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Abstract

Genome-wide, DNA mutation analysis in single cells is prone to artifacts associated with cell lysis
and whole genome amplification. Here we addressed these issues by developing Single-Cell
Multiple Displacement Amplification (SCMDA) and the single-cell variant caller, SCcaller.
Validated by comparing SCMDA-amplified single cells with unamplified clones from the same
population, the procedure provides a firm foundation for standardizing somatic mutation analysis
in single-cell genomics.

Analyzing genetic variants in single cells suffers from artifacts associated with whole
genome amplification (WGA). Common artifacts result from cytosine deamination due to
single cell lysis and DNA denaturation at elevated temperatures, resulting in artificial CG-
>TA transitions®. This could explain, for example, the great excess of such mutations found
in single neurons? as compared to similar studies of unamplified neuronal clones®.
Amplification errors per se can be enriched through allelic amplification bias, a
characteristic of multiple displacement amplification (MDA) - the most frequently used
method for WGA from a single cell* - resulting in artifactual mutation calls (Supplementary
Fig. 1a,b). Here we report Single-Cell Multiple Displacement Amplification (SCMDA) and
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a single-cell variant caller (SCcaller), a validated protocol to accurately identify SNVs
across the genome from a single cell after whole genome amplification.

To address cytosine deamination artifacts, we single cell lysis and DNA denaturation is
performed on ice using alkaline lysis. To compensate for the much lower effectiveness of
cell lysis and DNA denaturation at low temperature we reconfigured MDA, significantly
improving the annealing procedure for the hexamer primers (Methods). We then developed
SCcaller, which corrects for local allelic amplification bias in SNV calling.

We validated SCMDA and SCcaller by directly comparing SNVs between amplified single
cells and unamplified clones derived from cells in the same population of early passage,
human primary fibroblasts. We also sequenced SCMDA-amplified single cells and non-
amplified clones derived from the same, early growing clone (~5 divisions; 20~30 single
cells), reasoning that there should be significant overlap between the single cells and their
kindred clone (Fig 1a,b). Finally, we also included single cells after high-temperature lysis
and DNA denaturation using a commercially available system (Methods) to confirm
artifactual mutations induced through cytosine deamination at high temperature.

Single cells, isolated using the CellRaft system (Methods, Supplementary Fig. 2, 3) were
subjected to SCMDA, library preparation and sequencing® (Methods, Supplementary Note,
Supplementary Table 1, 2). As a pre-screen to test for the relative uniformity of
amplification we used real-time PCR at 8 specific loci and 66% of 44 cells passed our
criteria (Supplementary Note, Supplementary Table 1). Only cells from this group were
sequenced. Supplementary Table 3 provides the sequencing statistics, showing that in the
single cells on average 85% of the genome was sequenced with a depth of at least 5 reads, as
compared to about 90% in the clones and bulk cell population. The genome-wide coverage
uniformity of amplification after whole genome sequencing was evaluated using Lorenz
plots (Supplementary Fig. 4). The results indicated that, as expected, the unamplified bulk
DNA shows the least amount of bias; in addition, amplicon samples produced by SCMDA
exhibited less bias than those produced by the commercial, high-temperature lysis system
(Supplementary Fig. 4) or by other amplification protocols®”.

For calling SNVs from the sequencing data, we first predicted the degree of local allelic
amplification bias using heterozygous germline SNPs (hSNPs) (Supplementary Fig. 5a—c).
Because MDA starts at random positions and elongates to several kilobases, it is possible to
predict the degree of allelic bias at a particular locus by considering the degree of bias in
neighboring hSNPs using kernel smoothing (Methods, Supplementary Fig. 6 a—d &
Supplementary Table 4). We designed SCcaller to adjust allelic amplification bias when
estimating the likelihoods of three possibilities, i.e., artifact, heterozygous SNV, and
homozygous SNV, for every candidate SNV locus (Methods, Supplementary Fig. 7 &
Supplementary Fig. 8 a,b). A likelihood ratio test was used to distinguish real SNVs from
artifacts under a certain significance level (a). Its null distribution, which corresponds to the
amplification errors, was sampled from the input data. This input-specific null accounts for
sample-specific amplification bias, sequencing depth and quality.
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We evaluated the accuracy of SCMDA and SCcaller using our kindred single cells and clone
combination, because in this system real mutations should be present in both the single cells
and the kindred clone (Fig. 1b). For germline SNP calling, SCcaller reached 90.1%
sensitivity at a cost of 0.12 false positives (FPs) per million bp (Fig. 2a,b). In comparison,
Haplotypecaller from GATKS, a commonly used SNP caller for bulk sequencing data,
suffered from more than 7 times as many FPs, i.e., 0.87 FPs per million bp. SCcaller
performed similarly on a published MDA-amplified single-cell data set from another
laboratory? and significantly outperformed Haplotypecaller and Monovar® (Fig. 2c;
Supplementary Note).

