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1 | INTRODUCTION

Cervical cancer is caused by a persistent infection with high-
risk human papillomaviruses (hrHPV). If identified early,
high-grade cervical intraepithelial neoplasias (CIN grades 2
and 3) can be effectively treated to prevent their development
into cancer. In cervical cancer, methylation biomarkers are
promising diagnostic and prognostic tools that could be used
for prevention in clinical settings.l'3 DNA methylation is an
epigenetic mechanism used to regulate gene expression in
cells and is an essential process for cell differentiation and
embryonic development. Aberrant DNA methylation has
been linked to various diseases including cancer.** One of
the most accurate methods of measuring DNA methylation is
the bisulfite conversion of unmethylated cytosines to thymi-
dines followed by pyrosequencing.6 Our team has developed
and validated a pyrosequencing methylation classifier for de-
tecting cancer and pre-cancerous lesions (CIN2+) from exfo-
liated cervical cells.>”'° The S5 classifier comprises targets
in the promoter region of tumor suppressor gene EPB41L3
and late viral regions of HPV16, HPV18, HPV3l1, and
HPV33. Good biomarkers should have a high sensitivity and
specificity, good positive predictive value, and perform well
in different sample types such as exfoliated cells, fresh, fro-
zen or formalin-fixed paraffin-embedded (FFPE) biopsies.11
When the S5 classifier was developed it was performed so
using exfoliated cells and the Zymo EZ DNA Methylation
kit. To further establish the S5 classifier as a high-value bio-
marker it is the key to ensure its validity using both FFPE
and a range of bisulfite conversion kits. Establishing the vi-
ability of the S5 classifier in FFPE samples also allows it to
be used in retrospective studies using archived samples. In
a broader context if the S5 classifier is shown to work with
FFPE material and multiple conversion kits, there are im-
plications for epigenetic studies using FFPE material. DNA
extracted from FFPE material generally shows lower quality
and amount than from fresh or frozen material. Tissue fixa-
tion in buffered formalin causes inter-strand DNA or protein—
DNA crosslinks, fragmentation, deamination of cytosines,
and conformational change in the DNA.'? Therefore, bisul-
fite conversion efficacy can be a problem on FFPE material,
possibly leading to unreliable results. Although assays such
as genotyping, copy number or DNA methylation performed
on FFPE samples usually have a lower success rate than on
fresh or frozen material,* they can still provide adequate
information for epidemiological studies and to inform clin-
ical decisions. In this study, we used a set of paired FFPE
and exfoliated cell samples from the same women to test the
performance of the S5 classifier at detecting CIN2+ in sam-
ples fixed in formalin. We compared four bisulfite conver-
sion kits, the Zymo EZ DNA Methylation kit (EZ Std), the
Zymo EZ DNA Methylation-Lightning kit (EZ Lightning),
the Qiagen Epitect Bisulfite kit (Epitect Std), and the Qiagen
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Epitect Fast Bisulfite kit (Epitect Fast). We discuss differ-
ences between the two sample types and the four bisulfite
conversion kits in terms of conversion efficiency and meth-
ylation levels obtained for the S5 classifier. We report area
under the ROC curve (AUC), sensitivity, and specificity with
confidence intervals.

2 | MATERIALS AND METHODS

We tested the performance of a risk score, called the S5 clas-
sifier, at detecting pre-cancerous (CIN2 n = 41 and CIN3
n = 105) and cancerous (n = 3) cervical intraepithelial neo-
plasia (CIN2+) on formalin-fixed paraffin-embedded (FFPE)
biopsies collected at colposcopy. The results were compared
to those obtained from a set of paired exfoliated cell sam-
ples (reference standard) from the same women. We tested
four different bisulfite conversion kits: The Zymo EZ DNA
Methylation kit (EZ Std) which was the kit used to develop
the S5 classifier, the Zymo EZ DNA Methylation-Lightning
(EZ Lightning), the Qiagen Epitect Bisulfite Kit (Epitect
Std), and the Qiagen Epitect Fast Bisulfite Kit (Epitect Fast).

