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ABSTRACT

In the late 19th century, formalin fixation with
paraffin-embedding (FFPE) of tissues was developed
as a fixation and conservation method and is still
used to this day in routine clinical and pathologi-
cal practice. The implementation of state-of-the-art
nucleic acid sequencing technologies has sparked
much interest for using historical FFPE samples
stored in biobanks as they hold promise in extract-
ing new information from these valuable samples.
However, formalin fixation chemically modifies DNA,
which potentially leads to incorrect sequences or

misinterpretations in downstream processing and
data analysis. Many publications have concentrated
on one type of DNA damage, but few have addressed
the complete spectrum of FFPE-DNA damage. Here,
we review mitigation strategies in (I) pre-analytical
sample quality control, (Il) DNA repair treatments, (lll)
analytical sample preparation and (IV) bioinformatic
analysis of FFPE-DNA. We then provide recommen-
dations that are tested and illustrated with DNA from
13-year-old liver specimens, one FFPE preserved and
one fresh frozen, applying target-enriched sequenc-
ing. Thus, we show how DNA damage can be com-
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pensated, even when using low quantities (50 ng)
of fragmented FFPE-DNA (DNA integrity number 2.0)
that cannot be amplified well (Q129bp/ Qa1 bp = 5%).
Finally, we provide a checklist called ‘ERROR-FFPE-
DNA'’ that summarises recommendations for the min-
imal information in publications required for assess-
ing fitness-for-purpose and inter-study comparison
when using FFPE samples.
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INTRODUCTION

Formalin, an aqueous solution of formaldehyde, was intro-
duced as a fixative for the preservation of biological tissue
specimens in the late 19th century (1), frequently in combi-
nation with paraffin embedding. Historically, formalin fix-
ation was utilised to conserve the tissue’s cellular morphol-
ogy, but it also conserves protein epitopes, enabling pathol-
ogists to stain histological sections for morphological and
immunohistochemical analyses. Due to the low handling
and maintenance costs, formalin is still the most widely used
fixative in medical sciences (2). Since the practice was intro-
duced, millions of FFPE specimens have been preserved,
some of which for more than a century, so that nowadays
FFPE specimens are available from almost every disease,
often paired with detailed pathological and clinical docu-
mentation (3,4).

As nucleic acids are preserved in FFPE specimens, they
are a rich source for nucleotide sequence analysis of sam-
ples of various types and ages. Based on a report by Fer-

lay et al. (5) we estimate that for solid tumours alone, glob-
ally between 50 and 80 million FFPE specimens are poten-
tially suitable for next-generation sequencing (NGS) analy-
sis. Their wide availability and clinical diversity, in combi-
nation with modern DNA sequencing applications, offer a
tremendous resource for biomedical research (6).

However, over time formalin fixation introduces a va-
riety of chemical modifications of the DNA that poses
technical challenges and compromises accurate sequenc-
ing. These challenges include analytical sample preparation
failure from FFPE-DNA, ie. insufficient library yield, and
FFPE-induced chemical modifications of the DNA poten-
tially leading to incorrect base identification (7). The lat-
ter can have serious consequences, for instance, detection
of false positive variants. False positives observed in FFPE-
DNA are particularly problematic for variant-based signa-
tures or patterns (8,9) and for somatic mutations of lower
variant allele frequency (VAF) in cancer specimens (10).

Here, we first review the chemical alterations found in
FFPE-DNA and their effects on sequencing and single nu-
cleotide variant identification. For application of NGS to
FFPE samples there are four critical parameters that most
affect sequencing results: (I) pre-analytical sample qual-
ity and its specifications, (II) optional application of DNA
repair treatment, (IIT) analytical sample preparation and
(IV) bioinformatic analysis. Each of these is briefly reviewed
here, after which published solutions to mitigate frequently
occurring problems are presented, backed up with experi-
mental data to illustrate their individual effects. We demon-
strated the importance of each parameter by generating
DNA sequences from older FFPE samples and compared
this to DNA from fresh frozen (FF) tissue. Certain prob-
lems can be specified but not controlled, while others can
be managed. Therefore, we give recommendations on the
minimal amount of information that scientific publications
on sequences derived from FFPE-DNA should include. Fi-
nally, we indicate the remaining challenges that will need to
be overcome in order to fully exploit the use of FFPE-DNA
for future research.

FORMALIN-INDUCED ALTERATIONS TO DNA

Typical formaldehyde-induced chemical alterations of
DNA are summarised in Figure 1. All of these alterations
are initial steps, leading to double-strand denaturation and
base unstacking mainly in AT-rich genomic regions (11).
The process is then magnified due to local strand separation
increasing the chance for further modifications, leading to
a vicious cycle resulting in increased DNA modifications in
AT-rich regions and their flanks.

The formalin-induced alterations described in the liter-
ature can be classified into five different mechanistic pro-
cesses.

(1) A chemical addition reaction of formaldehyde to a nu-
cleophilic group such as an amino group of a DNA
base results in a modified base species with altered base
pairing abilities (Figure 1A) (12,13).

(i1) Such a modified base can further react to form, via
methylene bridges, a covalent cross-link with another
nucleophilic group in its proximity (Figure 1B) (13).
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Figure 1. Summary of DNA modifications typically observed in FFPE samples. DNA instability is initiated by double strand denaturation and base un-
stacking, especially in AT-rich regions (far left). Modifications influencing base pairing then induce further local double strand denaturation and accelerate
base modifications, leading to local hot spots of alterations. (A) Base modification caused by the nucleophilic attack of a base’s amino group towards the
electrophilic carbon of formaldehyde. The resulting hydroxymethyl can condensate to form an imine (altering base pairing) or further react to a dihydrox-
ymethyl species. (B) Methylene bridges can form a covalent crosslink with another nucleophilic group of, e.g a base or a protein, both leading to DNA
polymerase blockage. (C) Base excision by hydrolysis of the N-glycosylic bond leaves a 2-deoxy-D-ribose AP site in the phosphate backbone. A transi-
tion state can form as an intermediate containing a highly reactive cyclic oxocarbenium ion that reacts with water. (D) Formaldehyde conservation also
promotes the slow hydrolysis of phosphodiester bonds that breaks the phosphate backbone and fractures the DNA. (E) As glycosylase repair enzymes
are inactivated by the fixation, spontaneous cytosine deamination converting cytosine to uracil is no longer corrected. In case of 5-methylcytosine this
conversion results in thymine. Either way, the base will now pair with adenine instead of the original C/G base pair at that location.

(iif)

(iv)

V)

During sequencing library preparation, such modifi-
cations can locally alter base pairing characteristics,
leading to the incorporation of non-complementary
nucleotides in daughter strands. Alternatively, they
lead to blockage of DNA polymerase during amplifi-
cation of the template strand (14).

In addition, formaldehyde fixation accelerates the
cleavage of glycosidic bonds and the generation of
apurinic/apyrimidinic (AP) sites within the double
strand (Figure 1C) (15). While DNA remains rela-
tively stable under physiological conditions, these AP
sites are more susceptible to damage and fragmenta-
tion (16,17) and to incorporation of alternative nu-
cleotides (18). DNA polymerases generally have low
bypass efficacies for such AP sites (19). Therefore, such
DNA molecules may not be amplified sufficiently for
sequencing. This means a reduced diversity of func-
tional sequencing library molecules, termed as lower
‘library complexity’, resulting in an information loss.
Moreover, polydeoxyribose fragmentation, the cleav-
age of the backbone of the DNA macromolecule into
separate segments, is widely observed in FFPE-DNA
(Figure 1D) (15,20). Samples that were fixed in un-
buffered formalin, yielding formic acid over time, are
particularly sensitive to increased DNA degradation,
because under acidic conditions, AP-sites form more
easily by hydrolysis of protonated purines (21).

The most frequently encountered chemical alteration
of FFPE-DNA is due to spontaneous deamination
of cytosine. In living cells this is repaired by glyco-

In

sylases, however, such events accumulate in formalin-
fixed tissues (22) due to enzyme inactivation by the
fixation. Deaminated cytosine results in uracil, which
pairs with adenine instead of guanine; when cytosine
is methylated (5-methylcytosine) its deamination leads
to thymine that also pairs with adenine. Either case
leads to the base pair alteration C>T/G>A (Figure
1E) (23). Other types of single base substitution arte-
facts in FFPE-extracted DNA have also been reported
in the literature, but they cannot easily be attributed to
a single chemical mechanism (23-26).

contrast to the alteration mechanisms in Figure 1A-D

that all result in the loss or underrepresentation of original
sequence information, i.e. in reduced library complexity, the
mechanism in Figure 1E introduces false signals. The com-
bination of false signals within regions of diminished true
sequences leads to high VAF of these false signals.

