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Mutations accumulate in the genome of every cell of the body throughout life,
causing cancer and other diseases?. Most mutations begin as nucleotide
mismatches or damage in one of the two strands of the DNA before becoming
double-strand mutationsif unrepaired or misrepaired®*. However, current
DNA-sequencing technologies cannot accurately resolve these initial single-strand
events. Here we develop a single-molecule, long-read sequencing method (Hairpin
Duplex Enhanced Fidelity sequencing (HiDEF-seq)) that achieves single-molecule
fidelity for base substitutions when present in either one or both DNA strands.
HiDEF-seq also detects cytosine deamination—a common type of DNA damage—
with single-molecule fidelity. We profiled 134 samples from diverse tissues, including
fromindividuals with cancer predisposition syndromes, and derive from them
single-strand mismatch and damage signatures. We find correspondences between
these single-strand signatures and known double-strand mutational signatures,
whichresolves the identity of the initiating lesions. Tumours deficient inboth
mismatch repair and replicative polymerase proofreading show distinct single-
strand mismatch patterns compared to samples that are deficient in only polymerase
proofreading. We also define a single-strand damage signature for APOBEC3A. In the
mitochondrial genome, our findings support a mutagenic mechanism occurring
primarily during replication. As double-strand DNA mutations are only the end point
of the mutation process, our approach to detect the initiating single-strand events
atsingle-molecule resolution will enable studies of how mutations arise in a variety
of contexts, especially in cancer and ageing.

Mosaic mutations are ubiquitousinthe body and accumulate through-
outlifein every cell**. Most mosaic mutations begin as nucleotide mis-
matches or damage in only one of the two strands of the DNA double
helix**. When these single-strand DNA (ssDNA) events are misrepaired,
or when they are replicated during the cell cycle before repair, they
then become permanent double-strand DNA (dsDNA) mosaic muta-
tions?. Although current methods for profiling mosaic changes to
DNA achieve high fidelity for dSDNA mutations, they cannot accu-
rately resolve these precursor ssDNA events. This is because current
methods—single-cell genome sequencing’, in vitro cloning of single
cells®, microdissection or biopsy of clonal populations’, and duplex
sequencing®®—amplify the original DNA molecules before sequencing,
either prior to or on the sequencer itself. This masks true ssDNA events

by either transforming existing ssDNA mismatches and damage to
dsDNA mutations, or by introducing artefactual ssDNA mismatches and
damage®.

Mosaic dsDNA mutations are the result of the interaction between
ssDNA mismatch and damage events, DNA repair, and DNA replication®.
Consequently, dsDNA mutational signatures (that is, the sequence
contexts of mutations) may not reflect the patterns of the originating
ssDNA events*. dsDNA mutation profiling also does not resolve on
which strands theinitiating ssDNA events occur. Therefore, acomplete
understanding of mutational processes requires profiling of ssDNA
mismatches and damage®'°. Here, to study the ssDNA origins of mosaic
mutations, we developed an approach for direct sequencing of single
DNA molecules without any previous amplification that achieves, for
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single-base substitutions, single-molecule fidelity detection of dsDNA
mutations simultaneously with ssDNA mismatches and damage.

HiDEF-seq

Profiling dsDNA mosaic mutations in human tissues requires
single-molecule fidelity of less than1error per1billionbases (10°), and
profiling ssDNA mismatch and damage events would probably require
similar or greater fidelity®'°. However, to our knowledge, no technology
to date has achieved this fidelity when directly sequencing unampli-
fied single DNA molecules. To achieve this, we developed HiDEF-seq.
HiDEF-seq substantially increases the fidelity of single-molecule
sequencing by (1) increasing the number of independent sequencing
passes per strand (median of 32 passes with a median of 1.7 kilobase (kb)
molecules) relative to standard single-molecule sequencing to create
a high-quality consensus sequence for each strand; (2) eliminating
invitroartefacts duringlibrary preparation by ssDNA nick ligation and
by using either the NanoSeq A-tailing approach®or a protocol without
A-tailing for post-mortem samples with degraded DNA; and (3) acom-
putational pipeline that avoids analytic artefacts (Fig. 1a,b, Methods,
Extended Data Figs.1-5and Supplementary Note 1). HiDEF-seq librar-
ies are sequenced on Pacific Biosciences (PacBio) single-molecule,
long-read sequencers. The computational pipeline analyses single-base
substitutions, asthese have an orthogonal error profile to the prevalent
insertionand deletion sequencing errors of single-molecule sequenc-
ing®, and it analyses each strand separately to distinguish between
dsDNA and ssDNA events (Methods).

We profiled purified human sperm with HiDEF-seq as the most
rigorous test of fidelity for detecting dsDNA mosaic mutations, as
sperm have the lowest dsDNA mutation burden of any readily acces-
sible human cell type®. Sperm dsDNA mutation burdens measured by
HiDEF-seq were concordant with a previous study of de novo muta-
tions™ and with NanoSeq profiling® (a method for duplex sequencing
of mosaic dsDNA mutations) that we performed for the same samples
(Fig. 1c). HiDEF-seq also measured the expected dsDNA mutational
signatures and linear increase in dsSDNA mutation burdens with age
in other human tissues (liver, kidney, blood and cerebral cortex neu-
rons)®", with one outlier blood sample of an individual with a kidney
transplant (Fig. 1d, Extended Data Fig. 5i and Supplementary Note 2).

Notably, relaxing from a threshold of >20 to >5 sequencing passes per
strand, while keeping our optimized computationalfilters, produced
concordant dsDNA mutation burdens (Extended DataFig. 3e). This sug-
gests that PacBio sequencing canachieve a higher per-pass fidelity for
substitutions than estimated by previous studies™. Using the probabil-
ity of complementary single-strand calls occurring at the same position
(Methods), we estimate HiDEF-seq’s fidelity for dsSDNA mutations as less
thanlerror per3 x 102 base pairs (bp) with =5 passes per strand and less
thanlerrorper1x10™bpwith =20 passes per strand. Accordingly, for
analysis of dSDNA mutations, we used the lower threshold of =5 passes
perstrand as this increases the percentage of analysed molecules from
70% t0 99.8% (of molecules passing primary data processing), and
itincreases the percentage of interrogated bases by 11%. HiDEF-seq
uses restriction enzyme fragmentation that captures approximately
40% of the human genome (Extended Data Fig. 1a), which is sufficient
for obtaining accurate mosaic mutation burdens and mutational pat-
terns®. It can also use random fragmentation to enable profiling of any
genomicregion, although this requires more input DNA (Methods). We
also successfully quantified dsDNA mutation burdens in sperm using
HiDEF-seq with larger DNA fragments (median, 4.2 kb), which have
correspondingly fewer (median, 15) passes per strand (Supplementary
Note 3). However, for this study, we proceeded with HiDEF-seq with the
smaller median 1.7 kb fragments, as a higher threshold of >20 passes
per strand was required for ssDNA analysis.

We next analysed ssDNA calls. Importantly, these may include not
only ssDNA mismatches, but also damaged bases that alter base pairing

and lead to misincorporation of nucleotides by the sequencer polymer-
ase. The latter may be advantageous as it would enable high-fidelity
detection of ssDNA damage. In contrast to dSDNA mutation analysis,
duplexerror correctionis not possible for ssDNA calls, and true ssDNA
call burdens (calls per base) are unknown. Thus, for ssDNA calling,
we optimized key analytic parameters by identifying filter thresh-
olds above which ssDNA burden estimates are stable (Methods and
Extended Data Fig. 3i,j). To compare ssDNA calls between HiDEF-seq
and NanoSeq, we profiled 9 samples using both methods. Although
HiDEF-seq and NanoSeq dsDNA mutation burdens and patterns were
concordant, HiDEF-seq measured on average 18-fold lower ssDNA call
burdens, with distinct patterns, and 5-fold lower when considering only
C>T calls (Fig. le-g and Extended Data Fig. 6a—-c). This suggests that,
while NanoSeq achieves high fidelity for dSSDNA mutations, its sSSDNA
calls arelargely artefactual as suggested by its developers®. HiDEF-seq
ssDNA burdens in cerebral cortex neurons were also around 13-fold
lower than estimated by Meta-CS single-cell duplex sequencing'®, with
adistinct pattern, and about 4-fold lower when considering only C>T
calls (Supplementary Tables 2 and 3). Overall, by directinterrogation of
unamplified single molecules, HiDEF-seq achieves, to our knowledge,
the highest fidelity for single-base changes of any DNA-sequencing
method to date.

Cancer predisposition syndromes

As there is no previous method for sequencing ssDNA mismatches
with single-molecule fidelity, we sought to confirm the veracity of
HiDEF-seq’s ssDNA calls by profiling samples from individuals with
inherited cancer predisposition syndromes that may have elevated
ssDNA call burdens. We profiled 17 blood, primary fibroblast, and
lymphoblastoid cell line samples from 8 different cancer predispo-
sition syndromes, including defects in nucleotide excision repair,
mismatch repair, polymerase proofreading, and base excision repair
(Supplementary Tables 1and 2). In these samples, we first confirmed
HiDEF-seq’s single-molecule fidelity for dsDNA mutations by meas-
uring the expected dsDNA mutation burdens and signatures based
on previous studies”? (Extended Data Fig. 7a-d and Supplementary
Tables 2 and 4).

Notably, compared to non-cancer predisposition samples, we
detected higher ssDNA call burdens in two cancer predisposition syn-
dromes: a2.6-fold increase (95% confidenceinterval: 2.3-3.0) in POLE
polymerase proofreading-associated polyposis syndrome samples
(PPAP; germline heterozygous exonuclease domain mutationsin POLE,
which encodes the catalytic subunit of polymerase epsilon that per-
formsleadingstrand genome replication®?), and a1.6-fold increase (95%
confidenceinterval: 1.4-1.9) in congenital mismatch repair deficiency
syndrome samples (CMMRD; MSH2, MSH6, and PMS2 germline biallelic
loss of function) (Fig. 2a). Moreover, the percentage of purine ssDNA
calls (G>T/C/A and A>T/G/C) was elevated in PPAP samples (average,
61%; range, 52-73%) and CMMRD samples (average, 33%; range, 23-57%)
compared to non-cancer predisposition samples (average, 20%; range,
12-29%) (Fig.2b).InPPAP samples, this was largely due to increased G>T,
G>A, and A>C ssDNA calls, while CMMRD samples exhibited smaller
alterations in sequence contexts of ssDNA calls (Fig. 2b). These data
indicate that most ssDNA callsin PPAP samples, and at least some calls
in CMMRD samples, are bona fide ssDNA mismatches.

To further characterize the patterns of ssDNA mismatches in POLE
PPAP samples, we plotted their 192-trinucleotide context spectra
(standard 96-trinucleotide context spectra, separated by central
pyrimidine versus central purine). This revealed a distinct pattern,
withtwolarge peaks for AGA>ATA and AAA>ACA accounting for around
15-20% and about 5-10% of ssDNA mismatches, respectively, in addi-
tion to smaller peaks with G>T, G>A, A>C, and C>T contexts (Fig. 2c
and Supplementary Table 3). The ssDNA mismatch spectrawere highly
concordant with the dsDNA mutation spectra of these same samples
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Fig.1|Overview of HIDEF-seq. a, HiDEF-seq schematic. A-tailing uses dATP
and non-A dideoxynucleotides®, except for lower-quality post-mortem samples
thatuse only non-A dideoxynucleotides to avoid dATP misincorporation at
residual nicks (Methods and Extended DataFig. 5). b, The average fraction of
molecules across representative HiDEF-seq samples (n = 51) and standard
PacBio sequencing (HiFi) samples (n =10) in different bins of number of passes
perstrand (Methods). The average percentage of molecules with >5and >20
passes perstrand is 99.8% and 70% for HiDEF-seq, respectively, and 78.7% and
0.1% for HiFi, respectively. The plot shows HiDEF-seq molecules output by the
pipeline’s primary data-processing step. x-axis square brackets and parentheses
signify inclusion and exclusion of bin end points, respectively. ¢, HiDEF-seq and
NanoSeqdsDNA mutationburdensinspermsamples (left to right, SPM-1013,
SPM-1002, SPM-1004, SPM-1020, SPM-1060) were compared for each age to
paternally phased de novo mutations fromaprevious study™. d, HiDEF-seq
dsDNA mutation burdensin humantissues (Supplementary Table1). The dashed

(Fig. 2d and Supplementary Table 4), confirming that these are true
ssDNA mismatches—arising from polymerase epsilon nucleotide
misincorporation—that lead to the subsequent pattern of accumu-
lated dsDNA mutations. De novo extraction of ssDNA mismatch signa-
tures from PPAP samples produced a signature that we name SBS10ss
(SBS, single-base-substitution; ss, single-strand) (Fig. 2e). Note that
we propose anomenclature with the suffix ‘ss’ to distinguish between
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NanoSeq ssDNA calls per base

lines show weighted least-squareslinear regressions. e,f, HiDEF-seq versus
NanoSeqdsDNA mutationburdens (e) and ssDNA callburdens (f). Samples are
(toptobottominlegend): SPM-1013, SPM-1002, SPM-1004, SPM-1020, SPM-
1060,1443,1105, 6501, 63143. Only sample 63143 (POLE p.M444K) is from an
individual with a cancer predisposition syndrome. The dashed line shows y=x
(expectation for concordance). g, HiDEF-seq versus NanoSeq ssDNA call burdens
separated by call type. Foreach calltype, each bar represents adifferentsperm
sample (left toright, the same samplesasinc).b, Error bars showstandard
deviations. c-f, Dots and error bars show point estimates and their Poisson 95%
confidenceintervals. ¢, Box plots show the median (centreline), the firstand
third quartiles (box limits), and the 5% and 95% quantiles (whiskers). c,e,f, For
eachsample, HiDEF-seqand NanoSeq confidence intervals were normalized
toreflectanequivalentnumber of interrogated base pairs (cand e) or bases (f)
(Methods). mo, monthsold; yo, yearsold.

ssDNA and dsDNA signatures. Projecting SBS10ss to central pyrimidine
contexts, by summing central purine and central pyrimidine spectra,
produced a spectrum remarkably similar (cosine similarity = 0.97)
to the dsDNA signatures extracted de novo (SBSE + SBSF) from these
same samples (Fig. 2e), again indicating that the ssDNA mismatches
are the inciting events leading to the dsDNA mutations. SBS10ss also
had strong similarity (cosine similarity = 0.90) to COSMIC? SBS10c that
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Fig.2|ssDNA callburdens and patternsin cancer predispositionsyndromes.
a,ssDNA callburdensinblood (B), fibroblasts (F) and lymphoblastoid cell

lines (L) fromindividuals without and with cancer predisposition syndromes.
Burdensare corrected for trinucleotide context opportunities and detection
sensitivity (Methods). Statistical analysis was performed using two-sided
Poissonrates ratio tests, combining calls and interrogated bases from each
group, with Holm multiple-comparison adjustment; ***P=2 x 10° for mismatch
repairand P <107 for polymerase proofreading, versus non-cancer
predisposition samples. Results were also significant when including only
blood samples. Samples (left to right) are: 5203,1105, 1301, 6501,1901,
GM12812,GM02036, GM03348, GM16381, GM01629, GM28257, 55838, 58801,
57627,1400,1324,1325,60603,59637,57615, 63143 (L), 63143 (B), CC-346-253,
CC-388-290, and CC-713-555. Cancer predisposition samples are ordered asin
b, whichlists the affected genes. b, ssDNA call burdens by context, corrected
for trinucleotide context opportunities. Statistical analysis was performed
using heteroscedastic two-tailed t-tests, adjusted for multiple comparisons;
*P=0.03,***P=0.0008. Only non-cancer predisposition samples with >30

was previously associated with POLE PPAPY. SBS10ss accounted foran
average of 79% (range, 70-91%) of ssDNA calls in PPAP samples, with
the remaining attributed to SBS30ss*, a ssDNA cytosine deamination
damage signature (asterisk (*) indicates damage) that is described in
asubsequent section (Fig. 2f). For CMMRD samples, the number of
ssDNA calls was too low to extract a signature.

The two most frequent ssDNA mismatch contexts in PPAP samples
arealsonotable for the asymmetry of their prevalence relative to their
reverse complements: AGA>ATA versus TCT>TAT (73 versus 10 mis-
matches across all PPAP samples; x* test, P< 0.0001) and AAA>ACA

ZOO0O

ssDNA callswere included (1105,1301,1901, GM12812, GM03348), as patterns
arenotreliably ascertained with fewer calls. However, GM16381 (XPC) with <30
callswasincluded for completeness in showingall cancer predisposition
samples. c¢,d, Spectra of ssDNA calls (c) and dsDNA mutations (d) for
representative POLEPPAP sample 57615, corrected for trinucleotide context
opportunities. e, Top, the ssDNA mismatch signature SBS10ss extracted from
all PPAP samples while simultaneously fitting SBS30ss* (Fig. 4d). Middle, SBS10ss
projected to central pyrimidine contexts by summing central pyrimidine values
and their reverse-complement central purine values to enable comparison to
dsDNA signatures. Bottom, the dsDNA mutational signature (sum of SBSE and
SBSF) extracted from PPAP samples. f, The fraction of ssDNA calls attributed
tossDNA ssignatures in PPAP samples (same PPAP sample order asina). Cosine
similarities of original spectrato spectrareconstructed from signatures (left
toright) were:0.94,0.97,0.97,0.85. Sample details foraand b are provided in
Supplementary Tables1and 2. a, Error bars show Poisson 95% confidence
intervals.

versus TTT>TGT (26 versus 2 mismatches; x* test, P< 0.0001). These
data provide adirect observation that the dsDNA mutational context
AGA>ATA/TCT>TAT prevalentin POLEPPAP arises in vivo significantly
more frequently from C:dT (template base:polymerase incorporated
base) misincorporations than G:dA misincorporations, and that the
dsDNA mutational context AAA>ACA / TTT>TGT arises in vivo more
frequently from T:dC than A:dG misincorporations. These results are
consistent with previous studies that indirectly inferred this asym-
metry in yeast** and human tumours®?% harboring mutations in the
polymerase epsilon exonuclease domain by identifying asymmetries
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Fig.3|Hypermutating tumours deficient inboth mismatchrepairand
polymerase proofreading. Spectraof ssDNA calls (top) and dsDNA mutations
(bottom) intumour samples corrected for trinucleotide context opportunities.
The parentheses show the total number of raw calls and the percentage of calls
thatare C>T after correction for trinucleotide context opportunities. The blue
annotationonthe top right of eachssDNA spectrum s the cosine similarity of
only the ssDNA C>T calls to SBS30ss* (details of SBS30ss* are shown in Fig. 4d).

inthe prevalence of dsSDNA mutation contextsrelative to their reverse
complement contexts depending on whether the mutationlocusis pref-
erentially replicated through leading-strand versus lagging-strand syn-
thesis. However, while these studies rely onreplication timing data that
imperfectly estimates the probability of leading- versus lagging-strand
replication to measure this asymmetry, our single-molecule detection
of nucleotides that were misincorporated by polymerases in vivo ena-
bles us to measure thisasymmetry directly. Our results are also consist-
ent with in vitro polymerase gap-filling assays®?, but, in contrast to
our detection of in vivo misincorporation events, these assays lack the
full context of DNA replication and repair. We also applied the above
studies’indirect replication timing analysis and similarly found in our
POLEPPAP samples a higher frequency of AGA>ATA dsDNA mutations
and AGA>ATA ssDNA mismatches on the strand that is preferentially
replicatedintheleading direction (Extended DataFig. 7e,f). Together,
our results demonstrate direct measurements of in vivo ssDNA mis-
match burdens and patterns.

Hypermutating tumours

Tostudy theinteraction between ssDNA mismatchesintroduced dur-
ingreplication and mismatch repair, we profiled three hypermutating
brain tumours from individuals with CMMRD whose tumours also
contained somatic mutations affecting polymerase proofreading.
We excluded one tumour (tumour 3) from further analysis due to a
very high ssDNA C>T burden attributed to SBS30ss* (a ssDNA cyto-
sine deamination damage signature described in the next section)
that probably arose ex vivo (Supplementary Tables 2 and 3). The
other two tumours, a medulloblastoma and a glioblastoma—both
with biallelic germline PMS2 mutations and somatic POLE exonucle-
ase domain mutations—had higher burdens and distinct patterns of
dsDNA mutations and ssDNA calls compared with samples deficientin
only mismatch repair or only polymerase proofreading (Figs. 2a-d and
3, Extended DataFigs. 7a,b and 8a-c and Supplementary Tables 2-4).
Additionally, the dSDNA mutation spectra of these tumours resembled
those found in previous studies of tumours and cell lines deficient
in both mismatch repair and polymerase proofreading?-? (Fig. 3).
Most dsDNA mutations were attributed to a signature with moderate
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(n = 28,236)

0

Alsoannotated are the cosine similarities of each sample’s full ssDNA call
spectrum (projected to central pyrimidine context) toits dSDNA mutation
spectrum, for all ssDNA calls and after excluding ssDNA C>T calls (most of
which are due to SBS30ss* cytosine deamination). MedulloblastomaID:
tumour 8; glioblastomaID: tumour 10. Sample details are provided in
Supplementary Table1.

similarity to COSMIC SBS14 (cosine similarity = 0.85)* (Extended
Data Fig. 8e). Moreover, the dsSDNA mutation spectra of the tumours
resembled their ssDNA call spectra (Fig. 3 and Extended Data Fig. 8b,c),
except for ssDNA C>T calls related to SBS30ss* (Fig. 3 and Extended
DataFig. 8f).

