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Abstract

Genomic profiling of cancer plays an increasingly vital role for diagnosis and therapy planning. In addition, research of novel diagnostic
applications such as DNA methylation profiling requires large training and validation cohorts. Currently, most diagnostic cases
processed in pathology departments are stored as formalin-fixed and paraffin embedded tissue blocks (FFPE). Consequently, there is a
growing demand for high-throughput extraction of nucleic acids from FFPE tissue samples. While proprietary kits are available, they are
expensive and offer little flexibility. Here, we present ht-HiTE, a high-throughput implementation of a recently published and highly
efficient DNA extraction protocol. This approach enables manual and automated processing of 96-well plates with a liquid handler,
offers two options for purification and utilizes off-the-shelf reagents. Finally, we show that NGS and DNA methylation microarray data

obtained from DNA processed with ht-HiTE are of equivalent quality as compared to a manual, kit-based approach.
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Introduction

The introduction of tissue preservation with formalin in the late 19th
century allowed researchers to conserve a variety of samples for ex-
tended periods without significant degradation [1]. Formalin fixation
followed by paraffin embedding (FFPE) is still the gold standard for
the storage of tissue specimens in diagnostic pathology. FFPE tissue
blocks can be kept at room temperature and processing them as tis-
sue sections for stainings or immunohistochemistry is straightfor-
ward. While biomolecules such as nucleic acids and proteins are
maintained, formalin fixation and extended storage lead to cross-
linking, fragmentation, and other types of damage (reviewed in
Steiert et al. [2]). Sequencing RNA from FFPE tissue is especially chal-
lenging [3]. However, technological progress in sequencing library
generation has resulted in much improved sensitivity. It is now pos-
sible to generate whole genome and whole exome sequencing librar-
ies from a few nanograms of DNA and multiple research groups
have achieved single-cell RNA sequencing (scRNA-seq) in FFPE tis-
sues [4, 5]. At the same time, the demand for high-throughput analy-
sis of nucleic acids in FFPE tissues has grown rapidly. This is mostly
due to the increased use of next generation sequencing in cancer.
Profiling of single-nucleotide variants (SNVs), gene fusions, and so-
matic copy number aberrations is increasingly important for the di-
agnostic workup and therapy planning of tumor patients.
Furthermore, new diagnostic applications in molecular pathology,
such as DNA methylation classification, are showing promise [6-10].
These methods use machine learning and artificial intelligence and
therefore require large training and validation cohorts. To scale up
mutation and DNA methylation profiling, high-throughput DNA

extraction is necessary, ideally from FFPE tissues where most tumor
samples are stored. Commercial applications are offered by a num-
ber of companies such as Maxwell (HT DNA FFPE) and Covaris
(truXTRAC® FFPE SMART). However, they use proprietary reagents
and are expensive. This precludes researchers from making in-
formed changes to the protocol which may be necessary for specific
applications. In addition, early prototyping and testing can benefit
from more cost-efficient protocols. Recently, Oba and colleagues pro-
vided an interesting new approach for DNA extraction from FFPE tis-
sues [11]. Termed HiTE (highly concentrated Tris-mediated DNA
extraction), their approach utilizes high concentrations of the forma-
lin scavenger Tris (trislhydroxymethyl]Jaminomethane). This resulted
in higher yields and DNA quality, presumably due to more efficient
de-crosslinking. This was also reflected in improved data quality in
NGS experiments. This article extends HITE to a high-throughput
format (ht-HiTE) that can be performed manually or using liquid
handlers. Also, we demonstrate that both whole exome and DNA
methylation profiling of DNA extracted with (ht-)HiTE yield high
quality data with equal performance compared to a kit-based man-
ual workflow. Lastly, we offer the research community a detailed on-
line version of the protocol.

Materials and methods
Ethics statement

The research project has been approved by the ethics committee
of LMU University Munich. All analyses were retrospective and
conducted with leftover material of diagnostic cases.
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Code and data availability

Raw DNA microarray data generated in this study are available
at figshare (http://dx.doi.org/10.6084/m9.figshare.26198033).
Code to reproduce results and generate plots is available on
github (https://github.com/cgeisenberger/ht-hite).