The effects of the chemical alterations summarised in
Figure 1 propagate into downstream applications and con-
sequently into sequencing results. One of the first re-
ported downstream effects of formalin fixation is poly-
merase chain-reaction (PCR) amplification failure (27—

29).

Dropouts of FFPE-DNA amplicons (30,31) or se-

quencing libraries (32,33) exacerbate the outcome for NGS
applications.

Nevertheless, many studies have fallen into the pitfalls of
non-rigorous interpretation of the complex consequences of
formalin fixation, especially in the context of NGS. For ex-
ample, NGS artefacts were often addressed by merely try-
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ing to reduce the absolute artefact count, rather than max-
imising the amount of usable DNA from the sample. More-
over, most previous work was limited to deamination arte-
facts (C>T/G>A), presumably because here the mecha-
nism was obvious and addressable. In contrast, the term
‘FFPE artefacts’ refers here to the sum of all false posi-
tives that are observed in FFPE-DNA, as they can be mis-
interpreted as true variants independent of their individual
causes.

CONSEQUENCES OF FORMALIN FIXATION

The consequences of formalin fixation are even more com-
plex than previously summarised from the literature. Figure
2 shows the differences between DNA sequences obtained
from FF and FFPE specimens, which the authors investi-
gated, as part of the EASI-Genomics consortium. They in-
cluded a 13-year-old sample with a case-matched FF sam-
ple, analysed in a large number of replicates by applying a
diverse set of in vitro and in silico strategies. This approach
showed the effect of formalin fixation storage on the result-
ing sequences, as well as the type of alterations and the rel-
ative frequencies of these artefacts.

Figure 2A shows the repertoire of potential artefacts. The
two most prevalent artefact types in FFPE-extracted DNA
reported in the literature are C>T/G>A caused by cyto-
sine deamination and C>A/G>T that mostly results from
base oxidation (34). Other single base substitution arte-
facts such as T>A/A>T and T>C/A>G changes are also
known (26,35). These were equally prevalent in the 13-year-
old sample and contributed to its total artefact repertoire.

Figure 2B exemplifies the increase of the most frequently
encountered artefacts in FFPE-DNA samples compared to
their case-matched FF-DNA. The highest, 7-fold increase
was observed for C>T/G>A. However, a large number of
FFPE artefacts can be filtered bioinformatically if its VAF
is lower than a threshold of interest, e.g. lower than 5%.

The distribution of artefact allele frequencies (AAF),
some of which exceeded 10% in the analysed samples,
is shown in Figure 2C. FFPE-DNA artefacts with high
AAFs are particularly located in regions of low sequenc-
ing coverage (36), i.e. low information. The low coverage
is a direct result of many genomic fragments of that re-
gion being severely damaged, not amplified, and therefore
not sequenced. Those genomic fragments that are not so
severely damaged may result in artefact-bearing sequences
that are overrepresented. Consequently, artefacts reaching
high AAFs may not only be related to mechanisms shown in
Figure 1 but could also stem from any other root cause such
as oxidation or sequencing errors. For example, in the 13-
year-old FFPE specimen, the highest AAF was explained
by its low sequence coverage and not obtained for a ‘typi-
cal’ C>T/G>A artefact but for a C>A/G=>T change.

Figure 2D-F shows the three main mechanisms of in-
formation loss in FFPE-DNA sequencing: First, the se-
quence duplication ratio is higher in FFPE-DNA compared
to FF-DNA (33,37,38), which increases sequencing cost for
unique coverage. Unique coverage represents the sequences
derived from original genomic molecules after correction
for PCR duplication. The duplicated sequences can be iden-
tified by bioinformatic analysis and then eliminated; here,

this revealed the average true unique coverage in FFPE li-
braries to be half as high as for FF libraries (Figure 2D).
Consequently, the information content per sequence was
half as high.

Second, the severely fragmented FFPE-DNA leads to re-
duced library insert sizes (38,39), which are approximately
half of the FF libraries (Figure 2E). In Illumina-based se-
quencing, library molecules are usually sequenced from the
adapters at both ends (paired-end sequencing). Small ge-
nomic inserts between those adapters reduce unique cov-
erage because their paired-end reads may overlap (fewer
unique bases sequenced per read). In addition to overlap,
the reduced length makes unique bioinformatic mapping,
the alignment of the sequence to a reference sequence, more
difficult. This is caused by ambiguities since shorter se-
quences map to more genomic loci than longer sequences.

Third, FFPE-DNA leads to decreased coverage unifor-
mity (i.e. evenness of coverage) (36). Figure 2F shows de-
creased coverage uniformity in FFPE compared to FF repli-
cates. Of note, the rolling mean coverage in the FFPE repli-
cates was generally more volatile and especially high in low-
coverage regions of FF replicates and vice versa. Such find-
ings have been described before: a systematic relationship
with sequence context was observed by the 100 000 Genomes
Project, reporting dropouts in FFPE versus FF in AT-rich
DNA regions (36). Also, Xiao et al. (10) confirmed this re-
lationship for targeted sequencing of FFPE-DNA, contra-
dicting an earlier report by others (40). In our example, the
mean coverage in AT-rich regions in FFPE replicates was
lower than that of FF replicates (Supplementary Figure S1),
in line with the /00 000 Genomes Project and Xiao et al.
Taken together, against the background of generally non-
uniform and locally extremely low coverage, artefacts ob-
served in FFPE may achieve such high allelic frequencies
that they might ultimately be mistaken as biological vari-
ants, despite deep sequencing (40).

PARAMETER I: PRE-ANALYTICAL SAMPLE SPECIFI-
CATIONS AND QUALITY CONTROL CRITERIA

Pre-analytical sample specifications of quality and quantity
are particularly important for FFPE-DNA extracted from
old (2) or small specimens, such as needle biopsies (41).
Of paramount importance in the pre-analytical procedure
is the specimen collection and the fixation procedure. The
specimen quality is impaired by tissue dehydration, and de-
layed, too short, or prolonged fixation (42-46).

The quality of extracted FFPE-DNA critically depends
on the formalin concentration and pH, fixation tempera-
ture, thickness of the sample and fixation time, and the spec-
imen storage conditions (13,46,47). Specimens without doc-
umented collection and fixation protocols should be pre-
pared with all applicable precautions and be interpreted ac-
cordingly. When preparing the nucleic acid extractions from
these specimens, air-exposed sections from the FFPE block
surface should be discarded (7) because tissue areas at the
block surface are prone to oxidation. The cells of interest
(e.g tumour cells) should ideally be enriched in the sections
(or in the punched-out material). Deparaffinisation is of-
ten performed using agitation, but more gentle approaches
without agitation should be preferred. An overnight pro-
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Figure 2. Characterisation of differences in NGS of FFPE-DNA and FF-DNA. FF-DNA was taken from the same tissue sample as FFPE-DNA. Ex-
perimental details are described in the online methods section. (A) Proportion of each artefact type in a set of five different FFPE samples of varying
qualities and preparation workflows. (B) Fold increase in artefact number in FFPE-DNA compared to FF-DNA sequences. FFPE and FF read files were
appropriately down-sampled before comparison. (C) Allelic frequency of artefacts in a typical FFPE sample of low quality. (D) Sequence duplicate ratios
for low-quality FFPE-DNA and matching FF-DNA samples. (E) Insert sizes for the sample pairs used in (D). (F) Systematic coverage bias typical for
targeted sequencing of FFPE samples. The plot shows the rolling mean coverage over the target region of a hybridisation capture bait panel. The reads
were randomly down-sampled so that the mean unique coverage over the target bases was identical in all four libraries.

teinase K digestion in aqueous solution should be included
in the extraction protocol. Of note is that the performance
of FFPE-DNA extraction kits varies (38,48). If the re-
sulting FFPE-DNA eluate needs to be concentrated, no
additional heat should be applied, as this leads to further
DNA degradation. Instead, lyophilisation (freeze drying) is
a better concentration method.