Importantly, the ssDNA call spectra of the tumours had notable
differences relative to ssDNA call spectra of samples deficient in
only polymerase proofreading, including increases in ssDNA AG>AT
calls flanked by 3’ C/G/T, and increases in ssDNA G>A, A>G, and T>C
calls (Figs. 2c and 3 and Supplementary Table 3). These differences
in ssDNA call spectra of polymerase proofreading-deficient samples
with and without mismatch repair deficiency are consistent with pre-
vious studies suggesting that mismatch repair is more efficient for
certain mismatches caused by deficient polymerase proofreading®>*.
The tumours’ relative increase in ssDNA C>T calls largely arose from
cytosine deamination damage rather than polymerase misincorpora-
tion (Figs. 3 and 4d and Extended Data Fig. 8f). The ssDNA call spectra
further resolve the identity of the nucleotides misincorporated by
proofreading-deficient polymerase epsilon—for example, C>T / G>A
dsDNA mutations largely arise from C:dA rather than G:dT misincor-
porations (Fig. 3). We extracted a ssDNA mismatch signature from
tumour samples that we name SBS14ss, as after projecting it to central
pyrimidine contexts, its most similar COSMIC dsDNA signature is SBS14
(cosine similarity = 0.73 for all ssDNA calls and 0.96 for only C>A ssDNA
calls) (Extended DataFig. 8d). SBS14ss accounted for most ssDNA calls
inboth tumours (Extended Data Fig. 8f). We also profiled post-mortem
brain and spinal cord of individuals with MSH2 and MSH6 CMMRD
who died of brain tumours harboring somatic POLE mutations. This
revealed notonly an elevated burden of SBS1dsDNA mutations as seen
in a previous study®, but also an elevated burden of ssDNA C>T calls
at CGdinucleotides (Supplementary Note 4). This demonstrates that
HiDEF-seq can also detect the ssDNA precursor lesions of SBS1 when
this mutational process is elevated.

Patterns of cytosine deamination damage

A common form of DNA damage is deamination of cytosine (with or
without preceding oxidation) to uracil, uracil glycol, 5-hydroxyuracil,
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1901). The cosine similarity to COSMIC SBS30 was calculated after projecting
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d, SBS30ss* obtained by de novo signature extraction from central pyrimidine
ssDNA calls of sperm and heat-treated samples. The cosine similarity to SBS30
was calculated after projecting to central pyrimidine contexts. e, Schematic

of PWand IPD measured forincorporated bases during sequencing. f, Average
PW ratios for positions -1to +6 (relative to C>T calls), which is the polymerase

or 5-hydroxyhydantoin (uracil-species)***. When unrepaired, these
lesions resultin dsDNA C>T mutations®. We reasoned that HiDEF-seq
may detect these ssDNA cytosine to uracil-species events with
single-molecule fidelity despite their low levels (estimated by mass
spectrometry at less than1per 1 million bases®®), as damaged cytosines
would be mis-sequenced as thymines due to nucleotide misincorpora-
tion by the sequencer polymerase.

We began by investigating the burden and pattern of ssDNA C>T
callsinthe blood DNA of individuals without cancer predisposition, as
blood can be processed rapidly without potential post-mortem DNA
damage. We also extracted the DNA with room temperature incuba-
tions to avoid heat-induced deamination®. Blood DNA had 2.0 x 108
ssDNA C>T calls per base (mean of n = 9 samples fromn = 5individuals;
range 9.8 x107°-3.1 x10°%), comprising on average 71% of these sam-
ples’ ssDNA calls (Extended Data Fig. 9a and Supplementary Tables 2
and 3). This burden, which may have either been present in vivo or
partly arisen during laboratory processing, suggests that there are
less than 250 cytosine to uracil-species deaminated bases per cell in
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blood leukocytes. Our detectionlevel of 1event per 50 million basesis
on par with the most sensitive mass spectrometry methods****—~which
cannot determine the sequence context of damaged bases—and pro-
vides alowbackground for studying cytosine deamination processes.
Notably, the spectrum of the combined ssDNA calls of these blood
samples, projected to central pyrimidine contexts, most closely resem-
bled COSMIC*SBS30 (cosine similarity = 0.83) (Fig. 4a,c), asignature
associated with cytosine oxidative deamination damage repaired by
DNA glycosylases®***°, Surprisingly, G>T ssDNA calls, which would
be expected due to the commonly oxidized base 8-oxoguanine, were
very infrequentin these blood samples (average of 6% of ssDNA calls,
1.5 x107° ssDNA calls per base; range 0-2.9 x107%), possibly due to
the sequencer polymerase correctly incorporating dC across from
8-oxoguanine.

Given the high sensitivity of HIDEF-seq’s ssDNA C>T detection, we
investigated the effect of heat, animportant source of laboratory-based
cytosine deamination artefacts (as most DNA extraction methods use
heat)®. We profiled purified blood DNA after heat incubation at 56 °C
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and 72 °C, eachfor 3 hours (h) and 6 h. While heat did not affect dsSDNA
mutation burdens, HiDEF-seq measured asignificantincreasein ssDNA
calls (29-fold for 72 °C, 6 h treatment), specifically C>T calls (97% of
calls), withincreasing temperature and time (Fig. 4b and Supplemen-
tary Tables2and 3). This observation led us to profile all of the samples
in this study except four (neurons of individual 5344 and 3 tumour sam-
ples) atleast once with aroom temperature DNA extraction (Methods
and Supplementary Table 1). Notably, HiDEF-seq library preparation
temperatures do not exceed 37 °C (Methods).

Across all of the healthy tissues and cell lines that we profiled, only
sperm had a similarly high percentage of ssDNA calls that were C>T
(average, 94%; Extended Data Fig. 9a). Spermalso had a higher ssDNA
C>Tburden than the other sample types (average, 1.4 x 107 C>T calls
per base; Extended Data Fig. 9a). This suggests that these are also cyto-
sine deamination events and that sperm DNA either undergoes more
invivo cytosine deamination than DNA of other tissues, or thatitincurs
this damage ex vivo before sperm purification from semen, during
sperm purification or freezing, and/or during DNA extraction. To dis-
tinguish between these possibilities, we profiled non-sperm samples
with the same processes used to freeze sperm and extract DNA from
sperm, and we profiled additional sperm samples purified using filter
chips that mimic physiological separation of motile sperm (Methods).
Theformer did not produce anincrease in ssDNA C>T burden, and the
latter measured similar C>T burdens to the previous sperm samples
that were purified by standard density gradient centrifugation (Sup-
plementary Table 2and Supplementary Note 5). These results suggest
thatspermincur anelevated cytosine deamination burden eitherinvivo
orexvivoduringthe time (<1 h) thatsemenliquefiesinthe laboratory
before sperm purification. Inboth cases, the elevated cytosine deami-
nation burden would likely be present in sperm fertilizing the egg,
and the egg’s DNA repair machinery would then repair the damage*.
Moreover, sperm ssDNA C>T calls did not exhibit transcription level
or transcription strand biases (Supplementary Note 6).

Notably, all sperm and heat-treated blood DNA samples exhibited
similar ssDNA C>T spectra, and the projection of these ssDNA spectrato
dsDNA spectraagain closely matched COSMIC dsDNA signature SBS30
(average cosine similarities of 0.92 and 0.95 for sperm and 72 °C heat
samples, respectively) (Fig. 4c and Extended Data Fig. 9b). Using all
of the above sperm and heat-damage samples, we next extracted this
ssDNA signature, which we named SBS30ss* (cosine similarity = 0.94
to SBS30) (Fig. 4d). COSMIC signature SBS30 is associated with NTHL1
and UNGbiallelicloss-of-function mutations'®* and with formalin fixa-
tion*2. NTHL1and UNG encode DNA glycosylases that initiate base exci-
sion repair of oxidized pyrimidines, including uracil-species resulting
from cytosine oxidation*’. Our finding thatin vitro heating of purified
DNA leads to a ssDNA damage signature, SBS30ss*, that matches the
invivo dsDNA SBS30 signature indicates that the SBS30ss* process is
activeinvivo, and thatits pattern reflects the nucleotide context bias
of the primary biochemical process of cytosine deamination, probably
through an oxidized intermediate.

Tofurther characterize the ssDNA C>T callsin heat-treated DNA and
sperm, we took advantage of the single-molecule sequencer’s polymer-
asekinetic datathat record the duration of each nucleotide incorpora-
tion (pulse width (PW)) and the time between nucleotide incorporations
(interpulse duration (IPD)) (Fig. 4e). PW and IPD encode unique kinetic
signatures for different canonical and damaged bases*’. ssDNA C>T
callsin heat-treated DNA and sperm exhibited a distinct PW and IPD
kinetic signature compared to dsDNA C>T mutations (for the muta-
tion strand containing thymine) (Fig. 4f, Methods and Extended Data
Fig.9¢,d,g). These results provide further evidence that the ssDNA C>T
calls are uracil-species arising from cytosine deamination damage and
exclude the possibility that they are cytosine to thymine changes. We
further validated that nearly all ssDNA C>T callsin heat-treated DNA and
sperm are uracil-species by incubating three of these HiDEF-seq librar-
ieswithuracil DNA glycosylase and endonuclease VIII. This eliminated
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the SBS30ss* pattern and nearly all ssDNA C>T calls (Supplementary
Note 7 and Supplementary Tables 2 and 3).

We also evaluated heating of DNA in five different buffers and in
water. Heating in water or Tris buffer without additional saltincreased
cytosine damage 66-fold relative to heating in higher-salt buffers, with
slight differences in ssDNA C>T patterns (Extended Data Fig. 9e,fand
Supplementary Table 2). As low salt decreases DNA duplex stability at
elevated temperatures, these results suggest that the in vivo mechanism
of SBS30ss*/SBS30 is cytosine deamination while DNA is transiently
single-stranded.

Patterns of APOBEC3A-induced damage

HiDEF-seq’s detection of cytosine deamination damage with single-
molecule fidelity motivated us to define a ssDNA damage signature
for APOBEC3A that was recently distinguished as the key contribu-
tor to cytosine deamination caused by APOBEC3 family proteins*..
We expressed human APOBEC3A in primary human fibroblasts and
extracted a ssDNA signature, which we named SBS2ss*, with strong
similarity to APOBEC3A’s associated COSMIC dsDNA signature SBS2
(cosine similarity = 0.92) (Extended Data Fig.10a-f). Notably, SBS2ss*
contained additional low-level peaks of ssDNA C>T calls outside the
TCN contexts characteristic of SBS2 (Extended Data Fig. 10f and Sup-
plementary Note 8). Moreover, the absence of any appreciable ssDNA
C>A or C>G calls (Extended Data Fig. 10e,f) provides further strong
evidence that the COSMIC SBS13 signature associated with APOBEC3A
arises by base excision followed by error-prone translesion synthesis
across the resulting abasic sites* (Supplementary Note 8).

Profiling the mitochondrial genome

Previous studies measured an approximately 20-40-fold higher
dsDNA mutation rate with age in the mitochondrial genome than in
the nuclear genome®. However, the mechanism by which the mitochon-
drial genome mutates remains unclear®*5, While it was long assumed
tobe primarily due to oxidative damage*, recent studies instead sup-
portamechanism linked to replication**. Specifically, A>G and C>T
dsDNA mutations are highly enriched on the mitochondrial heavy
(G+T-rich) strand, with afrequency that decreases with distance from
the heavy strand origin of replication in the direction of heavy strand
synthesis**¢484° Several potentially overlapping hypotheses have
been proposed for these findings: (1) strand-displacement replication
leaves the heavy strand exposed longer as ssDNA, making it vulner-
able to deamination of adenine and cytosine that are then mispaired
during replication with cytosine and adenine, respectively*#645;
(2) strand asymmetries in polymerase misincorporation of canonical
nucleotides*®*; and (3) strand asymmetries in DNA repair*®. Impor-
tantly, assuming that DNA repair is not substantially more efficient in
mitochondriathanin nuclei®® and that most mutagenic mitochondrial
ssDNA lesions canbe detected by HiDEF-seq, then possibilities (2) and
(3) should exhibit significantly higher HiDEF-seq ssDNA burdensinthe
mitochondrial genome than in the nuclear genome—since HiDEF-seq
detects anincreased ssDNA burden in CMMRD and POLE PPAP sam-
ples that have even lower dsDNA mutation rates than mitochondria
(8.1-fold and 5.4-fold lower, respectively) (Fig. 5a and Extended Data
Fig. 7d). However, possibility (1) would not yield a substantial differ-
ence in HiDEF-seq ssDNA burdens between the mitochondrial and
nuclear genomes because HiDEF-seq would not capture denatured
mitochondrial ssDNA in which the ssDNA damage events occur, and
these ssDNA damage events would be rapidly transformedinto dsDNA
changes by replication. We investigated HiDEF-seq’s mitochondrial
dsDNA and ssDNA calls to assess these hypotheses.

Wefocused onliver and kidney samples, which yield more mitochon-
drial DNA (average 1% of sequenced molecules) than other tissues,
and we also purified mitochondria from five liver samples to further
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Fig.5|Mitochondrial genome dsDNA and ssDNA call burdens and patterns.
a, Nuclear versus mitochondrial genome dsDNA mutation rates. Mitochondrial
rates are fromtheregressions in Extended Data Fig. 11a, whichwere performed
similarly for the nuclear genome and for liver and kidney samples combined.
Pvalues were calculated using analysis of variance (ANOVA) comparing two
weighted least-squares linear regression models of mutation burden versus
age and genome type covariates: one with and one withoutan ‘age x genome
type’interaction term (an estimate of the difference in dsSDNA mutationrate
depending onwhetheritis the nuclear or mitochondrial genome). b, ssDNA call
burdensinthe nuclear versus mitochondrial genomes after combining the calls
oflliver and kidney samples shown in Extended Data Fig. 11a, excluding from

the nuclear genomeburden the liver samples from which mitochondria were
enriched as, due tolow DNA inputs, these samples were profiled with HiDEF-seq
with A-tailing, whichinduces ssDNA T>A artefacts in the nuclear genome of
post-mortem liver. Pvalue was calculated using a two-sided Poisson rates

ratio test.c, dsSDNA mutationspectrum, corrected for trinucleotide context
opportunities, of the liver and kidney samples shownin Extended DataFig.11a
for the mitochondrial genome heavy strand, separated by pyrimidine (top) and
purine (bottom) contexts. d, Spectrum of mitochondrial ssDNA calls combined
fromtheliver and kidney samples shownin Extended Data Fig. 11a plus allbulk
(thatis, non-mitochondria enriched) liver and kidney samples profiled by HiDEF-
seqwith A-tailing, asthe ssDNA T>A artefact that A-tailing canincurin these
post-mortem tissues (Supplementary Note 1) is orthogonal to the contexts of
mitochondrial mutagenesis. Spectraare corrected for trinucleotide context
opportunities, separately for each strand. Excluding bulk samples profiled by
HiDEF-seq with A-tailing yields a similar spectrum (Extended Data Fig.11c).

a, Error barsshow the 95% confidence intervals fromregressions. b, Bars and
error bars show point estimates and their Poisson 95% confidence intervals.

increase mitochondrial DNA yield (average of 13% of molecules; Sup-
plementary Table 1). Mitochondrial dsDNA mutation rates measured
by HiDEF-seq were 38.9- and 60.1-folder higher in liver and kidney,
respectively, than the dsDNA mutation rates of the nuclear genomes
of these tissues (Fig. 5a and Extended Data Fig. 11a). Combining liver
and kidney samples, the difference was 45.4-fold (Fig. 5a). HiDEF-seq
also detected the expected highly asymmetric pattern of A>G and
C>T dsDNA mutations on the heavy strand, and the heavy strand’s
A>G mutation spectrum had strong similarity to SBS30ss* and SBS30
(both cosine similarities = 0.91) (Fig. 5c, Extended Data Fig. 11b and
Supplementary Note 9).

Notably, despite the mitochondrial genome’s significantly higher
dsDNA mutationrate, itsssDNA call burdenin liver and kidney was only
1.5-fold higher (95% confidence interval: 1.1-2.1) than the ssDNA call
burden of the nuclear genome (Fig. 5b). While the number of mitochon-
drial ssDNA calls was low, these were concentrated in sequence contexts
consistent withthe dsDNA mutation spectrum (Fig. 5d, Extended Data
Fig.11c and Supplementary Note 9). Together, these data strengthen
the evidence that the mitochondrial genome mutates primarily during
replication, possibly through DNA damage on the heavy strand while it
issingle-stranded and, to alesser extent, through cytosine deamination
onthelight strand (Supplementary Note 9).

Discussion

Profiling dsDNA mutations provides information on past mutational
events, while profiling ssDNA mismatches and damage provides
areal-time view of DNA lesions that reflects the current equilib-
rium between DNA damage, repair, and replication. Once ssDNA
mismatches and damage transform into dsDNA mutations, infor-
mation is lost about the originating lesions. This gap in studying
mutagenesis motivated us to develop HiDEF-seq—a single-molecule
sequencing approach that achieves single-molecule fidelity. Our
approach opens new avenues for studying DNA damage and mutation
processes.

Mutational signatures have transformed the study of cancer and
mosaic mutations®*, but current signatures reflect only dsDNA muta-
tions. Here we have begun to define ssDNA signatures, specifically:
SBS10ss, SBS14ss, SBS30ss* and SBS2ss* (Supplementary Table 7).
SBS10ss and SBS14ss arise from misincorporation of canonical (that s,
non-damaged) nucleotides during replication. ssDNA mismatches of
canonical nucleotides probably also occur outside the setting of repli-
cation. For example, signature SBS5is ubiquitousinall cells, including
post-mitotic neurons®*, and a recent study indicates that SBS5 may
be caused by translesion polymerases**. This implies amechanism of
canonical nucleotide misincorporation that may become detectable
by HiDEF-seq with higher-throughputinstruments. We anticipate that
HiDEF-seq will spur efforts to create a comprehensive catalogue of
ssDNA signatures that complements the existing catalogue of dSDNA
signatures. It will then be important to relate specific ssDNA and
dsDNA signatures to each other, as these relationships will encode
information about DNA damage, repair, and replication dynamics.
Furthermore, as we have shown here, HiDEF-seq may be used to system-
atically assess potential damage caused by laboratory tissue and DNA
processing.

The prevailing view that single-molecule sequencers haverelatively
high cost may have deterred their use in studying mosaic mutations
andrare events, with the exception of in vitro polymerase and bacterial
mutagenesis studies®>*, Since HiDEF-seq captures data from both DNA
strands more efficiently than short-read duplex sequencing, it is only
around 4.6-fold more expensive for dSDNA mosaic mutation detec-
tion than short-read duplex sequencing, and new sequencing instru-
ments will reduce this to an approximately 2.8-fold difference (and
about1.6-fold for large-fragment HiDEF-seq) (Supplementary Note 10).
One limitation of HIDEF-seqis that it does not achieve single-molecule
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fidelity for insertions and deletions (indels) due to high sequencing
errorrates for these eventsin single-molecule sequencing®. This may
become feasible with improved sequencing fidelity and indel-tuned
consensus sequence calling®. Moreover, HiDEF-seq does not currently
detect types of ssDNA damage that do not affect base pairing or that
cannotbe replicated by the sequencing polymerase. Since diverse types
of ssDNA damage alter sequencing polymerase kinetics®, other types
of damage may be feasible to detect in the future with single-molecule
fidelity.

The high mutation rates of CMMRD and PPAP syndromes put their
abnormal ssDNA call burdens and patterns within range of currently
feasible single-molecule sequencing depth. However, we did not
detect altered ssDNA burdens or patterns in cancer predisposition
syndromesinvolving nucleotide excision repair or base repair, probably
dueto current limitations of sequencing depth and/or their mutational
mechanismsinvolving types of ssDNA damage that we do not currently
detect. We anticipate that future higher-throughput single-molecule
sequencing combined with kinetics analyses will reveal additional
ssDNA signatures in other cancer predisposition syndromes and in
individuals with normal mutation rates.

Diverse methods profile DNA damage by enzymatic altera-
tion at damage sites or by affinity enrichment, but their lack of
single-molecule fidelity yields low-resolution damage patterns'.
HiDEF-seq’s single-molecule fidelity for cytosine deamination dam-
agerevealed SBS30ss*. In healthy tissues, we detect SBS30ss* but not
an SBS1ss*signature corresponding to SBS1, suggesting that SBS30ss*
in healthy tissues reflects primarily ex vivo cytosine deamination
that obscures in vivo SBS1ss* (Supplementary Note 11). However, in
sperm, the higher burden of SBS30ss* may reflect in vivo cytosine
deamination that accumulates in the absence of effective DNA repair
and is later repaired after fertilization*. Nevertheless, when SBS1 is
elevated, HiDEF-seq can detect its sSDNA precursors (Supplementary
Note 4).

