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Fast and efficient method for
parallel construction of targeted
exome and methylome single-
stranded DNA sequencing libraries

Eunhye Kim*, Sinae An%%*, Heerak Ahn?, Junghyun Lim?, Seung-Ki Kim3* &
Ae Kyung Park'™*

Based on single-stranded DNA library method, we established an efficient workflow to parallelly
construct targeted genomic and epigenomic sequencing libraries from a small amount of DNA. We
applied the protocol to nine pediatric brain cancer DNA samples containing various extents of damage
from formalin fixation and/or DNA oxidation. Compared to our previous study, the new exome
protocol showed superior uniformity of coverage. Many artifactual mutation calls introduced by DNA
damages were eliminated by bioinformatics filtering tools. After filtration, 89.4-97.0% of somatic
single nucleotide variant (SNV) calls generated by double-stranded DNA library were reproduced in
formalin-fixed paraffin-embedded (FFPE) samples, which was achieved with substantially reduced
DNA input amounts (26.7-50ng). In methylome analysis, we obtained methylation calls for 78-92% of
target CpGs with at least 10x coverage when using 100ng of FFPE DNA, which is comparable to those
obtained from fresh frozen samples. We also obtained SNV calls from methylome data, recovering
39-76% of filtered SNVs from exome data in nine brain cancer samples. In conclusion, we present a
simple protocol for parallel construction of targeted exome and methylome sequencing libraries, which
was successfully applied to damaged brain cancer DNA samples from FFPE tissues stored for prolonged
periods.

Keywords Single-stranded DNA library, Formalin-fixed paraffin-embedded (FFPE), Exome, Methylome,
Pediatric brain cancer

Next-generation sequencing (NGS) enables the collection of vast amounts of information from various clinical
resources. This powerful tool also facilitates the investigation of multiple aspects from a single sample%. In a
recent study, NGS-based combined genomic and epigenomic signatures in plasma sample demonstrated an
enhanced sensitivity for detection of minimal residual disease in colorectal cancer patients compared to use
of genomic signatures alone®. Simultaneous acquisition of genomic and epigenomic alterations from a single
sample is invaluable in both clinical and research aspects. Most NGS-based studies require fresh-frozen material
due to the need for high-quality of DNA. However, formalin-fixed paraffin-embedded (FFPE) tissue represents
one of the major sources of biospecimens for molecular analysis, especially in clinical settings due to its cost-
effective long-term storage capabilities. However, it is well known that a wide range of damage occurs including
DNA fragmentation and nucleic acid-protein crosslinking during formalin fixation process and/or in improper
storage conditions?, which makes it challenging to obtain a high-quality NGS data from FFPE samples. In
addition, DNA methylation profiling requires bisulfite treatment to convert unmethylated cytosine to uracil
to distinguish unmethylated from C5-methylated cytosines. The bisulfite conversion process causes additional
DNA degradation, which raises further challenges for DNA methylation profiling with DNA from FFPE®.

The main purpose of this study is to establish an efficient preparation method for exome and methylome
sequencing libraries that can be applied to a small amount of damaged DNA sample such as DNA from FFPE
tissues. In this study, we provide a simple and efficient method for parallel construction of target-enriched exome
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and methylome NGS libraries using single strand-based library preparation method, which allows utilization of
DNA fragments containing nicks as well as single-stranded DNA molecules. The protocol enabled us to obtain
reliable targeted exome and methylome NGS data with relatively low amounts of DNA in nine pediatric brain
cancer DNA samples containing various extents of DNA damage.