Experimental methods availability

A detailed step-by-step version of the protocol has been pub-
lished at protocols.io and is accessible at dx.doi.org/10.17504/pro
tocols.io.6qpvr3jr3vmk/v2.

Study design

The main research objective of this study was to establish a high-
throughput implementation of a FFPE DNA extraction protocol
using high concentrations of Tris (ht-HIiTE). The workflow was
tested manually and compared to the kit-based reference
method used in our lab. Next, an automated version was set up
to process replicates deposited in two 96-well plates. Finally,
DNA microarray profiling of DNAs extracted with the automated
workflow was compared to previously generated data to assess
the quality of methylation data attainable with ht-HiTE.

Patients and samples

Samples were selected from the archives of the Institute of
Pathology at LMU Munich. Manual testing was performed from
replicates of a colorectal cancer sample processed in 2023. Plate-
based processing was performed for different subtypes of sar-
coma with tissue block ages ranging from 1 to 7 years old (n=_89),
lung cancer samples between 9 and 12years old (n=3) and
empty controls (n=4). Methylation profiles were generated for
lung cancer samples processed with ht-HIiTE and cleaned with
beads or columns (three samples with two replicates, n=6 total).
These data were compared to previous array experiments of
DNA extracted using the reference method (n=3).

DNA extraction: Reference method

Tissue sections (2 pm) were stained with hematoxylin and eosin
(H&E) to select regions with high tumor cell content. Macroscopic
dissection of tumor areas was performed with sterile scalpels
and tissues were extracted using the Maxwell RSC FFPE Plus DNA
Purification Kit (Promega) according to the manufacturer’s
instructions.

DNA extraction: Automated HiTE

Tissue sections (2 um) and unstained sections (10 um) were placed
on glass slides (TOMO, TOM-14). After staining 2 um sections with
H&E, areas of interest were macroscopically dissected with a
scalpel blade (for example Ruck, 2009010) and placed in 1ml
DNA lo-bind, deep-well 96-well plates (Eppendorf, 0030503244)
preloaded with 500ul of mineral oil (Sigma Aldrich, M5904-
500ML). Plates were incubated for 15min at 56°C in a thermocy-
cler to melt paraffin. Next, 100 pl of the following mix were added
to each sample: 80pl Tris-HCI pH 8.0 (Merck Millipore, 648314-
100ML), 10pl SDS 10% (Sigma Aldrich, 71736-100ML), 5pl
Proteinase K (NEB, NEB, P8107S), Sul H,O (Promega, P1199).
Samples were incubated 1h at 56°C followed by 16-24 hours at
80°C and a holding step at 4°C. Next, the aqueous phase of sam-
ples was transferred to fresh plates (Eppendorf, 0030503104) with
pipette tips positioned close to the bottom of the well during aspi-
ration as to minimize carryover of oil.

For bead-based purification, samples were mixed with 80 ul of
Ampure XP beads (Beckman Coulter, A63832) and incubated for
10min at room temperature. Next, samples were placed on a

magnetic rack to pellet beads. Then, supernatant was aspirated
and 200ul of 70% ethanol was added to each well. After 30s to
1min, ethanol was removed. After repeating the wash step once,
the beads were dried at room temperature for 10 minutes. Next,
the plate was removed from the magnet and 60pl of nuclease
free water was added to each sample. Liquid and beads were
mixed by pipetting and incubated for 10min at room tempera-
ture off the magnet. Finally, the plate was placed back on the
magnetic rack and the purified DNA sample was transferred to a
fresh DNA lo-bind plate.

For column-based purification, sample volume was adjusted
to 200ul with nuclease-free water. Next, purification was per-
formed using the DNAeasy Blood and Tissue spin column kit
(Qiagen, 69581) according to the manufacturer's instructions.
Briefly, 400 ul of Buffer AL was added to each sample and the full
volume was transferred to a spin plate. After centrifugation and
two cleaning steps with Buffer AW1 and AW2, samples were
eluted in 60yl of buffer AE. The steps outlined above were auto-
mated on a Biomek i5 liquid handling station (Beckman Coulter).
Of note, a number of samples (n=8) evaporated during DNA ex-
traction due to imperfect sealing and were excluded from
the analysis.