HiDEF-seqmay also find utility in experimental systems to dissect the
kinetics of the DNA damage, repair, and replication equilibrium—for
example, combined with invitro genetic and other manipulations, with
synchronization of the cell cycle, and in reconstituted enzyme systems.
Sequencingsingle-strand changesin DNA with single-molecule fidelity
will greatly advance our understanding of the origins of mutations.
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Methods

Sample sources
Post-mortem tissues obtained by the NIH NeuroBioBank (University
of Maryland site) were frozen inisopentane-liquid nitrogenbaths and
stored at—80 °Cuntil use. Post-mortem tissues obtained by the Interna-
tional Replication Repair Deficiency Consortium (IRRDC) biobank were
frozen and stored at =80 °C until use. Blood was obtained from indi-
viduals enrolled in human subjects research of the New York University
Grossman School of Medicine, the IRRDC, the University of Pittsburgh
and the Cryos International Sperm Bank. All blood samples were col-
lected in EDTA tubes and frozenimmediately after collection until use.
Tumour samples were obtained from the IRRDC and were frozen and
stored at —80 °C until use. Semen samples (processing details described
inthe ‘Sperm purification’section) were obtained at Cryos International
Sperm Bank from individuals enrolled in human subjects research
approved by the New York University Grossman School of Medicine
Institutional Review Board, except for participants D1 and D2, who
were enrolled in human subjects research conducted by Cryos Inter-
national Sperm Bank. Lymphoblastoid cell lines were obtained from
Coriell Institute and the IRRDC. Primary fibroblasts were obtained from
Coriell Institute and the IRRDC. All of the samples were collected under
human subjects research protocols approved by either the New York
University Grossman School of Medicine Institutional Review Board,
the Hospital for Sick Children (SickKids) Research Ethics Board as part
of the IRRDC, the Cryos International Sperm Bank scientific advisory
committee or the University of Pittsburgh Institutional Review Board.
Thesource, sex, age at collection, and post-morteminterval of each
sample are provided in Supplementary Table 1.

Sperm purification

After collection at the Cryos International Sperm Bank, semen under-
went liquefaction at room temperature for 30 to 60 min. Semen then
immediately underwent initial purification for sperm using density gra-
dient centrifugation followed by awash with HEPES-buffered medium®*.
For semen fromindividuals D1and D2, sperm were purified from half of
each semen sample using this method, and sperm were purified from
the other halfusing the ZyMot Multi (850 pl) Sperm Separation Device
(ZyMot) according to the manufacturer’sinstructions. After addition
of cryopreservation media, sperm were stored in liquid nitrogen until
further use.

Cryopreserved sperm that previously underwent initial purification
by density gradient centrifugation were further purified in the labora-
tory withasecond density gradient centrifugation and two additional
washes, as follows. First, the following reagents were equilibrated to
room temperature: ORIGIO gradient 40/80 buffer (Cooper Surgical,
84022010), Origio sperm wash buffer (Cooper Surgical, 84050060)
and Quinn’s Advantage sperm freezing medium (Cooper Surgical,
ART-8022). In a15 ml tube, 1 ml of Origio 80 buffer was placed at the
bottom, and 1 ml of Origio 40 buffer was gently layered ontop. Sperm
were thawed at room temperature for 15 min, gently mixed with a
pipette, and carefully layered on top of the Origio 40 buffer. The tube
was then centrifuged inaswinging-bucket centrifuge at 400gfor 20 min
atroom temperature with low acceleration and deceleration speeds.
The supernatant was aspirated, leaving 500 pl of sperm/buffer at the
bottom. The sperm was transferred to a new 15 ml tube and diluted
with 5 mlspermwash buffer. The tube was mixed by inverting ten times
and centrifuged in a swinging-bucket centrifuge at 300g for 10 min
at room temperature with maximum acceleration and deceleration.
The supernatant was removed, leaving about 350 pl of sperm/buffer
atthebottom. The sperm was then washed againin the same way with
5 ml of sperm wash buffer, and the supernatant was removed, leaving
about 250 pl of sperm/buffer at the bottom of the tube. After pipette
mixing, an aliquot of this sperm was transferred to a2 ml DNA LoBind
microtube (Eppendorf) forimmediate DNA extraction and general

evaluation using ahaemocytometer. The remaining sperm was diluted
dropwise with a 1:1 volumetric ratio of sperm freezing medium, incu-
bated at room temperature for 3 min, frozen in a Mr. Frosty freezing
container (Thermo Fisher Scientific) in a-80 °C freezer for 24 hand
then transferred to aliquid nitrogen freezer.

Cerebral cortex neuronal nuclei purification

Cerebral cortex neuronal nuclei were isolated as previously described®
from post-mortem frontal cortex (Brodmann area 9, left hemisphere)
ofindividuals who did not have any known neurological or psychiatric
disease. Specifically, approximately 1 g of frozen tissue from each indi-
vidual was cutinto 5 mm?pieces and added to 9 mlof chilled lysis buffer
(0.32 M sucrose, 10 mM Tris HCI pH 8, 5 mM CaCl,, 3 mM magnesium
acetate, 0.1mMMEDTA,1 mM DTT, 0.1% Triton X-100) in a large dounce
homogenizer (Sigma-Aldrich, D9938). While on ice, the tissue was
dounced 20 times each with pestle size Aand then B. The homogenate
was layered ona7.4 mlsucrose cushion (1.8 Msucrose, 10 mM Tris HCI
pH 8,3 mM magnesium acetate,1 mM DTT) inanultracentrifuge tube
onice. The tubes were centrifuged (Thermo Fisher Scientific, Sorvall
LYNX 6000) at 10,000 rpm for 1 h at 4 °C. The resulting supernatant
was removed, and 500 pl of nuclei resuspension buffer (3 mM MgCl,
in 1x phosphate-buffered saline) was added on top of the pellet and
thenincubated onice for 10 min. The pellet was then gently resus-
pended. Antibody staining buffer was prepared by adding 1.2 pg of
NeuN-Alexa-647 (Abcam, ab190565) to 400 pl of antibody staining
buffer (3% BSAinnucleiresuspension buffer) and inverted gently to mix.
Then, 400 pl of antibody staining buffer was added to 1 ml of nucleiand
the sample was rotated at 4 °C for 30 min. NeuN-positive nuclei were
gated asshown in Supplementary Note 12. NeuN-positive nuclei were
collected in 30 pl of nuclei buffer in 1.5 ml LoBind tubes (Eppendorf)
by fluorescence-activated nuclei sorting ona SONY LE-SH800 sorter.
After sorting, al:1volumetric ratio of 80% glycerol was added to sorted
nucleifor afinal concentration of 40% glycerol to stabilize nuclei dur-
ing centrifugation. Nuclei were centrifuged at 4 °C, 500g for 10 min.
The supernatant was removed and nuclei pellets were immediately
frozen at -80 °C.

Extraction and isolation of mitochondria

Mitochondriawere extracted andisolated from300-500 mg of tissue
using the Mitochondria ExtractionKit (Miltenyi Biotec) and Mitochon-
drialsolation Kit (Miltenyi Biotec), according to the manufacturer’s
ExtractionKit protocol, with the following modifications: (1) protease
inhibition buffer was prepared with100x HALT protease inhibitor cock-
tail (Thermo Fisher Scientific); (2) minced tissue was resuspended
with alarger 2 x 2.5 ml volume of protease inhibitor buffer instead of
2 x1ml; (3) after homogenization, the homogenate was passed through
a30 pm SmartStrainer (Miltenyi Biotec); (4) the SmartStrainer was
washed with 2 x 2.5 ml of solution 3 instead of 2 x 1 ml; (5) before adding
TOM22 antibody, the homogenate was diluted with Separation Buffer
toavolume of 25 mlinstead of 10 ml; and (6) 125 pl of TOM22 antibody
was used per sample instead of 50 pl. Final mitochondria pellets were
frozen at —20 °C for subsequent DNA extraction.

Cell culture for direct profiling

Lymphoblastoid cell lines were cultured at 37 °C, 5% CO,, and ambient
oxygenin T25 flasks with RPMI1640 medium (Thermo Fisher Scientific,
61870036) supplemented with 15% fetal bovine serumand penicillin—
streptomycin. Cells were passaged to new medium approximately
every2-3 days.

Fibroblasts were cultured at 37 °C, 5% CO,and ambient oxygenin T25
flasks with DMEM medium (Thermo Fisher Scientific, 10569010) sup-
plemented with10% fetal bovine serum and penicillin—streptomycin.
Cells were passaged to new medium every 3-5 days before reaching
full confluency. Cells were collected for DNA extraction at 80-90%
confluency using trypsin-EDTA.



For the experiment testing the potential effect of sperm freezing
medium on cytosine deamination, we resuspended the collected pel-
let of fibroblasts in Origio sperm wash buffer, mixed with a1:1 volume
ratio of Freezing Medium TYB with Glycerol & Gentamicin (Irvine Sci-
entific), and froze the cells in a Mr. Frosty container (Thermo Fisher
Scientific) at -80 °C followed by transfer to a liquid nitrogen freezer.
After thawing, cells were either washed once with PBS followed by Pure-
gene DNA extraction or they were processed using the same method
of DNA extraction that was used for sperm (the details of each method
aredescribed in the ‘DNA extraction’ section).

Lentivirus experiments

Lentivirus plasmid design and synthesis. The lentivirus transfer
plasmid design and sequences are listed in Supplementary Table 8.
APOBEC3A constructs included a human gamma globin intron 2 seq-
uenceto prevent expression of the mutagenic protein during bacterial
cloning®. Geneinserts were synthesized and cloned by GenScriptinto
apLVX-TetOne lentiviral vector (Takara). The pLVX-TetOne vector was
used to enable temporal control of gene expression using doxycycline.
This prevents expression of encoded mutagenic proteins during lenti-
viral packaging, which could mutate the lentiviral transfer plasmid and
lentiviral RNA to create non-functional lentiviruses. GenScript verified
geneinserts by sequencing and prepared quality-controlled quantities
of transfer plasmid sufficient for lentiviral packaging.

Lentivirus packaging. Lenti-X 293T cells (Takara) were cultured at
37 °C, 5% CO, and ambient oxygen in T75 collagen-coated flasks (Zen-
Bio) with DMEM medium (Thermo Fisher Scientific, 11995065) supple-
mented with 10% tetracycline-free fetal bovine serum (Takara). Cells
were transfected at about 80% confluency. The lentiviral packaging
transfection mix was prepared by combining 0.8 ml DMEM (Thermo
Fisher Scientific; 11995065), 20 pl pC-Pack2 second-generation lenti-
viral packaging plasmid mix (Cellecta, CPCP-K2A), lentiviral transfer
plasmid (10 pg for eGFP plasmid; 12.5 pg for APOBEC3A plasmids),
and 36 pl PureFection transfection reagent (System Biosciences). Note
that a second-generation packaging system was necessary because
fourth-generation packaging systems contain a Tet-Off gene that would
cause the pLVX-TetOne geneinsert to be expressed during packaging,
and third-generation packaging systems do not contain the tat gene
required for efficient packaging of the fourth-generation pLVX-TetOne
transfer plasmid. Cells were transfected by adding this transfection
mix to cells in fresh 10 ml of the above medium. The next day, an ad-
ditional 8 ml of the above medium was added to the cells. Then, 72 h
after transfection, the cell medium was collected and centrifuged at
500g for 10 min to pellet the cell debris. The ~18 ml supernatant was
mixed with 6 ml of Lenti-X Concentrator (Takara), incubated for at least
3 hat4°Cand centrifuged at 1,500g for 45 min at 4 °C. The lentivirus
pellet was resuspended in DMEM medium (Thermo Fisher Scientific,
10569010) supplemented with 10% standard fetal bovine serum and
penicillin-streptomycin. Aliquots of lentivirus were flash-frozen in
liquid nitrogen and stored at -80 °C.

Lentiviral particles were quantified after thawing using Lenti-X
GoStix Plus (Takara). The resulting GoStix values were multiplied by
1.25 x 107 to obtain the lentiviral particle per ml concentration.

Lentivirus transduction. Fibroblasts were cultured at 37 °C, 5% CO,
and ambient oxygenin T75 flasks with DMEM medium (Thermo Fisher
Scientific, 10569010) supplemented with 10% fetal bovine serum and
penicillin-streptomycin. Cells were transduced with lentivirus at
about 60% confluency in 15 ml of the above medium supplemented
with 8 pg ml™ polybrene (Sigma-Aldrich, H9268). The amount of len-
tivirus added was calculated as follows: ([estimated 900,000 cellsina
60% confluent T75 flask] x [250 infectious units per cell])/([previously
measured concentration of lentiviral particles per ml]/[estimated 100
viral particles per infectious unit]). The factor of 250 infectious units

per cellwas optimized to obtain >80% GFP-positive cells using the eGFP
lentivirus. Then, 16 h after transduction, the medium was replaced with
anew 15 ml of the above medium (without polybrene) supplemented
with 250 ng ml doxycycline (Takara, 631311). After anadditional 48 h,
the medium was replaced with a new 15 ml of the above doxycycline
medium. After anadditional 24 h, cells were collected for DNA extrac-
tionusing trypsin-EDTA.

DNA extraction

The DNA-extraction method used for each sample is listed in Supple-
mentary Table 1. Details of each DNA extraction method are provided
below.

DNA extraction from sperm for HiDEF-seq. An aliquot of washed
sperm (thatis, after the washes that are performed after density gra-
dient centrifugation) was centrifuged at 300g for 5 min at room
temperature. The supernatant was removed, leaving approximately
50 pl of sperm/buffer at the bottom of the microtube. The tube was
tapped gently five times to break up the sperm pellet before adding
lysis buffer.

If starting with frozen sperminstead of analiquot of washed sperm,
the frozen spermvial was rapidly thawed ina 37 °C water bath, gently
mixed with a pipette, and an aliquot was transferred to a 2 ml DNA
LoBind microtube for DNA extraction. The remaining sperm was
frozen again. The DNA extraction aliquot was diluted with 600 pl
of Origio sperm wash buffer, centrifuged at 300g for 5 min at room
temperature, and the supernatant was removed to leave approxi-
mately 100 pl of sperm/buffer at the bottom. The sperm was diluted
again with 600 pl of Origio sperm wash buffer, centrifuged at 300g
for 5 min at room temperature, and the supernatant was removed to
leave approximately 50 pl of sperm/buffer at the bottom. The tube
was tapped gently five times to break up the sperm pellet before add-
ing lysis buffer.

Sperm DNA extraction was based on a previous study*, with some
modifications, including optimizations we performed that showed that
tris(2-carboxyethyl)phosphine (TCEP) can be reduced from 50 mMto
2.5 mMinthelysis buffer. Specifically, spermlysis buffer was prepared
by combining (for each sample) 497.5 pl of Qiagen Buffer RLT (Qiagen)
without 3-mercaptoethanol and 2.5 pl of 0.5 M Bond-Breaker TCEP
Solution (Thermo Fisher Scientific) for alysis buffer with 2.5 mM TCEP
final concentration. Then, 500 pl of sperm lysis buffer and 100 mg of
0.2 mmstainless-steel beads (Next Advance, SSBO2-RNA) were added
without mixing to each sample. Homogenization was then performed
usinga TissueLyser Ilinstrument (Qiagen) at 20 Hz for 4 min (samples
profiled by HiDEF-seq without nick ligation: SPM-1004, SPM-1020;
samples profiled by HiDEF-seq with nick ligation and A-tailing, and
samples profiled by NanoSeq: SPM-1002, SPM-1004, SPM-1013, SPM-
1020; samples profiled by HiDEF-seq with nick ligation in large frag-
ments: SPM-1002, SPM-1020) or 30 s (samples profiled by HiDEF-seq
with nick ligation and A-tailing: SPM-1060, D1, D2; sample profiled
by HiDEF-seq with nick ligation without A-tailing: SPM-1013; sample
profiled by NanoSeq: SPM-1060; and samples profiled by HiDEF-seq
with nick ligation and with uracil DNA glycosylase/endonuclease VIII
treatment: SPM-1002 and SPM-1004). DNA was then extracted from
the lysate using the QIAamp DNA Mini Kit (Qiagen) with a modified
protocol as follows. A 500 pl volume of buffer AL was added to each
lysate and vortexed well. Then, 500 pl of 100% ethanol was added and
vortexed well. The mixture was then applied to a QI Aamp DNA Mini
spin column and the remaining standard QlIAamp protocol was fol-
lowed. DNA was eluted with 100 pl of 10 mM Tris pH 8. RNase treatment
was then performed by adding 12 pl of 10x PBS pH 7.4 (Gibco), 2 pl of
Monarch RNase A (New England Biolabs (NEB)) and 6 pl nuclease-free
water (NFW). The reaction was incubated at room temperature for
5 min and immediately purified using a 0.8x beads to sample volume
ratio of SPRI beads (solid-phase reversible immobilization; made by



Article

washing 1 ml Sera-Mag carboxylate-modified SpeedBead (Cytiva,
65152105050250) and resuspending the beads in 50 ml of 18% PEG-
8000, 1.75 M NaCl, 10 mM Tris pH 8,1 mM EDTA, 0.044% Tween-20).
DNA was eluted from beads with 35 pl of 10 mM Tris/0.1 mM EDTA pH 8.
For the experimentsin which we processed previously extracted blood
DNAand primary fibroblast DNA with the same process used for sperm
DNA extraction, we inputted previously extracted DNA and followed
the same process above beginning with addition of lysis buffer, with a
homogenization time of either 30 s or 4 min with concordant results
(Supplementary Table 2).

A somatic cell contamination assay was adapted from a previ-
ous study*” and performed on all extracted sperm DNA samples to
further confirm sperm purity. This assay amplifies four loci from
bisulfite-treated DNA: three loci that are methylated in sperm but not
insomatic cells (PCR7, PCR11, PCR31) and 1locus thatis methylated in
somatic cells but not in sperm (PCR12). After bisulfite treatment and
PCRamplification of eachlocus, the PCR ampliconis cutby arestriction
enzyme only if the original DNA was methylated. Thus, this assay can
detect somatic cell contamination. In total, 350 ng of each extracted
sperm DNA and 350 ng of control human NA12878 lymphoblastoid cell
line genomic DNA (Coriell Institute) were bisulfite-converted using the
Zymo EZ DNA Methylation Kit (Zymo Research). The loci were ampli-
fied by PCR using the following primer sets: PCR7 (GGGTTATATGA
TAGTTTATAGGGTTATT and TCTATTACTACCACTTCCTAAATCAA),
PCR11 (TGAGATGTTTGTTAGTTTATTATTTTGG and TCATCTTCTC
CCACCAAATTTC), PCR12 (TAGAGGGTAGTTTTTAAGAGGG and
ATTAACCAACCTCTTCCATATTCTT) and PCR31 (TTTTAGTTTTGG
GAGGGGTTGTTT and CTACCAAAATTAAAAACCAACCCAC). The PCR
reaction contained 1.5 pl of bisulfite-converted DNA, 10 pl of 2x Zymo-
TaqPCRMix (Zymo Research), PCR primers, and NFW to afinal volume
of 20 pl. The PCR reactions were optimized to contain the following
final concentrations of each forward and reverse primer: 0.6 pM for
PCR7 primers, 0.6 uM for PCR11 primers, 0.3 pM for PCR12 primers, and
0.45 pM for PCR31 primers. The PCR reactions were cycled as follows:
95 °C for 10 min; 40 cycles of 94 °C for 30 s, X °C for 30 s and 72 °C for
30s;72°Cfor7 min;and hold at4 °C, where X (annealing temperature)
was 49 °Cfor PCR7 and PCR11, 51 °C for PCR12 and 55 °C for PCR31. PCR
reactions were purified by 2x volumetric ratio SPRIbeads cleanup and
elutedin 22 pl of 10 mM Tris pH 8. Restriction digests were performed
by combining 5 pl of purified PCR product, restriction enzyme (10
units of HpyCH4I1V (NEB) for PCR7 and PCR31, and 20 units of Taql-v2
(NEB) for PCR11 and PCR12), 1 pul of 10x CutSmart buffer (NEB), and
NFW for a total reaction volume of 10 pl. Restriction digestions were
performed at37 °C (HpyCH4I1V) or 65 °C (Taql-v2) for 60 min. Control
reactions without restriction enzyme were performed for each sample/
locus combination. A total of 5 pl of each restriction digest reaction
was combined with 1 pl 6x TriTrack DNA loading dye (Thermo Fisher
Scientific) and run on a 2% agarose gel prestained with ethidium bro-
mide, followed by imaging of the gel.

DNA extraction from solid tissues for HiDEF-seq. Approximately
50-300 mg of tissue was cut in a Petri dish on dryice and minced with
ascalpel, followed by one of the following DNA-extraction methods,
as specified for each sample in Supplementary Table 1.