Generally, FFPE-DNA should be prepared with care (e.g
gentle mixing, avoidance of unnecessary freeze-thaw cy-
cles) to optimally preserve its integrity. To facilitate repro-
ducibility and quality assurance, the international standard
ISO/FDIS 20166-3:2018 (49) provides general guidelines
and specifications for specimen collection, formalin fixa-
tion, DNA extraction, storage, and documentation.

Specifically, for NGS, criteria and thresholds for the ade-
quacy of FFPE-extracted DNA have been defined in the lit-
erature, such as the preferred use of low-concentration (4%
v/v, formaldehyde), neutral-buffered formalin (50) for fixa-
tion, specimen age below eight years, amplifiability (51,52),
and a DNA integrity number (DIN) of >2.05 (30). The am-
plifiability is defined by the ratio of longer amplicons to
shorter amplicons in qPCR. In severely impaired FFPE-
DNA, longer amplicons drop out, resulting in a smaller
ratio. For example, a Q129 bp/ Q41 bp ratio is recommended

to be >10% (51) or even 40% (52). The minimal amount
of DNA required for NGS as specified by most labora-
tories is 50 ng (4,46), but sometimes a requirement of
10 ng for amplifiable DNA fragments is set (4). As dis-
cussed above, a major consequence of poor FFPE-DNA
quality is the low availability of amplifiable DNA frag-
ments of appropriate sizes (2). Low availability of such tem-
plates leads to a low library conversion rate, resulting in
a high ratio of PCR duplicates (33) and the non-uniform
coverage distribution that is typical for FFPE-extracted
samples (36).

Due to the challenges induced by formalin fixation, many
studies have tried to identify easy-to-determine metrics that
correlate with DNA quality, so that the outcome can be
predicted and unsuitable samples can be identified and ex-
cluded from further analysis. As illustrated in the previ-
ous section, one of the largest differences between high-
quality FF-DNA and low-quality FFPE-DNA is the non-
uniformity of read coverage (Figure 2F). The coverage uni-
formity can be represented in general terms by a fold-N base
penalty, defined as the factor of sequencing required, so that
the mean sequencing depth is fulfilled in N% of the targeted
genomic region. A cutoff of 80% is deemed practical (53),
therefore the fold-80 base penalty (F80BP) is usually as-
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were determined on a gel electrophoresis system. Fold 80 base penalty was determined bioinformatically after sequence alignment. This correlation is based
on 53 identically prepared whole exome sequencing libraries. Perfect coverage uniformity is defined by Fold 80 base penalty value of 1.

sessed for the sequencing quality control. With an appro-
priate set of samples and data, it can be evaluated whether
coverage uniformity, as a quality metric for FFPE-DNA,
correlates with DNA fragmentation.

Figure 3 shows a correlation for the average FFPE-DNA
fragment size, as measured by electrophoresis (P =2.97E~,
r =-0.708) with coverage uniformity represented by FSOBP,
and also with the DNA integrity number (P = 6.14E~7, r =
—0.623). This exemplifies that DNA fragment size provides
a useful quality control measure for NGS of FFPE-DNA.
Hence, to avoid wasting resources, large-scale sequencing
studies can exclude low-quality specimens based on FFPE-
DNA fragmentation that can be assessed by electrophoresis.

To summarise, meaningful sequence output can be
achieved provided that specific conditions are met, even
from decade-old FFPE specimens. Importantly, the use
of neutral-buffered formalin in fixation and the use of as
high as possible input amounts of FFPE-DNA is recom-
mended. Given the many variables affecting sample qual-
ity, it makes sense to explore the suitability of a partic-
ular sample collection with a small proof-of-principle pi-
lot study before investing in a large-scale study. Inclusion
of FFPE reference material may also be considered for a
pilot study, as long as the reference material is of a simi-
lar quality as the study samples. Some caution is needed
here: when we compared fragmentation profiles of typical
clinical FFPE samples from our laboratories to commer-
cial reference material, we observed that the reference was
less degraded than clinical samples and therefore not suit-
able for testing the NGS workflow (Supplementary Figure
S2). If these commercial reference samples are not repre-
sentative for a real-life study cohort or clinical samples,
the outcome of many NGS-based data analyses will be
worthless.

PARAMETER II: FFPE-DNA REPAIR TREATMENTS

DNA treatments improving the performance in down-
stream analysis can be based on three different principles:
(1) heat treatment, (ii) single-step enzyme treatment or (iii)
multi-step enzyme treatment. Figure 4 summarises the main
subprocesses of the in vivo base excision repair (BER) path-
way (54) that comprises all common in vitro FFPE-DNA re-
pair principles. While some of these commonly used repair
principles constitute only individual steps of the BER path-
way, other repair principles replicate more subprocesses of
this pathway.

(1) Heat treatments (e.g exposure to 95°C (55,56)) can
help to break any methylene interstrand cross-links
that would otherwise block polymerases from amplify-
ing the template strands. This results in fewer truncated
PCR products, hence in improved library complexity
and fewer duplicate sequences.

(i1) The simplest single-enzyme based repair uses specific
polymerases that are more tolerant to modified base
species to produce complementary strands prior to
PCR amplification (green frame in Figure 4). Although
this results in a higher yield of amplifiable fragments
and longer DNA fragments (21,57), it may increase
artefacts caused by altered base pairs.

Another form of (ii) is glycosylase treatment (orange
frame in Figure 4), such as the treatment with uracil-
DNA glycosylase (UDG) that can excise deaminated
bases (58). Alternatively, formamidopyrimidine-DNA
glycosylase (FPG) treatment excises a broader range
of oxidised bases (59). The sole application of UDG
repair methods (58), as referred to in the ISO standard
(49), is often disadvantageous: excision by the glyco-
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Figure 4. Principles of enzymatic FFPE-DNA repair treatments. The grey panel shows template DNA extracted from FFPE tissue containing oxidised,
deaminated and mismatched bases. The original, unaltered sequence is represented as the top strand. (A) Altered base species can be excised by DNA
glycosylases leaving an AP site or, in the case of bifunctional glycosylases, producing a 5’-phosphate and a 4-hydroxy-5-phospho-2-pentenal on the 3’-end.
AP lyase activity of the respective enzymes excises the pentanal species, leaving a 5'-phosphate and a 3’-hydroxy end. (B) In the next repair step, these ends
are processed by DNA polynucleotide kinase (PNK) that phosphorylates all 5’-ends and dephosphorylates any 3’-ends. (C) Next, DNA polymerase fills in
complementary nucleotides into the double strand gaps. In this step different polymerases can be used that have a higher tolerance for altered base species
or that generate blunt ends. (D) Finally, DNA ligase seals the double strand nicks. The blue frame indicates a BER-based approach, the orange frame
simple glycosylase treatment, and the green frame simple polymerase treatment.

sylase generates an AP-site, increasing DNA fragmen-
tation (17), especially in combination with ultrasoni-
cation, consequently lowering library complexity. The
same applies to isolated use of bifunctional glycosy-
lases, which lead to phosphate-ribose backbone cleav-
age. With such enzyme treatments alone, the original
DNA strand and its information are not restored.

(i) A more extensive enzymatic repair treatment (blue
frame in Figure 4) consists of multiple steps involving
base excision and backbone incision by different gly-
cosylases and AP lyases (Figure 4A), polynucleotide
kinase treatment (Figure 4B), DNA polymerase fill-in
(Figure 4C) and nick sealing with DNA ligase (Figure
4D), which in combination mimic physiological BER
(60). The advantage of a BER-based approach is that
the DNA fragment is restored using the information of
the complementary undamaged template strand.

To illustrate how BER-based DNA repair treatments re-
move artefacts, two such approaches were experimentally
compared. As a benchmark, we used a commercially avail-
able FFPE-DNA repair mix (‘NEBrepair’, New England
Biolabs). This was compared to a sequential BER-based
repair approach that uses different glycosylases, In vitro
Sequential Base Excision repair (‘IQBErepair’), with de-
tails described in Supplementary Figure S3. The protocol
can be found in the online methods. It evolved from ex-
isting protocols (60), as it restores damaged DNA frag-
ments by a sequential treatment of glycosylases and it was
modelled on physiological base excision repair steps, as re-

viewed in (61). In contrast to other approaches suppressing
artefacts, I[QBErepair increases the molecular diversity and
hence elevates the unique coverage and improves the cov-
erage uniformity from low DNA input amounts. Thymine—
DNA glycosylase (TDG) and N-methylpurine-DNA glyco-
sylase (MPG) treatments address potential base modifica-
tions (62,63).