DNA quantification

Nucleic acids were quantified using the dye-based Qubit™ HS
DNA Assay (Thermo Fisher) or spectrometrically with the
NanoDrop™ One platform (Thermo Fisher).

DNA methylation analysis

After DNA extraction, DNA from FFPE tissues was restored using
the Illumina Infinium HD FFPE Restore Kit. Subsequently, DNA was
bisulfite converted with the EpiTect Bisulfite Kit (Qiagen). Bisulfite-
converted DNA was analyzed on Illumina HumanMethylation Epic
microarrays according to the manufacturer's specifications. Arrays
were scanned on the Illumina NextSeq 550 platform. The resulting
data were processed using the software package minfi [12] and nor-
malized using single-sample normal-exponential out-of-band
(Noob) normalization [13]. Downstream analysis was performed us-
ing the software package tidyverse. Copy-number plots were gener-
ated using conumee2.0 [14]. Of note, manually extracted DNA
samples were assayed on a different microarray platform (EPIC v1)
as ht-HITE samples (EPIC v2). Data were combined by selecting
probes available on both platforms (n=718,960). Normal control
samples for copy number plots (n=5 for each array type) were
downloaded from the NCBI GEO database available under acces-
sion GSE235717 (EPIC v1) and GSE246337 (EPIC v2).

Next generation sequencing

DNA was extracted with manual HITE or the reference method
as outlined above. For each sample, 250ng of DNA were proc-
essed using the Exome 2.0 kit from Twist Biosciences according
to the manufacturer's recommendations. Processing included
eight cycles of PCR for library generation and an additional nine
cycles during hybridization capture. DNA was pooled in equimo-
lar ratios after the first PCR and before hybridization. Enriched
material was sequenced 2x100 bp on an Illumina NovaSeq plat-
form. Raw sequencing data were adapter- and quality trimmed
with trim_galore (https://github.com/FelixKrueger/TrimGalore)
with an additional hard-trimming of 3 bases from the 3" and 5’
end. Mapped was performed with bwa mem [15] in paired-end
mode using hg38 as the reference (UCSC version GRCh38). After
sorting, PCR duplicates were removed using Picard (http://broad
institute.github.io/picard) with the command MarkDuplicates
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Figure 1. Manual validation of highly concentrated Tris-mediated DNA extraction (HiTE). (a) DNA concentrations obtained after 1 (left panel) and 24 h
(right panel) of incubation. Samples processed with off-the-shelf reagents and purified with beads or columns yielded roughly equal amounts
compared to the reference method. (b) DNA purity as measured by the absorption ratio at 260 and 280 nm based on spectrometer readings. A ratio of
1.8 (dashed gray line) is considered pure for DNA samples. (c) Dye-based DNA yields (x-axis, Qubit) compared to spectrometry-based readings (y-axis,
Nanodrop) approach. There is a strong linear relationship between both measurements with overestimation of yield by spectrometry. This
overestimation is roughly two-fold (d) and depends on the amount of DNA (e). In general, deviation is larger for smaller DNA concentrations. Reference

samples after 1 h were omitted in (d) and (e)

and the flag REMOVE_DUPLICATES set to true. Variants were
identified using Strelka?2 [16]. Downstream analysis were carried
out with custom scripts written in Python and R and included the
software packages Rsamtools, DescTools, vcfR, BSgenome and
MutationalPatterns.