Nucleobond HMW, MagAttract HMW, QIAamp. In this method, DNA was
extracted and purified with three serial kits to maximize DNA purity.
DNA was extracted using the NucleoBond HMW DNA Kit (Takara)
according to the manufacturer’s instructions with a 50 °C proteinase
Kincubation for 4.5 h. The eluted DNA was then further purified with
the MagAttract HMW DNAKit (Qiagen) according to the manufacturer’s
whole-blood purification protocol, except with proteinase K/RNase
Aincubation occurring at 56 °C for 20 min. The eluted DNA was then
further purified using the QlAamp DNA Mini Kit (Qiagen) by diluting
the DNA to afinal volume of 200 pl and final 1x PBS concentration,
adding 20 pl of proteinase K (Qiagen) and continuing according to

the manufacturer’s body fluids DNA purification protocol witha56 °C
proteinase K incubation for 10 min without RNase A treatment.
MagAttract HMW. We used the MagAttract HMW DNA Kit (Qiagen)
accordingtothe manufacturer’s protocol for tissue, witha2 h protein-
ase K digestion at 56 °C. DNA was eluted with 10 mM Tris pH 8.
Puregene. Tissue was pulverized inside a microtube while in aliquid-
nitrogen cooled mini mortar and pestle (Bel-Art). DNA was then
extracted using the Puregene DNAKit (Qiagen) according to the manu-
facturer’s protocol for tissues, except (1) the lysis step with proteinase
K was performed at room temperature on a ThermoMixer C instru-
ment (Eppendorf) at 1,400 rpmfor1h; (2) the RNase A treatment was
performed at room temperature for 20 min; and (3) the final DNA
pellet wasresuspended in10 mM Tris pH 8 at room temperature for1h.

DNA extraction from cerebral cortex neuronal nuclei for HiDEF-seq.
DNA was extracted from nuclei pellets using two methods, as specified
for each sample in Supplementary Table 1.

QIAamp: we used the QIAamp DNA Mini Kit (Qiagen) according to
the manufacturer’s protocol, with lysis performed by adding 180 pl of
buffer ATL and 20 pl of proteinase K to the nuclei pellet, followed by a
56 °Cincubation for1h, and including RNase A treatment.

MagAttract: we used the MagAttract HMW DNA Kit according to
the manufacturer’s protocol for blood, after resuspending nuclei
with 200 pl of 1x PBS, with a 30 min proteinase K digestion at room
temperature.

DNA extraction from mitochondria for HIDEF-seq. DNA was extracted
from mitochondria pellets using the Puregene DNA Kit (Qiagen) ac-
cording to the manufacturer’s protocol for tissues, except (1) the lysis
step used 200 pl Cell Lysis Solution and 1.5 pl proteinase K and was
performed atroom temperature for 30 min; (2) the RNase A treatment
was performed at room temperature for 20 min; and (3) the final DNA
pellet was resuspended in10 mM Tris pH 8 at room temperature without
an extended incubation.

Note that, due to the relatively low yields of mitochondria DNA prepa-
rations, these samples were profiled with HiDEF-seq with A-tailing (see
the ‘HiDEF-seq library preparation’ section).

DNA extraction from blood, lymphoblastoid cells, and fibroblasts
for HiDEF-seq and germline sequencing. DNA from blood, lympho-
blastoid cells, and fibroblasts (the latter two after resuspending cell
pellets in 1x PBS)—except for blood from individuals whose tumours
were profiled, fibroblasts testing the effect of sperm freezing medium,
and fibroblasts from lentivirus experiments—was extracted using the
MagAttract HMW DNAKit according to the manufacturer’s whole-blood
purification protocol, with proteinase Kincubation at room tempera-
ture for 30 min.

DNA from fibroblasts frozen in sperm-freezing medium and fibro-
blastsinlentivirus experiments was extracted using the Puregene DNA
Kitaccording to the manufacturer’s protocol for cultured cells, except
(1) the protocol volumes were scaled 2.8-fold; (2) the lysis step used
840 pl cell lysis solution and 4.2 pl proteinase K and was performed
at room temperature for 30 min; (3) the RNase A treatment was per-
formed at room temperature for 20 min; and (4) the final DNA pellet
was resuspended in10 mM Tris pH 8 at 4 °Cfor1h.

We also performed an experiment that excluded ameasurable cyto-
sine deamination effect by possible leached iron from MagAttract
magnetic beads (Extended Data Fig. 9e) by extracting an additional
aliquot of DNA from the blood of individual 1901 using the Puregene
DNA Kit according to the manufacturer’s protocol for ‘whole blood
or bone marrow’, except (1) 200 pl blood was first diluted with 100 pl
of 1x PBS; (2) the cell lysis step was performed at room temperature;
(3) the RNase A treatment was performed at room temperature for
20 min; and (4) the final DNA pellet was resuspended in 10 mM Tris
pH8at4°Cforlh.



DNA extraction from tumours and those individuals’ correspond-
ing blood for Illumina tumour and germline sequencing. DNA was
extracted from tumours by first homogenizing the tumour using the
Precellys 24 Tissue Homogenizer followed by the DNeasy Blood & Tissue
Kit (Qiagen), according to the manufacturer’s protocol for animal tis-
sues witha 56 °Cincubation for 10 min. Forindividuals whose tumours
were profiled, DNAwas extracted from blood of those individuals using
the PAXgene Blood DNAKit (Qiagen) according to the manufacturer’s
protocol.

DNA extraction from saliva for Illumina germline sequencing. DNA
was extracted using the QlAamp DNA MiniKitaccording to the manu-
facturer’s ‘DNA purification from blood or body fluids’ protocol and
including RNase A treatment.

DNA extraction from the liver and spleen for Illumina germline
sequencing. DNA of all of the samples was extracted using the QIAamp
DNA MiniKitaccording to the manufacturer’s ‘DNA purification from
tissues’ protocol witha 2 h proteinase K digestion at 56 °C and includ-
ing RNase A treatment, except for liver of individual 5309, from which
DNAwas extracted using the MagAttract HMW DNA Kit according to the
manufacturer’s ‘Fresh or Frozen Tissue’ protocol with a2 h proteinase
K digestionat 56 °C.

DNA extraction from blood for Pacific Biosciences germline se-
quencing. DNA was extracted using the Chemagic DNA Blood 2k Kit
(Perkin EImer, CMG-1097) on the Chemagic 360 automated nucleic
extractioninstrument (Perkin EImer) according to the manufacturer’s
protocols for DNA isolation from whole blood.

DNA quantity and quality measurements and storage. The concen-
trationand quality of all DNA samples were measured using aNanoDrop
instrument (Thermo Fisher Scientific), a Qubit 1x dsSDNA HS Assay Kit
(Thermo Fisher Scientific) and a Genomic DNA ScreenTape TapeStation
Assay (Agilent). DNA was stored at —20 °C.

Illumina germline and tumour library preparation and
sequencing

Illumina germline and tumour sequencing libraries were prepared
using the TruSeq DNA PCR-Free Kit (Illumina) for all samples. At least
110 Gb (-36x genome coverage) of 150 bp paired-end sequencing per
sample was obtained using a NovaSeq 6000 instrument (Illumina)
by Psomagen, except for tumour sequencing and those individuals’
corresponding germline sequencing, for which HiSeqX and NovaSeq
6000 instruments were used at the Centre for Applied Genomics at
the Hospital for Sick Children.

Pacific Biosciences germline library preparation and sequencing
Atotal of 15 pg of DNA was cleaned up with 1x AMPure PB beads (Pacific
Biosciences) and sheared to a target size of 14 kb using the Megarup-
tor 3instrument (Diagenode) using the following settings: speed, 36;
volume, 300 pl; concentration, 33 ng pl ™. Library preparation was
performed using the SMRTbell Express Template Prep Kit 2.0 (Pacific
Biosciences) according to the manufacturer’s instructions. Library
fragmentslonger than10 kb were selected using a PippinHT instrument
(Sage Science). Size-selected libraries were sequenced on the Pacific
Biosciences Sequel lle system using the Sequel Il Binding Kit 2.0 and
Sequelll SequencingKit 2.0 (Pacific Biosciences), Sequencing primer
v4 (Pacific Biosciences), 1 h binding time, 2 h pre-extension, adaptive
loading, 2 himmobilization time, and 30 h movies.

Heat damage of DNA

DNAwas heated inavolume of 62 pl at the temperature, for the time,
and in the buffer listed for each sample in Supplementary Table 1,
followed by incubation onice up to a total of 6 h if the heating time

waslessthan 6 h. Untreated samplesin these experiments were incu-
bated onice for 6 h. The DNA was then input into HiDEF-seq library
preparation.

NanoSeq library preparation and sequencing
NanoSeq libraries were prepared as previously described® with 50 ng
DNA input from the same DNA aliquots used for HiDEF-seq.

HiDEF-seq library preparation and sequencing

Choice of restriction enzymes for DNA fragmentation. We per-
formed insilico digests of the CHM13 v.1.0 human reference genome
sequence®® to identify restriction enzymes that (1) maximize the per-
centage of the genome between1and 4 kb; (2) are active at 37 °C; and
(3) the DNA is fragmented with blunt ends, since blunt fragmen-
tation avoids single-strand overhangs that can lead to artefactual
double-strand mutations during end repair®. This in silico screen
identified Hpy166lI (recognition sequence: 5’-GTN/NAC-3’) as the
optimal restriction enzyme, with a prediction of 37% of the genome
mass fragmenting betweenland 4 kb. The percentage of the genome
fragmented to sizes between1land 4 kb was then empirically measured
by fragmenting 1 pug of genomic DNA followed by quantification on a
Genomic DNA ScreenTape assay (Agilent). Hpy166ll fragments 41%
of the genome to within the target size range. Note that, although
Hpy166llis blocked by methylated CpG when present on both sides
of the recognition sequence (New England BioLabs), this will occur
only with the larger recognition sequence 5-C*GTN/NAC*G-3’ (the
asterisks signify methylation of the preceding cytosine); excluding
all of these potential bimethylated sites increases the in silico pre-
dicted percentage of the genome fragmented by Hpy166lI to within
the target size range by 0.2%, and 99.97% of genomic bases within the
original target size range remain when excluding these as potential
fragmentation sites.

For the mitochondrial genome, Hpy166ll captures 3 fragmentsin our
target 1-4 kb size range, at the following coordinates (CHM13 v.1.0):
(1)3068-5116 (2,048 bp); (2) 7581-9439 (1,858 bp); and (3) 10441-11831
(1,390 bp). These fragments encompass 32% of the mitochondrial
genome.

HiDEF-seq library preparation. Input DNA amounts of 500-3,000 ng
(as measured using the Qubit 1x dsDNA HS Assay (Qubit)) were used
perlibrary, depending on available DNA. With high-quality DNA, input
amounts of 500 ng provide sufficient HiDEF-seq library yield for app-
roximately one full (non-multiplexed) Pacific Biosciences (PacBio)
Sequel Il instrument sequencing run, and lower input amounts are
feasible for filling a fraction of a sequencing run. We have successfully
made HiDEF-seq libraries withaslow as 200 ng input DNA, producing
sufficientyield for 40% of asequencing run. For fragmented DNA sam-
ples, morethan1,500 ngofinput DNAis generally required. Generally,
for samples other than sperm and tissues from young children that have
low mutation burdens, one quarter of a sequencing run is sufficient
for mutation burden and pattern analysis. Input DNA A,¢o/A5g0 > 1.8
and A,s0/A»;0 > 2.0 absorption ratios were confirmed on the NanoDrop
before library preparation according to the Pacific Biosciences DNA
preparation guidelines; we found that this quality control isimportant
for sequencingyield for post-mortem tissues, butis not strictly neces-
sary for other sample types.

As some DNA fragments are <1 kb after restriction enzyme frag-
mentation, these small fragments need to be removed duringlibrary
preparation. We found that effective removal of <1 kb DNA fragments
with high-yield recovery of larger DNA fragments requires three size
selections with a 75% dilution of AMPure PB beads (Pacific Biosciences)
during library preparation. We also found that efficient size selection
critically depends on a DNA concentration of <10 ng pl'in the input
sample. Accordingly, before beginning library preparation, a suf-
ficient volume of AMPure PB Beads was diluted with Elution Buffer
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(Pacific Biosciences) to a final 75% AMPure PB bead volume/total
volume solution to be used for all subsequent bead purifications
and size selections. Below, ‘diluted AMPure beads’ refers to these
diluted beads.

Input DNA was fragmented with 0.14 U pl™ of Hpy166lI restriction
enzyme (NEB) in a 70 pl reaction with 1x CutSmart buffer (NEB) for
20 min at 37 °C. The fragmentation reaction was scaled to a higher
volumeifthe input DNAwas too dilute to accommodatea70 plreaction.

Fibroblast samples from lentivirus transduction experiments and
fibroblasts frozenin sperm-freezing medium that were extracted using
the Puregene method comprised around 30-70% residual RNA (based
on a comparison of Qubit and NanoDrop quantification), which was
not fully removed by the DNA extraction’s RNase A digestion. For these
samples, weadded 0.5 ul of 100 mg mI™ RNase A (Qiagen) after comple-
tion of the fragmentationreaction and incubated atroom temperature
for 1 min.

Next, the fragmentation reaction was diluted with NFW to a DNA
concentrationof10 ng pl™ (or not diluted if DNAis already <10 ng pl™)
based on the Qubit concentration of the DNA measured before the frag-
mentation reaction. For the firstbead purification/size selection, aratio
of 0.8x diluted AMPure beads volume to sample volume was used, with
two 80% ethanol washes, and the DNA was eluted with 22 pl of 10 mM
Tris pH 8. The DNA concentration was measured again with Qubit.

Nick ligation was then performed (except for the initial version of
HiDEF-seq without nick ligation; Supplementary Note 1) in a 30 pl
reaction with 3 pl of 10x rCutSmart Buffer (NEB), 1.56 pl of 500 pM
B-nicotinamide adenine dinucleotide (NAD") (NEB) and 15 U of Escheri-
chiacoliDNA ligase (NEB). The nick ligation reaction wasincubated at
16 °C for 30 min with the heated lid turned off.

The DNA was then diluted with 10 mM Tris pH 8 to 10 ng pl™ (or not
diluted if DNAis already <10 ng pl™) based on the Qubit concentration
measured after the post-fragmentation reaction bead purification. For
the second bead purification/size selection, a ratio of 0.75x diluted
AMPure bead volume to sample volume was used, with two 80% ethanol
washes, and the DNA was eluted with 22 pl of 10 mM Tris pH 8. The DNA
concentration was measured with Qubit.

The DNAwasthentreated as describedinref. 8in 30 plvolume reac-
tions with 21 pl of input DNA, 1.5 pl NFW, 3 pl 10x NEBuffer 4 (NEB),
3 pl of 1mM each dATP/ddCTP/ddGTP/ddTTP (dATP/ddBTP) (dATP,
Thermo Fisher Scientific, R0141; ddCTP/ddGTP/ddTTP,Jena Bioscience
NU-1019S) and 7.5 U of Klenow fragment 3’5’ exo- (NEB), except for
input DNA that is degraded (such as post-mortem kidney and liver)
for which the reaction was performed without dATP. The reaction
was incubated at 37 °C for 30 min. Next, a third bead-purification/
size-selection step was performed: the reaction volume was diluted
with10 mM Tris pH 8 t0 10 ng pul DNA (or not diluted if DNA is already
<10 ng pl™) based on the Qubit concentration measured before the Kle-
now reaction, followed by aratio of 0.75x diluted AMPure bead volume
to sample volume, with two 80% ethanol washes, and elution of DNA
with 22 pl of 10 mM Tris pH 8. The eluted DNA was then adjusted to a
total of 30 pl with 3 pl of 10x NEBuffer 4 and NFW before proceeding
to adapter ligation.

Ligation of hairpin adapters was performed using reagents from
the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences) by
combining 30 pl of Klenow-treated DNA, 2.5 pl Barcoded Overhang
Adapter (Pacific Biosciences), 15 pl Ligation Mix, 0.5 pl Ligation Additive
and 0.5 pl of Ligation Enhancer. For samples for which the preceding
Klenow reaction was performed without dATP (that is, non-A tailed
libraries), 2.5 pl of 17 pM annealed blunt adapters were used instead
(their sequences and preparation are described below). The adapter
ligation reaction was incubated at 20 °C for 60 min with the heated lid
turned off. Immediately after the adapter ligation, nuclease treatment
was performed using the SMRTbell Enzyme Clean Up Kit 1.0 (Pacific
Biosciences) to remove any non-circularized DNA containing nicks
and/or without hairpinadapters:2 plEnzyme A, 0.5 pl Enzyme B, 0.5 pl

Enzyme Cand 1 plEnzyme D were combined, and this 4 plenzyme mix
was added to the ligation reaction and incubated at 37 °C for 60 min.
After the nuclease treatment, the samples were purified with aratio of
1.2x diluted AMPure bead volume to sample volume and eluted with
24 pl of 10 mM Tris pH 8.

After the post-nuclease treatment AMPure bead purification, non-A
tailed HiDEF-seq libraries underwent an additional 1.1x diluted AMPure
bead purification to remove residual adapter dimers.

Final library concentration and size distribution were measured
using the Qubit and High Sensitivity D5000 ScreenTape (Agilent).
Thefinallibrary fragment size distribution should contain <5% of DNA
mass <1 kb and <5% of DNA mass >4 kb (percentages calculated using
the ScreenTape analysis software’s manual region analysis ‘% of Total’
field). The final mass yield of A-tailed libraries should be around 6-10%
of the input genomic DNA mass, and approximately half of that for
non-A tailed libraries. The libraries were stored in 0.5 ml DNA LoBind
tubes at -20 °C.

OnScreenTape, some non-Atailed HiDEF-seq librarieshad alow level
of residual adapter dimers, which was removed with afinal 1.3x diluted
AMPure bead purification after multiplexing the libraries from the
same run (see multiplexing details in the ‘HiDEF-seq library sequenc-
ing’ section).

Sequences and preparation of blunt adapters used for HIiDEF-seq
without A-tailing. Adapters (sequences below) were ordered as
HPLC-purified oligonucleotides from Integrated DNA Technologies.
Each adapter was reconstituted to 100 pM concentration with NFW.
Annealing was then performed for each adapter at a concentration of
17 pMin a 30 pl volume containing 10 mM Tris pH 8 and 50 mM Nacl,
by incubating at 95 °C for 3 min and cooling at room temperature for
30 min. Additional barcoded adapters can be designed by replacing the
below barcodes with alternative sequences. bcAd1001: /5'Phos/ACG
CACTCTGATATGTGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTGTT
GAGAGAGATCACATATCAGAGTGCGT (barcode = CACATATCAGAGT
GCG); bcAd1002: /5'Phos/ACTCACAGTCTGTGTGTATCTCTCTCTTTTC
CTCCTCCTCCGTTGTTGTTGTTGAGAGAGATACACACAGACTGTGAGT
(barcode = ACACACAGACTGTGAG); bcAd1003: /5’Phos/ACTCTCACGA
GATGTGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTGTTGAGAG
AGATACACATCTCGTGAGAGT (barcode = ACACATCTCGTGAGAG);
bcAd1008: /5’Phos/ACGCAGCGCTCGACTGTATCTCTCTCTTTTC
CTCCTCCTCCGTTGTTGTTGTTGAGAGAGATACAGTCGAGCGCTGCGT
(barcode = ACAGTCGAGCGCTGCG).

Modified HiDEF-seq library preparation trials to remove ssDNA
T>A artefacts. Below are details of trials to remove ssDNA T>A arte-
facts arising from ssDNA nicks that remain after nick ligation. The
final protocol that completely removes these artefacts (HiDEF-seq
without A-tailing) is described in the main ‘HiDEF-seq library prepara-
tion’ section.

Polynucleotide kinase. The standard HiDEF-seq protocol was followed
with the exception that, before nick ligation, the DNA was treated ina
30 pl reaction containing 12 U T4 polynucleotide kinase (NEB), 1 mM
ATP (NEB),4 mMDTT (Promega) and 1x CutSmart buffer (NEB) at 37 °C
for 1h. The sample then proceeded into the nick ligation reaction in
a higher reaction volume of 35 pl, with reaction components scaled
proportionally to the higher volume and a final 1x CutSmart buffer
concentration.

Alternative A-tailing polymerases. The standard HiDEF-seq protocol
was followed with the exception of replacing Klenow fragment 3’'>5’
exo- polymerase with one of the following: 9.6 U Bst large fragment
(NEB), 9.6 UBst 2.0 (NEB), 9.6 UBst 3.0 (NEB) or 9 UIsopol SD+ (Arctic-
Zymes). The reaction temperatures and times for these polymerases
were as follows: (1) Bst large fragment and Bst 2.0: 30 min at 45 °C;
(2) Bst3.0:30 min or 150 minat45 °C, or 210 min at 37 °C; and (3) Isopol
SD+: either 30 min or 210 min at 37 °C.



Pyrophosphatase. The standard HiDEF-seq protocol was followed
with the exception of adding 0.15 U of E. coli inorganic pyrophos-
phatase (NEB).

