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Abstract

Cancer cells often exhibit DNA copy number aberrations and can vary widely in their
ploidy. Correct estimation of the ploidy of single-cell genomes is paramount for down-
stream analysis. Based only on single-cell DNA sequencing information, scAbsolute
achieves accurate and unbiased measurement of single-cell ploidy and replication
status, including whole-genome duplications. We demonstrate scAbsolute’s capabilities
using experimental cell multiplets, a FUCCI cell cycle expression system, and a bench-
mark against state-of-the-art methods. scAbsolute provides a robust foundation for sin-
gle-cell DNA sequencing analysis across different technologies and has the potential
to enable improvements in a number of downstream analyses.

Keywords: Single-cell DNA sequencing, Singe-cell genomics, Ploidy estimation,
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Background

Many common cancers are characterised by chromosomal instability (CIN) and, as
a result, extensive copy number aberrations (CNAs) [1, 2]. CNAs alter the number of
copies of genomic regions in a cell, thus creating a background of genomic variation
on which selection can act [3]. CNAs can act as drivers of cancer evolution [4—6] and
be used to infer phylogenies [7-9]. Importantly, CNAs have been shown to play a cru-
cial role in cancer treatment and prognosis [10-12], and they correlate with markers of
immune evasion and increased activity in proliferation pathways [6, 13, 14]. As a conse-
quence of CIN, tumour cells, unlike most normal cells, substantially vary in the amount
of DNA they contain, the so-called ploidy.

Large amounts of DNA in a cell or high levels of ploidy are often associated with
whole genome doubling (WGD) [15]. Previous research has shown how WGD can
fuel CIN through abnormal mitosis [16—19]. Cells that have undergone WGD can be
genomically unstable and tend to accumulate CNAs more quickly, partly because they
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appear to be able to better cope with the negative effects of deleterious mutations and
ongoing CIN [15, 20-23]. WGD is a common event across cancers [1, 24, 25] and is
associated with poor prognosis [26]. At the same time, fundamental questions are still
unanswered, for example, the interplay between WGD and CIN in the early stages of
tumourigenesis [17, 27].

WGD and CIN are central topics in cancer genomics, and analyses based on single-cell
DNA sequencing hold promises for better understanding how these processes shape the
landscape of somatic mutations in cancer and how they impact tumour development
at the earliest stages [28]. Single-cell genomics offers a much more fine-grained clonal
decomposition of malignant tissues and the ability to study properties of rare or small
cell population genotypes [29]. Advances in single-cell sequencing technologies [29-35]
make it possible to measure CNAs in individual cancer cells. Early technologies relied
on whole-genome amplification, an example included in this study is the 10X Genom-
ics Single Cell CNV([36] platform using a commercial microdroplet platform. Several
publicly available data sets were produced by this technology which is no longer com-
mercially available. Recently, this approach has been challenged by protocols developed
for shallow single-cell WGS, including Direct Library Preparation [29, 32] (DLP/DLP+)
and Acoustic Cell Tagmentation [35] (ACT). These two technologies rely on whole-
genome single-cell library preparation without amplification (preamplification-free) and
single-molecule indexing via direct tagmentation. By using a direct tagmentation step to
incorporate index barcodes and sequencing adaptors before subsequent PCR cycles, it is
possible to link all original reads to the original single-cell molecules and computation-
ally filter PCR duplicates leading to a more even coverage across the genome [32].

Further progress, however, is held back by the lack of accurate methods to identify
the ploidy of single cells, which is a crucial prerequisite for many downstream applica-
tions, such as quantifying intratumour heterogeneity and phylogenetic reconstruction of
tumour evolution, and also heavily impacts single-nucleotide variation (SNV) detection
[37-39] and copy number calling [40]. The challenges of ploidy calling in single-cell data
are further aggravated by the fact that different cell cycle states lead to different overall
DNA content and introduce spurious copy number changes [41, 42]. As a result, sepa-
rating cells undergoing DNA replication in S phase from cells in G1/G2 phase is impor-
tant to reliably measure copy number status across cells.

To address these challenges, we introduce scAbsolute, a computational method specifi-
cally targeted at inferring individual cells’ ploidy and replication status based on shallow
single-cell DNA sequencing data alone. Note that scAbsolute is not intended to provide
highly accurate copy number calls, but the focus is very much on the problem of ploidy
determination. We demonstrate the feasibility of distinguishing cells in different, pre-
viously unidentifiable ploidy states, including cells directly after undergoing WGD, and
introduce a novel, robust way of determining cell ploidy based on a Dirichlet process
Gaussian mixture model.