We then tested if SCcaller displayed the same unique feature of high specificity, i.e., a low
rate of false positive calls, in identifying somatic SNVs using our kindred single cells and
clone. We found that SCcaller has a much higher specificity (FDR: 0.308-0.393) than other
callers, i.e., MuTect9, VarScan!! and Monovar® (FDR: 0.745-0.860), most likely by
accounting for amplification errors (Fig. 2d,e). Its sensitivity is either higher than that of the
other callers (Monovar) or similar (MuTect and VarScan). Sixteen randomly picked SNVs
called by SCcaller, were confirmed using Sanger sequencing of the kindred group versus
bulk (Supplementary Table 5). Using another published single-cell data set obtained by
MALBAC (Multiple Annealing and Looping-Based Amplification Cycles)’, SCcaller
reported more than two times higher overlapping somatic SNV calls in all kindred cells than
Monovar, MuTect or VarScan (Fig. 2f; Supplementary Note). Of note, the fraction of
overlapping calls in this data set was very low (0.3%) as compared to what we obtained with
SCMDA (65% on average), likely due to our highly optimized experimental protocol for
somatic SNV detection. Hence, applied to different, independently published data sets
SCcaller proved superior to other variant callers, including those specifically designed for
single cell applications. Of note, SCcaller’s application is limited to genome regions of SNP
heterozygosity (Methods).

We then extended the somatic SNV detection by SCMDA and SCcaller from the kindred
group to all our single cells and clones, comparing the results to those obtained using the
commercial procedure with single cell lysis and denaturation at elevated temperature. As
expected, in the latter case many more candidate somatic SNVs were detected than in those
amplified using SCMDA: an average of 22,929 and 927 per cell, respectively, after adjusting
for sequencing depth and coverage (Fig. 3a). Almost all the somatic SNVs detected after
high temperature denaturation were CG->TA transitions (Fig. 3b), which is expected when
they stem from cytosine deamination. The number of somatic SNVs identified using
SCMDA, on average 927+371 (s.d.) per cell, was in the same range as the unamplified
clones, on average 856306 (s.d.) per cell. Of note, these results are also in the same range
as previously reported for non-amplified single cell clones obtained through organoid
formation (609 per organoid genome)!2. The somatic SNVs identified using SCMDA had a
very similar spectrum as the clones, with CG->TA mutations making up only 21.3% of all
somatic SNVs (Fig. 3b). Of note, the same spectra were obtained when using the other
mutation callers (Supplementary Fig. 9). Hence, other callers detected artifacts rejected by
SCecaller, but not specifically artifacts resulting from cytosine deamination. Hence, these
combined results underscore the validity of SCMDA and SCcaller in providing both reliable
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mutation identification and reliable mutation spectra for whole genome-amplified single
cells.

The somatic SNVs identified in the human fibroblasts were distributed uniformly across the
genome (Fig. 3c), with a moderate depletion of mutations from functional sequence features,
such as exons, DNase | hypersensitive sites and 3" UTRs, similar to what was found for
germline polymorphisms in the 1000 Genomes Project (Supplementary Fig. 10a). This is
consistent with the presence, in actively proliferating fibroblasts, of considerable selection
against deleterious mutations. Somatic SNVs were also depleted from genes expressed in
human fibroblasts (~=0.016 one-tailed permutation test, Supplementary Fig. 10b), due to
either selection or transcription coupled repairl3,

In summary, the validated single-cell whole genome sequencing procedure and variant caller
developed allow for the first time to accurately determine the full complement of somatic
mutations unique for a cell. This will greatly expand our capability to explore the landscapes
of somatic mutagenesis in humans and other organisms, which hitherto was only possible by
using clonal amplification, such as organoid technology. Clonal amplification requires
extensive cell culture and essentially limits analysis to stem or progenitor cells. Single cell
technology allows direct analysis of all types of cells, including postmitotic cells, such as
neurons and muscle fibers. Of note, single cell clones are also likely to harbor mutations
arising de novo. Indeed, each of the single cells in our kindred groups was found to harbor a
unique set of mutations that are not necessarily artifacts. Hence, in contrast to organoid
technology SCMDA provides a comprehensive assay to study the landscape of somatic
mutagenesis in metazoa, including sub-clonal heterogeneity in both normal and tumor tissue.
This will provide increased insight into the pathogenic role of somatic mutations in human
aging and diseasel?.