Materials and methods

Reference DNA materials and pediatric brain cancer DNA samples

The following reference genomic DNA (gDNA) materials were commercially sourced: NA12878 gDNA (Coriell
Cell Repositories), EpiScope Methylated HCT116 gDNA (Takara Bio Inc.), and EpiScope Unmethylated HCT116
DKO gDNA (Takara Bio Inc.). Reference gDNAs with various methylation proportions (100%, 70%, 30%, and
0% methylated) were prepared by mixing Methylated and Unmethylated HCT116 gDNA. For clinical samples,
we used total nine gDNA samples of pediatric brain cancer, a subset of those from our previous study, including
eight medulloblastoma and one secondary glioblastoma sample®. This study was approved by the institutional
review board (IRB) of Jeonbuk National University (IRB JBNU-2023-05-025).

Preparation of targeted exome and methylome sequencing libraries

DNA was sheared to a size range of 150-250 bp using focused-ultrasonicator (Covaris, USA) and final yield
and quality were assessed using the Agilent 4150 TapeStation (Agilent Technologies, Germany). Absorbance
was measured using a Qubit (Thermo Fisher Scientific, Wilmington, USA). For methylome library, bisulfite
conversion was performed with 100ng of sheared DNA using the EZ DNA Methylation-Lightning Kit (Zymo
Research, USA) according to the manufacturer’s instructions. The concentration of bisulfite-treated DNA was
measured using the Qubit ssDNA Assay Kit (Thermo Fisher Scientific, USA). Subsequently, samples were
denatured to single-stranded DNA with single strand-based SRSLY NanoPlus DNA NGS Library Preparation
Base kit (Claret Bioscience, USA) followed by adapter ligation and indexing PCR with SRSLY UDI Primer Set
(Claret Bioscience, USA). In the indexing PCR step, Q5U Master Mix (NEB, USA) was used for methylome
library preparation with bisulfite converted DNA. Library fragment size was measured using a D1000 ScreenTape
and Reagents Kit (Agilent Technologies, Germany), and the yields were quantified by Qubit (Thermo Fisher
Scientific, USA). Target enrichment was performed using Twist Exome 2.0 Panel (Twist Bioscience, USA) and
Twist Human Methylome Panel (Twist Bioscience, USA), respectively. Library fragment size was measured
using a D1000 ScreenTape and Reagents Kit (Agilent Technologies, Germany), and the yields were quantified
by Qubit (Thermo Fisher Scientific, USA). The final constructed libraries were sequenced by PE150 strategy on
the Illumina NovaSeq6000 platform at Macrogen Inc. (Macrogen, Korea). The generated exome and methylome
datasets were deposited into sequence read archive (SRA) database under accession number PRINA1144056.

Next generation sequencing data analyses

For exome data analysis, raw reads were trimmed with TrimGalore (v0.6.10) (--2colour 20). Trimmed reads were
aligned to the GRCh38 reference genome with Burrows-Wheeler aligner (BWA)-MEM (v0.7.17). Mapped reads
were deduplicated with Picard MarkDuplicates (v2.27.4) and base recalibration was applied with BaseRecalibrator
and ApplyBQSR tools of Genome Analysis ToolKit (GATK) (v4.5.0). For nine brain cancer samples, somatic
variants were called with GATK Mutect2 in tumor-only mode with an option of -pon using downloaded variant
call format (VCF) dataset of public panel of normals (https://storage.cloud.google.com/gatk-best-practices/som
atic-hg38/1000g_pon.hg38.vcf.gz). Further filtering steps were performed with MicroSEC’, FFPolish?, Strand
Orientation Bias Detector (SOBDetector)’, and/or GATK LearnReadOrientationModel followed by GATK
Mutect?2 FilterMutectCalls. All the analyses were repeated with the exome sequencing data from our previous
study (PRJNA418669 in the SRA database)®. For the analysis of exome data from a reference NA12878 gDNA
sample, GATK HaplotypeCaller was applied to the base recalibrated BAM file and the resulting VCF was subject
to variant filtration using CNNScoreVariants with 1D and 2D models.