2.1 | Study population and
clinical specimens

Ethical approval and consent to participate were given by the
Hammersmith and Queen Charlotte's & Chelsea Research
Ethics Committee (Ethics no. 05/Q0406/57). Paired samples
consisting of FFPE biopsies and exfoliated cells from liquid-
based cytology specimens (ThinPrep; Hologic, Bedford,
USA) both taken at colposcopy were obtained from archived
material from the Predictors studies collected from 2005 to
2009.'%!® The women in both studies were selected from a
population of women who had been referred to colposcopy.
Women were referred to colposcopy if they had one abnor-
mal smear. The selection of women had an age range of 17—
72 (median age 29) and their HPV status was unknown at
the time of referral. Final histopathological diagnoses were
based on reviews by at least two pathologists. The highest
grade of abnormality seen in the biopsy was used.

2.2 | DNA extraction from cells in ThinPrep
DNA was extracted from aliquots of the liquid-based cytol-
ogy samples with the QTAamp DNA Mini Kit (Qiagen Inc.,
Hilden, Germany) following the manufacturer's instructions
with the exception of an additional first step. In the addi-
tional step, the cells were washed in 1 ml of PBS, centrifuged
at 13,000 rpm for 1 minute, the supernatant discarded, and
200 pl of PBS added before the lysis step.
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2.3 | DNA extraction from FFPE biopsies

For the first 59 biopsies, twelve 5 pm FFPE sections were
cut on a microtome using a new blade for each block.
Sections were stored at —70°C until DNA extraction.
Entire sections were scraped from the slides using a scal-
pel blade and deparaffinized using three washes in xylene
and one wash with 100% ethanol. DNA was extracted using
QIAamp DNA FFPE Tissue Kit (QIAGEN) according to
manufacturer's instructions with an initial incubation step
at 56°C for 16-18 hours with proteinase K and a 1-hour
incubation at 90°C. The DNA concentration was measured
using a NanoDrop 1000 Spectrophotometer (Thermo Fisher
Scientific).

The remaining 256 biopsies were extracted using a differ-
ent method to try and maximize DNA recovery.'” Ten 5 um
FFPE sections were cut using a new blade for each block
and directly put in a tube and stored at —70°C until DNA
extraction. One hundred and sixty microliters of hexadecane
were added to each tube, followed by a 5-minute incubation at
56°C. Two hundred microliters of universal extraction buffer
containing 50 mM Tris—HCI pH 8.0, 1 mM EDTA, and 0.05%
SDS'® were added to the tube along with 400 pg of Proteinase
K (Qiagen) and incubated overnight at 56°C followed by a 1-
hour incubation at 90°C. The lower phase was then transferred
to a new tube and stored at —20°C before PCR. The DNA con-
centration was measured using a Qubit Fluorometer with the
dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA).

2.4 | Bisulfite conversion and DNA
methylation assays

The DNA obtained from exfoliated cells was bisulfite con-
verted using the EZ DNA Methylation kit (Zymo Research,
CA, USA, abbreviated as EZ Std) using 200 ng of DNA and
following the manufacturer's instructions.

The FFPE material was bisulfite converted using four dif-
ferent kits: the EZ Std, the EZ DNA Methylation-Lightning
kit (Zymo Research, CA, USA, abbreviated as EZ Lightning),
the Epitect Bisulfite kit (Qiagen, Hilden, Germany, abbre-
viated as Epitect Std), and the Epitect Fast Bisulfite Kit
(Qiagen, Hilden, Germany, abbreviated as Epitect Fast).
All kits were used following the manufacturer's instructions
with an input of 200 ng in 40 pl of DNA for EZ Std, Epitect
Std, and Epitect Fast and 200 ng in 20 pl (maximum rec-
ommended volume) for EZ Lightning. Differences between
these kits are highlighted in Supp. Table S1.

We used previously optimized PCR conditions for the
markers included in the S5 classifier."”'*' The S5 classifier
comprises CpGs in the promoter region of EPB41L3 (CpG
sites 425, 427, and 438 relative to transcription start site)

and viral regions of HPV16 (L1: CpG sites 6367, 6389 and
L2: CpG sites 4238, 4247, 4259 4268, 4275), HPV18 (L2:
CpG sites 4257, 4262, 4266, 4269, 4275, 4282), HPV31 (L1:
CpG sites 6352 and 6354), and HPV33 (L2: CpG sites 5557,
5560, 5566 and 5572). Amplifications were performed using
the PyroMark PCR kit (QIAGEN, Germany) with 10 ng of
converted DNA (except for HPV18; , PCR, for which 20 ng
of DNA was used) in a 25pL volume with final reagent con-
centrations of 0.2 uM for PCR primers, 1x Coral Load, and
Ix PyroMark mix. PCR cycling conditions were 15 min-
utes at 94°C, followed by 45 cycles of 94°C, 54°C (51°C for
HPV16; ,), 72°C each for 30 seconds, and a final extension at
72°C for 10 minutes. The PCR products were pyrosequenced
using a PyroMark™Q96 ID (Qiagen) instrument as previously
described.” All pyrosequencing runs included positive con-
trols of known methylation level (0%, 50%, and 100%) to allow
standardized direct comparisons between different primer sets
and a negative control.