Klenow reaction without dATP or without dATP/ddBTP. The standard
HiDEF-seq protocol was followed with the exception that the Klenow
reaction was performed without dATP or without dATP/ddBTP.

No Klenow reaction. The standard HiDEF-seq protocol was followed,
except that, after the post-nick ligation bead purification, the DNA was
diluted to30 plinafinal1x NEBuffer 4 concentration and taken directly
to adapterligation using blunt adapters. After the post-nuclease treat-
mentbead purification, an additional size-selection step was performed
with 0.75x diluted AMPure beads as this would ordinarily have occurred
after the Klenow reaction. Note that this protocol producesa CCT>CGT
ssDNA artefact that does not occur when the Klenow reaction is per-
formed without dATP or ddBTP, indicating that Klenow polymerase
removes this artefact likely through a pyrophosphorolysis mechanism
(Extended Data Fig. 5d and Supplementary Table 3).

HiDEF-seq library preparation with uracil DNA glycosylase/endonu-
clease VIl treatment. Libraries were prepared according to the above
HiDEF-seq library protocol with A-tailing, except that 3 pl of amixture of
uracil DNA glycosylase/endonuclease VIII (NEB USER enzyme, M5505)
was added to the nuclease treatment step.

HiDEF-seq library preparation with multi-glycosylase/endonu-
clease treatment. Libraries were prepared according to the above
HiDEF-seq library protocol without A-tailing, except that, after the
bead purification/size selection that occurs after the Klenow ddBTP
reaction, an additional enzyme treatment step was performed. This
enzyme treatmentoccurredinatotal volume of 60 plin afinal1x Ther-
moPol Buffer (NEB) at 37 °C for 30 min, with the following enzymes:
(1) 10 U endonuclease IV (NEB); (2) 8 U formamidopyrimidine DNA
glycosylase (Fpg) (NEB); (3) 10 U T4 pyrimidine dimer glycosylase
(NEB); (4) 2 pl of a mixture of uracil DNA glycosylase/endonuclease
VIII (NEB USER enzyme); (5) 10 U endonuclease VIII (NEB); (6) 10 U
human alkyl adenine DNA glycosylase (hAAG) (NEB); and (7) 5 U hu-
man single-stranded selective monofunctional uracil DNA glycosy-
lase (hNSMUG]1) (NEB). This reaction was cleaned up with aratio of 1.2x
diluted AMPure bead volume to sample volume, with two 80% ethanol
washes, and elution of DNA with 22 pl of 10 mM Tris pH 8. The eluted
DNA was thenadjusted to atotal of 30 pl with 3 pl of 10x NEBuffer 4 and
NFW before proceeding to adapter ligation according to the standard
HiDEF-seq protocol.

HiDEF-seq large fragment library preparation. Large-fragment-size
libraries (range, 1-10 kb; median, 4.1 kb) were prepared according to
the above HiDEF-seq library protocol, except (1) fragmentation was
performed with 30 U Pvull-HF enzyme (NEB) instead of Hpy166ll;
(2) post-nick ligation and post-A-tailing cleanups were performed with
1.8xundiluted AMPure PB beads, and DNA was not diluted to <10 ng pl™
(sincesize selectionis not being performed); and (3) final post-nuclease
treatment bead purification was performed with1x undiluted AMPure
PBbeads.

HiDEF-seq library preparation with random fragmentation. Librar-
ies were prepared according to the above HiDEF-seq library protocol
without A-tailing (that is, Klenow reaction without dATP and using
bluntadapters), except that (1) ahigher amount of input DNA was used
(4 pg per sample); (2) instead of restriction enzyme fragmentation,
DNA was acoustically fragmented in miniTUBE Clear tubes (2 pg per
tube, thatis, 2 x 2 pgaliquots per sample), witheach 2 ug DNA aliquot
diluted to 200 plin afinal buffer of 10 mM Tris pH 8 and 50 mM NacCl,
on an ME220 instrument (Covaris) using the following settings: tem-
perature, 7 °C; treatment time, 900 s; peak incident factor, 8 W; duty
factor, 20%; and cycles/burst, 1,000; (3) each 2 pg fragmented DNA

aliquot wasbluntedina200 pl reaction containing 0.5 U pl ™ nuclease
P1 (NEB) and 1x NEBuffer r1.1 (NEB) at 37 °C for 30 min, after which
the reaction was stopped by adding 8 pl of 0.5 M EDTA and 2 pl of 1%
SDS; (4) after the Nuclease P1reaction, the protocol continued with
the 0.8x diluted AMPure bead purification as is usually performed
after restriction enzyme fragmentation, and the two aliquots of each
sample were combined at the elution stage for a final elution volume
of 22 ul; (5) before nick ligation, the DNA was treated with 0.4 U pl™
T4 polynucleotide kinase (NEB), 1 mM ATP and 4 mM DTT ina 30 pl
volume of 1x rCutSmart buffer (NEB) at 37 °C for 1 h; (6) nick ligation
was performed immediately after by adding the required reagents to
the T4 polynucleotide kinase reaction to afinal volume of 35 pl; (7) the
bead-purification step after the Klenow reaction was performed with a
1.2xratio of diluted AMPure bead volume to sample volume, instead of
aratio of 0.75x; (9) after nuclease treatment, libraries underwent a1.2x
diluted AMPure bead purification, then libraries for the same sequenc-
ingrunwere pooled, and afinal 1.0x diluted AMPure bead purification
was performed to remove residual adapter dimers.

HiDEF-seq library sequencing. Libraries sequenced on the same se-
quencing run were multiplexed together based on the final library
Qubit quantification to achieve atleast 50 ng of total library inno more
than 15 pl volume. When necessary, the concentration of individual
orpooledlibraries canbeincreased by room temperature centrifugal
vacuum concentration (Eppendorf Vacufuge) and pausing periodically
(approximately every 2 min) to avoid increasesin temperature, or using
AMPure PB bead purification.

Sequencing was performed on Pacific Biosciences Sequel Il or Sequel
lle systems with8M SMRT Cells by the Icahn School of Medicine at Mount
Sinai Genomics Core Facility and the New York University Grossman
School of Medicine Genome Technology Center. Sequencing param-
eters were as follows: Sequel I Binding Kit 2.0 (Pacific Biosciences),
Sequel Il SequencingKit 2.0 (Pacific Biosciences), Sequencing primer
v4 (Pacific Biosciences), 1 h binding time, diffusion loading, loading
concentrations between 125 and 160 pM (lower concentrations were
used for blood than for tissues) for standard size libraries (Hpy166lI
libraries) or 80 pM for large-fragment libraries (Pvull libraries), 2 h
pre-extension, and 30 h movies.

Germline and tumour sequencing data processing

The HiDEF-seq computational pipeline can filter germline variants
using either standard short-read or long-read genome sequencing of
the same individual (Extended Data Fig. 3k,I).

Illumina germline and tumour sequencing data processing. Reads
were aligned to the CHM13v.1.0 reference genome®® using BWA-MEM
(v.0.7.17)%° with the standard settings, followed by marking of optical
duplicates and sorting using the Picard Toolkit v3.1.0 (Broad Institute).
Variants were called from the aligned reads with two different variant
callers: (1) Genome Analysis Toolkit (GATK)*° v.4.1.9.0 using the Haplo-
typeCaller tool with the parameters ‘-ERC GVCF -G StandardAnnotation
-G StandardHCAnnotation -G AS_StandardAnnotation’ followed by
the GenotypeGVCFs tool with the default parameters; (2) DeepVari-
ant®v.1.2.0 with the parameter: ‘--model_type=WGS’. Both GATK and
DeepVariant variant calls were used during the subsequent analysis.

Pacific Biosciences germline sequencing data processing. Circular
consensus sequences were derived from raw subreads (a subread is
one sequencing pass of a single strand of a DNA molecule) using pb-
ccs v.5.0.0 (ces, Pacific Biosciences) with the default parameters, and
consensus sequences were filtered to retain only high-quality ‘HiFi’
reads, that is, reads with predicted consensus sequence accuracy
‘rq’tag = 0.99 (rq is calculated by ccs as the average of the per base
consensus qualities of the read). These reads were then aligned to the
CHM13v.1.0 reference genome with ppbmmz2v.1.4.0 (Pacific Biosciences)
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withthe parameters‘--preset CCS --sort’. Variants were called from the
aligned reads with DeepVariant® v.1.2.0 with the parameter --model_
type=PACBIO".

HiDEF-seq primary data processing
HiDEF-seq data first undergoes a two-part primary data processing
pipeline that transforms the raw datainto a format suitable for subse-
quentanalysis. Primary data processing also produces quality-control
plots generated by custom scripts and by SMRT Link (Pacific Bio-
sciences) software (for example, distributions of polymerase read
lengths and number of passes). Note that, for simplicity, we use the
term ‘call’ to refer to both dsDNA mutations and ssDNA mismatch and
damage events. The pipeline analyses calls in sequencing reads that
are single-base mismatches relative to the reference genome (that is,
notinsertions and deletions).

The first part of the primary data-processing pipeline uses acom-
bination of bash and awk scripts to process raw subread sequencing
data (asubreadis one sequencing pass of asingle strand of a DNA mol-
ecule) into astrand-specific aligned BAM format® with additional tags
needed for call analysis®?. The steps of this first part of data processing
are as follows:

(1) Subreads for which an adapter was not detected on both ends of
the molecule (‘cx’ tag not equal to 3) are removed.

(2) Consensus sequences are created separately for each strand of the
DNA molecule (thatis, forward and reverse strand separately) using
pbccesv.6.2.0 (Pacific Biosciences) with the parameters: --by-strand,
--min-rq 0.99 (minimum predicted consensus sequence accura-
cy > Q20 (Phred quality score) to remove low-quality consensus
sequences) and --top-passes O (unlimited number of full-length
subreads used per consensus).

(3) Demultiplexing of samples according to adapter barcodes using
limav.2.5.0 (Pacific Biosciences) with the parameters: --ccs --same
--split-named --min-score 80 --min-end-score 50 --min-ref-span 0.75
--min-scoring-regions 2.

(4) Filter to remove any DNA molecules (also known as zero-mode
waveguides, which are sequencing wells containing a single DNA
molecule) that did not successfully produce both one forward-and
one reverse-strand consensus sequence.

(5) Align forward- and reverse-strand consensus sequences to the
CHM13 v.1.0 reference genome*® using pbmmz2 v.1.7.0 (Pacific Bio-
sciences), an aligner based on minimap2%, with the parameters:
--preset CCS. We use the telomere-to-telomere CHM13 human ref-
erence genome, which was itself constructed using long reads, to
reduce genome alignment artefacts. Note that the CHM13 v.1.0
reference genome contains only nuclear chromosomes1-22, chro-
mosome X and the mitochondrial genome—but not chromosome
Y, whichis therefore not part of the analyses.

(6)Filter to retain only DNA molecules that produce only one for-
ward strand primary not-supplementary alignment and one
reverse-strand primary not-supplementary alignment, where the
forward and reverse alignments overlap (reciprocally) inthe genome
by atleast 90%.

(7) Sort alignments by reference position.

(8) Add five tags, detailed below, to each alignment in the final BAM
file, witheach tag containinga comma-separated array with alength
corresponding to the number of single-base mismatches in the
alignment (relative to the reference genome) per the alignment
CIGAR string:

« gp: positions of bases in the read sequence (query) that are mis-
matches relative to the reference genome; 1-based coordinates
with the left-most base inthe alignment record’s SEQ column=1;

« qn: sequences of bases in the read (query) that are mismatches
relative to the reference genome (base sequences are according
to the forward genomic strand, that is, they are taken from the
SEQ column of the SAM alignment record);

« qq: qualities of bases in the read that are mismatches relative to
the reference genome (taken from the QUAL column of the SAM
alignment record);

« rp: positions in reference genome coordinates of read bases that
are mismatches relative to the reference genome;

- rn:sequences of the reference genome at positions of read bases
that are mismatches relative to the reference genome.

The second part of the primary data processing pipeline is an R**
script (Rv.4.1.2, requiring the packages Rsamtools®, GenomicAlign-
ments®, GenomicRanges®, vcfRY, plyr®, configr®®, qs’°) that further
processes and annotates the aligned BAM file into an R data file as
follows:

(1) Load the aligned BAM file into R, including the custom tags that
annotated the positions of base mismatches relative to the refer-
ence genome.

(2) Annotate calls (bases mismatched relative to the reference genome)
for which the reference genome base is ‘N, to exclude these from
subsequent analysis.

(3) Annotate the positions of indels in each alignment, based on the
alignment CIGAR string.

(4) Annotate each callif it was presentin any of the VCF variant call files
ofthe correspondingindividual’s germline sequencing, along with
details of the VCF variant annotation.

(5) Save positions of indels from the VCF variant call files of the cor-
responding individual’s germline sequencing.

(6) Transform the dataset so that forward- and reverse-strand consen-
susreads and ssDNA and dsDNA calls (and tag information) from the
same DNA molecule are linked to each other as dsSDNA molecules.

(7) Save the final R dataset to afile.

HiDEF-seq call filtering
The call-filtering pipelineimplements a series of filters that were opti-
mized to maximize the number of true calls while minimizing the num-
ber of sequenced bases and regions of the genome that are filtered out.
During the development of the pipeline, filters and filter parameters
were iteratively optimized using low-mutation-rate samples (that is,
tissues frominfants and sperm) to identify patterns that are common
to false positives. These false positives were apparent as clusters of
mutations in low-quality regions of the genome and as regions with
low-quality alignment of sequencing reads. For example, when ametric
of low-quality genome regions was found to correlate with clusters of
low-quality calls, this metric was added as afilter, and its threshold was
iteratively tuned to maximally remove false positives while minimizing
the number of sequenced bases and genomicregions that are filtered.
Additional optimization of filter thresholds was performed using
sperm samples that have a known low mutation burden. Specifically,
we plotted the dsDNA and ssDNA burdens with a range of thresholds
for threekey filters: (1) minimum predicted consensus accuracy (0.99
t0 0.999); (2) minimum number of passes per strand (5to 20); and (3)
minimum fraction of subreads (passes) detecting the mutation (0.5
t0 0.8) (Extended Data Fig. 3c-j). We examined these plots for thresh-
old settings above which burden estimates are stable. Since burdens
were corrected for sensitivity (based on total interrogated bases and
detection of known germline variants; see the ‘HiDEF-seq calculation of
callburdens’section), a decrease inburden estimates with increasing
threshold settings indicates removal of sequencing artefacts. These
plotsshowed that sperm dsDNA mutationburden estimates were sta-
ble even down to the lowest (most lenient) thresholds (Extended Data
Fig.3d,e,g). By contrast, ssDNA burdens required higher threshold
settings before burden estimates stabilized (Extended Data Fig. 3i,j).
Individually increasing the thresholds of each of the above threefilters
stabilized ssDNA burden estimates at approximately 20%, 15% and 10%
lower levels, respectively, compared to the least stringent settings,
and applying all three filters together with these higher thresholds



reduced the ssDNA burden estimate by approximately 25% (that is,
the three filters are not independent). Specific thresholds used for
dsDNA and ssDNA mismatch filtering are detailed inthe below sections
detailing each filter.

The call-filtering pipeline uses the following R packages: Genomi-
cAlignments (v.1.30.0)%, GenomicRanges (v.1.46.1)%, vcfR (v.1.12.0)¢,
Rsamtools (v.2.10.0)%, plyr (v.1.8.6)%, configr (v.0.3.5)*°, Mutational-
Patterns (v.3.4.1)", magrittr (v.2.0.2)"% readr (v.2.1.2)”, dplyr (v.1.0.8)™,
plyranges (v.1.14.0)”, stringr (v.1.4.0)", digest (v.0.6.29)”, rtracklayer
(v.1.54.0)"®, gs (v.0.25.2)"°; and the following software tools: bcftools
(v.1.14)”°, samtools”, wigToBigWig (v.2.8)%°, wiggletools (v.1.2.11)%,
pbmm?2 (v.1.7.0; Pacific Biosciences), zmwfilter (v.1.2.0; Pacific Bio-
sciences), SeqKit (v.2.1.0)¥ and KMC (v.3.1.1)%.

Additional filters used in the pipeline were created using REAPR
(v.1.0.18)%*. REAPR was originally designed to identify regions with
errors in reference genome assemblies, but we found that it calcu-
lates metrics that are useful for identifying regions of the genome
prone to generating false-positive and false-negative variant calls in
lllumina (short-read) sequencing data. First, [llumina whole-genome
sequencing reads from a sperm sample were aligned to CHM13 v.1.0
using SMALT (v.0.7.6)% with the parameters -r 0-x -y 0.5’ and a CHM13
v.1.0index created with SMALT using parameters -k 13-s2". Next, reads
were sorted and duplicates were marked. The REAPR perfectfrombam
command was thenrun onthe resulting BAM file using the parameters
‘mininsert=266, max insert=998, repetitive max qual=3, perfect min
qual=4, and perfect min alignment score=151' (min and max insert size
aretheland 99 percentiles ofinsert sizes calculated from the sequenc-
ing data using the Picard Toolkit CollectInsertSizeMetrics tool). REAPR
metrics for each base of the genome were obtained from the output
stats.per_base file and a bigwig®® annotation file was created for each
metric.

The mutationanalysis filters were applied serially as described below.
Unless otherwise specified, the filters were applied to both ssDNA and
dsDNA calls. Note that the computational pipeline has the capability to
implement additionalfilters not listed here, as specified in the pipeline
configuration documentation available online.

Filters based on DNA molecule quality and alignment metrics.

Retain only DNA molecules that meet all of the below criteria:

(1) ccspredicted consensusaccuracy >0.99 inboth forward and reverse
strand (thatis, rqtag of ccs > 0.99) for dsDNA calls, and >Q30 (that
is, rq >0.999) for ssDNA calls.

(2) Minimum of 5 (for dsDNA calls) and 20 (for ssDNA calls) sequenc-
ing passes for each of the forward and reverse strands (using the
‘ec’ BAMfile tag, which is computed by ccs as the average subread
coverage across all consensus calling windows).

(3) Both forward and reverse strands have mapping quality > 60.

(4) Maximum difference in number of ssDNA calls between the for-
ward and reverse strands of 5, before germline variant filtering.
This removes artefacts from rare chimeric molecules and residual
low-quality molecules.

(5) Average of the number of indels relative to the human reference
genomeinthe forward andreverse strands of <20, before germline
variant filtering. This removes low-quality molecules with many
indels.

(6) Average of the number of soft-clipped bases in the forward and
reverse strands of <30. This removes low-quality molecules and
molecules that align to complex regions of the genome with long
stretches of mismatched bases.

Filters based on germline sequencing variant calls.

(1) Filter out calls that were also identified in any of the individual’s
germline sequencing VCF files with read depth =3, allele quality
(QUAL column in VCF) = 3, genotype quality (GQ tag in VCF) > 3,
and variant allele fraction > 0.05.

(2) Filter out DNA molecules with >8 dsDNA calls remaining after VCF
germline filtering. This removes molecules with misalignment to
complex regions of the genome leading to many clustered calls
and regions of the genome for which Illumina short reads are not
effective inidentifying and filtering out germline variants.

For tumour analysis, variant calls were used in this step from both
germline blood sequencing and standard fidelity (Illumina) tumour
sequencing to focus the analysis on low-level mosaic calls.

Filters based on genomic regions. Filters that remove the entire DNA

molecule if it meets any of the following criteria:

(1) For analyses using either Illumina or PacBio germline sequencing
data: (i) segmental duplication regions: any overlap with the DNA
molecule’sforward or reverse consensus sequence alignments. This
annotation was obtained from the file chmi13.draft_v1.0_plus38Y.
SDs.bed created by the Telomere-to-Telomere consortium®. How-
ever, for analysis of mitochondrial mutations, this region filter is
not usedbecause it contains the region chrM:10000-14910 due to
asimilar nuclear genome sequence on chromosome 5, which would
cause unnecessary filtering of reads aligning to this region of the
mitochondrialgenome. Thereis negligible risk of nuclear genome
sequences falsely aligning to this mitochondrial region since we
obtainlongreads, werequire high mapping quality, and we exclude
reads withmany mismatches—and these mitochondrial and nuclear
genome regions have only 94% identity. (ii) Satellite sequence re-
gions: >20% of the DNA molecule’s forward- and reverse-strand
consensus alignments (average for the two strands) overlaps the
region. The satellite sequence region annotation was created for
CHM13v.1.0 using RepeatMasker (v.4.1.1)* with the parameters -pa
4 -ermblast -species human -html -gff -nolow’, followed by extrac-
tion of ‘Satellite’ regions.