Results

Overview of the protocol and manual testing

The high-throughput implementation presented here is based on
HITE, a method published by Oba and colleagues [11]. The proto-
col includes four basic steps: (i) deparaffinization, (ii) tissue lysis,
(iii) reversal of interstrand crosslinks, and (iv) DNA purification.
Single Eppendorf tubes or 96-well deep well plates are pre-loaded
with 500pul mineral oil per reaction chamber. Tissue scrolls or
fragments scratched from glass slides are placed in each tube or
well. Paraffin is removed by immersion in mineral oil and melt-
ing, followed by Proteinase K digestion. Formalin-induced cross-
links are reversed by incubation at 80°C overnight in the
presence of high concentrations of Tris (800uM). Finally, DNA
can be purified using silica columns or paramagnetic SPRI beads.
First, we validated the performance of HiTE. Tissue scrolls
(10um) from an FFPE sample were processed manually in repli-
cates of four per condition. As a reference, we extracted DNA

with the Maxwell® CSC DNA FFPE Kit according to the manufac-
turer's instructions (from here on reference method or simply refer-
ence). HIiTE samples were processed as outlined above and
purified with Ampure XP SPRI beads or Qiagen silica columns.
Also, we assessed two different incubation times: 24h as sug-
gested by Oba et al. and 1h. DNA yields were quantified with a
dye-based method (Qubit™) or spectrometrically (Nanodrop™).
Longer incubation yielded significantly more DNA as measured
by Qubit (Fig. 1a; P=2x 107>, Student’s t-test). At 24h, the aver-
age yield was 15.8 ng/ul with similar results for HiTE and the ref-
erence method (Fig 1a; P>.65, ANOVA). Purity as measured by
the A260/A280 ratio was 1.8 for column-based and 1.7 for bead-
based purification (Fig. 1b).

For the reference method, purity showed slightly divergent
results depending on the incubation time with a ratio of 1.87 af-
ter 1h and 1.76 after 24h. Concentrations measured by
Nanodrop and Qubit showed a strong linear relationship (Fig. 1c).
Omitting samples for the reference method revealed a correla-
tion of 0.95 (0.63 when including all samples, Pearson’s r).
However, Nanodrop measurements overestimate DNA content
roughly two-fold (Fig. 1d) with a concentration-dependent effect
(Fig. 1e). Overestimation plateaus for concentrations of >10ng/ul
(Qubit) or >20ng/ul (Nanodrop). Size distribution of the extracted
molecules was evaluated electrophoretically with Agilent’s
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Figure 2. Plate-based processing and correction of spectrometry-based readings. (a) Outline of automated sample processing (created with biorender.
om). (b) Histogram of DNA yield for two replicate 96-well plates purified with beads or columns. (c) Same data as in b but represented as a box plot and
including Nanodrop measurements. Bead-based purification achieved slightly but significantly higher DNA yields. (d) Comparison of UV absorption
ratios (260/280 nm ratio) for purification with beads or columns. (e) Scatterplot for dye- and spectrometry-based DNA concentration measurements.
Values show high correlation (Pearson’s r = 0.85) with roughly two-fold overestimation by Nanodrop. (f) Comparison of four approaches for correcting
Nanodrop overestimation. Panels indicate the performance measured by the proportion each approach achieved Rank 1 (best), 2, 3, or 4 (worst) across
200 iterations. Overall the geometric mean (gmean) performed best. (g) Provides an estimate of the variance observed (y-axis) when estimating the
geometric mean for a limited number of samples (x-axis). Samples were either picked randomly (left panel) or evenly spaced according to their DNA
concentrations (right panel). The elbow indicates that approximately 20 samples are sufficient for a reliable estimation of the geometric mean. gmean,

geometric mean; Im, linear model

Bioanalyzer® platform (Supplementary Fig. S2). Visual inspection
of the traces revealed similar profiles regardless of extraction
and purification modality. We note that electrophoretic meas-
urements tend to inflate signals for larger fragments due to dye
incorporation. However, similar size distributions were later cor-
roborated by NGS. Taken together, our findings validate HiTE as
an useful approach for high-quality DNA extraction with off-the
shelf reagents.

Plate-based processing

Next, we established an automated version of the protocol on a
liquid handler (Beckman Coulter Biomek i5). A total of 92 samples
and 4 empty controls were processed in duplicate in two 96-well
plates. Processing was identical to the manual samples and DNA
extraction was performed with either SPRI beads or columns for
one plate each (Fig. 2a). Yield as measured by DNA concentration
showed much larger variation than observed for manual process-
ing, owing to the larger differences in tissue size between the proc-
essed blocks. Mean and median Qubit readings were 86.6 and
72.0ng/ul across non-control samples (Fig. 2b, Supplementary
Fig. S1a).