2.5 | Calculating the S5 classifier

The S5 classifier was developed and validated on cells
collected in liquid-based cytology medium.>?' S5 s
defined as the sum of six methylation components:
S5 = 30.9(EPB41L3) + 13.7(HPV16,,) + 4.3(HPV16,,)
+ 8.4(HPV18;,) + 22.4(HPV31; ;) + 20.3 (HPV33;,). All
components, except HPV16, ,, are calculated as the percent-
age of average methylation of the CpG investigated (3 for
EPB41L3, 2 for HPV16, , 6 for HPV18, ,, 2 for HPV31, ,
and 3 for HPV33;,). For HPV 16, ,, the proportion of 3 CpGs
(sites: 4238, 4259, 4275) with methylation values >0 is
used.”

2.6 | Bisulfite conversion efficiency

The efficiency of bisulfite conversion was measured by an
in-house real-time PCR using two pairs of primers (“con-
verted” and “unconverted”) targeting a region of the f-actin
gene containing no CpG sites. After a 100% efficient bi-
sulfite conversion, all the cytosines should be fully converted
and anneal to the “converted” primers F and R. If some cy-
tosines are left unconverted, the DNA strand will anneal to
the “unconverted” primers F and R. The “converted” primer
pair anneals to the fully converted DNA (Forward primer:
5'-TGGTGATGGAGGAGGTTTAGTAAGT-3’, Reverse
primer: 5'-AACCAATAAAACCTACTCCTCCCTTAA
-3’), the “unconverted” primer pair to unconverted DNA
(Forward primer: 5-TGGTGATGGAGGAGGCTCAGCA
AGT-3’, Reverse primer: 5'-AGCCAATGGGACCTGCTC
CTCCCTTGA-3"). The samples were run in duplicate on a
Quantstudio5 (Thermo Fisher Scientific) using a 384-well
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block. For each PCR reaction, 1.3 pl of bisulfite-converted
DNA (diluted 1:5), 6.3 pl 2x KAPA SYBR FAST qPCR
Master Mix, 0.6 pl each forward and reverse primer (final
concentrations of 0.5 puM), and 4.4 pl molecular-grade water
were used. Real-time PCR conditions were 95°C for 10 min-
utes followed by 40 cycles of 95°C for 15 seconds, 60°C
for 1 minutes with data acquisition after each cycle. In the
end, a dissociation curve was added ranging from 60°C to
95°C. The mean of the duplicate CT values was calculated
for the converted primer and unconverted primer values. The
delta CT was calculated as the average of “converted” CT
minus the average of “unconverted” value and the percent-
age of “unconverted” calculated as 100%/ (1 + (2" (delta Ct).
The conversion efficiency was calculated as 100% minus %
“unconverted.”

2.7 | Statistical analysis

The correlations between the S5 classifier obtained
from FFPE biopsies and cells were computed using the
Spearman r coefficients. A Wilcoxon matched-pairs
signed-rank test was used to assess the difference in S5
methylation values between the paired FFPE biopsies and
exfoliated cells samples. The performance of the S5 clas-
sifier was calculated using CIN2/3 as the primary clini-
cal endpoint. The ability of S5 to separate <CIN2 from

Spearman r

Exfoliated cells EZ Std
FFPE EZ Std

FFPE Epitect Std
FFPE EZ Lightning

0.605 oE:xEl]

FFPE Epitect Fast

WEY(8 0.809 0.816

FIGURE 1
obtained from exfoliated cells and FFPE material. DNA from the
exfoliated cells was converted with the Zymo EZ DNA Methylation
kit (EZ Std). Four bisulfite conversion kits were used on the FFPE
material: EZ Std, Zymo EZ DNA Methylation-Lightning (EZ
Lightning), Qiagen Epitect Bisulfite kit (Epitect Std) and Qiagen
Epitect Bisulfite Fast kit (Epitect Fast). The correlation coefficients