(2) Only for analyses that use Illlumina germline sequencing data, be-
cause short-read datais more prone to missing true germline vari-
antsintheseregions: (i) telomere regions: any overlap with the DNA
molecule’s forward or reverse consensus sequence alignments. This
annotation was obtained from the file chm13.draft_v1.0.telomere
created by the Telomere-to-Telomere consortium®, (i) 50-mer map-
pability score: 230% of the DNA molecule’s forward- and reverse-
strand consensus alignments (average for the two strands) has a
mappability score < 0.4. This annotation was created for CHM13
v.1.0 using Umap (v.1.2.0)*. This annotation calculates the map-
pability for every base in the genome. (iii) The fraction of Illumina
shortreads aligning to the region that are orphaned reads (that s,
the read’s mate is either unmapped or mapped to a different chro-
mosome), averaged across the genome in 20 bp non-overlapping
bins, is 20.15for >20% of the DNA molecule’s forward-and reverse-
strand consensus alignments (average for the two strands). The
fraction of orphaned reads metric used in this filter is the average
ofthe orphan_covand orphan_cov_r REAPR metrics, which are the
fraction of forward- and reverse-strand reads that are orphaned,
respectively.

Filters thatremove only the portions of the DNA molecule that over-
lap any of the following regions, while the remaining bases of the DNA
molecule are still included in analysis:

(1) Regions of the reference genome whose sequence is ‘N.

(2) For analyses using either Illumina or PacBio germline sequencing
data: (i) satellite sequence regions: any base that overlaps one of
these regions. (ii) Bases with gnomAD (v.3.1.2)*° single-nucleotide
variants with ‘PASS’ flag and population allele frequency > 0.1%,
lifted over from the hg38 to the CHM13 v.1.0 reference genome
using the liftOver tool®. This filter removes 27,476,828 genome
bases from the analysis. It is required to remove residual germline
variants that were not detected in the germline sequencing of the
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individual, and it reduces the risk of false-positive mosaic event
calls due to very low level contamination that may occur between
samples of different individuals®.

(3) Only for analyses that use lllumina germline sequencing data, bec-
ause short-read dataare more prone to missing true germline vari-
antsinthese regions: (i) 100-mer mappability score: any base witha
mappability score < 0.95, with mappability scores averaged across
the genome in 20 bp non-overlapping bins (binning smoothes the
mappability score signal). The primary mappability scores were
calculated as described for the above 50-mer mappability score.
(ii) The fraction of Illuminashort reads aligning to the region that are
properly paired (thatis, aligned in the correct orientation and within
the expected distance based oninsert size distribution), averaged
across the genomein 20 bp non-overlappingbins, is <0.7. The frac-
tion of properly paired reads metric used in this filter is the average
ofthe prop_cov and prop_cov_r REAPR metrics, which are the frac-
tion of forward-strand and reverse-strand reads that are properly
paired, respectively. (iii) The fraction of Illumina short reads align-
ingtotheregionthatareorphanedreads (thatis, theread’s mateis
eitherunmapped or mapped to adifferent chromosome), averaged
across thegenomein 20 bp non-overlappingbins, is >0.2. The frac-
tion of orphaned reads metric used in this filter is the average of
the orphan_cov and orphan_cov_r REAPR metrics, which are the
fraction of forward- and reverse-strand reads that are orphaned,
respectively. (iv) The number of lllumina short reads aligning to
the region to either the forward or the reverse strand and that are
soft-clipped at the left end or the right end (that is, the sum of the
REAPR clip_fl, clip_fr, clip_rl, clip_rr metrics), divided by [4 x number
of mapped reads/100,000,000], averaged across the genome in
200 bp non-overlappingbins, is >0.09. (v) The number of Illumina
short reads with mapping quality O aligning to the region, divided
by [4 x number of mapped reads/100,000,000], averaged across the
genomein20 bp non-overlappingbins, is >0.1. Note that this general
filtering annotation was calculated using lllumina whole-genome
sequencing data of one representative sample.

Base quality filter. Filter out dsDNA calls whose consensus sequence
base quality is <93 (from QUAL columnin BAMfile) ineither the forward-
orreverse-strand consensus, and filter ssDNA calls whose base quality
is<93in the strand containing the call.

Filter based on location within the read. Filter out calls that are <10
bases fromthe ends of the consensus sequence alignment (alignment
span excludes soft-clipped bases). For ssDNA calls, this filter isapplied
to the strand containing the call and, for dsDNA calls, this filter is ap-
plied to both the forward- and reverse-strand consensus sequence
alignments. Although this only negligibly alters callburdens (Extended
DataFig.3h), it removes rare alignment artefacts.

Filter based on location near germline indels. Regions near germline
indels are prone to alignment artefacts that can lead to false-positive
calls. Thisfilter removes calls located near anindel within adistance less
than orequalto twice thelength of theindel or less than or equal to 15
bases of theindel (whichever range s larger), using indels calledinany
of the germline sequencing data of the individual (that is, both GATK
and DeepVariantindel calls when using Illumina germline sequencing
data, and only DeepVariant indel calls when using PacBio germline
sequencing data). For GATK indel calls, only indels withread depth > 5,
QUAL =10, genotype quality > 5 and variant allele fraction > 0.2 were
usedinthisfiltering. For DeepVariantindel calls, only indels with read
depth >3, QUAL > 3, genotype quality > 3 and variant allele fraction > 0.1
were used in this filtering.

Filter based on location near consensus sequence indels. Regions
near HiDEF-seq consensus sequence indels are prone to alignment

artefacts that can lead to false-positive calls. This filter removes calls
located near aconsensus sequence indel within adistance less than or
equaltotwicethelength oftheindel orlessthanor equalto15bases of
theindel (whichever rangeislarger). For dsDNA calls, the call must pass
this filter on both forward and reverse consensus strands. For ssDNA
calls, this filter applies only to the strand containing the call.

Filters based on germline sequencing read depth and variant

allele fraction.

(1) Filter outcallsinlocations where the germline sequencing data has
<15total reads coverage, as these low-coverage germline sequencing
regions will be prone to false-negative germline variant calls that
would then lead to false-positive HiDEF-seq calls.

(2) Filter out calls detected with variant allele fraction > 0.05 or read
depth >3 inthe germline sequencing data to remove variants that
were not called by the previous germline variant callers (due to low
variant allele fraction or due to differentlocal haplotype assembly
in GATK/DeepVariant that calls variants in a different nearby loca-
tionthan thebwaalignment of the consensus molecule sequence).
Thisfilter is less stringent than a recent somatic mutation analysis
method®, but may still remove a small number of very early devel-
opmental mosaic variants shared between HiDEF-seq dataand the
individual’s germline sequencing.

The above two filters use the samtools mpileup command to deter-
mine total read depth and variant allele fraction, using the param-
eters‘-I1-A-B-Q11--ff1024 -d 10000 -a “INFO/AD” for lllumina germline
sequencing data and the parameters ‘-1 -B -Q5 --ff 2048 --max-BQ 50
-F0.1-025-e1--delta-BQ10-M399999-d 10000 -a “INFO/AD" for PacBio
germline sequencing data.

For tumour analysis, this filter step used both germline blood
sequencing and standard fidelity (Illumina) tumour sequencing to
focus the analysis on low-level mosaic calls.

Filters based on fraction of subreads (passes) detecting the call and
fraction of subreads overlapping the call. Wefilter out calls detected
in<50% (for dsDNA calls) and <60% (for ssDNA calls) of the subreads of
the DNA molecule that detected the call. For dsDNA calls, this filter is
applied toforward and reverse subreads separately, and the call must
passthefilterinboth strands. For ssDNA calls, this filter is applied only
to subreads of the strand in which the call was detected.

This removes false-positive calls in the consensus sequence that
are not well-supported by the subreads. The filter is implemented by
first extracting the subreads of all of the DNA molecules containing
calls from the raw subreads BAM file using the zmwfilter tool (Pacific
Biosciences) and aligning them to the CHM13 v.1.0 reference genome
with pbmm2 v.1.7.0 with the parameters ‘--preset SUBREAD --sort’.
The bcftools mpileup command is then used with the parameters “-I
-A-B-Q0-d10000 -a“INFO/AD” to calculate the fraction of subreads
detecting the call (excluding subreads with the supplementary align-
ment SAM flag).

In rare DNA molecules, a large fraction of subreads is soft-clipped,
leading to false-positive callsin the small fraction of remaining subreads
aligned to the soft-clipped region. We therefore also filter out calls for
which the percentage of subreads overlapping the call (regardless of
whether they contain the call) out of the total subreads aligned to the
genome is <50%, calculated separately for subreads of each strand
for the molecule in which the call was made. This filter is applied to
the strand containing the call for ssDNA calls, and to both strands for
dsDNA calls (that is, adsDNA call must pass this filter in both strands).

HiDEF-seq calculation of call burdens

After application of all of the above filters, DNA molecules are further
filtered to retain only those with a maximum of one dsDNA call for
dsDNA call burden calculations, and amaximum of one ssDNA call per



strand for ssDNA call burden calculations. This removes a small number
of the remaining DNA molecules that contain multiple post-filtering
calls that, after manual inspection, are due to residual regions of the
genome prone to false positives.

The raw dsDNA mutation burden (that is, mutations per bp) of a
sample is then calculated as the [number of dsDNA calls]/[number
of interrogated dsDNA base pairs], and the raw ssDNA call burden
(thatis, calls per base) is calculated as the [number of forward strand
calls + number of reverse strand calls]/[number of interrogated for-
ward strand read bases + number of interrogated reverse strand read
bases]. Note that we subsequently use the term ‘interrogated bases’
for simplicity, even though, for dsDNA mutation analysis, it refers to
interrogated base pairs. The number of interrogated bases takes into
account all of the relevant filters that were applied, both filters that
remove entire DNA molecules and filters that remove only portions of
DNA molecules. Specifically, the number of interrogated bases is the
total number of bases of DNA molecules that passed all of the filters
that remove full DNA molecules (described in the ‘Filters based on
DNA molecule quality and alignment metrics’ and ‘Filters based on
genomic regions’ (first part) sections), excluding the bases of those
remaining DNA molecules removed by the following filters (described
above) that remove only portions of DNA molecules: (1) ‘Filters based
on genomic regions’ (second part); (2) ‘Base quality filter’; (3) ‘Filter
based on location within the read’; (4) ‘Filter based on location near
germlineindels’; (5) ‘Filter based onlocation near consensus sequence
indels’; and (6) the minimum germline sequencing total read coverage
filter describedin the ‘Filters based on germline sequencing read depth
and variant allele fraction’ section.

We also calculated ‘corrected’ call burdens that correct both for:
(1) differences in trinucleotide sequence context of the genome
relative to interrogated bases; and (2) sensitivity of detection. These
corrections were applied as follows:

First, we corrected raw call counts for the trinucleotide frequency dis-
tribution of the genome (specifically, the CHM13 v.1.0 sequences of chro-
mosomes being analysed; thatis, chromosomes1-22 and X for nuclear
genome analysis, and the mitochondrial sequence for mitochondrial
genome analysis) relative to the trinucleotide frequency distribution of
interrogated bases in sequencingreads. This correction for ‘trinucleo-
tide context opportunities’is necessary because interrogated bases may
have adifferent distribution of trinucleotides compared to the genome
due to restriction enzyme fragmentation and computational filters,
and this may affect burden estimates®. Specifically, we first calculate
thedistribution of trinucleotides (the fraction of each trinucleotide out
ofalltrinucleotides) across the genome. We then calculate the distribu-
tion of trinucleotides across interrogated bases of sequencing reads
inthe sample. Next, for each trinucleotide, we calculate the ratio of
its fractional distribution in the full genome to its fractional distribu-
tion in the interrogated bases. The trinucleotide-corrected count of
HiDEF-seq calls is then obtained by multiplying the raw call count for
eachtrinucleotide context by that context’s genome/interrogated bases
trinucleotide ratio. For dsDNA calls, trinucleotide context corrections
are performed using all possible 32 trinucleotide contexts where the
middlebaseisapyrimidine. For ssDNA calls, trinucleotide context cor-
rections are performed using all 64 possible trinucleotides and using
strand-specific trinucleotide sequences of calls, interrogated bases and
the genome. The trinucleotide contexts of ssDNA calls reflect the origi-
nal DNA molecule’s ssDNA change—thatis, for callsin strands aligning to
the forward strand of thereference genome, the reverse complements
ofthecall,interrogated read sequences and genome are used for trinu-
cleotide context corrections, and vice versafor callsinstrands aligning
tothereversestrand. Thisis because the sequence data produced by the
sequencer has the directionality of the sequencer-synthesized strand
rather than the original (template) DNA molecule.

Second, we corrected call counts for sensitivity of detection
separately for each sample using a set of high-quality, true-positive

heterozygous germline (dsDNA) variants detected in the HiDEF-seq
dataofthe sample. This specifically accounts for single-molecule sen-
sitivity loss due to the ‘Filters based on fraction of subreads (passes)
detecting the call and fraction of subreads overlapping the call’ that
are applied to calls detected in the final interrogated bases (they are
applied to each strand separately, and dsDNA calls must pass the fil-
ters in both strands). All of the other filters remove DNA molecules
and bases from the final set of interrogated bases and therefore do
notrequire sensitivity correction. To generate the true-positive set of
heterozygous germline variants for each sample, we extracted all of the
autosomal dsDNA calls detected in the final interrogated HiDEF-seq
bases of the sample that were also called in all of the germline vari-
ant call sets of the individual with >50th percentile VCF QUAL score,
>50th percentile VCF genotype quality, >50th percentile total read
depth, and variant allele fraction between 30% and 70%. We retain only
calls that meet these criteria across every one of the variant call sets
of the individual and that are present in gnomAD v.3.1.2 with ‘PASS’
flagand populationallele frequency > 0.1%. If more than10,000 such
true-positive germline calls areidentified, arandom subset 0f 10,000
callsis selected for the sensitivity calculation. We then extract sub-
reads corresponding to the DNA molecules that detected these calls
inthesample, realignthemto the genome withpbmmz2v.1.7.0 with the
‘--preset SUBREAD --sort’ settings and annotate the variants using the
same process described in the ‘Filters based on fraction of subreads
(passes) detecting the call and fraction of subreads overlapping the
call’step of the call-filtering pipeline. We next calculate germline vari-
ant sensitivity for the sample as the number of true-positive germline
variant calls that pass the same filtering thresholds used in the ‘Filters
based on fraction of subreads (passes) detecting the call and fraction
of subreads overlapping the call’ step of the call-filtering pipeline,
divided by the total number of true-positive germline variant calls.
Eachsample’s dsDNA call counts are then corrected for sensitivity by
dividing by that sample’s calculated germline variant sensitivity. Each
sample’s ssDNA call counts are corrected by dividing by the square
root of that sample’s germline variant sensitivity, because the above
dsDNA germline variant sensitivity estimate corrects for filters applied
toboth strands separately.

Finally, ssDNA and dsDNA burdens corrected for both trinucleotide
context and sensitivity are calculated as the sum of the trinucleotide
context- and sensitivity-corrected call counts divided by the number
ofinterrogated bases (ssDNA burdens) or base pairs (dsDNA burdens).
Forallanalyses and figures, unless otherwise specified, we use burden
estimates corrected for both the full genome trinucleotide distribu-
tion and sensitivity.

The Poisson 95% confidence intervals of asample’s corrected burden
were calculated as the corrected burden x [Poisson 95% confidence
interval of raw call counts, calculated using the poisson.test function
in R]/[raw call counts]. Weighted least-squares linear regressions of
call burdens versus age were performed using the ‘Im’ functionin R
(viathe ggplot®™ package), with weights equal to 1/[raw call counts].

HiDEF-seq estimate of fidelity for dSDNA mutations

The fidelity for dsDNA mutations was estimated for each sample as
follows: (1) for each of the 192 possible trinucleotide contexts (that is,
both central pyrimidine and central purine contexts), the number of
single-strand calls at that context was divided by the total number of
interrogated bases with that trinucleotide context to obtain a ssDNA
call burden for that context; (2) for each central pyrimidine trinucleo-
tide context, a dsDNA mutation error probability was calculated by
multiplying the single-strand call burdens of the corresponding cen-
tral pyrimidine and reverse-complement central purine trinucleotide
contexts; and (3) all of the resulting central pyrimidine trinucleotide
context dsDNA mutation error probabilities were summed. The main
text reports the average fidelity across samples from healthy individu-
als, excluding sperm samples (as these have an outlier high ssDNA
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C>T burden) and post-mortem samples processed with HiDEF-seq
with A-tailing.

Comparison of HiDEF-seq and standard PacBio HiFi molecule
characteristics

Standard PacBio HiFi raw subread data for comparison to HiDEF-seq
(Fig. 1b and Extended Data Fig. 1d,f) were obtained from the Human
Pangenome Reference Consortium (HPRC) public data repository®
(samples HG02080, HG03098, HG02055, HG03492, HG02109,
HGO01442, HG02145, HG02004, HG01496, HG02083). Circular con-
sensus sequences were derived from raw subreads using the same ccs
version and ccs parameters used to analyse HiDEF-seq data.

Comparison of HiDEF-seq mutation burdensin sperm to
paternally phased de novo mutation burdens

Paternally phased de novo mutation (DNM) burdens were calculated
for each paternal age (in one-year intervals) from data published in a
previous study of 2,976 trios™ (supplementary files aau1043_datas5_
revisionl.tsvand aaul043_datas7.tsv), and using additional methodo-
logical details obtained fromits associated study®®. Paternally phased
DNM burdens were first calculated for each child as [total number
of paternally phased DNMs]/[fraction of the child’s DNMs that were
either paternally or maternally phased (which corrects for each child’s
phasing rate)] x [the Jonsson et al.” correction factor of 1.009 (which
accounts for its false-positive and false-negative rate)]/[the Jonsson
etal.® interrogated genome size 0f 2,682,890,000] (refs. 14,93). We
then compare the dsDNA mutation burden of each HiDEF-seq sperm
sample tothe DNM burdens of children whose fathers’ age at their birth
isoneyear higher than the age at which the spermsample was collected
(to account for around 9 months difference between the father’s age
at conception and the child’s birth).

Comparison of HiDEF-seq and NanoSeq call burdens and
patterns

NanosSeq data were processed using the NanoSeq analysis pipeline
v.3.2.1 (https://github.com/cancerit/NanoSeq) for chromosomes 1-22
and X (hs37d5 reference genome). NanoSeq dsDNA burdens corrected
for trinucleotide context opportunities were obtained from the ‘results.
mut_burden.tsv’ outputfile of the NanoSeq pipeline. NanoSeq ssDNA
call burdens were calculated as the sum of the values in the ‘results.
mismatches.subst_asym.tsv’ output file, divided by 2 x [the sum of
the valuesinthe ‘results.mismatches.subst_asym.tsv’outputfile + the
number of interrogated dsDNA base pairs obtained from the ‘results.
mut_burden.tsv’ output file]. NanoSeq ssDNA call counts for each
context were obtained from the ‘results.SSC-mismatches-Pyrimidine.
triprofiles.tsv’ and ‘results.SSC-mismatches-Purine.triprofiles.tsv’
output files. Because the NanoSeq pipeline does not correct ssDNA calls
for trinucleotide context opportunities, we compared the burdens of
NanoSeq ssDNA callsin each context to the burdens of HIDEF-seq ssDNA
callsthatare alsonot corrected for trinucleotide context opportunities
(thatis, to HiDEF-seq burdens corrected only for sensitivity) (Fig. 1f,g
and Extended Data Fig. 6b,c).

For more informative comparison of Poisson 95% confidence inter-
vals of HiDEF-seq and NanoSeq (Fig. 1c,e,f and Extended Data Fig. 4a)
despite a different number of interrogated bases (for ssDNA calls, or
base pairs for dsDNA calls) measured by each method, for each sample,
the number of calls of the method with the higher number of inter-
rogated bases (or base pairs) was downsampled proportionally to the
ratio of the number of interrogated bases of the two methods. The
downsampled method’s burden was then recalculated as the down-
sampled call count divided by the number of interrogated bases of the
method with fewer interrogated bases, and the downsampled method’s
Poisson 95% confidence interval was recalculated using the downsam-
pled number of raw call counts. This downsampling does not affect
burden estimates, and it normalizes the confidence intervals of the

twomethodstoreflect anequivalent number of interrogated bases (or
base pairs). Confidence intervals before downsampling are provided
inSupplementary Table 2.

Transcription level and transcription strand analysis of sperm
HiDEF-seq ssDNA C>T calls

We obtained RNA-seq data of purified human spermatozoa fromsupple-
mentarytable 2 of ref. 94 (‘Expression’ sheet, average of the Control 1,
Control 2,and Control 3samples’ fragments per kilobase of transcript
per million mapped reads (FPKM) values) and annotated each gene
that had non-zero expression with its expression quartile. We joined
these data to the UCSC CHM13 v.1.0 genome browser ‘CAT Gene +
LiftOff Annotations V4’ transcript annotation track using Ensembl
gene IDs. We then annotated each ssDNA C>T callin HiDEF-seq sperm
samples with the transcript expression data, and further annotated
for each call if it was present on the transcribed or non-transcribed
strand. We excluded from analysis the small number of calls overlap-
ping transcripts expressed on both strands. We next calculated the
sum ofthelengths of transcriptsin each expression quartile, excluding
regions with transcripts expressed on both strands. We then normal-
ized the number of ssDNA C>T calls in each quartile and each tran-
scribed/non-transcribed strand category by the sum of the lengths of
transcripts in that quartile. We then normalized these values for each
transcribed and non-transcribed strand category by the sum of that
category’s values.

