovery after bisulfite conversion;
thus, out of the 169 samples, only 159 (94 cancer and
65 non-cancerous) yielding sufficiently bisulfite treated
DNAs were retained for analysis. Bisulfite conversion
efficiency in those 159 DNA samples was evaluated via
the pUnlIC indicator. Direct sequencing of PCR products
amplified by the primer set specific to methylated SHOX2
showed that all cytosines in the CpG sites remained to
be cytosines and the cytosines alone were converted to
thymines (data not shown). Taking into account that 2
samples from the control group showed conversion rate
(82% and 84%) below the 85% cut-off value (Figure 5),
these 2 samples were excluded from further specificity-
sensitivity analysis of SHOX2 methylation. The mean
conversion efficiency was estimated to 98.7% (Figure
5). In addition, the pUnIC recovery rate was around 18%
compared to 0.005ng input pUnIC (data not shown), which
is in agreement with the results previously presented in
Figure 3C.

Discussion

This study aimed at designing an IC system for
bisulfite-based methylation qPCR assay in order to
simultaneously and quantitatively monitor the DNA
recovery and bisulfite conversion efficiencies, 2
parameters that are crucial for the accurate quantification
of methylated targets. The IC designed here was validated
in the context of quantifying the methylation status of
SHOX2, known as a valuable biomarker in lung cancer
detection (Darwiche et al., 2013; Song et al., 2015). The
whole method was then validated on samples from patients
with lung cancer and non-cancerous pulmonary diseases.

Both elements of the IC system, ConlC and UnlC,
were designed to contain two CpG sequences derived
from the SHOX2 promoter and inserted into a CFF
(Figure 1). It is worth noting that double stranded DNA
processed throught bisulfite conversion became two
single strands that are no longer complementary. Here,
the UnIC and ConlIC sequences correspond actually to the
same sequence before and after bisulfite full conversion,
respectively. In the IC, nucleotide sites specifically
recognized by the CF-F/R and Me-SHOX2-F/R primer
sets were translocated so that these primers annealed only
to targets on the IC but not to those in the genomic DNA
(Figure 1 and Supplementary Figure 1). Indeed, using
bisulfite treated and non treated genomic DNA as template,
no PCR products was amplified by these primer sets (Table
1), indicating that the presence of the IC in DNA samples
did not influence on the specific amplification of both
endogenous and exogenous targets.

The UnIC insert has a length of 122 bp, which was
compatible in length with LMW DNA such as cell-free
DNA (cfDNA) of short size DNA (~ 135 bp) in the
plasma (Underhillet al., 2016; Walter et al., 2018).
The linearized pUnIC plasmid has a length of 3000
bp, which makes it suitable to be used as a control in
bisulfite treatment of HMW DNA (Clark et al., 2000).
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Therefore, the design of UnlC provides a flexible choice
for an IC to be used to evaluate bisulfite conversion
of target sequences of different sizes in HMW/LMW
DNA samples. Indeed, a 131 bp PCR fragment has
been custom-designed and used as LMW-DNA for
comparative analysis of different commercial kits for
bisulfite conversion efficiency (Qrntoftet al., 2017),
whereas linearized plasmids containing target sequences
have been used for the evaluation of DNA recovery of
bisulfite-converted sequences (Munson et al., 2007).
Artificial DNA with different length derived from Lambda
DNA was also spiked with genomic DNAs in order to
perform comparison of different bisulfite conversion
commercial kits (Leontiou et al., 2015). However, all
these artificial DNAs published so far did not contain in
the same template both CF sequence and the specific CpG
sequence of interest, which is the case of the IC designed
in our study.

Since in the ConlC sequence all the cytosines had
been already converted to thymines, it can be used to
evaluate DNA recovery after purification without bisulfite
conversion. This recovery rate was around 17% both
using 5ng or Ing input pConlC, which is consistent with
post-bisulfite recovery of the endogenous CFF described
previously (Holmeset al., 2014; Orntoftet al., 2017). Using
a PCR product mimicking cytosine-free LIRE1 sequence
as reference, Bryzgunova et al. (2013) also indicated a
recovery rate around 20% of endogenous L1REI in the
input genomic DNA. Regarding the effect of bisulfite
conversion on DNA recovery, it has been mentioned
that low DNA recovery rate is rather due to DNA lost by
fragmentation, depyrimidination or inefficient purification,
than to chemical conversion (Munsonet al., 2007; Tanaka
and Okamoto, 2007). Uniform recovery of fully bisulfite
converted DNA across a wide range of DNA input using
different kits has been reported (Qrntoftet al., 2017). In
our experimental system, 0.005ng of pUnIC input that had
been successfully bisulfite converted (98.7% efficiency
as accessed in Figure 5) showed a similar recovery rate
to pConlC (Figure 3C). Using higher pUnIC amount
(0.5 ng- 5 ng), we obtained higher recovery rate around
41% - 44%, but since the remaining DNA also included
incompletely converted DNA (as assessed in Figure 3B
and Supplementary Figure 2), these pUnIC concentrations
are clearly not optimal. Indeed, the incomplete conversion
of unmethylated cytosines may lead to false positive
result thus compromising the specificity and sensitivity
of methylation assay (Lan et al, 2014; Owa et al., 2018).

