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Workflow of tumor-informed ctDNA analysis and use of UMIs. A: To identify somatic variants, tumor tissue and germline DNA are analyzed with

whole-exome sequencing. A list of patient-specific tumor variants serves as the basis for SiMSen-Seq panel design, later used to detect ctDNA in patient
blood plasma samples. B: The concept of UMIs. Four different scenarios are shown: i) wild type, ii) true mutation, iii) polymerase-induced error, and iv)
uneven amplification. Reads are aligned to the reference genome and grouped into UMI families. All reads in each UMI family are collapsed to form a
consensus read by selecting the most common nucleotide at each aligned position, where red X is a true or false nonreference nucleotide variant. The error-
corrected consensus reads are used for variant calling and downstream analysis. The UMI family size is the minimal number of raw reads that are needed to
form a consensus read for each UMI family. C: Schematic overview of the bioinformatic pipeline UMIErrorCorrect using sequencing data with UMIs.

Despite significant achievements in the management of
childhood cancers during the past decades, a clinical need
remains for improved analytical methods to evaluate treat-
ment efficacy and detect relapse at an early stage. Imaging
techniques are the gold standard for monitoring solid can-
cers but have limitations in sensitivity and specificity.
Complementary liquid biopsy analyses can lead to
increased detection rates and provide molecular information
to help guide treatment decisions and improve the timing of
radiological examinations. In particular, circulating tumor
DNA (ctDNA) has shown promise as a sensitive biomarker
in children with malignant tumors and can be detected even
before neoplastic cells produce metastatic lesions.' ™ The
level of ctDNA correlates to tumor burden,’”’ and specific
mutations in resistance genes may provide information
about the choice of treatment.” '’

In tumor-informed ctDNA analysis, the risk of false-
positive results is low compared with agnostic approaches
because only pre-identified tumor-specific mutations are
assessed. To identify tumor-specific mutations, the primary
tumor and matched germline DNA are typically analyzed

by whole-genome or whole-exome sequencing. These mu-
tations are used to design the personalized ctDNA panels
used to analyze plasma samples collected at diagnosis and
subsequent time points (Figure 1A). The development of
tumor-informed ctDNA analysis is particularly relevant in
childhood cancers because they are characterized by few
recurrent mutations.'"'” Standard sequencing approaches
typically have a clinical sensitivity to detect variants with
allele frequencies of approximately 1% to 5%.'™'" How-
ever, many applications based on ctDNA analysis require
higher sensitivity.'”'® Digital sequencing approaches allow
detection of variant alleles with frequencies of <0.1% and
can be divided into two major groups: PCR-based ap-
proaches, such as SiMSen-Seq,I7 Safe-SeqS,Ix and
BiSeqS'”; and ligation-based strategies, such as DupSeq,”’
TARDIS,>! CODEC,?? and GeneBits.”? These methods use
unique molecular identifiers (UMIs) that are introduced
during library construction.”* The UMI is typically a 6 to 12
nucleotides long randomized DNA sequence that uniquely
labels each target DNA molecule. After sequencing, reads
with identical UMIs are collapsed into one consensus read
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because they all originate from the same DNA molecule.
By assessing each original target molecule multiple times, it
is possible to correct for both polymerase-induced errors
and quantification biases (Figure 1, B and C).25’2(’ However,
the effects of applying different cutoffs for UMI family size
(ie, number of reads with identical UMI) remain poorly
studied in tumor-informed ctDNA analysis.

Here, tumor-informed ctDNA analysis was applied in
eight children with malignant tumors using SiMSen-Seq to
evaluate the impact of different UMI family size cutoffs.
Personalized SiMSen-Seq panels were designed on the
basis of mutations identified by whole-exome sequencing of
the primary tumor and were used to assess ctDNA levels in
longitudinally collected blood plasma samples. The effects
of individual SiMSen-Seq assays and samples were evalu-
ated in relation to their impact on background error rate,
number of detected target molecules, and mutant calling.
The data provide bioinformatics insights for the use of
UMIs in tumor-informed ctDNA analysis using SiMSen-
Seq in childhood tumor types.