Correlation of S5 classifier methylation levels

are given below the diagonal and the number of samples in the
comparisons above. All the correlations were statistically significant
(p < 0.0001, Spearman correlation tests)
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CIN2+ samples was assessed with Mann—Whitney tests
and ROC curves (AUC are given with 95% confidence
intervals). The differences between the AUC of the ROC
curves from exfoliated cells and FFPE biopsies were
tested using Delong's test. The pre-defined cut-off for
S5 on exfoliated cells was 0.8” and was used to calculate
sensitivity and specificity of S5 on the FFPE biopsies,
but we also calculated these performance indicators on
retrospectively adjusted cut-offs. Reproducibility of the
assays was evaluated graphically using Bland—Altman
plots. Statistical analyses were conducted using GraphPad
Prism and R.

3 | RESULTS

We tested the performance of the S5 methylation classifier
and efficiency of bisulfite conversion on 315 paired sam-
ples consisting of FFPE biopsies and exfoliated cell sam-
ples. In total, there were 166 <CIN2 (40 Normal and 126
CIN1) and 149 CIN2+ samples (41 CIN2 and 105 CIN3 and
3 cancers). We tested four bisulfite conversion kits on DNA
extracted from the FFPE material and compared results to
their paired exfoliated samples bisulfite converted with the
EZ DNA Methylation kit (EZ Std). In total, we tested 1422
samples: 315 exfoliated cell samples bisulfite converted
with EZ Std, 306 FFPE bisulfite converted with EZ Std, 290
FFPE converted with Epitect Std, 276 FFPE converted with
EZ Lightning, and 235 FFPE converted with Epitect Fast
(Figure 1.).

3.1 | Methylation levels of FFPE biopsies
compared to exfoliated cells

The S5 methylation values from FFPE biopsies for the
four bisulfite conversion kits were significantly cor-
related with those obtained from the exfoliated cells
(Spearman r ranged from 0.379 to 0.550, p < 0.0001,
Figure 1.). High methylation values obtained in biop-
sies were also mostly high in exfoliated cells. In the
FFPE material, the highest correlations were obtained
between the Epitect Std and EZ Lightning (r = 0.830,
p < 0.0001), the Epitect Std and Epitect Fast (r = 0.809,
p < 0.0001), and the EZ Lightning and Epitect Fast
(r =0.816, p < 0.0001). The S5 classifier values were
significantly higher in FFPE biopsies bisulfite converted
with the EZ Std kit compared to their paired exfoli-
ated cell samples (Wilcoxon matched-pairs signed-rank
tests, p < 0.0001, Figure 2. Table 1). On average for the
paired samples, S5 was higher by 4.4% in the FFPE bi-
opsies converted with EZ Std compared to their paired
cell specimens. The three other bisulfite conversion
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FIGURE 2 Boxplot of S5 classifier methylation levels comparing
results obtained from exfoliated cell-DNA (reference standard)
bisulfite converted with EZ DNA Methylation kit (EZ Std) and the
four bisulfite conversion kits used on FFPE biopsies. These kits were
the EZ Std, EZ DNA Methylation-Lightning kit (EZ Lightning), the
Epitect Bisulfite kit (Epitect Std) and the Epitect Fast Bisulfite Kit
(Epitect Fast). The S5 values obtained using the EZ Std kit on FFPE
material were significantly higher than those from exfoliated cells.
There were no significant differences between the S5 values in the
reference exfoliated cells and the other three bisulfite conversion Kkits.
* p <0.05, #*: p < 0.001, ***: p < 0.0005, ****: p < 0.0001. Only
significant comparisons are represented. The top of boxes represents
the upper quartile, bottom the lower quartile and line the median. The
whiskers expand to the minimum and maximum values

kits produced methylation results on FFPE samples that
were not significantly different from the exfoliated cells
(Figure 3. and Table 1).