Our research improves on existing models for ploidy estimation across different data
types. For bulk sequencing data, many tools aim to estimate tumour purity and ploidy
and identify subclonal copy-number status [24, 38, 43-50], but the problem is chal-
lenging, because it is underdetermined with multiple mathematically equivalent solu-
tions existing [24]. Existing approaches for single-cell sequencing data either build on
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computational steps originally developed for bulk data or use additional experimental
information. Current computational approaches are unable to distinguish between dif-
ferent ploidy solutions in the absence of odd or intermediate copy number states in
the data [40]. In practice, tools such as HMMCopy [51] are commonly used [32, 33,
52, 53] and serve as the basis for some novel copy number callers [54, 55]. Ginkgo [56]
shows improved performance for calling of accurate ploidy on a single-cell level [57]
in simulated data. SCOPE [58] uses normal cells in a cross-sample normalisation step
to estimate bin-specific noise terms. However, normal cells are not available for many
single-cell sequencing studies and cell lines, limiting its applicability in practice. In a fur-
ther advance, CHISEL [59] estimates haplotype-specific copy numbers based on B-allele
frequency (BAF) estimated across 100s and 1000s of cells. CHISEL requires to pool a
large number of reads together, either by increased sequencing depth or by number of
cells, and needs a matched normal sample or a sufficient number of normal single cells
sequenced. As a BAF-based approach, CHISEL cannot detect recent WGD, because of
the need for sufficient number of mutations to arise across different alleles.

Alternatively, ploidy information can be inferred experimentally. A common approach
is using DAPI fluorescence staining and subsequent fluorescence-activated cell sorting
(FACS) [35]. However, this approach requires a ploidy control and a sufficient number of
cells as input material and might introduce a bias in the a-priori selection of cells based
on their ploidy profile. Laks et al. [29] suggest that there is a relationship between ploidy
and cell size, as observed via microscopy. However, it is unclear to what extent this can
be reliably used to determine absolute cell ploidy.

Previous attempts for identifying replication status have been based on features
derived in homogeneous samples or limited training sets [29, 60, 61], and it is unclear
how well these methods generalise to novel, previously unseen samples or heteroge-
neous populations. We introduce a purely computational approach that generalises to
novel cell populations without requiring new training data, and is more accurate than
existing experimental evidence based on FACS sorting of DAPI stained cell populations.

Results
The scAbsolute algorithm for calling absolute copy number in single-cell DNA sequencing
data
scAbsolute aims to find a transform based on cell ploidy to convert values from a scale of
read counts per bin to a scale of absolute copy number.

For a cell with its genome split into M fixed-size genomic bins (by default 500 kb), we
refer to the (unknown) copy number as ¢;j and the observed per-bin read count as x; for
each bin j. We aim to estimate a per-cell scaling factor p, so that we can directly measure

the ploidy p of a cell:
M M
1 1 xj
p_MECINMEp 1)

Estimating the value of p is equivalent to determining the correct copy number
states cj, assuming we have a segmented copy number profile. The factor p denotes
the average reads per copy per bin and is a measure of per-cell read coverage that
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we find useful to compare cells even with very different copy number profiles. The

value of p is a direct measure of the difference in expected mean read counts between

neighbouring copy number states. Alternatively, one can imagine the raw read counts

clustering around integer multiples of p, as shown in Fig. 1. Note that our definition

of ploidy is directly proportional to the amount of DNA in a cell and is not referring

to the number of chromosomes in a cell.

scAbsolute directly works on aligned bam files (we support Human and Mouse

genome builds) and produces absolute copy number calls across genomic bins.

Ploidy and cell-cycle inference takes about 3—10 min per cell (at 500 kb bin resolu-

tion) and can be easily parallelised across cells. scAbsolute proceeds in a series of
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Fig. 1 Schematic overview of scAbsolute approach. Initially, raw read counts are binned and segmented. The
marginal distribution of the segmented read counts is fitted with a constrained Dirichlet process Gaussian
mixture model (DPGMM) using stochastic variational inference in order to identify a limited set of plausible
solutions. We do this by identifying a constant p that converts the scale from a read count to an absolute
copy number scale. There exist a set of values of p that lead to equally possible ploidy solutions (in this

case hypotriploid or hypohexaploid solutions). We select the solution with minimum ploidy value subject
to per-cell ploidy constraints. Post hoc analysis of ploidy allows to distinguish previously indistinguishable
cell populations based on read density, overcoming the limitation of the above approach. The example
shows two (exemplary) copy number profiles for cells in different ploidy states, that have previously been
indistinguishable based on copy number profiles alone. We demonstrate that cell ploidy can be determined
in the absence of differentiating copy number states and other experimental information, based on per-cell
read density alone. The iterative approach makes it possible to improve individual predictions by using the
information from related cells to restrict the ploidy window for a given set of cells
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steps summarised below (and in Fig. 1); further details can be found in the “Methods”
section.

Step 1: We use a dynamic programming approach based on the PELT algorithm for
change point detection [62] with a negative binomial likelihood to find an initial seg-
mentation of our read counts. It is possible to use other segmentation algorithms. Our
focus here is not on obtaining a highly accurate segmentation but rather an initial seg-
mentation that allows us to identify an accurate ploidy estimate.

Step 2: We then consider the marginal distribution of the segmented read counts, i.e.
we eliminate the influence of genomic location via segmentation and look at the distri-
bution of the segmented values. Because we are working with a single cell, we know that
all copy number states occur only at integer levels. We use a constrained Dirichlet pro-
cess Gaussian mixture model to fit a mixture of Gaussians to the marginal distributions.
The constraint forces the distance between the means of the Gaussians to be constant,
analogous to a 1-D grid. The width of the grid then corresponds to a multiple of the scal-
ing factor p, since we identify the peaks with the discrete copy number states that are
scaled by the per-cell read depth.