Materials and Methods
Patient Cohort

Written informed consent was obtained from all partici-
pants, patients, and/or legal guardians. The study was
approved by the regional ethical review board in Gothen-
burg (Diary number 054-15, 485-16, and 655-17), with
amendments approved by the regional ethical review board
(Diary number T795-16 and T525-18) and the Swedish
Ethical Review Authority (Diary number 2019-06285,
2021-04895, and 2023-01300-02). The study was con-
ducted in compliance with the Declaration of Helsinki. For
Patients 1 and 2, ctDNA results have been published with
focus on clinical outcome.”’

Whole-Exome Sequencing

Tumor DNA was extracted using GeneRead FFPE DNA
kit, and germline DNA from the cell fraction of a matched
blood sample was extracted using DNeasy Blood and Tis-
sue kit [catalog number (cat. no.) 180134 and 69504,
respectively; both from Qiagen, Hilden, Germany]. Library
preparation was performed using TruSeq DNA PCR-Free
library prep kit (Illumina, San Diego, CA) and target
enrichment using SureSelect clinical research exome
version 2 (Agilent Technologies, Santa Clara, CA). Whole-
exome sequencing was performed at Clinical Genomics
Gothenburg, Science for Life Laboratory, University of
Gothenburg (Gothenburg, Sweden), using NextSeq 500
(Illumina) with a coverage of 90x and 30x for tumor and
germline DNA, respectively.

Somatic variants were identified by comparing tumor
DNA with germline DNA for each individual. Raw fastq-
files were quality checked using FastQC version 0.12.1, and
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read-through sequencing adapters were trimmed off with
cutadapt version 1.9°° using a Phred score cutoff of 20.
These reads were used as input to the Sarek pipeline version
2.0.0 for somatic variant calling.”’ The Sarek pipeline
aligned reads to the hg19 reference genome for identification
of single-nucleotide variants, insertions, and deletions using
the combined results from three different somatic variant
callers: Mutect2 version 3.8-0,°C Strelka2 version 2.8.2,!
and Freebayes version 1.1.0.°> Exonic variants were ranked
on the basis of the variant allele frequency, also including
mutations reported in the Catalogue of Somatic Mutations in
Cancer database version 85.”% All selected candidate muta-
tions for ctDNA analysis were manually inspected in Inte-
grative Genomics Viewer version 2.16.2°* using the binary
alignment map files and passed validation. A summary of all
called variants is shown in Supplemental Table S1. Mutation
selection was primarily based on variant allele frequency,
while also considering known cancer-associated variants
when available. The genomic coordinates of the mutations
were converted to the hg38 reference genome using hgLift-
Over  (https://genome.ucsc.edu/cgi-bin/hgLiftOver,  last
accessed May 7, 2026) for further analysis.

Blood Sampling and Cell-Free DNA Extraction

Patient blood (approximately 8.5 mL) was collected in cf-
DNA/cf-RNA Preservative Tubes (number 63960; Norgen
Biotek, Thorold, ON, Canada). Plasma was isolated ac-
cording to manufacturer’s recommendations by centrifu-
gation at 430 x g at room temperature for 20 minutes and
subsequently stored at —80°C. Plasma samples from Pa-
tients 1 to 6 were centrifuged a second time at 4500 x g at
4°C. Cell-free DNA extraction was performed using
QIAamp Circulating Nucleic Acid Kit (cat. no. 51104;
Qiagen), according to the manufacturer’s protocol. DNA
concentration was quantified using Qubit 3.0 Fluorometer
(Thermo Fisher Scientific, Waltham, MA) with Qubit 1x
dsDNA High Sensitivity Assay Kit (cat. no. Q33231;
Thermo Fisher Scientific). Cell-free DNA was concentrated
using Vivacon 500, 30,000 molecular weight cutoff cen-
trifugal units (cat. no. VNO1H22; Sartorius, Gottingen,
Germany) to 6 to 15 pL. Samples were stored at —80°C.

SiMSen-Seq and ctDNA Analysis

Digital sequencing was performed using SiMSen-Seq that
consists of two rounds of PCR, where target DNA is UMI
labeled in the first PCR and then amplified with sequencing
adapters in the second PCR (Supplemental Figure S1)."
After PCRs, libraries are purified and sequenced. Here,
target primers were designed with annealing temperature of
60°C and amplicon size ranging from 59 to 105 bp, using
either Primer-BLAST*” or PanelPlex (DNA Software,
Plymouth, MI). The personalized panels were validated
using human genomic DNA (cat. no. 11691112001; Roche
Diagnostics, Mannheim, Germany) as described
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previously.”® In total, 73 assays were designed, of which 7
were excluded and 17 were redesigned, generating 66 as-
says dived into 8 panels. The UMI was 12 nucleotides long,
minimizing the risk for UMI collisions between detected
molecules.”” Detailed information about the selected mu-
tations in the SiMSen-Seq panels is shown in Supplemental
Table S1.