For the analysis of methylome data, raw reads were trimmed with TrimGalore (--2colour 20, --clip_R1 8,
--three_prime_clip_R1 8, --clip_R2 8, --three_prime_clip_R2 8). Trimmed reads were mapped to GRCh38
and deduplicated with Bismark (v0.24.2)!?. Subsequently, strand-specific or destranded methylation calls were
extracted using Bismark bismark_methylation_extractor or coverage2cytosine module, respectively. Finally,
we used recently developed BISulfite-seq Command line User Interface Toolkit (BISCUIT) to call SNVs from
methylome data: the trimmed reads were aligned to GRCh38 and pileup VCF files were generated using
BISCUIT!.

A metric to assess coverage uniformity in sequencing data, fold-80 base penalty, was calculated with
CollectHsMetrics of GATK!2. The fold 80 base penalty is a metric for smoothness of coverage, indicating the
fold-over coverage needed to bring 80% of target bases to the mean coverage level. A value of 1 is theoretically
perfect, while a value of 2 suggests repeating sequencing to achieve satisfactory coverage. In general, a fold 80
base penalty of 3 or less is considered satisfactory, a well-balanced coverage.

Public datasets for NA12878

Two public VCF files of NA12878, HG001'® and GSE206253'4, were downloaded from https://ftp-trace.ncbi.nlm
.nih.gov/giab/ftp/release/NA12878_HG001/NISTv4.2.1/GRCh38/HG001_GRCh38_1_22_v4.2.1_benchmark.v
cf.gz and the gene expression omnibus (GEO) database, respectively. Three public CpG methylation call datasets
of NA12878, GSM2772524%>, GSM6348305!°, and GSM6348306'°, were downloaded from the GEO database.
The genomic coordinates of the methylation call of GSM2772524 were converted from hgl9 to GRCh38.
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Results

Establishment of a fast and simple protocol for parallel preparation of exome and
methylome sequencing libraries with single strand-based method

The schematic diagram of the established protocol is presented in Fig. 1, starting with 26.7-50ng and 33.4-100ng
of sheared DNA for exome and methylome libraries, respectively (Table 1). The process involves shearing of
DNA with a length of 150-250 bp, bisulfite conversion for methylome, denaturation, followed by adapter ligation
and cleanup, and 10 cycles of PCR amplification and cleanup. For subsequent target enrichment, the prepped
SRSLY library is hybridized with Twist Human Exome v2.0 Panel or Human Methylome Panel. Except for the
bisulfite conversion step, all steps were carried out parallelly, which takes approximately 1.5 days to perform
including overnight hybridization process. If the overnight hybridization step is replaced by a fast one which
takes 3 to 4 h, the whole process can be performed within 1 day. In contrast to the most conventional methods
that typically require distinct reagents and time-consuming protocols for each library construction, we used
unified protocols and reagents for both exome and methylome libraries, which eventually improved efficiency
and cost-effectiveness in library construction.

Quality assessment of investigated DNA samples and prepped sequencing libraries

To assess the performance of the established protocol, we included nine pediatric brain cancer DNA samples
from our previous study® and five standard reference gDNA materials (Table 1). The pediatric brain cancer
samples included four DNA samples from FFPE tissues, designated as P1 to P4, and five from fresh frozen
tissues, designated as F1 to F5. The four FFPE tissues had been stored for 1 to 10 years before the DNA was
extracted, while the five fresh frozen tissues had been cryopreserved for several months to 12 years. All brain
cancer DNA samples were extracted approximately 5 years prior to the NGS library construction in current
study. Additionally, a reference NA12878 gDNA was used for construction of exome and methylome libraries.
For an additional reference analysis of methylome, four control gDNA mixtures with varying methylation
proportions, 0, 30, 70, and 100%, were generated by mixing Methylated HCT116 gDNA (highly methylated) and
HCT116 DKO gDNA (< 5% of CpG-methylation).

In standard gel electrophoresis, considerable degradation was noticed in three FFPE DNA samples (P1 - P3)
(Figure S1). All sequencing libraries were constructed successfully (Figure S2) even in one brain cancer sample
with limited DNA availability (P2), for which the libraries were produced using 26.7ng and 33.4ng of DNA for
exome and methylome, respectively (Table 1). Detailed information of the sequencing libraries is provided in
Table S1.

