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GENETICS

Single-molecule, quantitative detection of
low-abundance somatic mutations by

high-throughput sequencing

Alexander Y. Maslov'?*, Sergey Makhortov?, Shixiang Sun’, Johanna Heid', Xiao Dong1’4,

Moonsook Lee', Jan Vijg1’5*

Postzygotic somatic mutations have been found associated with human disease, including diseases other than
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cancer. Most information on somatic mutations has come from studying clonally amplified mutant cells, based on
a growth advantage or genetic drift. However, almost all somatic mutations are unique for each cell, and the
quantitative analysis of these low-abundance mutations in normal tissues remains a major challenge in biology.
Here, we introduce single-molecule mutation sequencing (SMM-seq), a novel approach for quantitative identifi-

cation of point mutations in normal cells and tissues.

INTRODUCTION

Mutations in the genome of somatic cells of multicellular organisms
are the inevitable consequence of errors during DNA repair or rep-
lication. Somatic mutations cause cancer and have been implicated
in other pathologies (I). Attempts have been made in the past to
develop assays for the quantitative analysis of various types of mu-
tations in cells and tissues (2-5). In view of the marked progress of
DNA sequencing, one would think that somatic mutations should
be easy to detect quantitatively in human or animal cells and tissues.
In a very short time, an enormous amount of information has be-
come available about somatic mutations in human tumors. However,
tumors are clonal lineages with many mutations shared between the
individual cells of the tumor. Mutations in normal tissues, however,
are mostly unique for each cell, and their detection by sequencing
remains a challenge because somatic mutations occur at low abun-
dance and are spread through the reads, indistinguishable from
sequencing errors. One way to overcome this problem is using a
single cell-based approach (6, 7). However, while the single-cell
approach is currently the only method allowing comprehensive
genome-wide assessment of somatic mutational loads, this method is
resource- and time-consuming with a high price tag, which limits
its broad application. An alternative approach, duplex sequencing
(Duplex-Seq), is based on a comparative analysis of the comple-
mentary DNA strands and allows accurate quantitative identifica-
tion of ultrarare somatic single-nucleotide variants (SNVs) in bulk
DNA (8). While less demanding technically than single-cell se-
quencing, Duplex-Seq’s capacity to suppress errors is limited to the
square of the probability of errors on one strand. Here, we intro-
duce single-molecule mutation sequencing (SMM-seq) for the
accurate cost-effective assessment of somatic SNVs in bulk DNA
extracted from normal cells and tissues.
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RESULTS

SMM-seq library preparation

The key feature of SMM-seq is a two-step library preparation pro-
tocol (Fig. 1). First, rolling circle-based linear amplification (RCA)
is used to produce single-stranded DNA molecules composed of
multiple concatemerized copies of equally represented DNA strands
of each particular DNA fragment. The amplification is carried
out using an artificial thermostable polymerase having a strong
strand displacement activity (9). This allows multiple cycles of
denaturation-annealing-extension to ensure efficient and less biased
amplification in a reaction we termed pulse-RCA. Because all these
copies are independent replicas of the original DNA fragment, po-
tential errors of amplification remain unique for each copy and do
not propagate further. Copies of opposite strands are in an end-to-
end orientation and separated by common spacers used as poly-
merase chain reaction (PCR) priming sites during the second step
of the process when concatemerized copies are individually ampli-
fied and converted into a sequencing library (Fig. 1A). Thus, the
resulting sequencing library is composed of PCR duplicates of mul-
tiple independent copies of an original DNA fragment assembled in
rolling circle (RC) amplicons.

SMM-seq data analysis and variant calling
Sequencing reads originating from the same fragment are recognized
on the basis of unique molecular identifiers (UMIs) introduced as
part of hairpin-like adapters during library preparation. UMI families
composed of reads originating from both strands of the original frag-
ments are then used to identify the consensus sequence of each frag-
ment. Consensus calls different from the corresponding positions on
the reference genome are compared with a list of single-nucleotide
polymorphisms (SNPs) of this particular DNA sample as well as with
SNP database (dbSNP). This allows to filter out germline variants and
identify potential de novo somatic mutations. A list of germline SNPs
is obtained by analysis of conventional sequencing data of the same
DNA sample performed in parallel with SMM-seq. The resulting list of
potential somatic SNV is further filtered to exclude low-confidence
candidates and then saved for further analysis (Fig. 1B).