Moreover, our results also revealed that the copy
number of particular target impacted on bisulfite
conversion efficiency, with high amount of templates
(107 - 10? copies corresponding to 0.05 ng - 5 ng pUnIC)
leading to incomplete conversion (Figure 3B). So far, most
qPCR and dPCR assays for evaluating bisulfite conversion
efficiency have been performed on single copy sequence
such as endogenous ACTB, MYOD genes whose maximal
number is around 10° copies corresponding to maximal
amount (2 pug) of input DNA recommended by different
kits for bisulfite conversion (Holmeset al., 2014; Orntoft
etal., 2017). In the context where the methylation profile
of repetitive elements can be used to estimate global DNA
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methylation for biomarker determination (Walteret al.,
2018; Bryzgonovaet al., 2013; Yanget al., 2004), our result
highlighted a considerable attention when performing
qPCR assay on such repetitive methylated sequences
presented in high copy number in the human genome.

The pUnIC at 0.005 ng (106 copies) was used as
an indicator of bisulfite conversion efficiency of the
SHOX?2 sequence, with a mean value reaching 98.7%
conversion. The minute remnant of non-converted/
incompletely converted DNA could be partly accounted
for the small discrepancy in all the values of pUnIC
conversion efficiency that are considered as successful
in our system (85% - 100%). Nonetheless, bisulfite
conversion rate above the 85% cut-off value have been
observed across numerous analytical as well as clinical
samples: 88% - 100% conversion has been described
for DNA from plasma samples (Qrntoftet al., 2017), as
well as 90-100% conversion efficiency of endogenous
or artificial sequences reported by numerous evaluations
of commercial kits (Holmeset al., 2014; Leontiouet al.,
2015; Orntoftet al., 2017; Tierlinget al., 2018). Thus, our
IC system demonstrated the reliability and confidence of
this calibrator-indicator couple in monitoring bisulfite
conversion efficiency. Using this indicator, a false positive
SHOX2 methylation (3.77% methylation instead of
0.03%) was detected in samples that are bisulfite treated
for an insufficient time (Figure 4), thus again highlighting
the full bisulfite conversion as a crucial requirement in
methylation quantification. Particularly, the UnIC used as
reference contained sequences of the SHOX2 promoter;
avoiding the interference on bisulfite conversion due to
sequence complexity, GC content, secondary structure
elements and even a single cytosine in a specific nucleotide
context (Harrison et al., 1998; Genereuxet al., 2008),
thus ensuring more accurate evaluation of bisulfite
conversion of the SHOX? target. Recently, a panel of
DNA methylation markers has shown great increase in
sensitivity and specificity in the diagnosis and prognosis
analyses of different types of cancers (Mojtabanezhadet
al., 2018; Zhanget al., 2017; Ren et al., 2017; Yiet al.,
2013). In this context, the ConIC/UnIC system could be
a technical asset, offering the customizable insertion of
different sequences specific to different methylated targets,
becoming a multi-indicator for quantitatively monitoring
the bisullfite conversion of multiple target genes in one
experiment.

There are some limitations inherent to our study design
that should be noted. First, log10 fold serial dilution of the
UnlC was performed in this study (5 ng to 0.005 ng), while
amore accurate investigation of the impact of pUnlC copy
number on bisulfite conversion efficiency may require a
log?2 fold serial dilution. Moreover, evaluation of bisulfite
conversion efficiency was limited to small FFPE samples
while most of the analyses so far were carried out on blood
plasma or specimens from bronchial aspirate or washing
during bronchoscopy (Schmidt et al, 2010; Kneip et al.,
2011; Dietrich et al., 2012). In our future studies, we
intend to increase the samples number as well as to collect
samples from different specimen types, from confirmed
versus suspicious cancer patients, in order to validate the
clinical diagnostic value of SHOX2 methylation.
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In conclusion, to summarize, this study has proposed
a customizable internal control using the ConlC/UnIC
as calibrator/indicator to quantify simultaneously and
accurately the DNA recovery and bisulfite conversion
efficiencies of individual sequence as well as whole
genome in methylation assays. We have shown that
the ConlC/UnIC designed for SHOX? target gene
demonstrated a bisulfite conversion rate reaching
98.7% for this sequence; thus, ensuring sufficient
specificity and sensitivity in subsequent analyses for its
methylation status. These encouraging results prompt
us to quantitatively assess SHOX2 methylation in large
specimens types collected from different non-cellular
and cellular samples. In long term, we are headed at the
optimization of the ConlC/UnIC system so that it can be
applied in methylation assays specific to multi-targets
or repetitive sequences for biomaker development and
clinical applications.
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