Stratifying for the manner of purification revealed small but
significant differences between approaches (Fig. 2c). Bead-based

purification yielded on average 97.0ng/ul compared to 68.6ng/ul
for columns as measured by Qubit (P=0.023, Welch’s two-sided t-
test). Nanodrop based measurements were 234.8 and 157.6 ng/ul,
respectively (P=.009, Welch’s two-sided t-test). DNA purity as
measured by the A260/A280 ratio was 1.84 for bead-based and
1.9 for column-based purification (Fig. 2d). Controls had
significantly lower readings with zero measurements for the
majority of empty wells (P=6.7 x 107%, Welch’s two-sided t-test,
Supplementary Fig. S1b). These results highlight that HiTE can
successfully be implemented in an automated setting.

Correction of spectrometry-based DNA
measurements

Dye-based measurements are more specific and sensitive than
UV-based approaches, but carry a higher price point.
Measurements are usually well-correlated with a Pearsons’ r of
0.85 for samples processed in plates (Fig. 2e). Similar to manual
processing, spectrometry-based measurements exhibited a
roughly 2-fold overestimation with larger deviations for low DNA
concentrations (Supplementary Fig. Slc). Overestimation did not
depend on the age of the sample (Supplementary Fig. S1d) and
did not depend on purification (Supplementary Fig. Sle). We
therefore investigated the following approach to calculate a
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Figure 3. Comparison of methylation data for manual and plate-based processing. (a) Proportion of failed probes (detection P-value > .05) on the
methylation array stratified by sample and color-coded by purification. All samples exhibited detection rates of >99.9%. (b) Distribution of beta values
as violin plots for all samples. Values are centered around 1 (full methylation) and 0 (methylation absent) without major differences between
purification approaches. (c) Heatmap of methylation data for the 5000 most variable probes (rows) on the array. DNA extracted with different methods
from the same sample cluster together. (d) Example scatter plot comparing beta values of sample 1 for the reference method (x-axis) and ht-HIiTE with
column purification (y-axis). Reproducibility is high (Spearman’s rho = 0.97). (e) Heatmap for all pairwise correlations (dendrogram not shown). Within-
sample correlations are higher than between-sample correlations. (f) Genome wide copy-number plots extracted from methylation array data. Copy-
number alterations are readily detected regardless of extraction and purification method

plate-specific correction factor while saving reagents by limiting
Qubit measurements: (i) obtain Nanodrop measurements for all
samples (ii) obtain Qubit measurements for a selected few sam-
ples and (iii) calculate a correction factor. First, we identified the
most accurate metric to calculate the correction factor. To this
end, we performed 200 random splits of the data into a training
and test cohort. Then, concentrations in the test cohort were cor-
rected using either a linear model or a correction factor esti-
mated by the median, mean or geometric mean. For each
iteration, the four approaches were ranked by their mean
squared error (MSE), resulting in a rank between 1 and 4 (1 repre-
senting the best performance). Then, rankings were summarized
across the 200 random splits. Figure 2f shows how many times
each approach was ranked first (Rank 1, top panel), second, third
or last (Rank 4, bottom panel). Overall, a simple correction factor
based on the geometric mean performed best and was selected
for subsequent analyses. Having determined the appropriate way
to calculate the correction factor, we assessed the number of
samples for which duplicate (Nanodrop & Qubit) measurements
are needed to arrive at a reliable estimate. In addition to ran-
domly picking samples, we also investigated a more educated ap-
proach. Here, samples were first ranked by their Nanodrop
values and then picked in even intervals to cover the full dy-
namic range. Subsets with increasing numbers of samples were
selected and used to estimate Nanodrop overestimation.