Briefly, cfDNA was barcoded in two to three parallel 15-
pL reactions, containing 4 pL concentrated cfDNA, 1x
Platinum SuperFi Buffer, 0.15 U Platinum SuperFi DNA
polymerase (both cat. no. 12351050; Thermo Fisher Scien-
tific), 0.2 mmol/L dNTPs (cat. no D7295; Sigma-Aldrich, St.
Louis, MO), 40 nmol/LL of each primer (Ultramers; Inte-
grated DNA Technologies, Coralville, IA), and 0.5 mol/L L-
carnitine inner salt (cat. no. CO158; Sigma-Aldrich).
Extracted cfDNA from healthy individuals from a pre-
analytical study’’ and human genomic DNA extracted
from blood cells (cat. no. 11691112001; Roche Diagnostics)
were used as control DNA. The thermal program was per-
formed with a T100 Thermal cycler (Bio-Rad, Hercules,
CA): 3 minutes at 98°C, followed by three cycles of
amplification (98°C for 10 seconds, 62°C for 6 minutes, and
72°C for 30 seconds), 15 minutes at 65°C, and 15 minutes at
95°C. Thirty microliters Tris-EDTA buffer (pH 8.0; cat. no.
AMOI858; Invitrogen, Carlsbad, CA) containing 45 ng/pL
Streptomyces griseus protease (cat. no. P5147; Sigma-
Aldrich) was added to each reaction at the start of the 15-
minute incubation step at 65°C. Fifteen microliters of the
barcoded product was subsequently amplified in a 60-pL
adapter reaction, containing 1x Q5 High-Fidelity Master
Mix (cat. no. M0494L; New England Biolabs, Ipswich, MA)
and 400 nmol/L of indexed Illumina adapter primers
(desalted; Sigma-Aldrich) using the following thermal pro-
gram on a T100 Thermal cycler: 3 minutes at 98°C, followed
by 27 cycles of amplification (98°C for 10 seconds, 80°C for
1 second, 72°C for 30 seconds, and 76°C for 30 seconds, all
with ramping at 0.2°C/second). Libraries were purified using
Agencourt AMPure XP system (cat. no. A63881; Beckman
Coulter, Brea, CA) at a beads/sample ratio of 1:1 or by using
Pippin Prep (Sage Science, Beverly, MA) with a 2% agarose
ethidium-free gel cassette (cat. no. CEF2010; Sage Science)
with the target range of 210 to 300 bp, according to the
manufacturers’ instructions. Library quality and quantity
were assessed with a Fragment Analyzer (Agilent Technol-
ogies) using the HS NGS Fragment kit (cat. no. DNF-474;
Agilent Technologies). Purified libraries were pooled to
enable similar sequencing depth across all samples. Pooled
libraries were quantified by quantitative real-time PCR on a
CFX384 Real-Time System (Bio-Rad) using a modified
version of the NEBNext Library Quant Kit for Illumina (cat.
no. E7630; New England Biolabs). Briefly, 2 puL of the
purified and diluted libraries was quantified in 10-pL re-
actions, containing 1x TATAA SYBR GrandMaster Mix
(cat. no. TAO1-3750; TATAA Biocenter, Gothenburg,
Sweden) and 400 nmol/L. of each Illumina adapter primer
(forward primer: 5-AATGATACGGCGACCACCGA-3'

and reverse primer: 5-CAAGCAGAAGACGGCATACGA-
3'). The concentration was estimated with adjustment to the
average library size. Sequencing was performed with a
MiniSeq (Illumina) using a High Output Reagent Kit (150
cycles; cat. no. FC-420-1002; Illumina) or with a NextSeq
(Illumina) using a NextSeq 500/550 Mid Output Reagent Kit
version 2.5 (150 cycles; cat. no. 20024904; Illumina) con-
taining 10% to 20% PhiX Control version 3 (cat. no. FC-
110-3001; Mlumina) with a final library concentration of
1.5 to 1.8 pmol/L. The effect of sequencer on error rates was
neglectable for UMlI-corrected data (Supplemental
Figure S2). SiMSen-Seq data were analyzed using the
UmiErrorCorrect pipeline version 0.29°® with default pa-
rameters: UMI length, 12; spacer length, 16; and Q-value,
>10. The reads were aligned to the hg38 reference genome.
Browser extensible data files with genomic coordinates of
the patient-specific assays were used to constrain variant
calling to specified genomic regions and for annotation. For
the OSBPL7 assay (Patient 7), two mutations were assessed
together.