Evaluation of performance of exome sequencing
Basic statistics of exome sequencing data from current and previous study are summarized in Table S2. In nine
brain cancer samples, current sequencing data were generated with mean target coverages of 36.3-66.2x, along
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Fig. 1. Overall workflow of parallel construction of targeted exome and methylome sequencing libraries.
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with duplication rates of 20.2-38.2%. In contrast, the result of previous study showed much higher mean target
coverages of 109.9-167.4x and lower duplication rates of 2.6-27.5%. The higher duplication rates of the current
study can be explained by the crucial difference in the amount of input DNA: a much lower amount of DNA (26.7
or 50ng) was used in the current study, whereas a significantly higher amount (500-1,000ng) was used in the
previous study. Notably, off-target rates of the current study ranged from 10.3 to 17.3%, which was considerably
lower compared to those of the previous study, 18.7-37.6%.

On the other hand, superior uniformity of coverage was evidenced by more evenly distributed depth of
coverages (Fig. 2a) and lower levels of fold 80 base penalty (Wilcoxon rank sum test p-value: 0.0012) (Fig. 2b),
suggesting that our exome protocol performed better with relatively lower depths.

The median and distribution of insert size were considerably shorter in the current study (Wilcoxon rank sum
test p-value: 0.0019) (Fig. 2c and d). In general, compared to double strand-based DNA libraries, single strand-
based ones are more enriched with short DNA capturing ultrashort double-stranded DNA and single-stranded
DNA and double-stranded DNA with nicks'”8. Several sequencing strategies were also disparate between the
two studies including exome capture kits (Twist Human Exome v2.0 Panel vs. Agilent SureSelect Human All
Exon V5), sequencing read lengths (2 x 151 vs. 2 x 101 bp), and sequencing platforms (Illumina NovaSeq 6000
vs. HiSeq 2000 or 2500) (Table S2).

We firstly compared somatic single nucleotide variant (SNV) calls detected in current and previous studies
in nine brain cancer samples. Since the two studies captured nonidentical target regions, we investigated only
the common target region (~31 Mb). In addition, we employed a well-known computational filtering tool,
SOBDetector’, to remove artifactual SNV calls that might be introduced during formalin fixation, long-term
storage, or DNA shearing process!®-2!. Figure 2e shows the total number of SNVs that were primarily called
(depth>10) and the number of SNV that retained after excluding artifacts by the SOBDetector’. A remarkable
number of initially called variants were filtered out, which was most prominent in three FFPE samples of current
study (Twist P1 - P3) (Fig. 2e left panel). When considering variant type of SNVs, the removed artifactual calls
were mainly confined to two types of base changes, C>T/G>A and C>A/G>T (Fig. 2f). It has been known
that the artifactual C>T/G> A base changes are introduced by hydrolytic deamination of cytosine residues by
formalin fixation process, which increases in proportion to the storage duration of FFPE tissues?*?!. As expected,
the highest proportion of artifactual removal of C>T/G> A calls (48.8%) was observed in a Twist FFPE sample,
P1 (Table S3), for which the DNA was extracted after a 10-year storage duration (Table 1). Approximately 35%
of C>T/G> A calls were removed in two FFPE Twist samples, P2 and P3, and in one FFPE Agilent sample, P1.
In C>A/G>T mutations, the fraction of the artifact varied greatly across the samples, from 5.5 to 71.2%. The
C>A/G>T artifact is mainly ascribed to the formation of 8-oxoguanine, a type of DNA damage caused by
oxidative stress that mostly occurs during DNA shearing process!'®. Consistently, the Twist FFPE sample, P3, that
showed the highest proportion of the C>A/G> T artifact (71.2%) exhibited notably shorter insert sizes (Fig. 2¢
and d), suggesting that an additional DNA oxidative damage might have occurred in the sample.