Step 3: We further constrain the per-cell ploidy solution by choosing a multiple of the
scaling factor as the correct solution, based on the resulting cell ploidy. Here, we use the
solution with minimum root mean-squared error among all these solutions within the
given ploidy window (by default 1.1-8.0). Following this procedure, some of these cells
will be fit at the correct ploidy, whereas others may not be (due to the non-identifiability
introduced via WGD or G2 phase, see Fig. S1).

Step 4: In order to identify cells in which step 3 leads to an incorrect ploidy assign-
we compute the

ment such as G2 phase or WGD cells, or other outliers

genomic read density given an inferred ploidy in a post-processing step. Deviations from
the empirically expected read density at the estimated ploidy indicate an incorrect ploidy
solution. If any outliers have been detected in this step, they can be refitted by re-apply-
ing steps 1-3, with an updated cell-specific ploidy window.

Below, we present the scAbsolute method with three applications: identifying previ-
ously unidentifiable ploidy cases, identifying cells undergoing DNA replication, and a
comparison of scAbsolute with existing methods for determining per-cell ploidy.

Accurate ploidy estimation based on read density

scAbsolute addresses the ploidy identifiability problem using an approach based on read
density. This innovation is encompassed in step 4 of the algorithm. To our knowledge,
this is the first time the concept of read density has been used in the analysis of cell
ploidy. The approach is applicable to all single-cell DNA sequencing technologies that
do not use whole-genome amplification and have a sufficient per-cell read coverage (at
least p = 75 at 500 kb resolution with paired-end reads; corresponding to a coverage of
about 0.01-0.02x or about a million reads for a normal, diploid, human cell). Single-end
read data would require a much higher read depth to detect a sufficient number of over-
lapping reads to make our method applicable. Without a whole-genome amplification
step, we can directly reference reads to physical copies of the genome, and this provides
the necessary constraint to uniquely identify a ploidy solution. We use the start and end
position of a given read pair, and measure how many other reads overlap with it. We
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expect the number of overlapping reads to be limited by the number of physical cop-
ies of the molecules; we can use this to build a model of how many overlapping reads
there are on average in any genomic bin (see Fig. S2). To make this approach sufficiently
robust and generalisable, we use a genome-wide measure of read density, i.e. the number
of overlapping reads per region of the genome, to create a reference distribution of the
expected mean number of overlapping reads. Importantly, this measure of read density
depends on two variables, only: an individual cell’s ploidy and the read depth per cell as
captured by p.

First, we obtain a ploidy-normalised per-cell value of read density, by regressing the
observed read density across copy number states and chromosomes and predicting an
expected value for a copy number state of 2 (see Fig. 1, bottom panel). This allows us to
make a prediction independently of varying copy number states in different cells and
even in the absence of a copy number state of 2. Lastly, we need to account for varying
per-cell read depths (as measured by the p value). We normalise the per-cell value, by
fitting a simple quadratic function to the observed read densities (Fig. 2a and b). This
makes it possible to directly compare a new cell to the predicted value of read density
and observe any strong deviations on the level of the residuals. The model is currently
strongest in the range of 75 — 150 p, as we do have substantially more cells at this read
depth and generally less reliable for higher values of p. However, more overlapping reads
are detected for higher values of p, making the distinction between different ploidy cases
easier for higher values of p in general (Fig. 2b and d). Here, we make the assumption
that the majority of cells in the reference set are in G1 phase, and we correctly identify
the individual per-cell ploidies for the majority of these cells. Another issue in real world
data is the propensity of observing higher read depth for cells with higher ploidies. In
practice, these high ploidy cells are often cells in G2 phase or S phase, additionally intro-
ducing a bias in the model for higher values of p.

To show that this approach generalises across data sets, we fit a model to a series of
high-depth (with p > 75) DLP+ data sets, holding out three single-cell libraries: one
library based on the T-47D sample with 196 cells in G1 and 154 cells in G2 phase,
respectively, and two libraries from SA928 (normal cell line) with 664 cells in G1 and 362
cells in G2 phase, respectively. We observe a clear difference in read densities between
cells in G1 and G2 phase of the cell cycle, with S phase cells taking a somewhat interme-
diate position, with some cells more closely aligned to G2 cells possibly corresponding to
late-replicating S phase cells, and others to early-replicating cells in S phase. Using the
hold-out set, we accurately classify 89% of cells in T-47D and about 66% of cells in SA928
when looking at cells with a read depth of p > 75. Note that in the latter case, we can see
clear evidence for potential outlier cells, indicating that this might be an underestimate
of actual predictive performance, due to the challenges with FACS using DAPI staining
based gating of cell populations to distinguish cells in different cell cycle stages (see also
Figs. S3 and S4 and the discussion of the T-47D sample in the next section). However, we
also note that prediction in the case of normal, diploid cells is somewhat more difficult,
as the per-cell regression in these cases is impacted more strongly by outliers.