We then challenged the perception that FFPE-DNA
with quality metrics Q129bp/QOs1vp ratio <10% (51) or
DIN <2.05 would be unsuitable for cancer somatic muta-
tion detection (30). Such somatic mutation detection is par-
ticularly confounded by artefacts. To illustrate that these
artefacts can be managed in practice, we used a low in-
put amount (50 ng) of degraded DNA extracted from the
13-year-old healthy liver sample that had been fixed with
buffered formalin. The quality metrics of the FFPE-DNA
were an average fragment size of 1490 bp, a DIN of 2.0,
and a Q129 bp/ a1 bp ratio of 5%. In order to assess the re-
producibility of the findings, sequencing and data analy-
sis were performed in replicates in two sequencing centres
(Supplementary Figure S4, experimental data are given in
the online methods. An overview of all samples, libraries,
and replicates prepared can be found in the supplementary
data).

When comparing mitigation strategies for sequencing
artefacts it is important to remove true biological variants
and generate a set of pure artefacts. Therefore, the vari-
ants detected in sequencing data must be filtered to remove
all potential true biological positives from the dataset, e.g
with the help of replicate experiments and FF-DNA from
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the same tissue sample. The subsequent figures illustrate
artefacts only, indicating the individual effects of mitigation
strategies. FFPE-DNA samples were aliquoted from a sin-
gle DNA isolate from a 13-year-old FFPE tissue specimen
and sent to participating centres. Various in vitro or in silico
strategies are shown and how well they performed in remov-
ing these artefacts. As a first step, DNA repair treatments
were assessed with the aim of analysing the effects of the
BER-based repair approaches. Fresh-frozen Genome-in-a-
Bottle (GIAB) DNA, a reference standard DNA sample,
was repaired as a negative control.

IQBErepair resulted in a significantly higher coverage in
both centres, with 53% and 80% more unique bases com-
pared to untreated DNA (Figure 5A). Furthermore, the
coverage uniformity metric FSOBP was improved (Figure
5B). The AAF was significantly reduced for most arte-
fact types, and the median AAF was lowest following
IQBErepair for all artefact types, while no significant dif-
ferences could be observed for the GIAB control (Figure
5C). IQBErepair also significantly reduced the sequence du-
plicate ratios in FFPE samples (Figure 5D) compared to
NEBrepair. The main advantage of IQBErepair was the
improved coverage uniformity, resulting in higher coverage
at otherwise low-covered regions and hence in less arte-
facts with very high AAF. Therefore, for the most common
FFPE-artefact types, namely C>T/G>A and C>A/G>T
(cf. Figure 2A), the number of artefacts per sequenced base,
normalised by the respective untreated libraries, was de-
creased (Figure 5E).

Challenges in FFPE-DNA and its repair encompass
chimeric reads, i.e. observed reads that include sequences
from two distant genomic loci, falsely implying genomic fu-
sions such as fusion genes or structural variation. FFPE-
DNA chimeras are most likely caused by spontaneous prim-
ing of randomly reverse complementary fragments (64).
In our example, a higher number of chimeric reads were
observed in IQBErepair that, however, could be removed
by appropriate bioinformatic filtering. Another challenge
is mechanical ultrasonication DNA fragmentation in some
NGS protocols. While IQBErepair improved results for
low-input (50 ng) enzymatically prepared tagmentase (Tn5-
transposase (65)) libraries, it did not have an effect on
the coverage distribution of DNA sheared by ultrasoni-
cation in a high-input (200 ng) protocol (Supplementary
Figure S5). Lastly, Figure 5 shows that these BER-based
repair methods did not lead to significant differences in
the negative control (GIAB FF) compared to untreated
FF-DNA.

We conclude that repair treatment of damaged FFPE-
DNA is an option for specimens that are small and ir-
replaceable. Such treatment can be considered especially
for precious historical samples or for focused, hypothesis-
driven studies of rare clinical conditions. In such cases, in-
stead of a sole glycosylase treatment, it is recommended to
use a BER-based repair protocol that restores fragments
based on the complementary strand. As shown by the ex-
perimental example, the inherently low availability of intact
fragments in FFPE-DNA leads to poor uniformity of cov-
erage with locally low-covered regions (Figure 2F), where
artefacts result in more intense signals. This is the key hurdle
to overcome for correct analysis and interpretation of muta-

tion profiles in severely damaged FFPE samples. The high
number of alterations, whether mechanistically associated
with FFPE treatment or formed by unknown mechanisms,
has been observed in many studies (22,23,35,60,66,67), and
these can be better addressed by the recovery of additional
DNA fragments than through the sole excision of damaged
bases.

PARAMETER Ill: OPTIMISING ANALYTICAL SAMPLE
PREPARATION

The steps of library preparation from FFPE-DNA and op-
tional enrichment for target fragments are collectively con-
sidered here as analytical sample preparation steps. It is dif-
ficult to prepare FFPE-DNA for NGS on a high through-
put scale, due to sample variability (damage, fragmenta-
tion, etc.). Fragmentation by shearing is usually performed
to generate required DNA sizes for NGS. FFPE-DNA re-
quires gentler shearing settings than in standard protocols
to achieve these desired fragment sizes. Ideally, fragmenta-
tion parameters should be fine-tuned for individual sam-
ples to avoid over-fragmentation, or, when the DNA is al-
ready extremely fragmented, the fragmentation step can be
skipped (68). Even when FFPE-DNA is relatively intact, it
is quite fragile due to the presence of single-strand breaks
and AP sites, so it should be treated extremely gently.

The question whether ultrasonication or enzymatic ap-
proaches should be used for FFPE-DNA is debatable. Ul-
trasonication fragmentation appears to cause irreversible
DNA damage which, in our experience, could not be reme-
died using the tested FFPE-DNA repair treatments. How-
ever, ultrasonication also has certain advantages, for in-
stance it allows better control of fragment size, and it
serves well to remove compromised DNA molecules from
the pool. When ultrasonication is applied, the introduction
of additional oxidative base alterations should be avoided,
for which ultrasonication is best carried out in Tris-EDTA
buffer (69).

End repair of nucleotide overhangs and dA-tailing, com-
monly performed in ultrasonication protocols, constitutes
another critical step whereby artefacts can get entrenched
(70). Tagmentation (71) or other enzymatic fragmentation
techniques (68) are mild alternatives to ultrasonication frag-
mentation. Tagmentase libraries have been reported to be
input-efficient (10) and to produce results for high-quality
FFPE-DNA that are comparable to FF-DNA (72). Finally,
for high-quality FF-DNA, the measured input mass is al-
most equal to the usable amount of DNA. In contrast, the
input mass measurement of FFPE-DNA typically overes-
timates the usable fraction of DNA, so that the amounts
should be adjusted accordingly.

General analytical measures

A number of other options may be considered alone or in
combination to improve sample preparation. Targeted en-
richment has been standard practice to increase the cover-
age in genomic regions of interest and for decreasing FFPE-
caused noise (40). When enough material is available, tech-
nical replicates from the same sample can be prepared, as
these greatly reduce false positives (73). Library preparation
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Figure 5. Effect of FFPE-DNA repair on the on-target sequence coverage and artefacts. Untreated DNA (grey) is compared to DNA treated with BER-
mixes, NEBrepair (green) and IQBErepair (magenta), and FF-DNA as a negative control, in two centres (C1, C2). (A) In the coverage curves, the y-axis
shows the percentage of target region with coverage of at least x reads. For FFPE-DNA, the magenta and grey curves represent the most and least uniform
coverage, respectively. The FF-DNA curves are concordant. The number of replicates is shown in the inset legend with D: duplicate, Q: quadruplicate.
(B) Coverage uniformity metric F80BP for FFPE-DNA and FF GIAB DNA. F80BP of FFPE-DNA is improved by repair treatments, especially by
1IQBErepair. The number of libraries (N) is given in the lower region of the bar chart. (C) Artefact allele frequencies of FFPE-DNA and FF GIAB
control DNA. Improved coverage (cf. panels A-C) and reduced artefact occurrence (cf. panel E) lower the median AAF, generally leading to significant
differences for repaired FFPE-DNA, regardless of artefact type. (D) Sequence duplication ratios. The restauration of damaged genomic fragments lowers
the duplicate ratios for repaired FFPE-DNA. (E) Normalised relative artefact frequency, i.e. the number of artefacts per sequenced base in the repaired
DNA, normalised by the untreated DNA. The frequency of deamination C>T/G> A artefacts is considerably reduced by DNA repair, while oxidisation

C>A/G>T artefacts are only mitigated by IQBErepair.

approaches that use hairpin adapters (74), which are cleaved
by UDG and Endonuclease VIII, may help to increase the
library conversion rate (75) and hence library complexity.
Library protocols that leverage single-stranded DNA (ss-
DNA) present in FFPE-DNA can further increase library
complexity (76,77) and hence improve the output. As ss-
DNA suffers from elevated levels of artefacts, it is advised
to suppress their contribution, for instance by application

of dedicated glycosylase treatments (78), since the original
genomic sequence cannot be restored due to the lack of a
complementary template strand.