Variance of the estimate decreased with sample size and showed
an elbow for sample sizes of 15-20 (Fig. 2g, Supplementary Fig.
S3). While the general shape of the curve was similar to random
or concentration-based selection, lower variances were observed
for the latter. These results (i) indicate that picking samples
based on their concentration to represent the dynamic range of
the measurements is superior and (ii) that samples size of 20 are
sufficient to obtain reliable estimates. As a validation, we applied
this approach for the two plates processed in this study. As out-
lined above, n =20 samples were selected evenly spaced based on
their Nanodrop readings, the geometric mean was used to
estimate overestimation and Nanodrop measurements were cor-
rected for the remaining samples. DNA concentrations after in sil-
ico correction deviated less than two-fold in either direction (i.e.
0.5x or 2x) in 94.5% and 90.4% of cases (bead- and column-based
purification, respectively). In summary, correcting Nanodrop
readings through Qubit measurements for a subset of samples is
a potential way of decreasing costs with acceptable er-
ror margins.

Methylation profiling of samples processed in
96-well format

To assess the quality of DNA generated with ht-HIiTE, methyla-
tion data were generated for three lung cancer samples pre-
served as FFPE tissue (9-12years old). After macrodissection of
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Figure 4. Comparison of NGS results between HiTE and the reference method. (a) Distribution of insert sizes/read lengths of exome sequencing data for
two lung cancer samples processed in triplicate and matched normal controls. While insert sizes were similar between extraction methods, controls
showed larger fragments. (b) Example histogram for coverage of target regions in one representative sample (E14_53319 Beads). (c) Same data as in (b)
but plotted against the size of the target region. (d) Comparison of coverage uniformity between the different DNA extraction methods. Coverage
uniformity was assessed by calculating the coefficient of variation (CV, upper panel) or Gini coefficient (lower panel). There were no discernible
differences between the extraction methods. () Heatmap showing the pairwise overlaps of SNVs. Overlap was measured by Jaccard’s index with
variants identified in both (intersection) divided by variants identified in either sample (union). (f) Mutational signatures detected in exome sequencing
stratified by extraction method (panels). The strongest signature corresponded to C-to-T transitions without differences with respect to extraction
modality. Of note, C-to-T transitions are common technical artifacts in observed in FFPE material

Table 1. Cost comparison of plate-based purification.

Reagent Price per sample Price per sample
(columns), € (beads), €

Glass slides 0.64 0.64
Water 0.03 0.03
96-well plates 0.10 0.10
Mineral oil 0.10 0.10
Tris-HCl 0.16 0.16
SDS 10% 0.01 0.01
Proteinase K 0.24 0.24
RNAse A 0.32 0.32
Spin columns (96w) 3.63

SPRI beads 1.01
Qubit dsDNA Kit 0.80 0.80
Total: 6.02 341
Without RNAse: 5.70 3.09
No RNAse, diluted beads, 5.06 1.69

Nanodrop correction

Using the prices available in Germany as of May 2024, processing costs per
sample were calculated for column-based (left) and bead-based (right)
purification. Lowest prices can be achieved for bead purification without
RNAse treatment, dilution of bead-binding buffer and obtaining dye-based
measurements for only a subset of samples.

tumor areas, technical replicates were generated for each sample
using DNA from (i) manual processing, (ii) ht-HiTE + columns or
(iif) ht-HITE + beads. First, basic quality measures were assessed.

Detection rate, that is, the proportion of probes on the array
which yielded usable data, was >99.9% for all samples (Fig. 3a)
with a trend toward fewer failed probes for column purification.

Relative methylation as measured by the beta value (methyl-
ated signal divided by total signal, M/[U + M)]) is bounded between
0 and 1 and typically shows a bimodal distribution. The same
was observed when plotting the distribution of beta values across
samples (Fig. 3b) without major differences between processing
modalities. Selecting the 5000 most variable probes across all
samples, clustering of beta values revealed the highest similari-
ties between DNAs from the same tissue (Fig. 3c). Correlation of
beta values was very high for technical replicates (Fig. 3d, 0.96-
0.98, Pearson’s 1) and higher than between-sample correlations
(0.89-0.94, Pearson’s r). Unsurprisingly, clustering samples based
on their pairwise correlations reproduced the high similarity for
technical replicates (Fig. 3e and Fig. S4). Finally, genome-wide
copy-number plots generated with the software conumee [14]
showed highly reproducible profiles between DNAs extracted by
different means (Fig. 3f, Supplementary Figs S5 and S6).