To address the difficulty of clearly separating cells in different cell cycle stages with
FACS sorting using DAPI staining, and to show the generalisability of our approach,
we transduced ovarian cancer PEO1-STOP cells with the FUCCI expression system
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Fig. 2 Accurate ploidy estimation based on read density. a Read depth p versus observed read density
(see Fig. S2 for an illustration) for cells sorted into different cell cycle stages (apoptotic (D), G1,G2,and S
phase) via FACS using DAPI staining. Each panel represents a different library: T-47D is a cancer cell line,

and A73044A and A90553C are libraries consisting of normal cells (GM18507 cell line/SA928). Models of
expected read density for a given read depth p based on a reference populations of cells sequenced with
DLP+ are indicated in cyan. p = 75is indicated by the red dashed line. b Read depth p versus observed
read density for PEO1 cells sorted into different cell cycle stages (apoptotic (D), G1, G2, and S phase) via the
FUCCI cell cycle marker system. Each panel represents a systematic downsampling of cells (100%, and to
50% and 25% of original read depth). A model of expected read density for a given read depth p based on a
reference populations of cells in G1 and S phase sequenced with mDLP+ is indicated in blue, and a model
from ais included for reference. ¢ Read depth p versus residual of the observed read density compared to
the expected from the trained model in a for cells sorted into different cell cycle stages via FACS using DAPI
staining. d Read depth p versus residual of the observed read density compared to the expected from the
trained model in b (PEO1 FUCCI) for cells sorted into different cell cycle stages via FUCCI cell cycle marker
system. Additionally, residuals for cell multiplets are included. Cell multiplets are colour coded by ploidy
state as determined experimentally via mixing of cell multiplets containing 1, 2, 3, 4 or 5 individual cells
representing 3N, 6N, 9N, 12N, and 15N ploidy, within a single well prior to library preparation and sequencing.
Cell multiplets and FUCCI cells are downsampled to 25% and 50% of original read depth to be included
where appropriate

facilitating accurate sorting of cells based on markers indicating different phases of
the cell cycle including Geminin, expressed in S and G2 phase, and Cdt1, expressed in
G1 and early S phase. We then performed single-cell DNA sequencing of 288 cells in
each phase of the cell cycle (G1, S and G2). In addition, to generate known, variable
ploidy states for the same cell line, we plated multiple cells into individual wells and
treated each well as a ‘single cell’ when performing single-cell DNA sequencing. We
sequenced 288 of these artificial multiplet cells, and as the PEOL1 line is approximately
triploid these multiplets represented known ploidy states of 3N, 6N, 9N, 12N, and
15N cells, based on the number of cells per multiplet. The artificial multiplets were
experimentally categorised as G1 using negative selection against Geminin (Gem-
inin is not expressed in G1 phase, but expressed from the transition from GI1 to S
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phase onwards) antibody staining. For each condition, we obtained 64 cells, except
for 10N where we have 32 cells. We initially focused our analysis on those cells that
are assigned identical ploidy corresponding to 3N/G1 cells after the first pass of scAb-
solute (some of the cells were correctly assigned higher ploidies because of individual
copy number aberrations). We used the G1 and S phase cells from the FUCCI experi-
ment to create a model of expected read density and saw a clear deviation for cells in
G2 phase (Fig. 2b). Similarly, artificial cell multiplets (6N) cells showed comparatively
high levels of read density given their read depth p. We compared the FUCCI cells
downsampled to 50% read depth and could distinguish G1 from G2/S phase cells with
97% accuracy at a value of p ~ 200 (Fig. 2d). Looking at the artificial cell multiplets,
we could distinguish G1 cells from cells with higher ploidy (6N-12N) with a simi-
lar high accuracy of 97%, both in the case of downsampled data (50% downsampled,
p ~ 200), and for the original data (p ~ 400) using differences in the residual between
observed and expected read densities. There was a clear trend for higher ploidies (6N,
9N, 12N, 15N) to have higher read densities and associated with this, a higher resid-
ual (Fig. 2d). The cells appeared very similar on the level of per-cell copy number pro-
files and could not be distinguished on their basis alone (see Fig. S5).

Identifying cells undergoing DNA replication

Cells undergoing DNA replication exhibit temporary CNAs as a consequence of differ-
ent regions of the genome replicating at different time points [41, 42]. In order to obtain
a correct understanding of what constitutes actual tumour heterogeneity at the copy
number level, and what are just ephemeral CNAs as a consequence of replication activ-
ity, it is therefore necessary to correctly identify cells undergoing replication.

To achieve this goal, we introduce a basic measure of cycling activity based on fixed-
width genomic bin counts and their respective replication time. This measure is com-
puted on a per-cell basis after the initial ploidy fit, but the measure does not depend on
the ploidy estimate itself. We measure for each copy number segment in a cell whether
we can observe a statistically significant trend in the observed counts as a function of
replication time, correcting for the joint effect of GC content and mappability using the
partial correlation trend test [63]. Replication time information is based on informa-
tion from the ENCODE project. We define the cycling activity measure as the median of
the per-segment trend test statistic weighted by the segment lengths. The advantages of
this measure are as follows: (i) applicability across sequencing technologies (10X, DLP,
ACT), (ii) robustness across a range and mix of copy number profiles (as expected in a
complex tumour sample), (iii) unsupervised method (no training data required).