TABLE 1

conversion Kits

3.2 | Methylation levels of individual
S5 genes of FFPE biopsies compared to
exfoliated cells

Methylation levels for EPB41L3 were significantly
correlated between exfoliated cells and all Kkits
(p < 0.0001), Spearman ranged from 0.287 to 0.786.
The highest correlations were between Epitect Std and
Zymo Lightning (r = 0.786), the Epitect Std and Epitect
Fast (r = 0.740), and the EZ Lightning and Epitect Fast
(r =0.744) (Figure 4). Methylation levels for HPV16L]1
were all significantly correlated (p < 0.0001) with cor-
relation between the kits ranging from Spearman r 0.822
to 0.984. Correlation between the exfoliated cells was
lower with Spearman r from 0.469 to 0.701 but still
significant (p < 0.0001) (Figure 4). Correlation be-
tween the kits and exfoliated cells for HPV16L2 was
all significant (p < 0.01-p < 0.0001) with the highest
correlations between Epitect Std and Zymo Lightning
(r = 0978, p < 0.0001), the Epitect Std and Epitect
Fast (r = 0.965, p < 0.0001), and the EZ Lightning and
Epitect Fast (r = 0.976, p < 0.0001) (Figure 4). Due to
the lower prevalence of HPV18, 31, and 33, it was not
possible to calculate correlations between all kits and
not all calculated Spearman r values were significant.
For HPV 18 exfoliated cells versus Zymo Std (p < 0.05),
Epitect Std (p < 0.05), and Zymo Lightening (p < 0.01)
were significant with Spearman r ranging from 0.517
to 0.929 (Supp. Figure S1). All correlations between
Epitect Std, Zymo Lightening, and Epitect fast were sig-
nificant (p < 0.001) and r = 1.000 for all 3. For HPV31,
only Zymo Std and exfoliated cells had sufficient data
to calculate the correlation (r = 0.615 p < 0.05) (Supp.
Figure S1). In HPV33, the only significant correlations
were between exfoliated cells and Zymo Std (r = 0.711.
p < 0.0001) and Zymo Std and Epitect Std (r = 0.800,
p < 0.05) (Supp. Figure S1).

Descriptive statistics of the S5 methylation pyrosequencing score for exfoliated cells and FFPE biopsies using four different bisulfite

S5 exfoliated S5 FFPE S5 FFPE

cells S5 FFPE biopsies  biopsies S5 FFPE biopsies  biopsies

EZ Std EZ Std Epitect Std EZ Lightning Epitect Fast
Number of samples 315 306 290 276 235
Minimum 0.00 0.14 0.00 0.00 0.15
Maximum 27.84 32.30 28.38 32.73 29.60
Mean 4.86 9.11 4.71 4.11 4.38
Std deviation 5.02 5.77 4.95 4.74 4.80
Wilcoxon matched-pairs signed rank Reference <0.0001 (306) 0.2827 (288) 0.9592 (275) 0.5701 (235)

test p-values (n)*

“Bonferoni correction, o = 0.0125.
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FIGURE 3 Boxplot of S5 classifier methylation levels between <CIN2 and CIN2+. The S5 score was significantly higher in CIN2+ than

in <CIN2 for the exfoliated cells and FFPE material using all four bisulfite conversion kits (p < 0.0001, Mann-Whitney tests). Higher absolute
methylation levels were obtained with the EZ DNA Methylation kit (EZ Std) compared to exfoliated cells with the same kit and FFPE material with
the other three kits Epitect Std: Epitect Bisulfite kit; EZ Lightning: EZ DNA Methylation-Lightning; Epitect Fast: Epitect Bisulfite Fast kit. The top
of boxes represents the upper quartile, bottom the lower quartile and line the median. The whiskers expand to the minimum and maximum values
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FIGURE 4 Heatmap of the correlation of A. EPB41L3, B. HPV16L1 and C. HPV16L2 gene methylation levels obtained from exfoliated cells
and FFPE material. DNA from the exfoliated cells was converted with the Zymo EZ DNA Methylation kit (Exfoliated Cells Zymo Standard). Four
bisulfite conversion kits were used on the FFPE material: Zymo EZ DNA Methylation (FFPE Zymo Standard), Qiagen Epitect Bisulfite kit (FFPE
Epitect Standard), Zymo EZ DNA Methylation-Lightning (FFPE Zymo Lightning) and Qiagen Epitect Bisulfite Fast kit (FFPE Epitect Fast). The

Spearman's correlation coefficients are given below the diagonal and p-values above (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < (0.0001)

3.3 | Bisulfite conversion rate and assay
repeatability

We investigated the reason for the higher methylation val-
ues in FFPE samples bisulfite converted with the EZ Std kit
using an in-house real-time PCR methylation-specific assay
targeting the -actin gene (Supp. Table S2 and Figure 5.). We
found that the bisulfite conversion rate of exfoliated cells was
on average 95% using the EZ Std kit; however, this kit only
had a conversion rate of 73% for FFPE material (p < 0.0001).
The other kits on FFPE samples had very good conversion
rates that were not significantly different from the exfoliated
cells.