Using a single library approach, DNA repair could re-
duce the number of artefacts by 20-40% compared to
untreated DNA (Figure 6, inset table). Multi-library ap-
proaches may be considered to improve these results. These
can be simple or optimised: replicates can be used to re-
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Figure 6. Permutation analysis to identify the top library replicate strategies. Artefacts were bioinformatically filtered by their presence in library replicates
of untreated and repaired FFPE-DNA. The choice of library combination in a multi-library approach can lead to a different number of remaining artefacts.
Here, all possible permutations of libraries were bioinformatically tested. The top permutations for artefact removal are depicted in the graph and the tables
for FFPE-DNA replicates processed in two sequencing centres. In addition, all permutations of untreated libraries are included. Untreated FFPE-DNA
(U, grey), NEBrepaired FFPE-DNA (N, green), and IQBErepaired FFPE-DNA (Q, magenta) libraries were used. For this combined analysis a 1% VAF
detection threshold was applied and artefacts that did not pass this VAF filter in all libraries of the doublets or triplets, respectively, were removed.

move artefacts by only keeping variants detected in each
library (79). For this approach it can be advantageous to
use untreated DNA for one library preparation, and re-
paired DNA for the library preparation of the replicate, or,
alternatively, to use two different DNA repair protocols.
Pseudorandomised artefacts (80) cancel each other out in
replicate combinations, making technical replicates espe-
cially useful in NGS of FFPE-DNA (10,81,82).

Figure 6 illustrates the reduction in number of artefacts
for the five best permutations of multi-libraries, based on
the pure datasets of artefacts. The number of artefacts was
reduced by approximately 94% when two libraries were
combined. Adding a third library only marginally improved
the filtering, to a 98% total reduction of number of arte-
facts. Replicates that combined two different DNA repair
protocols, or untreated and repaired DNA, consistently per-
formed best to filter out artefacts, whereas library replicates
based on identical DNA treatment resulted in less effec-
tive filtering. Compared to untreated FFPE-DNA library
doublets, doublets involving repaired FFPE-DNA reduced
artefacts by 15-45%, with a stronger reduction by IQBEre-
pair than NEBrepair. The combination of untreated and re-
paired FFPE-DNA to prepare a library doublet appears to
be a good compromise for practical purposes. The number
of unfiltered artefacts depends on the VAF filter threshold.
In the presented example we applied a 1% VAF filter thresh-
old, in order to demonstrate that even highly resolved data
can be obtained from old and degraded FFPE samples, as
required for many cancer NGS applications.

In NGS, multiple libraries are sequenced in a pool on a
single flow cell. Therefore, it is important to equally pool
and sequence all samples, avoiding unequal sequencing of
just one or few samples. In the case of FFPE-DNA, un-
equal sequencing output is commonly observed (83), result-

ing in inferior coverages or even total sample drop-out. Tar-
get enrichment is commonly performed in pools of multiple
libraries (multiplex enrichment) before sequencing. Multi-
plex enrichments are inexpensive, however, they exacerbate
the problem of unequal sequencing output. This can be mit-
igated by pooling libraries of similar fragment sizes to the
same pool. On the other hand, single-plex target enrich-
ment can allow individual balancing of the final product.
Furthermore, using single-plex enrichments, an underrep-
resented sample can easily be rebalanced and repeated in a
second NGS run. Optimal balancing before sequencing can
be achieved by qPCR quantification, which however adds
an additional step compared to balancing by DNA mass
alone.

If sequencing costs need to be optimised, then a se-
quencing kit with fewer cycles (read length) but higher out-
put (number of reads) can be chosen after the median li-
brary sizes have been measured. Finally, small, low-cost
pilot experiments to fine-tune all conditions are strongly
encouraged prior to large-scale sequencing projects with
FFPE-DNA, as each different FFPE-DNA source may re-
quire different optimal parameters. While these are current
workarounds, it will be exciting to see which developments
emerge in the coming years to improve the challenges of
FFPE library preparation and balancing.

UMIs and their analytical use with FFPE-DNA

In contrast to replicate strategies that can be used to re-
move artefacts on the library level, unique molecular iden-
tifiers (UMIs) enable bioinformatic filtering at the molecu-
lar level. UMISs are a set of random (or sufficiently unique)
nucleotides that are typically introduced into one or both
sequencing adapters and label an individual source DNA
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or RNA molecule (84), making it distinct from other DNA
or RNA fragments with the same sequence. Originally, the
first UMI-based NGS library preparation protocols were
developed with the aim of counting the exact absolute num-
bers of molecules (85), for error correction of the fidelity
limitations in NGS (86,87) or for needle-in-a-haystack ap-
plications, the search for variants at the NGS detection limit
(88-92). Later, UMIs were adapted and used to overcome
artefacts resulting from formalin (81).

UMIs collate PCR progenies to their original source
molecule so that their read family can ultimately be col-
lapsed bioinformatically (89,93). The simplest form of col-
lapsing is to select one representative read of a family (Fig-
ure 7, UMI dedup), e.g randomly picking a specific read
with the highest base quality sum. Single-UMI methods
cannot trace back the source molecule to the original tem-
plate strand. However, dual UMIs can be used to assign
whether their source molecule originated from the Wat-
son or Crick strand. State-of-the-art dual-UMI approaches
featuring this functionality are Duplex (89) and SaferSeqS
(94). Such dual-UMI approaches enable more complex
bioinformatic processing strategies.

In combination with appropriate bioinformatic tools,
dual UMIs can be used to error-correct the read families on
a strand level. Variants that are observed only in a fraction
of redundant reads from a given read family (e.g caused by
polymerase or sequencing errors) are suppressed. Consen-
sus reads can be generated on the molecular, single strand
level, where they represent the consensus of all redundant
reads derived from one single strand source molecule (Fig-
ure 7, MolCon). Alternatively, two of these single strand
consensuses can in turn be used to compute a consensus
sequence representing the information of the complemen-
tary double strand source molecules (Figure 7, DupCon)
(89,95). This approach is often referred to as a Duplex (89)
UMI method.

Duplex consensus (DupCon) approaches confer the abil-
ity to reduce artefacts resulting from formalin modifica-
tions, as reads can be discarded in case the complemen-
tary sequences originating from one double strand do not
match. Figure 7 illustrates a complete overview on the ana-
lytical use and an exemplary logic of UMI filtering in con-
text of FFPE. Suppression of formalin-induced artefacts is
exemplified by the blue raw read groups, where the forma-
lin artefact is present on the Watson strand reads and not
present on the Crick strand reads. In this example, the result
of the DupCon is the rejection of the read.

However, due to the nature of the UMI approach that
leverages read redundancies, such approaches require sig-
nificantly deeper sequencing efforts per sample than con-
ventional approaches; the data loss and computational re-
sources required to calculate the consensus can be consid-
erable (96,97). Despite using an UMI (MolCon) approach,
Bhagwate et al. (81) experienced a very high number of vari-
ant calls in FFPE samples and only their additional appli-
cation of a 5% VAF filter could remove 92% of FFPE re-
lated artefacts (81). These authors therefore recommended
the use of FFPE-FF sample pairs when possible, or at least
the inclusion of FFPE replicates.