Next-generation sequencing

To showcase the broader usefulness of our approach for diagnos-
tic and research laboratories, we further performed Illumina
short-read sequencing. Specifically, we performed exome
sequencing for two lung cancer samples (E14_53319 and
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E15_46004). Tissues were stored as FFPE and 9 and 10years old.
Again, DNA was extracted in triplicate for each tumor using the
reference method or HiTE with bead or column purification (n=6
samples in total). Library preparation and enrichment was per-
formed using the Exome 2.0 kit from Twist Biosciences. We se-
quenced on average 57 million reads per tumor sample. Normal
controls for variant calling were available through an unrelated
project. Supplementary Table S4 provides an overview of the ba-
sic sequencing statistics. Mapping rates were >99% and base
quality was high (~97% of bases with quality scores >30).
Duplication rate was 14%, and on-target rate was 60% without
major differences between extraction modalities. Insert size dis-
tributions were also similar for tumor samples whereas control
tissues tended to yield larger fragment sizes (Fig. 4a).

While bead purification resulted in slightly longer fragments
for E14/53319, we observed the opposite trend for E15/46004.
Next, we obtained annotation for the (exomic) target regions and
calculated the coverage, ie number of reads, overlapping each
region. Fig. 4b provides a histogram for a representative sample.
In the whole dataset, coverage per target region spans three
orders of magnitude. However, the majority of regions show a
much more narrow distribution with a p90/p10 ratio of 5.2.
Furthermore, coverage is proportional to the size of the target re-
gion with a roughly linear relationship on a log-log scale and a
plateau for small regions (Fig. 4c). This could be explained by a
probe design which uses a fixed number of probes up to a given
target size (~100bp) and a constant probe-to-size ratio for larger
regions. To more formally compare coverage uniformity between
extraction methods, Lorentz curves were plotted for each sample
(Supplementary Fig. S7). These curves are essentially identical
between samples which is also substantiated by the highly repro-
ducible coefficients of variation and Gini indices between sam-
ples (Fig. 4d). This implies that coverage biases are caused by
technical effects of exome enrichment rather than DNA purifica-
tion method. Next, we identified somatic variants for each sam-
ple. Here, we focused our analysis on SNVs. SNVs were identified
by comparison with normal tissue for each sample. After filtering
for coverage (>100 reads), overlap of the identified variants was
calculated for all pairwise comparisons. More specifically, we cal-
culated Jaccard’s index by dividing the variants identified in both
samples (intersection) by the variants identified in either sample
(union). As expected, overlap between DNAs from the same
source was much greater than between samples (Fig. 4e). Again,
there was no obvious impact of the extraction method on the
overlap. We note that overlap was slightly lower for DNA
extracted with the reference method for E15/46004. However,
this sample also had the lowest number of sequencing reads.
Finally, we extracted the mutational signatures [17] for filtered
variants and stratified them by extraction method (Fig. 4f). Here,
C-to-T transitions were by far the most common signature ob-
served in the dataset. At the same time, mutational patterns
were highly reproducible without any differences regarding the
DNA extraction method. (P=.996, Chi-square test).