To determine the optimal analysis parameters, we assessed the
frequency of somatic SNVs detected by the SMM variant-calling
pipeline as a function of strand family size, i.e., the number of reads
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Fig. 1. Outline of SMM-seq workflow and variant calling algorithm. (A) Both ends of end-repaired and A-tailed DNA fragments are ligated with a hairpin-like adapter.
The adapter contains a 6-nucleotide (nt) long unique molecular identifier (UMI) in its stem part allowing identification of sequencing reads from the same original DNA
fragment (UMI family) as well as identification of strand families. The hairpin-like adapter contains uracil in its loop part, allowing uracil-DNA glycosylase-mediated break-
age and polymerase chain reaction (PCR) amplification when a conventional sequencing library is needed. The resulting dumbbell-like constructs, with intact uracils,
serve as templates for the subsequent pulse-RCA reaction. Because each of the two ligated adapters contains an RCA priming site, the reaction starts from both sides of
a fragment, generating identical products and ensuring higher efficiency of linear amplification. Single-stranded DNA contigs are then PCR-amplified to obtain multiple
independent replicates of the original DNA fragments. Sequencing reads are aligned to the corresponding reference genome, UMI families identified and somatic vari-
ants are identified according to the computational algorithm shown (B). dbSNP, single-nucleotide polymorphism database.

representing each strand in a UMI family. We reasoned that each
variant detected by SMM-seq is falling into one of the following
categories—true positive (TP) or false positive (FP). Then, muta-
tion frequency is a sum of frequencies of TP and FP, i.e., (TP + FP)/
number of analyzed bases. The SMM library contains PCR repli-
cates of multiple independent RC copies of each strand of the orig-
inal fragments. The size of the UMI strand families (shown in green
and red in Fig. 1) determines the chance of multiple PCR duplicates
of the same RCA error. Thus, greater UMI strand families are less
prone to FP calls. Hence, the frequency of FP mutations should de-
cline with increasing family size. To test this, we determined the
mutation frequency at different family size and normalized the re-
sults to the mutation frequency at a strand family size of two, as has
been used in nanorate sequencing (NanoSeq), a modified version of
Duplex-Seq (10). We found that increasing the minimum required
strand family size from two to seven led to a statistically significant
decrease in observed mutation frequency at each iteration, resulting
in a more than twofold decrease (54% change). The excess muta-
tions were considered artifacts and rejected. Further increasing
strand family size no longer led to a statistically significant declines
in detected mutation frequency (less than 10% change) (Fig. 2A).
Thus, we used a cutoff level of seven reads per strand family as a
qualifying criterion for variant calling at high accuracy.

Detection of induced SNVs by SMM-seq

As a proof of principle, we first performed SMM-seq analysis of
DNA extracted from normal human IMR90 fibroblasts subjected
in vitro to a single treatment with two different doses of N-ethyl-
N-nitrosourea (ENU), a potent point mutagen (6). Here, we used
sublethal doses of ENU that do not cause any noticeable cell death on
IMR90 cells. Analysis of SMM-seq data revealed ~200 million
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positions per sample genome on average suitable for variant calling,
i.e., the equivalence of ~7% of the genome. A regular sequencing
library from IMR90 DNA was prepared, sequenced, and analyzed
in parallel with SMM-seq to obtain a list of IMR90-specific germ-
line SNPs. We found that our SMM-seq assay allows detection of
mutagenic effects of ENU in all tested conditions (Fig. 2B and table
S2). The lowest dose of ENU (25 pg/ml) increased the mutation fre-
quency in IMR90 cells from 0.21 + 0.02 to 0.36 + 0.04 SNV/1 Mbp
(P =0.005), while ENU at 50 pug/ml led to a more than twofold in-
crease of mutation frequency (0.54 + 0.03 SNV/1 Mbp; P=9.7 x 10™).
We also tested mutation spectra of somatic SNVs in control, non-
treated cells and cells subjected to ENU treatment. We observed a
distinct shift of mutational spectra upon ENU treatment, with the
relative representations of TA/AT and TA/CG mutations [specific
for ENU (11)] >2 times larger than in the untreated control cells
(Fig. 2C and fig. S1). Thus, SMM-seq is capable of detecting somatic
SNVs induced by low doses of mutagen.