Next, we assessed the concordance of variant allele frequency of SNV calls (depth >20) that were commonly
detected in current and previous studies (Fig. 3a). All Pearson’s correlation coefficients were >0.91, ranging
from 0.914 to 0.938, indicating that the commonly detected calls are reliable. We further examined if the
somatic SNV calls from the previous study were successfully reproduced in the current study. Since many
artifacts were detected in primary calls (Fig. 2e and f), we employed four sequential filtering methods: GATK
Mutect2 (FilterMutectCalls), SOBDetector’, FFPolish®, and MicroSEC’. Assuming that the SNV calls detected
in both studies are true variants, FFPolish appeared to eliminate artifacts most effectively while preserving most
of the true variants, suggesting that filtration with FFPolish profoundly increased sensitivity with little loss of
specificity (Fig. 3b and c). After four filtering steps, 83.0-97.0% of filtered somatic SNV calls from the previous
study were recovered in the current study in four FFPE samples at the level of alternate AF >0 (Table S4 and S5).
As the AF increased, the proportion of the SNV calls that were not validated in the reciprocal study decreased.
This is congruent with a previous finding that many low-frequency SNVs detected in FFPE samples were false
positives’. On the other hand, much higher numbers of false positive calls were observed in the current study,
which might be attributed to the accelerated introduction of additional DNA damages in the vulnerable DNA
samples which were already compromised by pre-existing damages due to prolonged storage. Furthermore,
single strand-based libraries are more likely to capture the damaged DNA molecules!”!3, resulting in increase
of artifactual calls in current study. In addition, single-stranded DNA molecules in FFPE can produce artifact
chimeric reads and lead to subsequent sequence errors®>%,

Subsequently, we compared genotype calls from the reference NA12878 sample to those of two public datasets
from the Genome-in-a-Bottle (GIAB) consortium (HG001)'? and GSE206253. Total 19,029 variant calls were
commonly detected in three datasets with a minimum depth of 10x (Fig. 3d). After filtration of the genotype
calls of current study (Twist) by GATK CNNScoreVariants 1D and 2D models with default options, total 18,373
calls were commonly recognized in the three datasets (Fig. 3e).

Evaluation of performance of methylome sequencing
Bisulfite conversion rate estimated from percentages of cytosine methylation in CHG and CHH (H=A, C, or T)
contexts was >99% in all samples (Table S6). Basic statistics of methylome sequencing data are summarized in
Table S7. In nine pediatric brain cancer samples, the proportion of uniquely aligned reads ranged 77.2-83.5%,
with duplication rates of 11.3-41.1%. The average off-target rate across all samples was 14.1%, ranging from 7.0
to 33.1%. The average of fold 80 base penalty, a metric for evenness of coverage, was 2.02, ranging from 1.65 to
2.73. Median insert size was relatively small in three FFPE samples (P1 - P3) (Fig. 4a), indicating that additional
DNA degradation occurred in the three samples.

On average, approximately 3.22 million CpGs were identified with at least 10x depth, ranging from 1.01 to
3.90 million CpGs across all samples (Fig. 4b, 4c, and Table S8). The number of detected CpGs in three FFPE
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Fig. 2. Exome sequencing statistics and detection of artifactual base changes in somatic single nucleotide
variant (SNV) calls in nine pediatric brain caner samples in current (Twist) and previous (Agilent) studies.