Theoretical Number of UMIs per DNA Molecule in
SiMSen-Seq

In SiMSen-Seq, UMIs are incorporated during the barcod-
ing PCR as part of the forward primer (Supplemental
Figure ST1A). Only complete molecules with adapter se-
quences at both ends will be amplified in the second adapter
PCR (Supplemental Figure S1B). The three rounds of the
barcoding PCR produce eight possible molecule outcomes
with six different UMIs (UMI 1 to 6): i) None, ii) Only 4,
iii) Only 2, iv) Only 5, v) Only 1, vi) 1 and 6, vii) Only 3,
viii) None.

The 100% PCR efficiency and dilution proportion p, for
example, p = 1/3, is assumed. The number X of specific
UMIs per molecule is a random variable with possible
values x = 0, 1, 2, 3, 4, 5, 6. Here, six probabilities P
(X = x) and the expected value

p=E(X) (1)

can be computed for an arbitrary p.
Observe that
X=Y+7Z (2)

where Y and Z are two independent random variables
defined as

e Y is the number of unique UMISs involving 2, 3, 4, 5, and
e Z is the number of unique UMIs involving 1 and 6.

The random variable Y takes values y = 0, 1, 2, 3, 4
according to the binomial distribution Bin(4,p):

P(r=0)=g"
P (Y=1)=4pg’

P(Y=2)=6p’¢"
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P(Y=3)=4p’q
P(yY=4)=p (3)

where ¢ = 1 — p is the probability of not being sampled.
The random variable Z takes values z = 0, 1, 2, with
probabilities:

P(2=0)=¢
P(Z=1)=pq
P(z=2)=p 4)
Since
E (Y)=4pandE (Z)=2p+pg=p(3 —p) (5)
then
u=4p+p(3—p)=p(7—p) (6)
In particular,
ifp=1/3,u=20/9=2.222 is obtained. (7)

Thus, for p = 0Oand p = 1, u = 0 and u = 6,
respectively, are obtained.
Shown below is the general probability distribution of X
followed by the special case p = 1/3, g = 2/3:
P (X=0)=¢*¢"=¢°=0.0878

P (X=1)=¢"pq +4pq*¢* =5pq> =0.2195
P(X=2)=q4'p+4pq’pqg+6p°d’q =pq* + 10p*q* =0.2853

P(X=3)=4pq’p +6p°¢’pq +4p’qq’ =4p’°q’ + 10p°¢’ =0.2414

P (X=4)=6p’¢*p +4p’qpq + p* @ =6p’¢* + 5p*q* =0.1262
P (X=5)=4p’qp +p'pg=4p*q+p’q=0.0357
P (X=6)=p*p=p° =~0.0041 (8)

Computing the SD ¢ of X by taking the square root of the
variance

o’ =Var (X)=Var (Y) + Var (2) (9)

then
Var (Y)=4pq (10)

and

Var (2)=E (Z*) - (E (2))*=pq+4p — (2p+pq)’=p(5 - p)
~P(3-p)
(11)
Yielding

@ =4p(1—p)+p(5—p) —p*(3—p)’=p(9—5p) — P> 3 —p)’
(12)

For the special case p = 1/3 and g = 2/3,
o° = 1.654321 is obtained, giving
o~1.286. (13)
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Results

Patients and Tumor-Informed ctDNA Analysis

Eight children diagnosed with rhabdomyosarcoma, osteo-
sarcoma, Wilms tumor, synovial sarcoma, or germ cell
tumor were longitudinally monitored with tumor-informed
ctDNA analysis using SiMSen-Seq (Table 1 and Figure 1A).
To identify each patient’s somatic mutations, primary tumor
DNA and germline DNA derived from leukocytes were
analyzed with whole-exome sequencing. Up to 10 single-
nucleotide variants were selected per patient to design
personalized SiMSen-Seq panels. The panels were validated
using human reference DNA, and poorly performing assays
were redesigned or excluded. The final personalized ctDNA
panels targeted between 4 and 10 tumor-specific mutations
(Table 1). Detailed information about called mutations and
SiMSen-Seq panels is shown in Supplemental Table S1.