Because of the incomplete conversion rate of FFPE
samples with the EZ Std kit, we checked the reproducibil-
ity of the S5 score on a subset of freshly cut FFPE sections,
comparing the new pyrosequencing results to the original

results. Repeatability of the S5 classifier was good with only
three values out of 81 (3.70%) outside the limits of agree-
ment (mean of differences between original and new sec-
tions = —3.656, n = 81, Supp. Figure S2). The conversion
rate, although inadequate, did not affect the reproducibility
of the S5 assay.

3.4 | Performance of S5 on FFPE biopsies

S5 performed well at discriminating between <CIN2 and
CIN2+ samples on the FFPE biopsies for all four Kkits
(Figure 3.). Their methylation values were significantly
higher in CIN2+ than in <CIN2 samples (Mann—Whitney
tests, p < 0.0001). Figure 6 shows the S5 classifier by
histological grade. For the exfoliated cells and FFPE ma-
terial converted with EZ Std and EZ Lightning, the four
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FIGURE 5 Comparison of bisulfite conversion efficiency
between exfoliated cells and FFPE material. The top of boxes
represents the upper quartile, bottom the lower quartile and line the
median. The whiskers expand to the minimum and maximum values.
The Epitect Standard, Epitect Fast and EZ Lightning kits performed
well and their rates of conversion were not significantly different from
the exfoliated cells. The EZ DNA Methylation kit (EZ Std) showed a
lower conversion rate than the exfoliated cells (p < 0.0001, Wilcoxon
matched-pairs signed rank test)

histological grades (normal, CIN1, CIN2, and CIN3+) had
distinct methylation levels as expected (Kruskal-Wallis
tests with Dunn's multiple comparisons tests adjusted p
values). However, the Epitect Std and Fast kits were not
able to provide separation of CIN1 from CIN2 (p = 0.0919
for EZ Std and p = 0.6840 for EZ Fast) using our pyrose-
quencing assays.

For all the kits tested, there was a significant trend of
increasing methylation levels with a severity of the disease
(Cuzick tests for trend, p < 0.0001, Figure 6.). The normal and
CINI samples showed the lowest level of methylation, CIN2
an intermediate level, and CIN3 and cancers the highest.

All the conversion kits tested on FFPE material per-
formed equally well to detect pre-cancerous CIN2/3 cases.
Figure 7. shows the area under the curve (AUC) of the S5
classifier for the detection of CIN2/3. As expected, the AUC
was the highest for the exfoliated cells (AUC =0.81, 95%CI
0.76-0.86, Table 2). The AUCs of S5 from FFPE material
were slightly lower but none were significantly different than

the AUC of the exfoliated cells (DeLong's tests, Table 2).
This confirmed that the S5 methylation classifier is robust
in both types of samples and when using various bisulfite
conversion Kkits.

S5 on the exfoliated cells specimens had a sensitivity of
93.96%, a specificity of 43.37%, positive predictive value
(PPV) of 59.82%, and a negative predictive value (NPV) of
99.89% at the pre-defined cut-off of 0.8 7 to detect CIN2/3
cases (Table 2). At the same cut-off, S5 testing of the FFPE
material converted with Zymo Std had greater sensitivity
(99.29%), but a much lower specificity (1.81%). This dis-
crepancy was due to the higher S5 values obtained with the
FFPE material and the Zymo Std kit because of the incom-
plete conversion rate. Adjusting the cut-off to 5.2 to take
the increased methylation values into account (by adding the
4.4 difference to the pre-defined cut-off of 0.8), the sensi-
tivity became 88.57% and the specificity 41.57% for detect-
ing CIN2+ in the FFPE biopsies as well as an improvement
in both PPV and NPV (46.03% to 56.11% and 75.00% to
81.18%, respectively) (Table 2). At the pre-defined cut-off
of 0.8 the other three bisulfite conversion kits all had high
sensitivities, but low specificities despite having similar bi-
sulfite conversion rate to the exfoliated cells. The 0.8 cut-off
gave a PPV of at least 45% and NPV of at least 75% for all
kits (Table 2). Adjusting the cut-off individually for an 85%
sensitivity, the specificity was 50.60% for Zymo Std, 38.61%
for Epitect Std, 43.92% for Zymo Lightning, and 38.10% for
Epitect Fast (Table 2). Adjusting the cut-off to give 85%
PPV gives an NPV of 65.82% for Zymo Std, 65.63% for
Epitect Std, 64.65% for Zymo Lightening, and 62.18% for
Epitect Fast.