Detection of aging-associated SNVs by SMM-seq

Next, we tested whether SMM-seq is capable of detecting physiolog-
ical mutation burdens in human tissues accumulated during aging.
We took advantage of our recently published study on the age-related
mutational load in human liver that was performed using the gold
standard single cell-based approach (12) and reanalyzed the same
samples using SMM-seq assay. We used the whole-genome se-
quences of bulk DNAs from each participant from that same study
for subtracting germline SNPs. SMM-seq libraries were prepared from
DNA samples extracted from liver tissue of three young (5 months,
16 months, and 18 years old) and three aged people (56, 61, and
77 years old) (table S1). Analysis of SMM-seq data in this experiment
revealed ~770 million positions qualified for variant calling per
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Fig. 2. Quantitative detection of induced somatic SNVs. (A) Relative mutation frequency as a function of strand family size. Statistical significance of difference with
the previous value is shown. (B) Frequency of somatic SNVs in IMR90 cells 72 hours after treatment with different doses of ENU. (C) Relative representation of different
mutation types in control cells and cells treated with ENU. Spectra of somatic SNVs in control cells and cells treated with ENU. All data points represent three biological
replicates. Data are shown as average + SD; asterisk (¥) designates a statistically significant difference with its control (*P < 0.05; **P < 0.01; ***P < 0.001).
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Fig. 3. Quantitative detection of somatic SNVs in normal human liver. (A) Frequency of somatic SNVs in liver of young and old participants. (B) Relative representation
of different mutation types in liver of young and old participants. (C) Two mutational signatures de novo identified among variants detected by SMM-seq in the two dif-
ferent age groups. (D) Contributions of signatures ST and S2 to somatic SNVs found in the liver of young and aged participants. All data points represent three biological
replicates. Data are shown as average + SD, asterisk (*) designates a statistically significant difference with its control (P < 0.05).

sample genome on average, the equivalent to ~26% of the sample
genome. SMM-seq confirmed the age-related elevation in the
somatic mutation frequency observed by the single-cell approach
(Fig. 3A, fig. S2, and table S3). Mutation frequencies assayed by
SMM-seq were 0.34 + 0.09 and 0.96 + 0.16 somatic SNVs/1 Mbp in
the young and aged group, respectively (P = 0.003). Analysis of
somatic SNV spectra revealed an almost twofold increase in the
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relative representation of TA to CG mutations in the liver DNA of
aged people (16.2% in young versus 29.1% in aged) (Fig. 3B), similar
to what has been observed by the single-cell approach.

Assessment of mutation signatures using SMM-seq data
To get further insight into the mutation spectra in the aged human
liver, we performed nonnegative matrix factorization and extracted
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two de novo mutation signatures, S1 and S2 (Fig. 3C) (13, 14), from
the mutation spectra of six analyzed samples. Signature S1 was found
to be substantially increased in the aged group (P = 0.0134; Fig. 3D
and fig. S4) and associated with aging signature SBS5 (cosine simi-
larity: 0.904, P < 0.001 by permutation test) (15). Signature S2 was
dominant in the young group, with an abundance of CG to TA
transitions and TA to AT transversions, but the source of signature
S2 is not clear, and we did not find any substantial similarity be-
tween signature S2 and known COSMIC (Catalogue of Somatic
Mutations in Cancer) signatures. These signature analysis results,
as well as our results on the age-related increase of mutational load,
are in good agreement with our previous findings (12). Thus, SMM-seq
is capable of detecting somatic SN'Vs accumulated in normal human
tissues under physiological conditions.

DISCUSSION

The various approaches using duplex consensus sequencing for the
identification of rare mutations, i.e., the original Duplex-Seq (8),
BotSeqS (16), and NanoSeq (10), are all based on analysis of the two
opposite DNA strands to eliminate potential errors. The error rate
of these approaches is determined by the probability of two comple-
mentary errors in both strands and can be defined as P(E)?, where
P(E) is the probability of error on any of two strands. SMM-seq is
not limited to two strands only since it uses sequencing data from
multiple independent copies of each strand for variant calling. Con-
versely, SMM-seq’s error rate can be calculated as P(E)N, where N is
the number of independent copies produced in the linear amplifica-
tion step. Naturally, copies of the same strand cannot be distin-
guished from the sequencing data, but our results on variant calling
using strand families of different sizes clearly demonstrated that the
detected mutation frequency is plateauing at a family size of seven
and further (Fig. 2A). This indicates that, at this size, each strand
family contains descendants of more than one copy of the original
DNA fragment and no further improvement of accuracy is possible.
Notably, despite virtually unlimited accuracy in base calling on each
strand, it is still necessary to have representatives of both to filter
out possible artifacts produced by DNA damage, which are expected
to be present on one strand only (Fig. 1B).