Using only four features (per-cell read depth, a measure of overdispersion, cycling
activity, and a measure of mutual information between reads and replication state of
a bin), we trained a random forest classifier to identify S-phase cells and achieved an
accuracy of 92%. This analysis was performed using the same data that was used in a
previous study, Laks et al. [29], where a complex cell-feature based classifier achieved
90% accuracy. Using only the cycling activity and the mutual information measure in
an unsupervised manner, we achieved 86% accuracy. Performance using only this single
feature classifier was different between normal cells (DLP-SA928) at 90% accuracy and
T-47D human breast cancer cell line (T-47D) at 78% accuracy. However, we believed this
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to be an underestimate of real performance, due to potentially erroneous assignments
to cell cycle stages by FACS-based sorting; a closer look at the underlying classification
of S phase cells indicated that there were two distinct populations classified as S phase
based on FACS (Figs. S3, 3b, and c). By looking at the copy number profiles, we saw that
the cells classified as S phase according to FACS and G1 phase according to our classifier
appeared to be closer to the G1 phase cells based on a UMAP representation of the copy
number profiles (Fig. S3 and S4). Similarly, by looking at the raw copy number profiles,
there appeared to be two different subpopulations among the cells lumped together as S
phase cells using FACS. This difficulty of gating cells in different phases of the cell cycle
using FACS and DAPI staining, was supported in our own data by the addition of Gemi-
nin staining to control for cell cycle, showing that DAPI staining based selection led to
the inclusion of a relatively large proportion of cells in S phase (see Fig. S6), if the gating
was not conducted very carefully.

To more clearly separate cells in different stages of the cell cycle and to address the
limitation of sorting cells with FACS using DAPI staining for cell cycle annotation, we
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Fig. 3 Detection of replicating cells across different sequencing technologies and cell lines. a Distribution
of cycling activity in samples sequenced with three different sequencing technologies: 10X, ACT, and DLP+.
Uniform and varying CN state indicates whether the copy number calls indicate a mostly diploid genome (as
in G1/G2) or cycling cells (non-uniform CN state), respectively. b Distribution of cycling activity for G1 (solid
line) and S phase cells (dotted line). The median of the distribution (blue line) is estimated and the left side of
the distribution is used to determine a standard deviation that covers the majority of cells in G1 phase (red
lines) and to determine an appropriate cutoff value to identify cells in S phase. ¢ Cycling activity for normal,
diploid cells (A73044A and A90553C), and a cancer cell line (T-47D) sequenced with DLP+ technology.

The cell cycle annotation is based on sorting cells with FACS using DAPI staining and grouping cells either
into apoptosis state (D) or in the three cell cycle stages (G1, S phase, G2). This measure can only be reliable
estimated for normal, diploid cells and is not applicable in other samples. d Cycling activity for PEO1 FUCCI
cells that have been sorted into different cell cycle stages based on the FUCCI marker system. The cells have
been sequenced with a modified version of the DLP+ protocol (mDLP+)
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used cells transfected with the FUCCI cell cycle expression system. Using the PEO1
FUCKCI cells to assess performance, we achieved an accuracy of 89% using our simple
classifier on a balanced data set of 288 cells each in G1 and S phase, respectively, where
we use 200 cells in G1 phase to obtain cutoff thresholds, and used these thresholds to
evaluate the prediction on 85 cells each in G1 and S phase (Fig. 3). We select the G1 cells
in order to make the analysis comparable to the PERT approach and because the data set
is highly enriched for S phase cells. Our results compared favourably to PERT, a recently
released updated cell cycle prediction method [61], where we achieved 71% accuracy on
the same data with the early release version of the software.

In order to further validate the approach, we examine two other examples. First, we
considered normal diploid cells (10X Fibroblast and DLP+ NA12878). In this case, we
could assume that the vast majority of CNAs were due to cells undergoing DNA replica-
tion. We observed that the majority of normal cells with many CNAs (highly indicative
of cells undergoing S phase) scored high on the cycling activity measure (Fig. 3). Simi-
larly, across cell lines and libraries, we observed the typical asymmetric distribution of
cycling activity. The only exception (10X Fibroblast cells) were cell cycle arrested, and so
we did not expect to observe any cycling cells in this set.

Looking at a further set of 10 cell lines sequenced with the 10X technology we
observed a robust negative relationship between doubling time of a cell line and our esti-
mate of proportion of cycling cells (r = — 0.75, p = 0.02, see Fig. S7).

Benchmarking initial ploidy estimation

A major limitation of using all four steps of scAbsolute is that it requires data produced
without whole-genome amplification at sufficient read depth. However, this requirement
only affects step 4 and the initial ploidy estimation in the first three steps of scAbsolute
can be applied more widely.

Here, we evaluated scAbsolute’s initial ploidy estimation (steps 1-3) on 3 published
datasets where orthogonal information was available for the ploidy state. These data cov-
ered a wide range of realistic copy number profiles and technologies (Fig. 4). The first
dataset consisted of cell lines profiled using the 10X single-cell DNA protocol, where we
had karyotype estimates available [60]. The second dataset consisted of cell lines profiled
using DLP+ [29], with the known ploidy estimates of the cell lines from the literature.
The final dataset profiled using the ACT protocol [35] had cells selected using DAPI
staining and FACS. The advantage of the ACT data was that the ploidy estimates cov-
ered the entire population, making it possible to compare different methods and ascribe
ploidy outliers to wrong ploidy estimates rather than cell-level variation.