Sequencing Error Correction Is Independent of UMI
Family Size Cutoff

The distribution of PCR- and sequencing-induced errors in
tumor-informed ctDNA analysis of 90 plasma samples
collected from the eight patients was calculated. The back-
ground error rate decreased on average 55 times using UMIs
compared with no UMIs (0.007% versus 0.366%), using a
UMI family size of >2 (ie, a minimum of two raw reads with
the same UMI was required to form a consensus read).
Increasing the UMI family size cutoff showed no significant
change in average background error rate, which ranged be-
tween 0.004% and 0.006% for UMI family size cutoffs be-
tween 2 and 30 (Figure 2A). Most of all raw sequencing
errors were transversions (ie, a change from a purine to a
pyrimidine or vice versa; 92.2%), whereas transitions (ie,
a change from a purine to another purine or a change from a
pyrimidine to another pyrimidine; 7.8%), deletions (0.5%),
and insertions (none) were less common. After UMI
correction, most substitution errors were corrected, leading
to a smaller difference in frequency between transversions
and transitions (58.6% versus 41.4%) (Figure 2B).

The average background error rate among all 66 assays
was 0.007% using a UMI family size of >2. Only five of
these assays showed average error rates >0.01%, of which
two assays (SPN and ZNF827) had an average error rate
>0.02% (Figure 2C). The error-corrected sequencing data
for most of the assays displayed a pattern where most
nucleotide positions in the amplicon were free from back-
ground errors. Figure 2D shows the average background
error rate across all patient-specific assays for each indi-
vidual sample. Most samples displayed a low average
background error rate (<0.02%), but four samples (Patient
7 at time points 0, 35, 63, and 137 days) displayed higher
background error rates (0.03% to 0.08%). The increased
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Table 1  Patient, Sample, and Assay Characteristics
Patient Analyzed Blood
identifier Tumor type mutations, n samples, n
Patient 1 Rhabdomyosarcoma 10 11
Patient 2 Rhabdomyosarcoma 10 10
Patient 3 Osteosarcoma 4 15
Patient 4 Wilms tumor 10 7
Patient 5 Synovial sarcoma 10 15
Patient 6 Wilms tumor 7 9
Patient 7 Osteosarcoma 10 14
Patient 8 Germ cell tumor 5 9
Total 66 90

error rate can be explained by the SPN assay that performed
poorly in these four samples, providing few detected mol-
ecules. This in combination with few individual molecules
with random background errors that typically occur in some
assays generated higher error rates. When comparing UMI-
corrected background error rates for UMI family size
cutoffs between 2 and 30 using a three-way analysis of
variance, assay and sample showed significant differences
(P < 107%%) (Supplemental Table S2), whereas the UMI
family size cutoff did not (Supplemental Tables S2 and S3).
For comparison, the error rates using cfDNA generated
from healthy individuals and genomic DNA from blood
cells were assessed (Supplemental Figure S3). The level of
errors was similar for the cfDNA derived from healthy in-
dividuals, but significantly lower for genomic DNA that
represents intact molecules that have not been exposed to
the same biological degradation processes as cfDNA.

The effect of UMI error correction is exemplified in a
mutation-positive sample (PCDHGA4, at day 0 in Patient 1)
and a mutation-negative sample (CHDS5, during follow-up
after successful treatment in Patient 6) in Figure 2E. For
the PCDHGA4 assay, the average background error rate
was reduced 37 times from 0.185% to 0.005% with UMI
error correction. Here, 1226 of 409,877 total raw reads
(0.299%) showed the expected mutation, which is in the
same range as the average background error level without
UMI error correction. Using UMIs, 26 of 8671 consensus
reads (0.300%) displayed the expected mutation, which was
60 times above the error-corrected background noise. Thus,
the use of UMIs reduced experimentally induced errors
without affecting the mutant allele frequency, demon-
strating the advantage of digital sequencing. The average
background error rate in the CHDS5 assay was 0.474%
without and 0.004% with UMI error correction (ie, corre-
sponding to a 119 times reduction in error rate). The CHDS
assay displayed 4 of 339,374 total raw reads with the ex-
pected mutation without using UMISs, but no mutated reads
were detected using UMIs. This indicated no ctDNA mol-
ecules for CHDS in this sample and that the mutated reads
without using UMIs were false positives. In line with this,
the patient remained free from disease with a follow-up
time of 5 years.