In general, bioinformatic processing involves splitting a
respective read into the template and the UMI sequence.
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The latter is then added to a tag of the specific read in the
alignment file. After alignment of the reads and merging of
the read’s tag and the alignment information, the reads can
be grouped. Subsequently, the desired consensus sequence
from each family can be generated. Additional filters can be
applied on the consensus data, such as a minimal number
of reads for the consensus call, a maximal read or base error
rate of the read family, or a minimal consensus base qual-
ity phred score. Alternatively, there are bioinformatic tools
that do not require an alignment of the reads (98). Some
library kits with UMI deliberately reduce the diversity of
UMIs with a set of predefined UMI sequences that are less
sensitive to sequencing errors within the UMI (84,99).

In conclusion, for sequencing studies, we recommend
various workflow adaptations compared to FF-DNA such
as gentler and sample-individual preparation and shear-
ing conditions, the use of higher input amounts of FFPE-
DNA, the application of targeted enrichment in single-
plex reactions, and the use of replicate experiments. Repli-
cate libraries improve the specificity of bioinformatic vari-
ant calling, especially when low allele frequency muta-
tions are expected in a specimen. The replicate library ap-
proach is recommended for tumour mutation burden anal-
ysis when tumour mutation allele frequencies are typically
low (73), for intra-tumoral heterogeneity, for low tumour
content in a FFPE tissue sample from which the FFPE-
DNA was isolated, or for detection of sub-clonal mutations
with metastatic potential and clinical actionability. The use
of library preparation kits with dual UMIs is particularly
suitable for severely impaired FFPE-DNA of low diversity,
however, to leverage their potential in bioinformatic filter-
ing, significantly deeper sequencing is required.

PARAMETER
TIONS

Bioinformatic analyses are designed to identify the most
relevant information from the flood of generated sequence
data. As already illustrated in the previous sections, the data
derived from FFPE-DNA are distinctly different from FF-
DNA data, and typically suffer from low-coverage regions,
short insert sizes, and changes in the artefact repertoire.
Therefore, it is necessary to optimise the bioinformatic anal-
ysis for FFPE samples to correct for this as best as possible,
while at the same time sensitivity and specificity must be
maintained.

IV: BIOINFORMATIC CONSIDERA-

General bioinformatic measures

Bioinformatic filtering is the application of computational
inclusion or exclusion criteria that may use a single criterion
(e.g variant quality score filtering) or multiple criteria of ar-
bitrary complexity (e.g variant quality and gene of interest).
In FFPE-DNA sequence analysis, the exclusion of detected
variants with VAF < 5% or 10% is commonplace, which
may exclude true variants of importance or interest. There-
fore, Do et al. suggested that such excluded variants of inter-
est with VAF <10% may be manually re-analysed (23). The
allelic frequency threshold depends on the research ques-
tion: for germline variants a 20% threshold may be used.
In the context of somatic variant calling in tumour material
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Figure 7. Analytical use of dual UMIs in the context of FFPE-DNA sequencing. In the laboratory (top part), extraction of FFPE-DNA from formalin im-
paired tissue results in a low diversity of functional molecules. In general, true variants (green diamond) occur in both strands whereas FFPE modifications
(red asterisk) are theoretically restricted to one strand. During library preparation, adapters containing UMI sequences are ligated to both strands. The
product is amplified by PCR. During PCR and sequencing, additional errors occur (yellow triangles). Only a fraction of the library’s diversity is analysed
during sequencing. Overrepresentation of molecules that are preferentially amplified affect the read diversity. Bioinformatic processing (bottom part) of
raw reads can group reads belonging to a read family to build the molecular consensus (MolCon) using a statistical model with error removal. The duplex
consensus (DupCon) combines both molecular consensuses of the Watson and Crick strands. DupCon allows single-stranded FFPE modifications to be
detected and removed, as the molecular consensuses of the single strands (MolCon) are contradictory. However, true variants get suppressed (red raw read
group) if the complementary molecule is not sequenced. In the right column, deduplication using UMI (UMI dedup) randomly picked a read from each

family. Compared to UMI dedup, consensus approaches reduce errors, although they also result in lower coverage.

the desirable threshold may be as low as 1%, depending on
the expected tumour content.

The mapping quality of aligned sequences can be bioin-
formatically filtered to remove chimeric reads from datasets.
These chimeric reads are commonly observed in FFPE-
DNA (64) and in repaired DNA. Removal of reads with
low mapping quality does not generally affect the variant
calling sensitivity. To demonstrate this, after alignment with
a Burrows-Wheeler algorithm (100), the alignments of our
example were filtered with a mapping quality threshold of
20 (Supplementary Figure S6). Further filtering criteria in
FFPE-DNA analyses include thresholds for minimal cov-
erage and minimal base quality (80).

Probabilistic variant callers use statistical models that as-
sess multiple characteristics of observed variants and com-
pute their respective probabilities of being artefacts. How-
ever, the underlying models used for determining probabil-
ities can be radically different, and the validity of their re-
sults may be limited to their specific application area only.
For the challenging task of true somatic mutation calling
at low allelic frequency, some model strategies incorporate
criteria to detect alignment artefacts, strand and orienta-
tion bias artefacts, polymerase slippage artefacts, and con-
tamination. Other models assess observed variants based
on global nucleotide or local mismatch rates (80) or call
variants above a model-determined sample-specific noise
threshold (101).

More recently, machine learning techniques have been
leveraged for a broader feature set to classify variants (102).
Just as for probabilistic models, machine learning models
are restricted to their specific use case. The dependency is
even restricted to their training data set: when this dataset
is not comprehensive enough and contains a variety of dif-
ferent samples and preparation strategies they cannot easily
be applied to other data.

Eventually, a combination of predictions from different
models may increase both the precision and sensitivity of
variant calling (103,104). With tools such as GenSearch-
NGS (105), variant-lists from different programs can be im-
ported and combined, and deterministic filters (e.g. VAF,
strand and position balance) can be applied in real-time, af-
ter which the variants of interest can be manually assessed.

To demonstrate the effectiveness of suppressing false pos-
itive variant calls (artefacts), Figure 8 shows the number of
false positives for a probabilistic bioinformatic filter alone
and in combination with deterministic VAF filtering. Sup-
plementary Table S1 lists all settings used in this figure, from
raw sequencing files to analysis. The probabilistic variant
caller GATK Mutect2 (10,106) reduces false positive vari-
ant calls based on the combined likelihood of diverse pa-
rameters, and even more when the Filter Mutect Calls (FMC)
postprocessing program is applied. FM C alone removed ap-
proximately 98% of initial unfiltered false positive variant
calls, achieving a reduction by a factor of 58. The applica-
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Figure 8. Probabilistic bioinformatic filters consistently reduce artefacts.
This figure shows the number of false-positive variant calls (y-axis) in four
untreated FFPE-DNA replicates processed in two different sequencing
centres (C1, C2). ‘No filter’ refers to the total number of false-positive vari-
ant calls prior to filtering. The number of false positives was reduced using
the probabilistic filter FM C ( Filter MutectCalls) of GATK Mutect2 variant
calling alone, or in combination with VAF-based filtering (VAF threshold
5% or 10%). All variant calls in this figure are false positives resulting from
FFPE-DNA damage or other causes (e.g sequencing error). Over 100 false
positives remain even after combined FMC and 10% VAF-filtering.

tion of FMC and additionally a VAF filter of 5% or 10%
decreased false positives 250-fold or 400-fold compared to
unfiltered data. However, such additional VAF filters limit
the sensitivity of variant calling.

Generally, we recommend adjusting the bioinformatic
settings according to the sample quality. While removing
most FFPE artefacts, weak true signals in low-covered re-
gions may potentially be lost if filters are set with too strict
thresholds. Therefore, we suggest the careful application of
deterministic and probabilistic filters when the purity of a
sample is high (e.g a tumour cell content > 50% as has been
described (10)) and a more conservative, cautious approach
when sample purity or DNA yield is lower.

Bioinformatic UMI filtering

The effects of the three different bioinformatic UMI-
filtering approaches that were summarised in Figure 7 were
put to the test with the 13-year-old FFPE-DNA vs. FF-
DNA sample pair obtained from the same surgical re-
section specimen. Figure 9 summarises the effects of the
different bioinformatic approaches that were applied to
the same down-sampled datasets. The data were processed
using (i) a simple deduplication approach based on the
start/stop coordinates of the reads, (ii) a deduplication ap-
proach additionally involving the UMI information, (iii) a
more sophisticated approach generating an error-corrected
molecular consensus by single read families on the single
strand level and (iv) generating a duplex consensus by com-
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bined read families representing the double stranded source
molecules.