We assessed performance in two ways: first, as the percentage of cells outside an
experimental ploidy window of £0.5 around the peak of the DAPI distribution (for the
ACT dataset); this window included uncertainty from segmentation and FACS sorting
but excluded true ploidy changes; second, as the mean absolute distance across all cells
in a sample from the experimental ploidy estimate. Table 1 gives a detailed overview over
the prediction results. For both metrics, we found that scAbsolute consistently predicted
the correct ploidy solution for the large majority of cells.

We also used the ACT data to compare performance of different computational
tools, assuming that ploidy outliers are indeed due to erroneous ploidy prediction. We
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Fig. 4 Ploidy prediction results for 4 methods (scAbsolute, HMMCopy, Ginkgo, and CHISEL) across single-cell
DNA sequencing datasets from 3 different sequencing technologies (10X, DLP+, ACT) from cell lines and
tumour samples. We only ran steps 1-3 of the scAbsolute algorithm. The data sets used are described in
detail in the “Methods” section. Experimental ploidy annotation for the 10X data was based on karyotype
information, and for the ACT data was based on FACS sorted cells using DAPI staining. Grey ranges of 0.5
around the experimental point estimate (red cross) of the sample ploidy are indicated. Blue asterisks indicate
ploidy levels of 1/2 or 2 times the experimental ploidy estimate. For DLP+ data, no experimental ploidy
annotation was available, but estimates were in accordance with ploidy estimates for the respective cell lines
based on public karyotype information

compared scAbsolute to Ginkgo [56], HMMCopy [51], and CHISEL [59] (Fig. 4). Unlike
the other methods, CHISEL is using information from SNPs to improve ploidy calling.
In our case, we only had access to normal reference samples in the form of WGS bulk-
exome sequencing for the ACT tumour samples (TN1-8), and this data was insufficient
to call variants for the normal CHISEL workflow. However, we were able to run CHISEL
in a nonormal mode, where SNPs were called based on the pseudobulk generated from
the single cells and filtered and phased via a reference database (here we use TOPMED
[64]), and we used this mode in our analysis of the ACT data. On average, scAbsolute
was wrong in 5% of cases, CHISEL had wrong ploidy predictions in 11% of cases, HMM-
Copy in 16%, and Ginkgo in 27%. In only one case (TN5), scAbsolute performed con-
siderably worse than Ginkgo with an error rate of 18% compared to Ginkgo’s 10%. This
case, and a similar scenario in the TN4 sample, were due to the unidentifiability of the
problem, that is not addressed in steps 1-3 of scAbsolute. Note that the ACT read data
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Table 1 Comparison of ploidy prediction for ACT samples. Ploidy prediction based on scAbsolute,
Ginkgo, HMMCopy, and CHISEL. Ploidy estimate is based on FACS sorting cells using DAPI
staining. We considered an estimate to be an outlier if it fell outside of a £0.5 window around the
experimental ploidy point estimate. We also gave the mean of the absolute distance in ploidy
between the experimental point estimate and the computational estimate across all cells in
parenthesis. The data were all sequenced with the same technology (ACT) and published in [35].
N indicates the number of cells per sample. The last row gives the mean % of outliers across all
samples per method

Sample Ploidy N HMMCopy Ginkgo CHISEL scAbsolute
% outlier (mean distance)

BT-20 2.70 1228 4(0.51) 1(0.28) 1(0.14) 5(0.14)
MB-157 2.55 1210 31 2( 1) 0.5(0.18) 2.1(0.16) 0.8(0.13)
MB-231 241 897 34.4(0.92) 7.1(0.36) 0.1(0.14) 0.7 (0.05)
MB-453 417 1260 8.1(0.26) 65.6 (1.06) 42.6 (0.98) 11.3(0.33)
TN1 345 1100 1.7 (0.22) 1.8(0.18) 5.7(0.21) 0.8 (0.08)
TN2 3.03 1024 3.8(0.24) 0.8 (0.15) 2.6(0.20) 1.1(0.10)
TN3 344 1101 27.2(0.92) 24(0.20) 32(0.11) 4.5(0.16)
TN4 376 1307 19.8 (0.59) 53.9(1.18) 47.0(0.91) 16.6 (0.40)
TN5 2.65 1238 40.1(1.01) 10.9 (0.34) 6.2 (0.19) 18.3 (0.50)
TN6 317 1060 9(0.33) 586 (0.84) 0.0 (0.06) 1.5(0.12)
TN7 3.15 605 3(0.30) 493 (1.30) 1(0.16) 3.8(0.16)
TN8 395 1224 24(0.33) 69.4 (0.88) .1(0.21) 3.0(0.14)
Mean % outlier 15.8 26.8 10.7 52

were based on single-read sequencing, and given this fact, they did not have sufficient
coverage to apply step 4 of scAbsolute. The average above hides considerably variation
across samples. The three samples with the highest percentage of wrongly assigned ploi-
dies were 40%, 34%, and 31% in the case of HMMCopy (TN5, MB-231, and MB-157),
69%, 66%, and 59% for Ginkgo (TN8, MB-453, and TN6), and 47%, 43% and 8% (TN4,
MB-453, BT-20) for CHISEL, compared with 18%, (TN5) 17% (TN4), and 11% (MB-453)
for scAbsolute.