Online Methods

Cell culture

Primary human dermal fibroblasts from a 6-year-old male were provided by Haeri Choi at
Seoul National University, South Korea. Human dermal fibroblasts were grown at 37°C, 3%
0,, 10% CO,, in low glucose DMEM medium containing 10% FBS, 100 IU mlI~1 penicillin,
100pg mi~1 streptomycin, 2mM L-Glutamine and 1% MEM non-essential amino acids
(Gibco).

Preparing single cells

We prepared single cells and clones using the CellRaft array (Cell Microsystems). Following
the manufacturer’s instructions, we wetted the CellRaft array with medium before plating
the cells. The CellRaft array was covered with a proprietary water-soluble biocompatible
coating to prevent air bubble formation when adding liquid to the array. To wet the array, we
added 2 ml of the cell culture medium to the array and waited for 3 minutes, then removed
the medium; this process was repeated a total of three times.

When cells grew to confluence in a 10-cm plate, we removed the medium, washed the cells
with PBS, added 1 ml trypsin (Gibco) and incubated at 37°C for 5 minutes. After confirming
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that all cells were detached, we added 10 ml complete medium to stop trypsinization and
transferred the cell solution to a 10-ml tube. Cells were centrifuged for 5 minutes at 1500
rpm. The supernatant was removed by aspiration and the cell pellet was resuspended in 10
ml fresh medium. This process was performed a total of two times to ensure the removal of
cell debris prior to single cell isolation.

The CellRaft array contains 12,000 individual sites, called “rafts”. To pick single cells, we
counted cells with the Auto T4 Cellometer (Nexcelom Bioscience) and prepared about 5000
cells in 3 ml of medium. The cell solution was plated onto the CellRaft array and incubated
at 37°C, 3% O,, 10% CO,. After 2-4 hours, the fibroblasts were elongated and firmly
attached to the array. To remove floating cells (which were probably dead) and avoid
contamination from potential cell debris and cell-free DNA in the medium, we removed the
medium from the CellRaft array, washed the cells on the CellRaft array twice using 1 ml
PBS and added 3 ml fresh complete media. Single rafts containing one cell (as observed by
microscopy using a 10x objective, Supplementary Fig. 2) were transferred, using the
magnetic wand supplied with the CellRaft system, into 0.2-ml PCR tubes containing 2.5 pl
PBS. By observing the PCR tubes under a magnifying glass and the CellRaft array under a
microscope before and after the transfer, we validated that there was only one cell in a tube
(Supplementary Fig. 3). Tubes containing single rafts were frozen immediately on crushed
dry ice and kept at —80°C until use. To validate that there was no contamination from cell-
free DNA, we also picked empty rafts as negative controls in whole genome amplification
(described in the section on SCMDA).

Single cell clone and kindred cells

To generate single cell clones, we used a modified version of the cloning protocol described
previously®. Cells were first plated on the CellRaft array as described above. We kept track
of rafts containing single cells using the coordinate markers on the CellRaft. Culturing
conditions were the same as described in the cell culture section above, except that the FBS
content of the medium was increased from 10% to 20%. Cells were checked for growth
daily and medium changed every three days. When the single cell clones reached confluence
on the raft, i.e. approximately 10-16 cells per raft, each single raft containing a clone was
transferred to a well in a 96-well plate. Upon reaching confluence, the clones were
transferred to 24-well plates, then 12-well plates, 6-well plates and 10-cm plates; medium
containing 20% FBS was used until the cells were transferred to 12-well plates, at which
point FBS supplementation was reduced to 10%.

To generate kindred single cells and clone, we first grew cells to small clones, consisting of
approximately 20-30 cells, after transfer to a 96-well plate. We then selected a clone and
transferred all of its cells to another CellRaft array. Fifteen kindred cells were isolated from
the small clone using the CellRaft system. The remaining cells from the clone were
transferred into a well of 96-well plate and grown into a large clone as described above. We
sequenced the unamplified DNA from the large clone and the amplified DNA of two of the
cells isolated from the 20-30-cell stage clone.