3.5 | Experiments to improve the conversion
rate for the EZ DNA Methylation kit

Various ways to reduce the discrepancy between methyla-
tion values in exfoliated cells and FFPE material have been
proposed. One of them is to heat the samples at a high tem-
perature or in a buffer of a high pH just before starting the
conversion process. We did get a slight improvement with
this method when we tested 23 samples using the EZ Std
kit. Efficiency was 85% compared to 82% with the origi-
nal method (Wilcoxon matched pairs signed-rank test,
p = 0.0449, Supp. Table S3), but we were still not close to
the efficiency obtained with the other conversion kits. We
also performed two rounds of conversion. The elution of the
first conversion was used as an input for the second round
of conversion. With this method, we obtained an average
conversion efficiency of 81%, similar to the original method.
Finally, we tried three rounds of denaturation at 95°C as used
by the Epitect Std kit. We did not obtain any significant im-
provement with an average efficiency of 81%.
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FIGURE 6 Boxplot of S5 classifier methylation levels by histologi

cal groups for all conversion kits. For the exfoliated cells (reference

standard) there were significant differences between normal tissue and CIN2 (p = 0.009), normal vs CIN3 (p < 0.0001), CIN1 vs CIN2

(» <0.0001) and CIN2 vs CIN3 (p < 0.0001). The same comparisons were significantly different for the EZ DNA Methylation kit (EZ Std) and EZ
DNA Methylation-Lightning (EZ Lightning). However, for both Epitect bisulfite kits (Standard and Fast) the differences between CIN1 and CIN2
were no longer significant. The cancer group was not tested due to its sample size. *: p < 0.05, **: p < 0.001, ***: p < 0.0005, ****: p < 0.0001.
Only significant comparisons are represented. The top of boxes represents the upper quartile, bottom the lower quartile and line the median. The

whiskers expand to the minimum and maximum values

FIGURE 7 ROC curve of the

ROC of S5 for CIN2/3

— Exfolliated cells EZ Std: AUC=0.81 (95%CI 0.76-0.86)
FFPE biopsies EZ Std: AUC=0.79 (95%CI 0.73-0.84)
FFPE biopsies Epitect Std: AUC=0.76 (95%Cl 0.71-0.82)
FFPE biopsies EZ Lightning: AUC=0.77 (95%CI 0.72-0.83)
FFPE biopsies Epitect Fast: AUC=0.74 (95%CI 0.68-0.80)

performance of S5 classifier for CIN2/3 100+
(excluding the 3 cancers) on exfoliated cells
and FFPE biopsies bisulfite converted with
four different kits. The AUC for S5 on FFPE 80+
biopsies was not statistically significantly
different from the AUC of S5 calculated £ 604
on exfoliated cells (DeLong's tests). AUC: g‘
area under the ROC curve, CI: confidence =

{ e
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4 | DISCUSSION

Good epigenetic biomarkers should not only have high sensi-
tivity and specificity, but also be applicable to a variety of sam-
ple types, such as fresh or fixed materials, cells, tissue or urine.
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80 100

In this study, we tested the performance of the S5 methylation
classifier on 315 paired samples consisting of exfoliated cell
samples (reference standard) and FFPE biopsies (166 <CIN2
and 149 CIN2+). In addition, we tested the performance of four
different bisulfite conversion kits on the FFPE material. We
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chose the Zymo EZ DNA Methylation kit (EZ Std) which was
the reference kit since it was used to develop the S5 classifier,
the Zymo EZ DNA Methylation-Lightning (EZ Lightning),
the Qiagen Epitect Bisulfite Kit (Epitect Std), and the Qiagen
Epitect Fast Bisulfite Kit (Epitect Fast).