As we demonstrated, SMM-seq is capable of detecting both in-
duced and naturally occurring somatic SNVs in normal human cells
and tissues. The SMM-seq results are in line with results obtained
using the single cell-based approach, currently the gold standard in
the field. However, usage of SMM-seq is significantly less resource
demanding. SMM-seq is more accurate than Duplex-Seq-based ap-
proaches because of the presence of multiple independent copies of
the original DNA fragment. Thus, SMM-seq is a practical approach
that, together with our previously developed Structural Variant Search
(SVS) assay for detecting somatic structural variants (17, 18), is well
suited for the comprehensive assessment of genome integrity in large-
scale human studies.

MATERIALS AND METHODS
Cell culture and treatment
Human normal lung IMR90 fibroblasts were maintained in 10%
CO; and 3% O, atmosphere at 37°C in Dulbecco’s modified Eagle’s
medium (GIBCO, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (GIBCO). Twenty-four hours after cell seeding,

Maslov et al., Sci. Adv. 8, eabm3259 (2022) 8 April 2022

the culturing media were changed for media containing different
doses of ENU. Cells were harvested 72 hours after ENU was applied.
Complete media supplemented with ENU (Sigma-Aldrich, St. Louis,
MO, USA) were prepared immediately before application from
stock solution (100 mg/ml in 100% ethyl alcohol). Control cells
were cultured in the presence of the vehicle only.

Human specimens

Frozen human hepatocyte samples were purchased from Lonza
Walkersville Inc. All six selected hepatocyte donors were healthy
participants of various age and gender without any liver cancer or
other liver pathology history (table S1).

DNA isolation

DNA from fibroblasts and hepatocytes was isolated using Quick-gDNA
Blood MiniPrep (Zymo Research Corporation, Irvine, CA, USA)
according to the manufacturer’s instructions and quantified using a
Qubit kit (Thermo Fisher Scientific, USA).

SMM library preparation and sequencing
Genomic DNA was first fragmented by double digestion with re-
striction endonucleases Alu I and Mlu CI (NEB, USA), overnight at
37°C. After purification using 1.5x AMPure XP beads (Beckman
Coulter, USA), the fragmented DNA was further processed using
the NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB).
The adapter provided with the kit was replaced with custom adapter
P5_HP6N. After double-sided size selection using AMPure XP beads
(Beckman Coulter), resulting dumbbell-like product was quantified
with the Qubit kit (Thermo Fisher Scientific) and analyzed on 2100
Bioanalyzer instrument with a High Sensitivity DNA kit (Agilent,
USA). To prepare P5_HP6N adapter, 86 ul of 10 uM solution of
oligonucleotide 5'-TCTTC TACAGT NNNNNN AGATCG GAA-
GAG CACACG TCTGAA CTCCAG TC /ideoxyU/ ACACTC TTTC-
CC TACACG ACGCTC TTCCGA TCT-3' (IDT, USA) in 0.1x
tris-EDTA (TE) buffer was first exposed to 95°C for 5’ followed by
37°C for 5 to form a hairpin. Next, to fill in the extending 5'-end,
the self-annealed oligonucleotide was supplemented with 10 ul of
CutSmart buffer (NEB), 2 ul of 10 mM deoxynucleotide triphosphates
(dNTPs) mix (NEB) and 10 U of Klenow Fragment (3’ — 5’ exo-)
(NEB) and incubated at 37°C for 30’". After purification with the
QIAquick Nucleotide Removal Kit (QIAGEN, USA), the hairpins were
digested with 10 U of HpyCH4III (NEB) for 1 hour at 37°C, then
purified again with the QIAquick Nucleotide Removal Kit (QIAGEN),
and eluted with 100 pl of EB to obtain ready-to-use adapter solution.
Next, for SMM-seq library preparation, samples were diluted on
the basis of assessed molar concentration. Assuming 150PE se-
quencing mode and 30 Gb of data per sample, the dilution coeffi-
cient (D) was calculated using the formula D =M x Ny x 2/ 10%, where
M is sample concentration (pM) and N, is the Avogadro constant.
Resulting suspension contains ~8 amol (5 million molecules) of
DNA in 1 pl. Next, 1 ul of diluted sample was used as a template in
pulse-RCA reaction. The pulse-RCA was performed in 20-ul
reaction containing 1 pl of diluted sample, 1 pl of P5-RCA oligo
(5'-GTAGGGAAAGAGTGTAGACTGGAGTTC-3"),25 U (0.5 ul)
of strand displacement polymerase HS (BIORON Diagnostics GmbH,
Germany), 2 ul of buffer, 1 ul of 10 mM dNTPs mix (NEB), 0.6 ul
of 100 mM MgCl,, and 13.9 ul of water. The pulse-RCA program
was set as follows: 92°C for 2 min (1); 92°C for 30 s (2); 60°C for
305 (3); 65°C for 150 s (4); go to (3) nine times; hold at 4°C. Product
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of amplification reaction was purified with 1.5x AMPure XP beads
and resuspended in 23 ul of TE buffer. The entire volume of RC
amplification was PCR-amplified in 50-pl reaction volume contain-
ing 23 pl of RCA product, 25 pl of NEBNext Ultra IT Q5 Master
Mix, and 1 ul of P5 and P7 dual index oligos. The PCR program was
set as follows: 98°C for 30 s (1); 98°C for 10 s (2); 65°C for 75 s (3);
go to (2) eight times (4); 65°C for 5 min (5); 4°C forever. The PCR
product was purified with 0.7X AMPure XP beads and resuspended
in 30 pl of TE buffer. After quantification with Qubit, samples were
pooled and sequenced on an Illumina NovaSeq instrument using
150 paired-end mode.