Nat Methods. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 6

Single cell whole genome amplification by multiple displacement amplification, (SCMDA)

Frozen single cells in PCR tubes were removed from storage at —80°C, quickly spun down
by nano-centrifuge, and placed on ice. One pl Exo-Resistant Random Primer (final conc. 12
UM, Thermo Scientific) was then added, followed by 3 pl lysis buffer containing 400mM
KOH, 100mM DTT and 10mM EDTA solution. Cell lysis and DNA denaturation was
performed on ice for 10 minutes. Then, 3 pl of stop buffer, consisting of 400mM HCI and
600mM Tris-HCI solution (1M, pH7.5), was added to neutralize the lysis buffer, followed by
32 pl of master mix containing 30 pl of MDA reaction buffer and 2 pl of Phi29 polymerase
(REPLI-g UltraFast Mini Kit, Qiagen). MDA was carried out in a total volume of 41.5 ul for
1.5 hours at 30°C, followed by an increase in the temperature to 65°C for 3 minutes to
inactivate DNA polymerase. After amplification, samples were held at 4°C until purification.
Amplified DNA was purified using AMPureXP-beads (Beckman Coulter) and the
concentration was measured with the Qubit High Sensitivity dsSDNA Kit (Invitrogen Life
Science).

As a positive control for the amplification, 1 ng of human genomic DNA in 2.5 pl PBS was
also amplified and 2.5 pl of PBS without any template as a negative control. Meanwhile,
empty rafts isolated from the CellRaft array were amplified and compared to the controls
and single cells to exclude the possibility of contamination by cell-free DNA.

High temperature single cell MDA (HighTemp MDA) was done using the REPLI-g Single
Cell Kit (Qiagen). The key difference in the single cell lysis between this procedure and
SCMDA is the temperature, i.e., 65°C for the HighTemp method and on ice for SCMDA.
The low temperature used by the SCMDA method avoids heat-induced errors in DNA
denaturation, mainly cytosine deamination (CG->TA) (Fig. 3b).

Unamplified DNA was extracted from clones using the Quick-gDNA Blood Miniprep Kit
(ZYMO Research) and from bulk cell cultures using DNeasy Blood & Tissue Kit (Qiagen).

Library construction and whole genome sequencing

PCR-free libraries were prepared using the Accel-NGS 2S DNA Library Kit (Swift
Biosciences). Briefly, 2 ug input DNA was fragmented using Covaris, size-selected and
purified using the MinElute Gel Extraction Kit (Qiagen). PCR-free libraries of the DNA
from bulk cell populations was prepared using the KAPA LTP Library Preparation Kit
(KAPA Biosystems) with Trueseq adapters (Illumina) by the Epigenomics Core at the Albert
Einstein College of Medicine. For 3 of the 4 single cell clones (C1, C2 and C3), libraries
were prepared by the New York Genome Center (New York, NY). The libraries were
sequenced on the Illumina HiSeq 2500, with 2x100 bp or 2x250 bp paired-end reads by the
Epigenomics Core at Albert Einstein College of Medicine or the Illumina HiSeq X Ten with
2x150 bp paired-end reads by the New York Genome Center (New York, NY)
(Supplementary Note).

Sequence alignment

Raw sequence reads were adapter and quality trimmed using Trim Galore (version 0.3.7),
and aligned to human reference genome build 37 using BWA MEM (version 0.7.10)16. After
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deduplication, the initial mapped reads were indel realigned based on known indels from the
1000 Genomes Project (Phase 1)17, and base quality score recalibrated based on known
indels from the 1000 Genomes Project (Phase I) and SNVs from dbSNP (build 144) using
GATK (version 3.4.46)8,

SCcaller: estimating allelic bias

We used the Nadaraya-Watson kernel-weighted average to estimate the fraction of reads
carrying the genotype with more supporting reads (i.e. the major allele fraction, denoted as
) as a result of allelic bias at genome position xg,

o) i 0, 71) X 0
0(z0)= S K (20, ) 1)

where 7denotes heterozygote germline SNPs (hSNPs) from the single cell. We implemented
a module in SCcaller to query these hSNPs from a single cell comparing to either a database,
e.g. dbSNP, or, preferably, hSNPs called from the bulk cell population. Of note, this list of
hSNPs does not have to be precise because bias estimation is a robust procedure and hSNPs
are re-called and confirmed together with all the other SNVs in the variant calling step. A
denotes half of the window width for smoothing. We recommend 1=10,000 for MDA-based
protocols, which balances prediction accuracy and coverage. The kernel Kis defined using
the Epanechnikov quadratic kernel,

Ky(xzg,2)=D (@) ?

in which function D s defined as,

3142y 4 .
D<t):{ 4(10” Z}lifzsle
)

in (1), trefers to the argument of the function D.