Discussion

In this article, we presented and thoroughly tested ht-HiTE, the
high-throughput implementation of HiTE, a technique for DNA
extraction published by Oba and colleagues [11]. Manual testing
validated that HiTE yields appropriate amounts of DNA with
good purity, comparable to our reference method, the Maxwell®
CSC DNA FFPE Kit. Extended incubation times (24 hours) signifi-
cantly increased DNA yield compared to shorter times (1hour).
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DNA purity, measured by the A260/A280 ratio, was similar
between ht-HIiTE and the reference method, confirming the
method’s reliability. In addition, we provided evidence that puri-
fication using SPRI beads is effective and reliable. Automating
the ht-HiTE protocol on the Beckman Coulter Biomek i5 platform
demonstrated its scalability for high-throughput applications.
Although DNA yield varied more in automated processing due to
differences in tissue size, bead-based purification consistently
yielded higher DNA concentrations than column-based purifica-
tion. The samples processed in this study encompass biopsies
and larger tissue sizes, including calcified and adipose tissue,
which underscores the broad applicability in terms of tissue
types. Electrophoretic measurements further provided evidence
of the quality of the extracted DNA and indicated that size distri-
bution of the extracted molecules does not depend on the purifi-
cation method.

A significant challenge encountered was the overestimation of
DNA content by UV spectrometry (Nanodrop) compared to dye-
based methods (Qubit). Nanodrop measurements overestimated
DNA content by approximately two-fold, especially for lower
concentrations. Applying a correction factor based on the geo-
metric mean of overestimation improved the accuracy of DNA
quantification. A sample size of around 20 was sufficient to ob-
tain reliable estimates. While we acknowledge that simple cor-
rection is not sufficient for the standards of IVDR-compliant
workflows, it can save resources in a more permissive research
setting. Assuming no RNAse digest and dilution of SPRI beads
with lab-made bead binding buffer, DNA can be extracted for as
little as 2 euros per sample based on list prices in Germany as of
May 2024 (Table 1).

DNA extracted with (ht-)HITE was also used as input for ge-
netic and epigenetic measurements. We performed microarray
DNA methylation profiling for 9 samples which revealed univer-
sally high detection rates and consistent beta value distributions.
Clustering of the most variable probes and correlation analysis
confirmed the high similarity between DNAs extracted by differ-
ent methods, indicating that the ht-HIiTE protocol maintains
DNA integrity. Of note, samples using the reference method were
assayed on a different array platform (EPIC v1) as HiTE samples
(EPIC v2). Nevertheless, correlations between technical replicates
are as high as those reported in the characterization of the novel
EPIC v2 platform [18]. Exome sequencing for six samples further
substantiated our method. Mapping efficiency, base quality, du-
plication and on-target rates were reproducible between meth-
ods and similar to previously published data [19]. Interrogation of
read lengths validated our electrophoretic measurements with
similar sizes for different extraction modalities. However, we
noted that controls extracted from surrounding healthy tissue
exhibited slightly larger insert sizes and that numbers in general
were lower than reported elsewhere [20]. We assume that shorter
fragments in tumor samples might be caused by necrosis, and
we also note that the samples used in this study were stored for
considerably longer periods than those from Basyuni et al. [20].
Lorentz curves and measures such as the coefficient of variation
and Gini index revealed no influence of extraction method on
coverage uniformity. The overlap between SNVs identified for
each sample was high between extraction methods but differed
between samples. Overlap as measured by Jaccard’'s index
ranged between 0.6 and 0.8 which is higher than reported else-
where [21]. We note, however, that this measure is sensitive to-
wards intratumoral heterogeneity. Finally, we investigated the
base context of the identified SNVs. SNVs were identical between
the extraction methods and exhibit a strong prevalence of C-to-T
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transitions, which are associated with deamination of cytosine to
uracil. While also a byproduct of naturally occurring mutational
processes, these variants have been identified as a major techni-
cal artifact in sequencing data of FFPE material [21, 22]. Taken to-
gether, our data suggest that DNA extracted with (ht-)HITE is
suitable material for NGS and methylation profiling.

To summarize, our findings have significant implications for
molecular pathology, particularly in high-throughput DNA ex-
traction and analysis. The ht-HiTE protocol offers a cost-
effective, scalable solution for extracting DNA from FFPE tissues,
facilitating next-generation sequencing and other high-
throughput techniques in cancer diagnostics and research. DNA
extraction from FFPE tissues with ht-HiTE is robust and reliable
for both manual and automated settings and produces high-
quality DNA suitable for different downstream applications.
Future studies should aim to optimize the protocol further and
explore its applicability to various tissue types and clini-
cal samples.
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