CHISEL performed best among the methods we compared to, with a substantial
number of outliers in only two samples. In addition, we ran our algorithm on one of
the samples originally published with CHISEL that includes raw sequencing data for
about 10, 000 cells. Here, we could run CHISEL in its original implementation, without
recourse to the nonormal mode. In general, we found good overlap between the two pre-
dictions, in the form of identical predictions (predictions on the diagonal, see Fig. S8).
For this sample, we did not have experimental ploidy estimates available; however, we
conducted a comparison of outliers to identify differences between the methods. First,
we randomly selected cells that were predicted to be nearly diploid by scAbsolute and
had a ploidy predicted to be greater than 3 by CHISEL. We observed CHISEL selected
higher ploidy solutions that were not necessarily supported by copy number levels in
some of these instances (Fig. S9), whereas scAbsolute seemed to fail in some cases where
the underlying segmentation was wrong. Second, we compared cells that were predicted
to be nearly diploid by CHISEL and had a ploidy predicted to be greater than 3 by scAb-
solute (see Fig. S10). Here, we observed a few cases of highly uneven cell coverage (pos-
sibly indicating failed sequencing runs) and some failures of scAbsolute to detect the
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correct solution in very uniform samples (the rate of these cases is very low at about 1%).
We also compared the overall copy number profiles for section E of patient SO, as pre-
sented in Zaccaria and Raphael [59], and found overall similar copy number predictions
in this particular case (Fig. S11).

As an additional check, we validated scAbsolute on copy number profiles created with
the SCICoNE [65] copy number simulator with both diploid and tetraploid background
ploidy. scAbsolute consistently predicted the correct ploidy solution (40.5), with an
error rate of about 2% in the case of the tetraploid cells (see Fig. S12) Similarly, we found
scAbsolute to be robust for different choices of bin sizes. Choice of bin size constitutes
a trade-off between the accuracy of the segmentation and the number of bins. Gener-
ally, scAbsolute performs best for bin sizes of about 500 kb and smaller but can still be
applied in cases with bin sizes of up to 1 Mb, depending on how deeply the cells have
been sequenced. Given sufficient read depth, we expect smaller bin sizes to produce bet-
ter results, as the Gaussian approximation of the copy number marginal distribution
becomes better. However, very small bin sizes are often not practicable, because of costs
associated with deeper sequencing (Fig. S13).

Discussion

The increasing availability of low-coverage whole-genome sequencing of thousands of
individual cells offers an opportunity to study tumour heterogeneity and evolution at an
unprecedented resolution. scAbsolute is a novel tool to investigate cell ploidy and repli-
cation status at the single-cell level. We demonstrate the general applicability of scAb-
solute across three recently released single-cell DNA sequencing protocols and show a
practical advantage of using whole-genome amplification free protocols (DLP+, ACT)
in detecting WGD events. In addition, scAbsolute has potential use in the problem of
doublet detection in future protocols that combine a droplet-based single-cell isolation
with whole-genome amplification free library preparation.

The approach is fundamentally different from other approaches originally developed
in bulk sequencing settings and recently extended to the single-cell domain [59] that use
B-allele frequency (BAF) in order to help identify ploidy solutions. However, by using
cell specific haplotype counts, and the total copy number predictions provided by scAb-
solute, it is possible to estimate allele and haplotype specific copy number states, as
recently demonstrated [53, 59]. In particular, it is straightforward to estimate the allele
specific copy numbers using the BAF as estimator, once the total copy number is known.

One limitation of the computational approach is the inability to distinguish cases of
cells in G2 phase of the cell cycle from WGD cells. However, it is possible to address this
either via recourse to estimates of the relative number of cells in G2 state or via inte-
gration with experimental evidence, such as Geminin staining. Similarly, the identifica-
tion of WGD/G2 cells is possible only in cases of paired-ends reads, with sufficient read
depth and using whole-genome amplification free sequencing protocols. It might poten-
tially be possible to extend this approach to single-end reads. However, we believe that
this would require a substantial increase in read depth and there is currently no public
data available to test this hypothesis.

The identification of per-cell ploidy and with it, per-cell read depth lies at the basis
of many downstream applications, such as copy-number segmentation, estimation of
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allele- and haplotype-specific copy number states, and the building of tumour phylog-
enies based on copy-number profiles. By solving the ploidy problem, further progress
in developing more accurate and reliable CNA calling methods seems feasible. scAbso-
lute is complementary to existing approaches that use evolutionary phylogenies to infer
copy number changes in the past by providing more accurate global copy number input
predictions.

We offer an alternative to the use of FACS with DAPI staining to identify cell popula-
tions at different ploidy levels. This removes the additional cost and time involved in
the FACS step and opens the way for a more unbiased investigation of intratumour het-
erogeneity. In particular, the choice of cutoffs for FACS might lead to a bias in selecting
more homogeneous cell populations and lead to an underestimation of the true level of
heterogeneity in tumours. FACS might still be useful in order to reduce the amount of
non-informative normal cells sequenced, thus reducing overall costs, and as an experi-
mental validation, however.