Signature analysis
Signature analysis for dSsSDNA mutations was performed using the ‘sigfit’
package®v.2.2, withinput of raw mutation counts for each trinucleotide
context, and the ‘opportunities’ parameter set to the ratio of the frac-
tional abundance of each trinucleotide context in interrogated bases
of that sample versus the fractional abundance of that trinucleotide
contextinthe humanreference genome. The correction for trinucleo-
tide context opportunities performed above for burden analyses used
the fractional abundance of trinucleotides in CHM13 v.1.0, but the
correctionfor trinucleotide context opportunities performed here for
signature analysis and figures used the fractional abundance of trinucle-
otidesin the full GRCh37 genome (for both nuclear and mitochondrial
genome analyses and figures) so that the obtained spectra and signa-
tures can be compared to standard COSMIC signatures. The ‘plot_gof”
function was used to determine the optimal number of signatures to
extract. As COSMIC SBS1was not well separated from other signatures
during de novo extraction®, we used the ‘fit_extract_signatures’ func-
tion to fit SBS1 while simultaneously extracting additional signatures
denovo.Denovo extracted signatures were compared to the COSMIC
SBS v.3.2 catalogue® to identify the most similar known signature by
cosine similarity. To obtain more accurate estimates of signature expo-
sures, the fitted COSMIC SBS signature and the extracted signatures
were then re-fit back to the mutation counts using the ‘fit_signatures’
function, along with correction for trinucleotide context opportunities.
SBS5isaubiquitous clock-like signature?, and often de novo extraction
produced more than one signature with weak or moderate similarity
to SBSS5, for example, both SBS5 and SBS40 (cosine similarity = 0.83)
or both SBS3 and SBS40 (cosine similarity = 0.88). In these cases, we
either reduced the number of de novo extracted signatures so that
only one of these similar signatures was extracted, or we instructed
‘fit_extract_signatures’ to fit both COSMIC SBS1and COSMIC SBS5.
ssDNA signatures were extracted by taking advantage of sigfit’s
ability to analyse 192-trinucleotide context mutational spectra that
distinguish transcribed versus untranscribed strands. Instead, we use
this feature to distinguish central pyrimidine versus central purine
contexts. We do this by arbitrarily setting central pyrimidine and cen-
tral purine ssDNA calls to the transcribed and untranscribed strands,
respectively (by setting the strand column to ‘=1’ for all calls that are
inputintosigfit’s ‘build_catalogues’ function, without collapsing central
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pyrimidine and central purine contexts). We then extract ssDNA sig-
natures as described above for dsDNA signatures, with correction for
trinucleotide context opportunities. Cosine similarities of ssDNA and
dsDNA ssignatures are calculated after projecting ssDNA signatures to
96-central pyrimidine contexts, whichis performed by summing values
of central pyrimidine contexts with values of their reverse-complement
central purine contexts.

To help to qualify the significance of cosine similarities, we per-
formed simulations of random 96-element and 192-element number
vectors (n=10,000 random vector pairs each), which showed that
5.9%,0.06% and 0% of random 96-context cosine similarities are above
cut-offs 0of 0.8,0.85and 0.9, respectively,and 1.2%, 0% and 0% of random
192-context cosine similarities are above cut-offs of 0.8, 0.85and 0.9,
respectively. Thus, for 96-context comparisons (that is, dSDNA and
projected ssDNA to dsDNA comparisons), we use the qualitative terms
‘weak similarity’ for 0.8 < cosine similarity < 0.85, ‘moderate similar-
ity’ for 0.85 < cosine similarity < 0.9, and ‘strong similarity’ for cosine
similarity > 0.9. For 192-context comparisons (that is, ssDNA to ssDNA
comparisons), we use the terms ‘moderate similarity’ for 0.8 < cosine
similarity < 0.85 and ‘strong similarity’ for cosine similarity > 0.85.

Replication strand asymmetry (fork polarity) analysis

ENCODE replication timing (Repli-seq) data®” (wavelet-smoothed sig-
nal) were obtained from the UCSC Genome Browser®® (hgl9) for the
lymphoblastoid cell lines GM12878, GM06990, GM12801, GM12812
and GM12813. We calculated the average of the Repli-seq signal (higher
valuesindicate earlier replication) across these samples at each posi-
tion, and then lifted over the data to CHM13 v.1.0. For each analysed
HiDEF-seq call, we calculated the fork polarity®® as the slope versus
position of the Repli-seq data points spanning -5 to +5 kb from the
callusing the ‘Im’ function in R. Positive and negative fork polarities
indicate the genome non-reference () strand is synthesized more
frequently in the leading- and lagging-strand direction, respectively.
This was also performed for a set of 50 iterations of 1,000 randomly
selected genomic positions with either the sequence or the reverse
complement of the sequence corresponding to the trinucleotide con-
text being analysed (that is, AGA or TCT for POLE samples). We next
calculated the fork polarity quantile values at quantiles ranging from
0to1.0in O0.1increments, and then for each of these quantile bins
(combining 0.4-0.5 and 0.5-0.6 quantile bins into one bin, as these
span fork polarity 0), we counted the number of loci whose sequence
isAGAinthe genome non-reference (-) strand and the number of loci
whose sequence is AGA in the reference genome (+) strand. Loci with-
out annotated Repli-seq data were excluded. Next, for each genome
strand, we calculated normalized call counts by dividing the quantile
bin call counts by the total number of calls in that strand. For each of
the nine quantile bins, we then calculated the ‘strand ratio’ as the ratio
of non-reference to reference strand normalized call counts. We also
calculated this strand ratio for positive and negative fork polarities
(that is, two bins rather than nine quantile bins), as there were not
enough ssDNA calls in individual quantile bins for analysis. Analyses
were also repeated after excluding loci within genic regions annotated
in the CHM13 v.1.0 LiftOff Genes V2 annotation obtained from the
UCSC Genome Browser.

Kinetics analysis
Signatures of sequencing polymerase kinetics have been previously
identified for diverse base modificationsin synthetic oligonucleotides,
and they have been used to detect a small number of base modifica-
tions in genomic DNA such as cytosine methylation**°, However, this
approach has not yet been used to detect uracil-species in genomic
DNA with single-molecule fidelity. We performed the kinetics analysis
as follows.

For each sample, consensus sequences for each strand were cre-
ated using pbccs v.6.4.0 (Pacific Biosciences) with the parameters:

--by-strand --hifi-kinetics --min-rq 0.99 --top-passes 0. pbccs v.6.4.0
was used because, with these parameters, it outputs consensus kinet-
icsvalues for each strand separately, which previous versions of pbccs
do not. Consensus sequence reads were then aligned to the CHM13
v.1.0 reference genome with ppbmm2 with the parameters ‘--preset
CCS --sort’.

Next, we extracted the list of ssDNA C>T sequence calls in the 72 °C
heat-treated blood DNA and the sperm samples (profiled by HiDEF-seq
with nick ligation). Owing to the very high number of ssDNA C>T calls
inblood DNA samples that were heat treated in water-only or Tris-only
buffer, for these samples, we selected arandom subset of 800 calls. We
then extracted from these samples and from 85 other HiDEF-seq sam-
plesall of the consensus reads that overlapped the C>T call positions,
from the strand synthesized by the sequencing polymerase opposite
tothe strand on whichthe callis presentin the molecule. As kinetics is
affected by sequence context*®, this enables calculation of differences
in kinetics between molecules with and without the event within the
same sequence context. We next performed kinetic analyses of IPD and
PW.Kinetics values (IPD or PW, reported by the sequencing instrument
atal0 msframe rate) for each consensus read were transformed into
units of time (seconds) and normalized by the average kinetics values
of all bases in the consensus read to correct for baseline sequencing
kinetics differences between molecules. Foreach C>T call, we extracted
thekinetics values of all overlapping reads for +30 bp flanking the event
position relative to the reference genome coordinates using eachread’s
CIGARvalue toaccount forinsertions or deletionsin the read relative to
the reference genome. Next, for each C>T call, we calculated the ratio
ofkinetics values for each base position by dividing the kinetics values
(IPD or PW) of the molecule with the call by the weighted average kinet-
ics values of molecules without the call (the weighted average weights
by each molecule’snumber of passes; that is, its ‘ec’ tag value). Finally,
for each flanking and mutant base position, we calculated the average
ands.e.m. of thekinetics value ratios across all C>T calls of each sample
or sample set of interest. The same kinetic analysis was performed
for dsDNA C>T mutation calls (that is, bona fide cytosine to thymine
double-strand mutations) in non-heat-treated blood DNA, 56 °C and
72 °C heat-treated blood DNA, sperm, kidney, and liver samples (all
profiled by HiDEF-seq with nick ligation), for the strands synthesized
by the sequencing polymerase opposite the strand containing the
C>T mutation; this shows the kinetic profile of true C>T changes, as a
comparator for C>T calls arising from cytosine damage. Note that the
dsDNA C>T mutations used for this kinetics analysis were called with
the same thresholds used for ssDNA C>T calls. Both these ssDNA and
dsDNA analyses were additionally conducted after randomization of
labels among molecules with and without the C>T call to confirm that
the kinetic signal was specific to molecules with the C>T call. The kinetic
profile heat map and clustering were performed using the Complex-
Heatmap R package'®®.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencing data generated in this study (FASTQ files for Illumina
sequencing; subreads BAM files for PacBio data) are available at the
NCBI database of Genotypes and Phenotypes under accession code
phs003604 (all of the samples except those from the International Rep-
lication Repair Deficiency Consortium and participants D1and D2) and
atthe European Genome-Phenome Archive under accession number
EGAS50000000318 (samples from the International Replication Repair
Deficiency Consortium). Sequencing data of participants D1 and D2
werenot depositedinthese databases due to consent limitations. Acces-
sion IDs of specific samples are provided in Supplementary Table 1.


https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003604
https://ega-archive.org/studies/EGAS50000000318

Article

Code availability

The source code for the HiDEF-seq analysis pipeline is available at
GitHub (https://github.com/evronylab/HiDEF-seq), and the version
used for this manuscript (v.1.1) is archived in Zenodo (https://doi.
org/10.5281/zenodo.10898439).
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Extended DataFig.2|Schematic of analysis pipeline. Primary data
processing (blue) is followed by call filtering (green) along with germline
sequencing analysis (orange), whichis then followed by call burdenand
signature analysis (purple). See Methods for full details. On the left of primary
dataprocessing steps are the average percentage of molecules filtered by each
stepacross 17 representative HiDEF-seq sequencing runs. Approximately half
of moleculesfiltered by the ‘Generate consensus sequence’ step are molecules
with less than 3 full-length passes (default setting of the ccs tool that creates
consensus sequences), and the other halfare due to molecules with read
quality (‘'rq’ tag) <0.99. At the end of the call filtering steps are listed the

percentage of basesfiltered by all the call filtering steps, calculated out of the
total bases of molecules that pass primary data processing, for thesame 17
representative HiDEF-seq sequencing runs. The filter for ‘low-quality genomic
regionsand gnomAD variants with allele frequency (AF) > 0.1%in the
population’ covers approximately 15% and 7% of the genome when using
Illumina and PacBio germline sequencing data, respectively (i.e., when PacBio
germline sequencing datais used, the pipeline uses lessrestrictive filters due
to fewer genome alignment errors and artifacts). WGS, whole-genome
sequencing.
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Extended DataFig. 3| Analysis thresholds and comparison of analyses
using short- versuslong-read germline sequencing. a, Histogram of
predicted consensus sequence accuracy (‘rq’ tag, bin width=0.0001) for DNA
molecules that pass primary data processing steps from 3 representative
spermsamples profiled by HiDEF-seq (with nick ligation) (21yo: SPM-1002;
39y0: SPM-1004; 44yo: SPM-1020; yo, years old). Note, these are consensus
sequenceaccuracies predicted by the ccs consensus calling software (Methods),
which areusedtofilter low-quality molecules, but these accuracies do not
reflectthetrueaccuracy thatissignificantly higher. b, Box plot of passes per
strand for different consensus sequence accuracy bins, for molecules from the
3samplesincludedinthe prior panel, showing that higher minimum accuracies
selectfor molecules with higher numbers of passes. ¢, Fraction of post-primary
dataprocessing molecules thatare filtered (left plot) and fraction of post-
primary data processing base pairs that remain for interrogation (right plot)
using different minimum passes per strand and consensus sequence accuracy
thresholds. Values show average of the 3samplesincluded in the prior panels,
after completing all steps of the mutation filtering pipeline. d,e, dSDNA
mutationburdens for the 3 samplesincludedin the prior panels using different
minimum passes per strand and consensus sequence accuracy thresholds.
Panel (e) shows data from (d) at consensus accuracy of 0.99 with Poisson 95%
confidenceintervals. These dataillustrate stability of dSDNA mutation burden
estimates at broad thresholds using sperm as the most stringent test of fidelity.
f, Fraction of high-quality, known heterozygous germline variants detected
using different minimum required fraction of molecule passes (i.e., subreads)
thatdetectthe variant (filter applied separately to each strand). This valueis
used for sensitivity correction (Methods). Values show average of the 3 samples
includedin prior panels. g,h, dsSDNA mutation burdens for the 3samples
includedin the prior panels using different minimum required fraction of
molecule passes that detect the variant (filter applied separately to each
strand), after correcting for sensitivity (g), and using different minimum

required distances from the end of the read (h). Panel (g) illustrates that
correcting for sensitivity maintains stable burden estimates. The analysis
pipeline requires aminimum of 10 bp from the ends of reads toremove rare
alignmentartifacts, although this does not significantly alter burden
estimates. i, ssSDNA call burdens for the 3sperm samplesincluded in the prior
panels using different minimum passes per strand and consensus sequence
accuracy thresholds. Plot shows asmall decrease inssDNA callburdens witha
higher minimum required passes per strand at low consensus sequence
accuracy thresholds, and convergence to similar burdens at high consensus
sequence accuracy thresholds. Data shown with minimum fraction of 0.5
molecule passes that detect the variant.j, ssDNA call burdens for the 3 sperm
samplesincludedinthe prior panels using different minimum required
fraction of molecule passes that detect the variant, after correcting for
sensitivity. Datashown with aminimum consensus sequence accuracy of 0.999
and aminimum of 20 passes per strand. k,I, Concordant dsSDNA mutation and
ssDNA call burdens obtained by HiDEF-seq using short-read (Illumina) or long-
read (PacBio, Pacific Biosciences) germline sequencing during analysis, for two
samples (1301and 1901 blood). a-d,i, Consensus sequence accuracies are the
average of forward and reverse strand accuracies. b, Box plot: middle line,
median; boxes, 1stand 3rd quartiles; whiskers, the maximum/minimum values
within1.5xinterquartile range. X-axis: square brackets and parentheses signify
inclusion and exclusion of interval endpoints, respectively. c-e,i, Threshold for
minimum required passes per strandis applied toboth strands. c-j, The
symbols}and § mark the final thresholds chosen for dSDNA and ssDNA
analyses, respectively. ¢,f, Error bars: standard deviation; note, panel (f) error
barsare smalland therefore not well visualized. d,e,g-1, Mutation and call
burdensare corrected for sensitivity and trinucleotide context opportunities
ofthe fullgenomerelative tointerrogated bases (Methods). e,g,h,j-1, Dots and
error bars: point estimates and their Poisson 95% confidence intervals.
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Extended DataFig.4|dsDNA mutation burdens of HiDEF-seq without
ssDNA nick ligation and removal of ssDNA artifacts by ssDNA nick ligation.
a,dsDNA mutationburdensintwo spermsamples (left to right: SPM-1004,
SPM-1020) profiled by HiDEF-seq without ssDNA nick ligation and by NanoSeq,
compared for each age (yo, years old) to paternally phased de novo mutations
inchildrenfromapriorstudy of 2,976 trios™. See Fig. 1c for sperm samples
profiled by HiDEF-seq with nick ligation. b, dsSDNA mutation burdens versus
age, measured by HiDEF-seq without nick ligation (see Fig. 1d for samples
profiled by HiDEF-seq with nick ligation). Dashed lines (liver, kidney): weighted
least-squares linear regression. Dotted lines (blood, neurons): these only
connect two data points to aid visualization of burden difference, since
regression cannot be performed with two samples. ¢, Mutational signature
contribution to dsDNA mutations detected in samples profiled by HiDEF-seq
without nick ligation (see Extended Data Fig. 5i for samples profiled by HiDEF-
seqwith nickligation). Allsamples, except blood from a 62-year-old individual
with ahistory of kidney disease (1901, asterisk), were jointly analysed with

fitting of SBS1and de novo extraction of one additional signature SBSi (Methods).

Theblood sample of the 62-year-old was analysed separately together with 5
other HiDEF-seq (with nick ligation) blood samples from this individual, due to
identification of an additional signature SBSii with strong and moderate
similarity to SBS19 and SBS23, respectively. Analysis of samples grouped by
tissue type, excluding the 62-year-old blood sample, produced similar results.
For de novo extracted signatures (SBSi and SBSii), the cosine similarities to the
most similar COSMIC signatures are shown in parentheses. Sperm samples and
kidney and liver samples from aninfant (1443) were notincluded here since the
number of mutationsis too low for reliable signature extraction. d, Burdens of
dsDNA mutations (left plot) and ssDNA calls (right plot) of ablood sample

(individual 1301) measured by HiDEF-seq without versus with nick ligation.
Nick ligation eliminates T > AssDNA artifacts that match theillustrated
GTTBVH motif. The motifwas derived using the ggseqlogo R package (ref.101)
using allssDNAT > A calls from the sample profiled by HiDEF-seq without nick
ligation. Grey bar is calls matching the motif with log-odds score > 2 calculated
with the score_match function of the universalmotif R package. e,f, Proposed
mechanism for the GTTBVH motif of ssDNA artifactual calls in HiDEF-seq
without ssDNA nick ligation. The known GTNNAC motif of the Hpy16 611
restriction enzyme used in HiDEF-seq may arise if Hpyl66ll operates as adimer
(cutsites signified by triangles) with each monomer binding opposite strands,
and the GTTBVH motifis due tointersection (n) and union (U) combinatorial
logic for the outer and inner 2 bases, respectively (e). Without nick ligation,
ssDNAGT[T > AlBVH artifactual calls may arise from rare Hpyl6 61l monomer
nicking events, pyrophosphorolysis of the ‘T’ upstream of the nick, and
addition of amismatched ‘A’ during the Klenow dATP/ddBTP A-tailing reaction.
Further extension withddBTP does not occur due to the mismatch (ref. 102).
This processis prevented in HiDEF-seq by nick ligation. g, Nick ligation
increases HiDEF-seq library yield by 66% for post-mortem tissues, likely by
repairing nicksin the originalinput DNA so that the molecules are not
eliminated inthe final nuclease treatment step. Bars show average yield for
eachgroup; number of samples per group (left toright):8,8,5,9 (**, p=0.002;
ns, not significant; two-sided unpaired t-test). a, Box plots: middle line, median;
boxes, Istand 3rd quartiles; whiskers, 5% and 95% quantiles. For each sample,
HiDEF-seq and NanoSeq confidence intervals were normalized to reflect an
equivalent number of interrogated base pairs (Methods).a,b,d, Error bars:
Poisson 95% confidenceintervals. g, Error bars: standard deviation.
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Extended DataFig. 5| HiDEF-seqwithout A-tailing removes ssDNA artifacts
of post-mortem tissues with fragmented DNA. a, Fraction of ssDNA calls that
areT > A (corrected for trinucleotide context opportunities) versus the ssDNA
T>Aburdeninall samples profiled by HiDEF-seq with A-tailing (i.e., Klenow
reaction +dATP/+ddBTP) from healthy individuals and cell lines (i.e., excluding
cancer predisposition syndromes). Post-mortem kidney and liver consistently
have the highest fraction of ssDNA calls thatare T > A.b, ssDNA call spectrum
foraliver sample profiled by HiDEF-seq with A-tailing exhibiting a high ssDNA
T>Aburden (6.8:107 T>Aburden; 7.6-10 7 total ssDNA call burden), corrected
for trinucleotide context opportunities. Parentheses show total number of
calls.c, CorrelationbetweenssDNAT > A artifactburden and theinput DNA’s
DNA Integrity Number measured by TapeStation electrophoresis (ref.103)
acrossallsamples profiled by HiDEF-seq with A-tailing from healthy individuals
and celllines (i.e., excluding cancer predisposition syndromes). Lower DNA
Integrity Number corresponds to more fragmented DNA.d, Proposed
mechanism forthe ssDNAT > Aartifact callsin fragmented DNA when
performing HiDEF-seq with A-tailing and its prevention in HiDEF-seq without
A-tailing. e, Modifications of the HiDEF-seq protocol to eliminate ssDNAT > A
artifactsinfragmented DNA. All trials were from the same DNA extraction
aliquot (liver fromindividual 5697). See Methods for details. PNK,
polynucleotide kinase; Bst, Bst large fragment; min, minutes. f, ssDNA call
spectrafor three of the samples shownin panel (e): standard HiDEF-seq with
A-tailing (top, same spectrum as panel (b)), HiDEF-seq with aKlenow reaction
that does not contain dATP nor ddBTP (middle), and HiDEF-seq with aKlenow