Figure 9A shows how the number of reads is reduced de-
pending on the filtering approach. In most cases the loss
of reads is greater for FFPE-DNA than for FF-DNA. The
loss of reads in comparison to the raw on-target reads (Fig-
ure 9B) ranged from 72% to 99%. UMI filtering (ii) gives a
representative picture of unique sequencing reads, whereas
simple deduplication (i) results in extensive loss of reads.
Simple deduplication potentially underestimates the library
complexity (107), which can lead to the removal of weak but
true signals.

Significant read loss occurs when UMI-based error cor-
rection through read family consensus computation (iii, iv)
is performed, resulting in severely decreased coverage. The
true coverage is further impaired if the library insert sizes
are as short as 120 bp for FFPE-DNA (Figure 9C), resulting
in overlap of the forward and reverse reads. These two cover-
age reduction effects have the consequence that some AAFs
can become unexpectedly high: in the 13-year-old test sam-
ple, despite very deep sequencing of a relatively small ge-
nomic target, the outliers almost reached 5% AAF (Figure
9D). The higher input amount of FFPE-DNA (200 ng ver-
sus 50 ng) led to higher library complexity and reduced the
AAF.

Significant read loss can be a fair price to pay if arte-
facts are reliably removed by the UMI-based consensus se-
quence approaches. As an example, the number of artefacts
per 10 000 bases in the final bam file of consensus sequences
was comprehensively reduced (Figure 9E) in FFPE-DNA
and almost completely eliminated in FF-DNA. However,
due to the extensive read loss, the remaining artefacts af-
ter the consensus-based filter approaches reached relatively
high AAFs, especially in FFPE-DNA after the DupCon ap-
proach. In summary, the dual UMI-based error correction
may not always be the optimal approach to analyse severely
damaged FFPE-DNA. If the target region size is large (as
in whole exome sequencing), a filtering approach leveraging
UMI deduplication in combination with an optimally ap-
plied VAF-threshold for variant calling may be more eco-
nomic than consensus error correction that requires very
deep sequencing.

ASSESSING THE RIGOR OF PUBLISHED RESEARCH

Without complete information on study design, method-
ological details and exact parameters that were applied, it
is difficult to assess the quality of results described in pub-
lications. For example, based on a meta-analysis of mu-
tations predominantly derived from FFPE tissue samples,
Murray et al. (108) reported that 62.2% of all discovered
mutations were only reported once. These singleton mu-
tations have been challenged by others (66) as they may
(all or in part) represent artefacts. Whether singletons are
true findings or artefacts is hard to interpret unless de-
tailed technical information is available. Therefore, it is of
utmost importance that studies using FFPE samples ad-
here to minimal scientific standards of technical informa-
tion and that these standards are precisely formulated and
commonly agreed upon. Here, we describe a number of cri-
teria that we consider to be essential information for review-
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Figure 9. Effect of four bioinformatic read filtering methods on library sequences with dual UMIs. Data are shown for the 13-year-old FFPE and FF
sample pair, with library preparation in replicates for each input amount of 50 and 200 ng (/ight and dark colours, respectively) of FFPE-DNA (blue) and
FF-DNA (orange). The eight libraries were target-enriched and deep sequenced. The sequence data were bioinformatically down-sampled to the identical
number of 1.3E8 raw sequencing reads per library and aligned to the human reference genome, referred to as on-target (OT) reads and off-target reads.
Four different bioinformatic filtering approaches are shown: standard deduplication by the read start-stop positions (dedup), deduplication by additionally
using the UMI information (UMI), molecular consensus (MolCon) error correction by collapsing single read families, and duplex consensus (DupCon)
where error correction was done by collapsing combined read families. (A) Number of reads per experiment. Note the y-axis scale break. (B) Percentual
loss of reads following the recommended data processing compared to the raw OT data. (C) Differences in median insert size for the FF and FFPE libraries.
(D) Artefact allele frequencies for the different approaches used. (E) Number of artefacts observed per 10 000 bases in the final alignment file.

ers to assess the validity of reported FFPE-DNA variant
calls.

Study design

As reviewed in previous sections, FFPE samples are dis-
tinctly different from FF samples. A study design should
therefore be adapted accordingly. Coverage non-uniformity
and high duplication ratios can result in inflated cover-
age of specific genomic regions. After bioinformatic du-
plicate removal, their actual coverage can be significantly
lower than the expected or overall coverage. Key con-
siderations in a study design include: exclusion of low
quality samples (e.g. high degree of DNA fragmentation),
maximisation of DNA input amounts where possible, in-
clusion of DNA repair when the sample quality is low,
adapted sample preparation strategies as needed (e.g use
of UMISs or replicates), and appropriate bioinformatic data
processing.

In general, every study involving FFPE-DNA should em-
ploy a transparent sample processing strategy, that, based
on sample quality, allocates samples to respective process-
ing arms containing measures for artefact mitigation. The

simplest and most cost-effective processing arm constitutes
the exclusion of samples that do not meet minimal quality
criteria, which must be defined beforehand. The sequenc-
ing depth should be generously increased compared to FF-
DNA, before which a pilot experiment can be performed to
obtain guidance data.

If amplicon-based targeting of a genomic region is used,
UMIs are encouraged, as they allow deduplication to be
performed. Alternatively, if the library was prepared for
capture-based targeting, deduplication algorithms using the
start and end points of the reads perform satisfactorily
without UMIs. However, UMIs can also be combined with
capture-based library approaches, to more accurately iden-
tify the read families originating from the same source
molecule.

The data analysis methods should be shown to be appro-
priate, for example by inclusion of formalin-compromised
reference samples matching the lowest-quality study sam-
ple. If this is not possible, alternative verification of the
suitability of the analysis method should be demonstrated,
e.g. by using replicate strategies or FF tissue-matching
samples.
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Minimal information in publications

Reviewers and editors have the task to check that suffi-
cient information is available for the readers of a scien-
tific article. For studies with FFPE samples, the following
information must be included: the type of tissue fixation
(buffered or unbuffered formalin); for cancer tissue the tu-
mour cell content; the method used for DNA quantifica-
tion; the DNA fragment size range; the amount of DNA
used for library preparation; the library kit; the number of
PCR cycles performed in library preparation and targeted
enrichment; a statement whether sequencing was done with
single or paired-end reads; the read length; the sequencing
equipment used; the method of targeted enrichment (ampli-
con vs. capture); and bioinformatic thresholds for variant
calling (variant sequencing depth, variant reads and cov-
erage at variant position). Reported results should include
coverage statistics and duplicate ratios.

To aid reviewers, authors, and study designers, based
on similar checklists (109,110), we provide the ‘Essential
Recommendations for Reporting On Results from FFPE-
DNA (ERROR-FFPE-DNA)’ checklist as a supplemental
file to this article.

Misleading focus on artefact count

Many studies postulating FFPE artefact repair strategies
have focused on decreasing the absolute count of artefacts,
while few have considered AAFs. However, artefact count
is a one-sided criterion to benchmark against, as it does not
include a quantification of the observed AAF. AAF is more
important than the artefact count per se, as low-intensity
artefacts can easily be filtered out by VAF filters. To give
an extreme example, FFPE-DNA treatment with DNAse
would reduce the number of artefacts (appearing to be a
good treatment from a one-sided viewpoint), but it would
also digest a considerable amount of DNA and significantly
decrease the number of useable reads and hence reduce the
amount of derivable information. In reality, a higher num-
ber of unique reads improves data quality, despite increas-
ing the overall artefact count. The information derived from
every additional sequenced DNA molecule improves the
identification and discrimination of artefacts and can po-
tentially increase the number of identified true variants, at
all genomic coordinates spanned by the read from the re-
covered DNA molecule.

SUMMARY AND PERSPECTIVES

Biomedical biobanks across the world harbour an immense
collection of FFPE tissue specimens, which are generated
as part of a diagnostic or treatment approach, e.g surgical
resection of diseased tissue. Linked with relevant patient de-
mographics and clinical data these biorepositories captured
the interest of researchers of various disciplines. However,
they come with a number of technical challenges, which
may have influenced the decision of the 100 000 Genomes
Project to collect and use only FF samples for NGS and
FFPE samples for surgical-pathological diagnostics. These
challenges and consequences of formalin fixation have been
summarised by Xiao et al. (10), however they did not pro-
vide FFPE-specific recommendations.
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Biobanking of FF samples and alternative fixation meth-
ods circumvent the hurdles of formalin fixation (111). In
practice, a fresh tissue specimen is split into a sample for
FFPE tissue pathological diagnostics and FFPE biobank-
ing, and if sufficient tissue is available, a sample for freez-
ing or non-formalin fixation. This concept has already been
adopted by some pathology departments, but it is certainly
not yet in universal practice. Therefore, many, and especially
small specimens such as fine needle biopsies are usually ex-
clusively available as FFPE specimens. The most important
considerations for sequencing these and other FFPE sam-
ples from the existing collections are summarised below.