Number of Detected Molecules Is Dependent on UMI
Family Size Cutoff

In some digital sequencing approaches, the number of
original target molecules may be directly estimated from
the number of consensus reads. In SiMSen-Seq, each
double-stranded DNA molecule generates on average 2.22
UMIs, assuming 100% target amplification efficiency (see
Materials and Methods for details). As expected, the
number of detected DNA molecules decreased with
increasing UMI family size cutoff (Figure 3A). In total,
19.1% of the DNA molecules, assessed by fluorometric
analysis after cell-free DNA extraction, were detected using
UMI family size of >2, whereas only 9.1% of the mole-
cules were detected using a UMI family size of >30. The
number of molecules detected by SiMSen-Seq correlated
linearly with the amount of cell-free DNA used as input in
the library construction, showing that DNA input is a major
factor for intersample variations in number of detected
molecules (Figure 3B). The number of detected molecules
was also assay dependent. The differences between the best
and worst performing assay within patient-specific SiMSen-
Seq panels ranged from 1.4 times for Patient 3 to 19 times
for Patient 7 (Figure 3C). The average number of detected
molecules per sample and time point ranged from 22.5 to
8070 (Figure 3D). It was concluded that a UMI family size
of >2 was optimal to minimize error rates, while simulta-
neously maximizing number of detected molecules.

Clinical Assessment of ctDNA during Treatment and
Follow-Up

To monitor treatment efficacy and detect minimal residual
disease as well as relapse, ctDNA was assessed over time
for each patient (Figure 4). For each sample, the total
number of ctDNA molecules per mL plasma was consid-
ered for all assays together using a UMI family size of >2.
A sample was defined as ctDNA positive if at least one
mutation was called (ie, with a Q-score of >10 at the po-
sition of interest).

All five patients with an available baseline sample (day
0) were ctDNA positive before the start of treatment,
ranging from 1.05 to 3855 ctDNA molecules per mL
plasma. For Patient 1, the first three samples were collected
at days 0, 1, and 2 of the first cycle of chemotherapy. All
these samples were ctDNA positive, for 6, 10, and 10 as-
says each, and the total ctDNA level across all 10 assays
peaked at 55.5 mutated molecules per mL. plasma. After
initiation of treatment, all samples became ctDNA negative,
correlating with a good radiological response and complete
regression at the follow-up after cessation of treatment.

Patient 2 was ctDNA positive in baseline sample, with a
ctDNA level of 1.05 mutated molecules per mL plasma.
After treatment initiation, the ctDNA levels were continu-
ously below the detection limit until a sample collected 1
day before the planned tumor surgery indicated residual
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Error rates for tumor-informed ctDNA analysis using SiMSen-Seq. A: The average background error rate per position for different UMI family sizes. One-
way analysis of variance showed no significant difference in average background error rates for UMI family size cutoffs 2, 3, 5, 10, and 30 (P = 0.503). Pairwise t-tests
showed no significant differences between any of the UMI family size cutoffs (adjusted P > 0.34). B: Type of sequencing errors with and without UMI correction. The
total number of background errors is shown across all patients, samples, and time points. The dashed line separates total number of transition and transversion errors
from the individual error types. C: The average background error rate per assay when averaging over all samples. D: The average background error rate per sample when
averaging over all assays. E: Example of the sequencing error rates per nucleotide position in target assays for two different samples and assays. The error rates are
calculated as the sum of all nonreference variants divided by the total number of detected molecules at each nucleotide position. The target mutation positions are
marked with dashed boxed areas. The left sample was ctDNA positive based on the PCDHGA4 assay, whereas no ctDNA was detected in the right sample based on the
CHD5 assay. B—E: UMI family size of > 2 was used as cutoff. Data are shown as means &= SEM (A, C, and D). n = 572 to 778 (A); n = 7 to 15 (C); n = 4 to 10 (D).
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Figure 3  Number of detected molecules. A: Number of molecules in relation to UMI family size cutoff. For the data without UMI correction, the average