Conventional sequencing library was prepared by PCR amplifi-
cation of adapter-ligated samples in 30-ul reaction volume contain-
ing 11 pl of undiluted ligated sample, 2 U of USER enzyme (NEB),
15 ul of NEBNext Ultra IT Q5 Master Mix, and 1 ul of P5 and P7 dual
index oligos. The PCR program was set as follows: 37°C for 15 min (1);
98°C for 30 s (2); 98°C for 10 s (3); 65°C for 75 s (4); go to (3) four
times (4); 65°C for 5 min (5); 4°C forever. The PCR product was purified
with 0.7x AMPure XP beads and resuspended in 30 ul of TE buftfer.
After quantification with Qubit, samples were pooled and sequenced
on the Illumina NovaSeq instrument using 150 paired-end mode.

Data processing and variant calling

Raw sequence reads were adapter- and quality-trimmed, aligned to
human reference genome, realigned, and recalibrated on the basis
of known indels as we described previously (7) except that dedupli-
cation step was omitted.

For variant calling, we developed a set of filters that were applied
to each position in SMM-seq data. Only reads in proper pairs, with
mapping quality not less than 60 and without secondary alignments,
were taken in consideration. Positions in SMM-seq data were con-
sidered as qualified for variant calling if it is covered by UMI family
containing not less than seven reads from each strand and this po-
sition is covered at least 20x in regular sequencing data. The quali-
fied position was considered as a potential variant if all the reads
within a given UMI family reported the same base at this position
and this base was different from the corresponding reference ge-
nome. Next, to filter out germline variants, we checked if a found
potential variant is in a list of SNPs of this DNA sample as well as in
dbSNP. A list of sample specific germline SNPs was prepared by
analysis of conventional sequencing data with Genome Analysis
Toolkit (GATK) HaplotypeCaller. Last, a variant was rejected if one
or more reads of a different UMI family in SMM data or in conven-
tional data contained the same variant. SNV frequency was calcu-
lated as a ratio of the number of identified variants to the total
number of qualified positions.

Statistical analysis

Statistic tests were performed using Microsoft Office Excel (2013).
All the experiments were performed in three biological replicates,
and results are expressed as mean and SD. Statistical significance of
differences between experimental groups was determined using two-
tailed t test. The permutation test to calculate significance of cosine
similarity was performed using an R package PharmacoGx (19)
(cosinePerm; n = 1000).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm3259
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