(a) Distribution of depth of coverage. (b) Estimated fold 80 base penalties. (c) Median insert size calculated
from uniquely aligned properly paired reads (mapping quality > 20). (d) Distribution of insert size of uniquely
aligned properly paired reads (mapping quality >20). (e) Number of primarily-called and SOBDetector-filtered
autosomal SNV calls (dpeth > 10). (f) Number of primarily-called and filtered autosomal SNV calls in context
of SNV type (dpeth >10).

samples P1, P3, and P4 were comparable to those detected in reference gDNA samples or fresh frozen samples.
The least detection number of CpGs, approximately 1.01 million, was observed in FFPE sample P2, for which a
lower input amount of DNA (33.4 ng) was applied for construction of methylome library (Table 1). Most of the
methylome sequencing statistics of the P2 sample were significantly inferior including total raw read count and
median depth of coverage (Table S7). In fact, the sample P2 appeared to be most severely damaged among the
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FFPE samples, as evident from the gel electrophoresis (Figure S1) and the estimated median insert size (Fig. 4a).
This implies that the initial severe damage in P2 might have been exacerbated by bisulfite treatment, resulting in
further DNA degradation and length reduction, which eventually led to hybridization failure with the probes of
Twist methylome panel with probe length of 120 bp and finally caused diminished total read count and detection
number of CpGs.
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Fig. 5. SNV calls from exome data recovered by methylome data in the common target region of Twist Exome
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Numbers in white color indicate SNVs identified from exome data after four filtering steps. (b) Correlation
between variant allele frequencies of SNV calls (depth > 10) from exome data and those from methylome data
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To further evaluate the accuracy of estimated DNA methylation levels, the extracted methylation values of
NA12878 were compared with those from three publicly available whole-genome bisulfite sequencing (WGBS)
datasets. Pearson’s correlation coefficients were calculated considering strand-specific 60,187 autosomal CpG
sites that were commonly detected in all four datasets with depth of at least 10x within the target region of
Twist methylome panel. The observed pairwise correlation coeflicients ranged from 0.933 to 0.935, which was
close to the correlation level, 0.944, calculated between two replicate samples, GSM6348305 and GSM6348306
(Fig. 4d). We further calculated pairwise correlation coefficients based on 300,904 autosomal CpG sites that
were commonly detected in nine pediatric brain cancer samples with a depth of at least 10x. The results showed
high correlations, ranging from 0.90 to 0.97, in three pairs of matched samples from the same donors (Fig. 4e).
Furthermore, we observed an inverse correlation between the Pearson’s correlation coefficients calculated from
methylation profiles and the average number of artifactual SNV calls detected in the result of Fig. 2e (Fig. 4f),
suggesting that the number of artifactual calls estimated from exome data could serve to infer the inaccuracy
of methylation estimation. However, a small sample size may not provide a definitive conclusion and further
studies with larger sample sizes are needed to confirm the relationship. Finally, density plots of methylation
values in four HCT116 reference samples illustrated good concordance between the expected methylation levels
and estimated ones, indicating high performance of our methylome protocol (Fig. 4g).

SNV calling from methylome data

Based on a recently developed bioinformatics tool for simultaneous extraction of genetic and epigenetic
information from DNA methylation sequencing data!!, we generated SNV calls from methylome data and
compared them with those from exome data in the common target region (~10.6 Mb) of Twist Exome 2.0
Panel and Twist Human Methylome Panel. In nine clinical samples, 39-76% of filtered SNV calls from exome
data were recovered by methylome data (Fig. 5a) and the correlation coefficient of variant allele frequency of
the commonly detected SNVs ranged from 0.175 to 0.692 (Fig. 5b). When considering huge number of false

Scientific Reports |

(2025) 15:7144

| https://doi.org/10.1038/541598-025-91537-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

positive calls detected from methylome data, mutation analysis based on methylation sequencing data may not
be practical. However, it can complement exome sequencing data in variant detection.