number of raw reads per assay and sample is shown. For UMI-corrected data, the estimated number of molecules per target and sample is shown assuming
that each input DNA molecule generates on average 2.22 UMI families (for details, see Materials and Methods). Pairwise t-test was performed. *False
discovery rate <0.05; ***false discovery rate <0.001. The yellow bar shows estimated number of DNA molecules based on fluorometric analysis of input cell-
free DNA in SiMSen-Seq, where 1 ng human DNA corresponds to 310 haploid genome equivalents. B: Correlation between detected number of molecules using
SiMSen-Seq with UMI family size of >2 and the amount of input cell-free DNA per sample assessed using fluorometric analysis. Each dot refers to the
maximum number of detected molecules in a panel for any individual assay. The linear fit is to guide the eye. The Pearson correlation coefficient (r) with P
value is shown. C: The average number of detected molecules per assay, averaging all samples for each assay using UMI family size of >2. D: The average
number of detected molecules per sample, averaging across all assays for each sample using UMI family size of >2. Data are shown as means + SEM (A, C,

and D). n = 572 to 778 (A); n = 90 (B); n = 7to 15 (C); n =

disease with 11.0 mutated molecules per mL plasma. Three
samples collected after the surgery were ctDNA negative.
In Patients 3 to 7, ctDNA was positive in the first samples
collected before or at the beginning of the treatment and
negative in the following samples collected during and after
treatment. In Patient 8, tumor surgery was performed before
enrollment in the study, and all samples collected during
and after adjuvant chemotherapy treatment were ctDNA
negative.

Patients 2 and 5 experienced disease relapse 6 to 7
months after collection of the last blood samples, whereas

4 to 10 (D).

the other six patients remained free from disease at their
latest follow-up. Mutation calling using higher UMI family
size cutoffs was also performed (Supplemental Figure S4).
Overall, the number of detected mutations remained the
same or decreased with the higher UMI family size cutoffs.

Discussion

In this study, the effects of UMI family size in tumor-
informed ctDNA analysis with SiMSen-Seq in childhood
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Figure 4  ctDNA levels in patients with childhood cancer. The total number of detected ctDNA molecules per mL plasma over time across all patients. Time

in relation to start of treatment (baseline) is shown on the x axis. The y axis shows the total number of ctDNA molecules detected across all assays divided by
the plasma volume used for input DNA in SiMSen-Seq analysis. Filled circle represents >1 assay that was statistically positive using a Q-score >10. The
number of ctDNA-positive assays is shown above the circles. Open circles indicate no ctDNA detected. Colored bars above the graphs show the applied
treatment and results of radiological assessments. UMI family size of >2 was used. CR, complete response; PD, progressive disease; PR, partial response.

cancers were determined. Childhood malignancies are
characterized by few recurrent mutations in comparison to
most adult cancers, making agnostic panels that depend on
shared hotspot variants insufficient. Several ctDNA studies
in pediatric cancers have focused on detecting structural
variants, such as copy number variations and trans-
locations.”*”*" Many approaches focus on individual
patient-specific mutations using digital PCR, with only a
few adopting tumor-informed approaches using sequencing
panels.**”*"**> The detection of ctDNA in blood plasma
requires high sensitivity because the frequency of mutations
can be <0.1% in cancer management applications,
including treatment monitoring, prognostication, and
detection of resistance mutations and minimal residual
disease and early relapse detection. To ensure reliable and
reproducible ctDNA analysis, the experimental procedure
and assays should be carefully validated and standard-
ized."** In this study, it is shown that UMIs efficiently
correct for experimentally induced sequencing errors,
enabling the analysis of individual cell-free DNA molecules
and thus facilitating the detection of ctDNA at low allele
frequencies. The sensitivity to detect ctDNA also improves
with increasing number of assessed mutations."
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SiMSen-Seq panel design is flexible regarding number of
monitored mutations, single-nucleotide variants, and short
insertions/deletions, and allows for addition of generic as-
says (eg, assays related to treatment resistance, such as ALK
sequences in neuroblastoma undergoing targeted thera-
pies).*® Hence, digital sequencing with SiMSen-Seq can be
applied to several applications within childhood cancer
management.