For specimens stored a couple of years, FFPE-DNA se-
quencing can be carried out reliably and relatively easily for
germline and other studies where variants with allele fre-
quencies below 50% are of minor importance. Here, DNA
fragmentation criteria can be used to select suitable samples
and exclude unsuitable ones for sequencing. For mixed cell
populations or somatic mutations, where low-frequency al-
leles can be important, it is crucial that the study designers
consider DNA repair, the most suitable library preparation
and appropriate bioinformatic analysis.

It is recommended to use all available FFPE-DNA for
sequencing library preparation, rather than a standard-
ised aliquot amount as is common when sequencing fresh,
unfixed DNA. FFPE-DNA is fragile and must be han-
dled with care. Library protocols optimised specifically for
FFPE-DNA are required to ensure DNA-to-library conver-
sion success. If ultrasonication fragmentation is needed, it
should be done in a buffered solution that minimises DNA
oxidation. Good alternatives are tagmentase- and enzyme-
based protocols. These provide a gentle alternative to ultra-
sonication and are suitable for larger target region sizes than
PCR-amplicon based protocols.

The main challenge in analysing FFPE-DNA sequence
data is non-uniform coverage despite a satisfactory total
sequencing read output. Drop-outs during library prepa-
ration lead to these critical low-covered regions. Conse-
quently, without a sufficient sequencing depth of unique
reads in the regions of interest, artefacts cannot be distin-
guished from true variants. Deeper sequencing to compen-
sate for the drop-outs may recover more unique reads.

The number of unique reads may also be increased by
enzymatic repair of damaged DNA using a BER-based
protocol, thereby increasing the amount of usable DNA.
However, in our experience, BER-based repair protocols
(NEBRepair, IQBErepair) lead to a reduction of the mea-
sured DNA amounts by 10-40% after repair, in particular in
low concentrated samples. Hence, BER-based protocols are
only beneficial if the increased amount of sequenced unique
bases outweighs the enzymatic repair DNA losses. In our
hands, NEBrepair did not improve coverage uniformity but
IQBErepair is able to increase unique bases by between 53—
80% (Figure 5A).

As a perspective of what may come in future years, we
predict that the scientific evaluation of tens of millions
of FFPE samples could be performed using the methods
available today. Projects such as the International Cancer
Genome Consortium (ICGC), The Cancer Genome Atlas
(TCGA) and 100 000 Genomes have only begun to scratch
the surface of the diversity of cancers. For example, in May
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Table 1. Considerations and key conclusions of this article

Considerations

Conclusions

Formalin-induced alterations to DNA

Consequences of formalin fixation

Pre-analytical sample quality and its
specifications
(Parameter I)

Optional application of DNA repair
treatment
(Parameter II)

Analytical sample preparation
(Parameter III)

Sequencing

Bioinformatic analysis
(Parameter IV)

Assessing the rigor of published research

Modifications in FFPE-DNA mostly occur pseudorandomly, but more
frequently in AT-rich genomic regions, leading to a higher prevalence of GC-rich
sequences than in FF-DNA. Base modifications, inter-strand cross-linking, base
excision, polydeoxyribose fragmentation and cytosine deamination, among
others, constitute to the artefact repertoire of FFPE-DNA.

Formalin modifications are complex and still not completely understood.
Artefacts can be mistaken as true variants, especially if their allelic frequency
exceeds filter thresholds, which arises in regions of locally low coverage, which in
turn is caused by reduced library complexity and non-uniform coverage.

Specimens of a decade or older can be considered if fixed in buffered formalin.
Target tissue (e.g tumour area) should be optimally enriched. FFPE-DNA
extraction is critical and should be performed with caution. The average fragment
length is an easy-to-determine metric that correlates with coverage uniformity,
one of the most important quality criteria in FFPE-DNA sequencing.

Repair should be considered especially for severely impaired specimens in smaller
hypothesis-driven studies. Simple repair (e.g¢ UDG treatment) should be avoided
in favour of BER-based enzymatic repair protocols. We recommend a BER-based
repair protocol that restores fragments to increase coverage evenness and
decrease artefact allele frequency.

When FFPE-DNA is prepared for sequencing, individualised workflow
adaptations can improve the outcome. Useful adaptations include higher DNA
input amounts, mild shearing conditions or tagmentase, FFPE-specific kits, the
use of UMIs, and replicate strategies.

In general, up to four-fold deeper sequencing is necessary than for undamaged
FF-DNA. Very deep sequencing (e.g. 5000-7500x ) is necessary if dual-UMI
strand-specific error correction is the aim.

Bioinformatic filters can facilitate the discrimination between true variants and
artefacts. Different UMI filter and error correction strategies can drastically
reduce artefacts but at the cost of coverage. This might impair the sensitivity in
detecting true variants with low VAFs.

Not providing enough technical and methodological details limits the scientific
quality and integrity of FFPE-studies. An adapted study design and providing a
minimal set of information can improve the situation in the future. When
developing mitigation strategies, the sole focus on artefact count reduction is too

simplistic as the restoration of additional fragments might be more effective.

2023, the NIH’s GDC Cancer Portal contained only 1420 se-
quenced oesophageal cancer entries, a common cancer with
a dismal prognosis and limited treatment options. Clearly,
extending this repository by using FFPE sequencing would
be desirable and beneficial to patients. In this decade of am-
bitious scientific initiatives, the vast collection of available
FFPE cancer tissue samples has still not been systemati-
cally investigated. Rare tumour entities and soft tissue tu-
mours might be particular targets for sequencing of FFPE-
DNA. Studying this collection will enable cancer entities to
be analysed and stratified into specific cancer sub-entities
with distinct mutation profiles, to provide a basis for a bet-
ter understanding of prognosis and treatment failures or im-
prove survival and treatments.

Further research is necessary to address the challenges
of limited DNA amounts (e.g needle biopsies) and poor
quality in many FFPE samples - including improvements
to DNA extraction, DNA repair and DNA-to-library con-
version rates. New library conversion protocols for FFPE
ssDNA have recently raised hopes of significantly increas-
ing the amount of usable DNA. Restoration of a broader
spectrum of formalin-induced DNA alterations by further

refined repair techniques may also help to improve cover-
age uniformity. Finally, the specific bioinformatic demands
related to FFPE-DNA analyses will require new expertise
of molecular biologists, mathematicians, statisticians, and
bioinformaticians. Currently, the evaluation of FFPE se-
quence datasets can be difficult and time-consuming high-
lighting the need for new innovative statistical algorithms
that could extract the best possible data from FFPE se-
quencing replicates. The new algorithms would need to in-
clude easily interpretable graphics that summarise the re-
sults reliably and comprehensively to maximise the effec-
tiveness and deployment of these tools.

CONCLUSION

FFPE tissue is both a boon and bane for nucleic acid re-
searchers. Tens of millions of well-documented FFPE tissue
specimens are immediately available worldwide and suitable
for molecular and biomedical research. However, FFPE-
DNA sequencing studies are more complex, laborious, and
costly, compared to the sequencing of FF-DNA. The nec-
essary considerations and key conclusions of this critical
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review with respect to sequencing study design are listed
in Table 1. For reviewers dealing with the peer review of
such studies, we provide a checklist called “ERROR-FFPE-
DNA” that summarises recommendations for the minimal,
essential technical information that should be provided in a
scientific manuscript.

By shedding light on the paradigms of FFPE-DNA se-
quencing, our goal was to suggest standards that can help
to make research more comparable and reproducible in
this challenging field. Achieving these objectives will help
to leverage the power of FFPE-DNA sequencing and pro-
vide reliable datasets for their algorithmic exploitation. Ul-
timately, these steps are a necessary prerequisite for bring-
ing precision medicine another step closer towards its am-
bitious promises.
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