To test the accuracy of the prediction, we performed /eave-100-out cross-validations and 10-
fold cross-validations on hSNPs from a randomly selected region chr1:100,000,000—
110,000,000. In the /eave-100-out cross-validations we randomly partitioned the hSNPs into
subgroups, each with 100 hSNPs. For each subgroup, we predicted the bias of the 100
hSNPs using hSNPs from the other subgroups. In the 10-fold cross-validations, we randomly
partitioned the hSNPs into 10 subgroups with equal numbers of hSNPs. For each subgroup,
we predicted the bias of the hNSNPs using hSNPs from the other 9 subgroups. The strong
correlation between prediction and observation (Supplementary Fig. 6 and Supplementary
Table 4) indicates high accuracy of the bias estimation.
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SCcaller: variant calling

Let “ref” denote the reference allele and “alt” denote the alternative allele. To call the
genotype for a single cell, we evaluated the data for a given candidate SNV using three
models: (i) model Hy: genotype ref/ref - no variant is present at the site and all alternative
bases are a result of amplification errors; (ii) model H;: genotype ref/alt - a heterozygous
SNV; (iii) model H: genotype alt/alt - a homozygous SNV. We also took sequencing errors
(Phred quality score) into account. Assuming that sequencing errors are independent across
reads, we calculated the likelihood of each model using

L(Hg)=P <{bj}|{ej}vr’m’Fk(9)> :ij (bj|ej7T7m7Fk(9)) 4)

where jdenotes a read covering the site, & denotes the called bases, ¢ denotes error rate
transformed from the Phred quality score, r € {A,C,G, T} denotes the reference genotype,
and m € {A,C,G, T} denotes the alternative genotype in the data. And Fxis defined as

0 if H

F’“((’):{ LifHy (g

For Hy and H, let the estimated variant allele fraction fbe,

o Fy(9) if observing more variant reads
| 1=Fy() if observing more reference reads ©)

Following Cibulskis et al'®, we assumed each type of substitution error in sequencing has an
equal probability of occurring, /3.

FElBL(1=f)(1—ej)  if bj=r
P (bjlej,r,m, F(0) = f(1=e))+(1—)"* if bj=m
e;/3 otherwise @

In Hg, to account for amplification errors, we set,

f="Js 0 @®)

This is because with a diploid genome, there are a total of 4 DNA strands in a cell. Errors
that occur at the first round of amplification, which are the artifacts most difficult to filter
out, will ideally be found in 1/8 of the reads (Supplementary Fig. 1).
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We further estimated a null distribution of artifacts using depth and quality from single cell
sequencing data itself, and selected criteria ), corresponding to certain a values (0.01 and

0.05 are both reported). This procedure is based on a likelihood ratio test that rejects Hg in
favor of H; when,

A=L(Ho)/L(H1) <n (9)

where,

P(A <n|Ho)=c  (10)

In addition, we also designed the SCcaller to calculate the likelihoods of sequencing errors
following Cibulskis et al10.

SCcaller: application

SCcaller (v1.0) was used for calling SNVs as follows. The bam file of a single cell was
mpileuped for each autosome separately using samtools (v1.3, options -C50 -r chr -Osf
referencegenome.fa). To estimate allelic bias in the amplification, hSNPs in the single cell
were identified by querying dbSNP (build 144) using option -a hsnp of SCcaller. Next, using
option -a varcall in SCcaller, likelihoods of the three models described in the previous
section were calculated for all positions in the genome covered by =1 reads that differ from
the reference genome. Then, using option -a cutoff in SCcaller, 7 corresponding to a=0.01
was estimated. This cutoff was used to separate real SNVs from amplification artifacts. In
addition, SNVs overlapping with indel reads were filtered out. Finally, we queried all SNVs
identified in the whole genome sequence of the bulk cell population. SNVs without variant
supporting reads, do not overlap with indel reads and have =20 wild type reads in the bulk,
without overlap with dbSNP, are considered as somatic SNVs.