There are multiple bioinformatic strategies for handling
UMIs, and digital sequencing approaches often use their
own tailored solutions. The most common approach, also
applied in SiMSen-Seq, is to sequence each molecule
multiple times and generate consensus reads. In DupSeq,
complementary UMIs are bioinformatically related to each
other to model each double-stranded DNA molecule and to
correct for errors using reads of both strands.”” There are
also other methods that correct for sequencing errors
without using UMISs, such as CAPP—seq,47 ERASE—seq,4x
and Signera,” where sequencing errors are corrected by
generating a background error model of healthy donor
plasma. With SiMSen-Seq, the absolute number of ctDNA
molecules in relation to blood plasma volume can be
assessed using UMIs. After sequencing, approximately
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19% of all cell-free DNA molecules estimated by Qubit
were detected. The number of detected molecules is within
the expected range for all analyzed samples. This number
might be affected by overestimation of the DNA concen-
tration by fluorometric analysis, here Qubit, which has been
reported when carrier RNA is used during extraction of
cell-free DNA.”” The main losses depend on cell-free DNA
fragmentation, where many target molecules cannot be
amplified by standard sequencing primer pairs.”” In addi-
tion, some DNA is lost during the concentration step pre-
ceding SiMSen-Seq, the amplification efficiencies are most
likely not 100% because of variations in the specific assays,
and presence of inhibitors carried over from the plasma will
all affect the number of detected molecules.

Here, it is demonstrated that a UMI family size of >2 is
optimal to minimize error rates while maximizing the
number of detected molecules. A low cutoff is also
important from a cost perspective because of the deep
sequencing required by digital sequencing. For example, a
SiMSen-Seq panel consisting of 10 individual assays
analyzing 10 ng DNA will correspond to 3100 DNA mol-
ecules per sequence.”’ If all DNA molecules are detected,
they will generate on average 6882 UMIs per assay
(3100 x 2.22), and each UMI needs to be sequenced at least
twice. Consequently, at least 137,640 reads per sample are
required. Increasing the UMI family size cutoff will linearly
increase the number of sequencing reads needed.

The use of UMIs efficiently corrects most technical er-
rors. However, as polymerase-induced errors may occur
during the first barcoding PCR step in SiMSen-Seq,'” it
cannot be determined if the small remaining noise is of
experimental or biological origin. Sequencing errors in the
UMI itself are not corrected in the same way as in the target
sequence, as the UMI information is used for the error
correction of the target sequence. Instead, the UMI se-
quences for each target are extracted in the first step of the
bioinformatics pipeline and clustered on the basis of
sequence similarity to ensure that highly similar UMIs are
grouped together.”” In the applied UMIErrorCorrect pipe-
line, the default setting for the edit distance threshold is set
to 1 (ie, one mismatch between UMISs is allowed). The UMI
length in relation to the amount of DNA input is an
important factor for successful error correction, as UMI
collisions may occur (ie, two different DNA molecules are
labeled with identical UMIs) because of lack of diversity in
the UMI pool. Longer UMI sequences help solve this issue
as they allow for an increased number of possible combi-
nations.”* The use of UMIs can at both experimental and
bioinformatic levels impact ctDNA detection as well as the
estimated number of cell-free DNA molecules. Variant
calling is based on a statistical model in which the back-
ground error is described using a B-binomial distribution.”®
The model has a high sensitivity for detection of mutations
with low variant allele frequencies, with the total number of
molecules and the number of mutated molecules at each
position serving as key variables. Consequently, detection

10

of low variant allele frequency variants is facilitated by a
larger number of observed molecules. At low variant allele
frequencies, no mutated ctDNA molecules may be present
in the sample because of sampling ambiguity.”” To address
this issue, several mutations for each patient can be tar-
geted, increasing the probability to detect ctDNA mole-
cules. The limitations of this study are that data cover only
one method and that the effects of UMI parameters beyond
family size are not assessed, such as edit distance, UMI
length, or structure. The number of patients with specific
cancers is also low. Hence, the findings have technical
rather than clinical value.

In conclusion, this study demonstrates the feasibility of
using tumor-informed ctDNA analysis in childhood can-
cers. There are several experimental and bioinformatic
factors that can influence the sensitivity of ctDNA assess-
ments. Here, the effects of assay, sample, and UMI family
size cutoff on background error rate and the number of
detected molecules are shown. The generated results show
that a UMI family size of >2 should be applied for best
performance in tumor-informed ctDNA analysis using
SiMSen-Seq.
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