Discussion

Numerous studies have shown that integrated analysis of combined omics data provides multi-dimensional
information from the original cause of disease to the functional consequences or relevant interactions®~2°.
Combined use of genetic and epigenetic markers also provides advantages in clinical fields such as an enhanced
diagnostic power for prediction of prognosis’. Therefore, simultaneous acquisition of genomic and epigenomic
information from a single DNA sample in a rapid and simple way will provide great benefits in both clinical and
research settings. In this regard, we established a fast and efficient protocol for parallel construction of exome
and methylome libraries, which enabled us to obtain targeted exome and methylome NGS libraries within 1.5
days with a quite small amount of initial input DNA. Furthermore, reliable targeted genomic and epigenomic
data were produced even from the DNA samples containing a wide range of damages from FFPE processing,
oxidation of DNA, and/or long-term storage. In general, the construction of exome and methylome sequencing
libraries typically employs distinct protocols, reagents, and techniques. In contrast, we applied a unified workflow
using the same reagents and techniques for both exome and methylome, which ultimately reduced complexity
and variability as well as library preparation time by simplifying the process.

In methylation sequencing, the overall distribution of sequenced bases can be uneven due to bisulfite-
converted bases. Therefore, Illumina, for example, recommends incorporating PhiX in most library preparations
as a quality and calibration control for sequencing runs. In this study, the exome library with a balanced base
composition and the methylome library with an unbalanced base composition were sequenced simultaneously
within a single lane on the Illumina platform. As a result, the exome library provided a correction effect while
maintaining an overall uniform base rate. Therefore, there was no need to add additional PhiX for signal
correction, resulting in a 5-20% reduction in sequencing costs. In addition, genetic alterations can be detected
from methylome data, which can provide simultaneous validation of genetic variation and/or increase overall
depth of coverage for mutation calls, and ultimately reduces total sequencing costs.

In recent studies, several new technologies have been developed to obtain genetic and epigenetic information
simultaneously from a single DNA molecule!*'%2%, These new strategies utilize complementary information
of both strands of DNA by ligation of hairpin adapters to the ends of double-stranded DNAs. In one of the
studies, the new methodology was applied to small amounts of circulating free DNA (cfDNA)!®. However, the
technology has not been tested for a target enrichment approach yet. In another study, the new technology
was successfully employed for target enrichment, however, it was achieved by using a high amount of DNA'.
Although our protocol did not delineate such a novel sequencing technology extracting genetic and epigenetic
information simultaneously from a single DNA molecule, we demonstrated that it can be successfully applied
to a small amount of damaged DNA with a target enrichment approach. In addition, we used commercially
available materials in all processes, which allows for easy access and application in both research and clinical
fields.

In summary, we present a comprehensive and efficient workflow utilizing a single-strand based DNA
library preparation method to obtain NGS libraries specifically designed for exome and methylome analysis,
which can be applied to even a small amount of damaged DNA sample. Based on the protocol from this study,
narrowing down the scope of targets could lead to the development of clinical panels for simultaneous detection
of genetic and epigenetic alterations, which is applicable to a wide range of DNA samples including those from
rare and old clinical samples. However, sequencing artifacts can arise from various sources such as significant
damage to nucleic acids or chimeric reads derived from single-stranded DNA molecules”?. Single strand-
based libraries are more prone to incorporating damaged and chimeric DNA molecules, leading to an increased
rate of misidentification of genetic variants, which must be detected and removed by employing appropriate
algorithms and filtering steps. In addition, although our protocol may be useful for exon regions that have many
unique sequences, it may not be appropriate for sequencing a whole genome region that has many repeats and
homologous sequences due to its small insert size.

Data availability

The exome and methylome sequence data generated in current study have deposited into sequence read archive
(SRA) database under accession number PRJNA1144056. Publicly available exome datasets of pediatric me-
dulloblastoma were downloaded from PRJNA418669 in the SRA database. Two public VCF files of NA12878,
HGO001 and GSE206253, were downloaded from https://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/release/NA12878
_HGO001/NISTv4.2.1/GRCh38/HG001_GRCh38_1_22_v4.2.1_benchmark.vcf.gz and the gene expression om
nibus (GEO) database, respectively. Three public CpG methylation call datasets of NA12878, GSM2772524,
GSM6348305, and GSM6348306, were downloaded from the GEO database.
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