Potential caveats in using SCcaller

Of note, there are areas of the genome in which SCcaller cannot overcome amplification
bias. Those regions include all areas that are haploid, such as the Y chromosome and the X
chromosome in males, and other haploid regions, as well as amplified regions. Of note, the
amplification products of MDA are generally long, i.e., typically over 10 kb, and not many
artifacts will be missed. In the SCcaller, we implemented parameters for lengths of
neighboring regions, which can also be specified by the user. With a default setting of 10 kb
on both sides of the SNV, 90.5% of total candidate variants (approximately 90% of genomic
regions) is covered. Bias of uncovered regions is by default set to the genome wide average
(6=0.75) and can also be specified by the user.
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Statistical analysis

Statistic tests, such as permutations and t tests, were performed using R (version 3.3.2) and
Microsoft Office Excel (2013) respectively. Statistics of SCcaller are described above and
coded in Python (version 2.7).

Public single cell data

Single cell sequencing data from MDA-amplified (previous MDA method) neurons (Brain
A)2 and MALBAC-amplified cancer cells’ were downloaded from SRA databases under
accession numbers, SRR2141560 to SRR2141570 (previous MDA, 10 single neurons and 1
bulk), SRX204116, SRX202787, SRX202978 and SRX204744 (MALBAC, 3 kindred single
cells and 1 bulk). Analysis and variant calling were as described for our SCMDA and
HighTemp MDA datasets.

Code availability

SCcaller is freely available at https://github.com/biosinodx/SCcaller.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental design for validating SNV identification in SCM DA-amplified single cells
(a) To allow validation for accurate single cell amplification and variant calling, whole

genome sequencing (WGS) was performed on (1) four single cells amplified using SCMDA
(red); (2) two cells amplified using SCMDA and their non-amplified kindred clone (yellow);
(3) three additional, unamplified clones (blue); and (4) two single cells amplified after high
temperature lysis (grey). Cell / clone IDs are included in the Figure. (b) The kindred cells
and clone are expected to have identical genotypes, including both germline and somatic
SNVs. Candidate SNVs identified in both clone and single cells are true positives (TPs).
Those found in neither of the cells but only in the clone are false negatives (FNs). Variants
found only in one cell are considered false positives (FPs). See Supplementary Note for
details. These are conservative assumptions and do not take into account possible de novo
mutations in the kindred clone or single cells arising after their divergence. Of note, such
events would increase sensitivity and specificity.
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Figure 2. Accuracy of SCcaller in single cell SNV calling
Sensitivity and FP rate of germline SNP calling in cell IL11 (a) and IL12 (b). Sensitivity (y-

axis) was defined as the ratio of TPs to FNs plus TPs. FP rate per MB on the x-axis is the
number of FPs per million bp. Default cutoff (x) refers to a=0.01 by SCcaller. (c) Germline
SNP calling using SCcaller was compared with Monovar and Haplotypecaller in a dataset
from Lodato et al.2. On the x-axis, the number of artifacts was approximated as the number
of SNVs unique to one cell (Supplementary Note). Since these unique SNVs also include
real somatic SNVs, this approximation is the upper-bound of the number of artifacts.
SCecaller suffered from the smallest number of false positives (<1,000 per cell), as compared
to Haplotypecaller (>30,000 per cell) and Monovar (>5,000 per cell). For somatic SNV
calling, SCcaller was compared with MuTect, VarScan and Monovar in cell IL11 (d) and
IL12 (€). FDR was defined as the ratio of FPs to TPs plus FPs. TPs and FPs were derived
from the kindred clone experiment (Fig. 1b, Supplementary Note). (f) Fraction of
overlapping somatic SNVs called from MALBAC kindred single cells (Supplementary
Note)’. SNPs and SNVs were called in regions with =20 sequencing depth. The error bars
indicate standard deviations.
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Figure 3. Frequency, spectrum and distribution of somatic SNV's
(a) Number of somatic SNVs per cell after correction for sequence depth and coverage

(Supplementary Note). (b) Spectrum of somatic SNVs. In a) and b), the error bars indicate
standard deviations, and n=4, 6 and 2 for the clones, SCMDA and HighTemp MDA
respectively. (c) Genome distribution of somatic SNVs identified. Each row indicates one
single cell or clone and each dot represents a somatic SNV. Smaller numbers of somatic
SNVs were identified in 1L4 and IL5 due to lower sequencing depth (Supplementary Table

3).
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