reaction containing only ddBTP (bottom). The total number of ssDNA calls and
total ssDNA call burden (calls per base) are shown. g, Fraction of ssDNA calls
thatareT > A (corrected for trinucleotide context opportunities) versus the
ssDNAT >Aburdeninpost-mortem liver (n=5) and kidney (n =5) samples
profiled by HiDEF-seq without A-tailing (i.e., Klenow reaction -d ATP/+ddBTP).
h, Concordant dsDNA mutation burdensin sperm sample SPM-1013 measured
by HiDEF-seq with A-tailing (i.e., Klenow reaction +dATP/+ddBTP) and without
A-tailing (i.e., Klenow reaction -dATP/+ddBTP). yo, years old. i, Mutational
signature contribution to dsDNA mutations detected by HiDEF-seq in primary
humantissues fromindividuals without cancer predisposition. Post-mortem
liver and kidney samples were profiled by HiDEF-seq without A-tailing. All
samples, except blood from a 62-year-old individual with a history of kidney
disease (1901, asterisk), were jointly analysed with fitting of SBS1and de novo
extraction of one additional signature SBSiii. Blood samples of the 62-year-old
profiled by HiDEF-seq were analysed separately (plot shows average signature
contributions across 5blood samples) due toidentification of an additional
signature SBSiv. Analysis of samples grouped by tissue type, excluding the
62-year-old blood sample, produced similar results. For de novo extracted
signatures (SBSiii and SBSiv), the cosine similarities to the most similar
COSMICsignatures are shown in parentheses. Sperm, kidney and liver samples
fromaninfant (1443) and 18-year-old (1409), and blood from a 4-year-old (5203)
arenotincluded heresince their number of mutations are too low for reliable
signature extraction. e,h, Bars (e) and dots (h) show point estimates, and error
barsare their Poisson 95% confidence intervals. e-g, Rxn, reaction.
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Extended DataFig.7|dsDNA mutation burdens and patternsincancer
predisposition syndromes. a, Fraction of dSDNA mutations in each context.
Non-cancer predisposition samples are (left to right): Blood (B) 5203, 1105,
1301, 6501, and 1901; lymphoblastoid cell line (LCL) GM12812; primary
fibroblasts GM02036 and GM03348. Cancer predisposition samples are (left-
to-right,inthe same order and annotated sample types as top-to-bottom
cancer predisposition samplesin panel (c)): GM16381, GM01629, GM28257,
55838,58801,57627,1400,1324,1325,60603, 59637, 57615, 63143 (LCL), 63143
(B), CC-346-253,CC-388-290, CC-713-555. Affected genes annotated below.
Note, GM02036 (asterisk) has asignificantincreasein C > T mutationswitha
spectrum matching COSMIC SBS7a (ultraviolet light exposure), likely due to
thefibroblasts deriving from sun-exposed skin. b, Representative dsSDNA
mutation spectraofasample for each affected gene, corrected for trinucleotide
context opportunities. Sample IDs are in parentheses. Ages (yo, years old) are
listed for blood samples. ¢, Fraction of dsSDNA mutations attributable to
denovo extracted dsDNA mutational signatures. Sample genotypesare on the
right (hom., homozygous; compound heterozygous variants separated by /).
In parentheses is the cosine similarity to the most similar COSMIC signature
when the similarityis > 0.8 (weak similarity: 0.8 - 0.85; moderate similarity:
0.85-0.9; strong similarity:>0.9; Methods). In ERCC6 and ERCC8 mutant cell
lines, whose mutational patterns are unknown, we identified signature SBSB
with weak similarity (cosine similarity 0.82) to the COSMIC SBS36 signature.
For SBSF, the most similar COSMIC signature is SBS10c¢, but the cosine
similarity of 0.79 is not considered significant. For SBSG, the most similar
COSMICsignature is SBS40, but the cosine similarity of 0.76 is not considered
significant. SBSG had non-significant similarities to SBS18 (0.69) and SBS36
(0.59), which have been previously associated with MUTYH*. These MUTYH
signatures were not extracted due to the normal mutation burdens of our
MUTYHblood samples (see panel (d)), whichis expected at these sample ages
and ourinterrogated base coverage®. Note that SBS40 resembles SBS18 and
SBS36inthe C>Aspectrumthatisenrichedin MUTYH syndrome?.. Signature
extraction was performed for samples of each DNA repair pathway (except XPC
separately from ERCC6/ERCCS), while simultaneously fitting COSMIC SBS1and
SBS5 (Methods). Samples are in the same top-to-bottomorder as left-to-right
cancer predisposition samplesin panel (a). d, dsDNA mutation burden per base
pairdivided by the age of the individual in years at the time of blood collection,
corrected for trinucleotide context opportunities and sensitivity. Only blood
samples are shown, since blood can be annotated with the age of the individual.
Accordingly, since we did not profile blood samples nucleotide excision repair
syndrome, this category is not shown. Non-cancer predispositionblood
samples are the same (left-to-right) asin panel (a) (left-to-right). Cancer
predisposition blood samples are the same (left-to-right) as blood samplesin
panel (c) (top-to-bottom). Affected genes annotated below. e, Replication

strand asymmetry based onreplication timing data (Methods) of AGA > ATA
ssDNA mismatches and dsDNA mutationsin POLE PPAP samples. Reference (+)
referstothe humanreference genome plus strand. Non-reference (-) strand
lagging and leading strand synthesis corresponds to negative and positive fork
polarity values, respectively (Methods). The ‘strand ratio’ (Y-axis) is calculated
asthefraction of all AGA > ATA non-reference strand events that have the
specified fork polarity divided by the fraction of all AGA > ATA reference strand
mutations that have the specified fork polarity (Methods). *, p = 0.015; ***,

p <1075 (chi-squared test; n =73 ssDNA AGA > ATA mismatches; n = 3,871
dsDNA AGA > ATAmutations). For dSDNA mutations, bars show the average
across PPAP samples (n =4), and for ssDNA mismatches, due to their low
number, bars show asingle estimate for calls pooled across PPAP samples. See
(f) for analysis of dsDNA mutations separated by fork polarity quantiles (rather
than positive versus negative polarity), which cannot be plotted for ssDNA
mismatches dueto the low number of ssDNA mismatches per quantile. ssDNA
strand ratios were calculated using calls of all POLE PPAP samples, since there
aretoo few callstoreliably analyse individual samples. dsDNA strand ratios
were calculated separately for each sample (plot shows average and standard
deviation). Excluding calls overlapping genes to exclude transcription strand
biases was still significant for dsSDNA mutations (p <10™°) but not ssDNA
mismatches, but the latter had significantly reduced power due toa55%
reductioninthe number of analysed ssDNA calls. f, Replication strand
asymmetry of AGA > ATA dsDNA mutations in POLE PPAP samples calculated
foreachfork polarity quantile. Fork polarity quantiles divide fork polarity
valuesinto 9 quantile bins from O to1, with higher values correspondingto a
greater probability of the non-reference strand being replicated in the leading
rather thanlagging strand direction (Methods). Random lociare the average
of 50 sets of 1,000 random genomic loci with either the sequence AGA or TCT
forwhich thereisreplicationtiming dataatthelocus. The ‘strand ratio’is
calculated for POLEPPAP samplesasin (e), anditis calculated for random
genomiclocias the fraction of all AGA non-reference strand locithatarein the
fork polarity quantile bin divided by the fraction of all AGA reference strand
locithatareinthe fork polarity quantile bin. PPAP samples are the same top-
to-bottomorderinthelegend as top-to-bottom PPAP samplesin (c). Asterisks
signify statistical significance in comparison of the POLE PPAP 4-sample
average (dashedline) torandomloci (heteroscedastic two-tailed t.test);
p-values left-to-right for asterisks: 3.7.1077,0.001,0.009, 0.02,0.003.
Excluding mutations overlapping genes to exclude transcription strand biases
produced similar results (p=3.1.10"°,0.003, and 0.04 for quantiles 0-0.1, 0.1
0.2,and 0.6-0.7, respectively), but this analysis has reduced power due to the
55%reductioninthe number of mutations. a-f, See additional samples detailsin
Supplementary Tables1-4. e,f, Error bars: standard deviation.
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Extended DataFig. 8 | Hypermutating tumours deficientin both mismatch
repair and polymerase proofreading. a, Burdens of dsDNA mutations (left)
and ssDNA calls (right). Burdens are corrected for trinucleotide context
opportunities and detection sensitivity (Methods). b,c, Fraction of dSDNA
mutation burdens (b) and ssDNA call burdens (c) by context, corrected for
trinucleotide context opportunities.d, ssDNA mismatch signature SBS14ss
extracted from tumour samples, while simultaneously fitting SBS30ss*.

e, Fraction of dsDNA mutations attributed to each dsDNA signature. Cosine
similarity of the extracted signature SBSH to the most similar COSMIC SBS
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signatureis shownin parentheses. Cosine similarities of original spectra of
samplesto spectrareconstructed from component signatures are (left to
right): 0.94 and 0.998.f, Fraction of ssDNA calls attributed to each ssDNA
signature. Cosine similarities of original spectra of samples to spectra
reconstructed from componentsignatures are (left toright): 0.91and 0.98.
a,Dotsand error bars: point estimates and their Poisson 95% confidence
intervals. a-c,e,f, MB, medulloblastoma (ID: Tumour 8); GBM, glioblastoma
(ID: Tumour10). See Supplementary Table1for sample details.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig.9|Burdens of ssDNAC > Tcalls, kineticinterpulse
duration profiles, and profiling of heat treatmentin varied buffers.

a, Fraction of ssDNA calls that are C > T (corrected for trinucleotide context
opportunities) across all HiDEF-seq samples from healthy individuals and cell
lines (i.e., excluding cancer predisposition syndromes), versus the ssDNAC>T
burden. Datashown for liver and kidney samples profiled by HiDEF-seq without
A-tailing. Sperm consistently have the highest fraction of ssDNA calls that are
C>T.LCL,lymphoblastoid cell line. b, Cosine similarity of ssDNA call spectra
to SBS30 after projecting ssDNA spectrato central pyrimidine contexts.

c, Averageratio of pulse widths (left) and interpulse durations (right)at C> T
callsand 30 flanking bases relative to molecules aligning to the same locus
without the call (sperm:n=1799 calls; blood DNA72 °Cheat,3and 6 h:n=626
calls; dsDNA C > Tmutationsinalarger set of non-heat treated blood DNA,
56°Cand72°Cheattreated blood DNA, sperm, kidney, and liver samples:
n=1202 mutations; Methods). Positions +1and +3 (stars) best discriminate
ssDNA C>T damage from dsDNA C > T mutations. Yellow box is the span shown
inFig. 4f.d, Average ratio of pulse width (left column) and interpulse duration
(right column) after randomizing labels of molecules with and without the
calls, for the same samples and calls asin panel (c). e, dSSDNA mutation and
ssDNA call burdens of heat-treated blood DNA in an additional experiment
testing the effect of different buffers and different DNA extraction methods
(orange underline, Puregene alcohol precipitation; all other samples,
MagAttract with magnetic beads). MgAc, magnesium acetate; MgCl,,
magnesium chloride; KCI, potassium chloride; KAc, potassium acetate; Alb,
albumin; Tris bufferis Tris-HCl except for the MgAc/KAc/Alb thatis Tris-Acetate

(see Supplementary Table1for concentrations). Non-heat treated DNA samples
were placedonice for 6 h. The percentage of ssDNA sequencing calls thatare
C>Tareannotated above each sample. Cosine similarity to COSMIC dsDNA
signature SBS30 is annotated below each sample, after collapsing ssDNA calls
to central pyrimidine trinucleotide contexts and correcting for trinucleotide
context opportunities, except for the no-heat treatment samples that do not
have sufficient C > T calls (‘N/A’).f, SBS30ss* signature (reproduced from
Fig.4d) compared to spectraof ssDNA calls after 72 °C heat damage of blood
DNA for 6 h (h) in only 10 mM Tris buffer (n =10,852 calls) or only water
(n=2,751calls). Spectra are plotted after correcting for trinucleotide context
opportunities. Bottom, odds ratios of spectrum contributions at C > T contexts
ofthe Tris-only and water-only samples compared to SBS30ss* (which was
derived from spermand salt-buffer heat-treated samples). Pyr, pyrimidine, Pur,
purine.g, Heat map of average pulse width ratios for ssDNAand dsDNAC>T
calls for positions -1to +6, forblood DNA samples heatedat 72 °Cfor 6 hin
different buffers or water, and for additional samples for comparison.
Unbiased clustering (dendrogram) separateskinetic profiles of ssDNAC>T
callsfrom dsDNA C > T calls and from kinetic profiles after randomizing labels
of molecules withand without the calls. dsDNA ‘Blood, heat”: blood DNA heat-
treatedat56 °Cand 72 °C (both 3 hand 6 h for each); dsDNA ‘Blood’: 4 samples,
notheat treated. dsDNA ‘Kidney and liver’:10 samples, not heat treated.

b, HiDEF-seq spectraare corrected for trinucleotide context opportunities.
c,d, Errorbars:standard error of the mean. e, Bars and error bars: point
estimates and their Poisson 95% confidence intervals.
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Extended DataFig.10 | APOBEC3A-induced dsDNA and ssDNA call burdens denovo extracted signature SBSIto the most similar COSMIC SBS signature is
and patterns. a,b, Burdens (corrected for trinucleotide context opportunities ~ shownin parentheses. Cosine similarities of original spectra of samples to

and sensitivity) of dSDNA mutations (a) and ssDNA calls (b) in fibroblasts spectrareconstructed from componentsignatures are (left to right): 0.99,
transduced with lentivirus-expressing green fluorescent protein (GFP) as a 0.98,0.98,and 0.97. e, Spectra of ssDNA calls corrected for trinucleotide
controlor APOBEC3A with or without anuclearlocalization signal (NLS). Two contextopportunities. f, SBS2ss* obtained by de novo signature extraction
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Extended DataFig.11|Mitochondrial genome dsDNA mutation rates,
similarity between SBS30ss*and mitochondrialgenome heavystrand A>G
dsDNA mutations, and mitochondrial ssDNA call spectra. a, Mitochondrial
dsDNA mutation burdens versus ageinliver and kidney samples, including liver
samples from which mitochondriawere enriched. Dashed lines: weighted
least-squares linear regression. Shaded ribbon: 95% confidence interval.

b, SBS30ss* (cytosine deamination) spectrum s projected to central
pyrimidine trinucleotide contexts and compared to mitochondria heavy
strand A > G dsDNA mutation spectrum (corrected for trinucleotide context
opportunities), for different sample sets: (i) HiDEF-seq liver and kidney
samples, including liver samples from which mitochondria were enriched
(i.e.,same set of samplesin Fig. 5a, c and Extended Data Fig. 11a); (ii) 5697

purified liver mitochondria samples only (plotincludes 89% of the mutations in
(i)); (iii) Sample set (i), excluding the 5697 purified liver mitochondria samples
(plotincludes11% of the mutationsin (i)). Note, the contexts of SBS30ss* are
matched withthe reverse complement flanking base contexts of mitochondria
heavy strand A > G mutations. Thenumber of dsSDNA A > G mutationsisindicated.
¢, Spectrum of mitochondrial ssDNA calls combined from the liver and kidney
samplesshowninFig.5a, cand Extended DataFig.11a. The spectrumis corrected
for trinucleotide context opportunities, separately for each strand. See Fig. 5d
foraspectrumthatincludesbulk (i.e., non-mitochondriaenriched) samples
profiled by HiDEF-seq with A-tailing. a, Dots and error bars: point estimates and
their Poisson 95% confidence intervals.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequencing data generated in this study (FASTQ files for Illumina sequencing; subreads BAM files for PacBio data) are available at the NCBI database of Genotypes
and Phenotypes with accession phs003604 (all samples except those from the International Replication Repair Deficiency Consortium and subjects D1 and D2) and
at the European Genome-phenome Archive with accession EGAS50000000318 (samples from the International Replication Repair Deficiency Consortium).
Sequencing data of subjects D1 and D2 is not deposited in these databases due to consent limitations. See Supplementary Table 1 for accession IDs of specific
samples.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex is recorded for all samples included in the study in Supplementary Table 1. Sex differences in mutation and single-strand
call burdens were not assessed, as this was not a primary outcome of the study and the study lacks statistical power to
investigate this question.

Population characteristics Sex, age, genotype, and disease details are provided for all samples in Supplementary Table 1.

Recruitment Participants were recruited through several IRB/ethics board-approved human subjects protocols. Recruitment criteria were
as follows: 1) NYU protocol 1: individuals from families with rare genetic diseases. 2) NYU protocol 2: individuals who are
healthy sperm donors. 3) Hospital for Sick Children: individuals with rare DNA repair syndromes. 4) Cryos: individuals who are
healthy sperm donors. 5) U. Pittsburgh: Individuals with cancer predisposition syndromes. There are no anticipated self-
selection biases beyond the inclusion criteria of each study that would affect the results of our study, because there are no
feasible such confounders that would correlate with the mutational processes we are studying.

Ethics oversight All samples were collected under human subjects research protocols approved by one of:
New York University Grossman School of Medicine Institutional Review Board
The Hospital for Sick Children Research Ethics Board
Cryos International Sperm Bank scientific advisory committee
University of Pittsburgh Institutional Review Board

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size for healthy tissues was determined based on power calculations to quantify double-strand mutation rates with regression 95%
confidence intervals within 20% of the estimated mutation rate. Sample size for rare disease samples (i.e. cancer-predisposition syndromes)
was determined based on sample availability.

Data exclusions | No data was excluded from the analysis.
Replication Eight of the samples had 2 technical replicates each, with concordant results. See Supplementary Table 2 for data.
Randomization Randomization was not performed, because there was no intervention to randomize.

Blinding Blinding was not performed, because there was no observation or subject interaction that would be susceptible to observer bias.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
[1IX Antibodies [ ] chiP-seq

|:| Eukaryotic cell lines |:| Flow cytometry

X |:| Palaeontology and archaeology |:| MRI-based neuroimaging
g |:| Animals and other organisms

g |:| Clinical data

|Z |:| Dual use research of concern

Antibodies

Antibodies used NeuN-Alexa-647: abcam product # ab190565
TOM22: Miltenyi Biotec, within Mitochondria Isolation Kit, human, product #130-094-532

Validation NeuN antibody was validated by the manufacturer in human and rodent brain tissue. We also observe the expected distribution of
nuclei populations in flow cytometry.
TOMZ22 antibody was validated by Miltenyi Biotec by confirming purification of mitochondrial proteins from human mitochondria
isolated using the antibody. Specifically, after mitochondria isolation using this antibody, the manufacturer performed a Western blot
confirming presence of the COX1 mitochondrial protein and absence of the KDEL endoplasmic reticulum protein (see https://
www.miltenyibiotec.com/US-en/products/mitochondria-isolation-kit-human.html#130-094-532).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) ID,Sex, Line type,Source (LCL = Lymphoblastoid Cell Line; SickKids = Hospital for Sick Children)
57627 Male LCL SickKids
60603 Male LCL SickKids
GM12812 Male LCL Coriell
58801 Male LCL SickKids
55838 Female LCL SickKids
57615 Female LCL SickKids
59637 Male LCL SickKids
GMO02036 Female Primary fibroblasts Coriell
GMO03348 Male Primary fibroblasts Coriell
GM16381 Male Primary fibroblasts Coriell
63143 Female LCL SickKids
GMO01629 Female Primary fibroblasts Coriell
GM28257 Male Primary fibroblasts Coriell
Lenti-X 293T cells from Takara

Authentication Cell lines from Coriell were authenticated by Coriell by human identity microsatellite genotyping. Cell lines from SickKids were
authenticated by confirming in germline sequencing data performed in this study the presence of the correct pathogenic
mutation in the relevant cancer-predisposition gene. The cell line from Takara was authenticated by Takara based on STR
markers and morphology.

Mycoplasma contamination Cell lines from Coriell were tested for mycoplasma contamination by Coriell and found to be negative. Cell lines from SickKids
were not tested for mycoplasma contamination. The cell line from Takara was tested for mycoplasma contamination by
Takara and found to be negative.

Commonly misidentified lines  None
(See ICLAC register)
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Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

|Z A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology
Sample preparation Nuclei were isolated from post-mortem brain tissue by dounce homogenization and sucrose gradient centrifugation as
described in the Methods.
Instrument SONY LE-SH800
Software SONY SH800S software
Cell population abundance Sorted NeuN+ nuclei were reanalyzed on the same flow sorting instrument to confirm > 99% purity.
Gating strategy 1. Scatter gate to remove debris: BSC-A vs FSC-A

2. Doublet gate: FSC-H vs FSC-A
3. NeuN+ nuclei: NeuN-647-A vs FSC-A
(See Supplementary Note 12 for representative figure)

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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