We showed that the S5 risk scores had comparable
AUCs when performed on FFPE biopsies with various bi-
sulfite conversion kits to the AUC obtained from exfoliated
cells. The ROC performance of the S5 classifier was not
affected by the higher methylation values obtained in the
FFPE samples with the EZ Std kit. The AUC of the S5
classifier on the FFPE biopsies was 0.79 with the EZ Std
kit, 0.76 with the Epitect Std, 0.77 with the EZ Lightning,
and 0.74 with the Epitect Fast kit. None of these values
were significantly different from the AUC obtained from
the exfoliated cells with the EZ Std kit (0.81). However,
using the pre-defined cut-off of 0.8, the S5 classifier on
the FFPE material bisulfite converted DNA had very low
specificity with all the kits, especially with the EZ Std kit.
It is clear that new cut-offs are required to better balance
the trade-off between sensitivity and specificity in FFPE
samples. To reflect the higher methylation values obtained
in FFPE samples, the S5 cut-off of 0.8 was provisionally
adjusted to 5.2 for the EZ Std kit. At this cut-off, the sen-
sitivity became 89% for a 42% specificity, values that were
similar to those obtained on the exfoliated cells. At the 0.8
cut-off, the other three bisulfite conversion kits showed
a higher sensitivity than the exfoliated cells samples, but
also a much lower specificity. The specificity for these kits
can be improved by increasing the cut-off to a higher value
while still retaining a sensitivity of 85%.

Despite the elevated methylation levels in the FFPE
samples bisulfite converted with EZ Std, the reproducibil-
ity of the S5 classifier on these samples was good as in-
dicated by a very small bias (—3.356) and a narrow limit
of agreement on the Bland—Altman plot. This is important
since it indicates that the assay is technically robust even
when using a conversion kit that does not fully convert the
unmethylated cytosines into uracils. Newly cut sections
were used for this experiment meaning that not only the
PCR and pyrosequencing reactions were different from the
original assay, but also the DNA extraction and bisulfite
conversion steps.

Artificially high methylation levels are expected in FFPE
material due to inter-strand, protein-DNA, and histone-DNA
crosslinks caused by the formaldehyde fixation.'? This causes
incomplete DNA denaturation during bisulfite conversion
that could vary by genomic location. The bisulfite reaction
is then unable to reach the unmethylated cytosines and con-
vert them to uracil, leading to incomplete DNA conversion.
Variations in methylation levels are further compounded by
each kit having slightly different reaction chemistries, hence
despite each manufacturer stating efficiencies of >99% this
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was almost never the case in our testing. A way to reverse the
effect of formaldehyde on the tissue is to heat the DNA before
bisulfite conversion.'** In our study, although we did heat
the samples at 90°C for an hour, the bisulfite conversion effi-
ciency of the EZ Std kit (73%) was not as good as the conver-
sion rate obtained from exfoliated cells (95%). Consequently,
we observed an average increased value for the S5 classifier
of 4.4 in the FFPE samples. Nonetheless, there was a signifi-
cant correlation for S5 between the paired samples.

Various ways to reduce the discrepancy between methyl-
ation values in exfoliated cells and FFPE material have been
proposed. We tested three methods and only one of them
slightly improved the conversion efficiency rate. Heating the
samples at 95°C just before starting the conversion process
led to an increased efficiency rate of 3% compared to the
original method. Wen et al. ** showed a good methylation
agreement between paired fresh frozen and FFPE samples
using this method. A major difference between their study
and ours is the age of the samples. Our samples were between
10 and 13 years old. The pH of the lysis buffer also seems to
be important. Extracting DNA from FFPE in an alkaline buf-
fer (0.1 M NaOH) provided a greater amount of good quality
DNA compared to acidic buffers.” This option was not tested
since we tested all the kits from the same DNA extraction.
These tests highlight the need for further optimization of each
kit with each sample material to ensure the most accurate out-
come. One of the simplest ways to account for the variation in
methylation levels is to alter the cut-off point to achieve the
best sensitivity and specificity or PPV and NPV depending
on the aims of the test.

In conclusion, consistent methylation results can be ob-
tained from FFPE material. The S5 classifier has been val-
idated for detecting high-grade precancers missed by other
methods and can also predict which precancers are likely to
progress.>*> Thus it can be used to prevent cervical cancer
by identifying and treating cervical precancerous lesions. The
S5 test performed as well on FFPE material as on exfoliated
cells but an adjustment for background noise was required.
We conclude that FFPE biopsies can be used successfully
to accurately diagnose women with CIN2+ samples. The
choice of the kit to bisulfite converts the samples made little
difference to the sensitivity of the S5 assay, but specificity
for FFPE samples was reduced in all the tested kits. Despite
the fact that the most elevated background methylation levels
were obtained with the Zymo EZ DNA methylation kit on the
FFPE material, we can still recommend it as a kit to bisulfite
convert samples. However, it is necessary to take into consid-
eration the need for background adjustment.
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