In addition to the problem of ploidy, we also address the issue of replicating cells.
Here, we present a simple, but robust measure of cycling activity and we demonstrate
its applicability across a range of cell lines and sequencing technologies. Importantly, we
demonstrate some challenges of using DAPI staining based measures of cell cycle status
and how this can bias the training of cell cycle classifiers.

Another important aspect of single-cell methods is their applicability to heterogene-
ous samples, such as observed in complex tumours. We have developed a tool that is
robust across different samples and sequencing protocols. In the case of highly heteroge-
neous samples, it is also possible to conduct a clonal decomposition based on copy num-
ber profiles prior to subsequent detection of ploidy and replication status. In particular,
we believe this to be favourable to selection of subpopulations based on FACS sorting,
as this can introduce a bias in the representation of genomic heterogeneity. However,
more work will be required to systematically evaluate the best techniques to study intra-
tumour heterogeneity at the single-cell level.

Conclusions

scAbsolute is the first computational approach to overcome the unidentifiability prob-
lem associated with WGD events in copy number calling of single cells. This is particu-
larly relevant for the study of early tumourigenesis, by making it possible to study WGD
and other ploidy changes in small lesions with very limited numbers of cells. scAbsolute
offers an unbiased way of estimating tumour ploidy and identifying replicating cells; this
will help to further improve the quality and reliability of copy number calling in single-
cell DNA sequencing data. It is an important contribution to the unbiased measurement
of intratumour heterogeneity. Ultimately, it is a further step towards elucidating the role
of CIN in cancer.

Methods

Bin-level quality control

Prior to any analysis, we create a set of high quality genomic regions extending existing
bin-annotations and specifically targeted at single-cell DNA-sequencing (scDNA-seq)
data. We use these novel bin annotations across all further experiments and they are
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available as part of the scAbsolute software. The primary purpose of this step is to only
include genomic bins for which the assumption of a linear relationship between copy
number status and observed read counts holds.

The set is created by combining data from three different sequencing technologies
(10X, DLP+, and an in-house protocol referred to as JBL), comprising more than 7000
diploid cells (We do not have access to diploid cells sequenced with the ACT protocol).
In order to create a single, unified set of bin annotations, we conduct below analysis sep-
arately for the three sequencing technologies, and exclude all bins that fail the quality
criterion in any single sequencing technology (see Fig. S14).

To determine bin quality, we only look at diploid cells, so we can disregard the issue of
copy number status and segmentation. The set contains no cells in S phase or in G2/M
phase (based on FACS sorting, and cell cycle arrest in the case of the 10X cells). In order
to have sufficient reads per bin to reliably detect any deviations, and at the same time to
have as high as possible a genomic resolution, we conduct this analysis on reads binned
at 100 kb resolution.

First, we normalise the per-cell reads by dividing the number of reads in each bin by
the expected number of reads per bin across a cell, creating a normalised read per bin
value. Subsequently, we use the median of the normalised reads per bin across all cells
sequenced with the same sequencing technology as a per-bin quality metric. Initially, we
remove all bins that have a median value of more than 4 or less than 0.10 per bin and a
mappability value smaller than 70 (11% of bins). Note, that the expected value would be
1, so a value of 4 corresponds to a median number of reads falling into a bin four times
higher than would be expected on average.

In a second stage, we look at the relationship between GC content and mappability
and median normalised read counts for each of the sequencing technologies. Separately
for each technology, we fit a generalised additive model to characterise the relationship
between GC content and normalised read counts, and mappability and normalised read
counts, and remove all data points that deviate more than 2 standard deviations (see
Fig. S14). In addition, we use a kernel density estimate to select regions of high density
and remove all cells outside the high-density regions. By using these two criteria, we
aim to select only high quality bins that have minimal read count deviation that is not
explained by GC content and mappability. Lastly, we use maps of centromere and tel-
omere regions to specifically filter parts of these regions that have not been filtered in
the previous steps.

Overall, we remove about 16% of the bins, containing about 9% percent of total reads
on the autosomes. For the X and Y chromosomes, we use the existing QDNAseq anno-
tations and run a simplified version of the above pipeline to remove outliers on the X
chromosome (only based on density estimates). In the case of the Y chromosome, we
remove bins solely based on deviations in the total number of reads observed, because of
the low number of reads on these chromosomes in our data (Fig. S15).

Initial segmentation with unknown ploidy

We use a dynamic programming approach based on the PELT algorithm [62] to find an
initial segmentation of our read counts. We model the read counts with a negative bino-
mial distribution [66].
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Here, « denotes a measure of increasing overdispersion; for values of &« — 0, the dis-
tribution converges to that for the Poisson [67].

There exists no analytical solution to the negative binomial maximum likelihood esti-
mate of the overdispersion parameter. We therefore choose a Methods-of-Moments
estimator for the parameter « in the cost function [68]. We use this initial segmenta-
tion as a stepping-stone in identifying a cell’s correct ploidy and are not interested in an
optimal segmentation at this early stage but rather a robust and reasonably fast approach
that achieves reasonable accuracy. We note that optimal segmentation is not the focus of
this manuscript, and it is possible to replace the segmentation algorithm with one of the
user’s choice. Results are robust to the choice of segmentation (see Fig. S16).

The cost function for a segment y;, ..., yj« of length k is defined as

COjji) = —log L(j1, @) 3)

where [t and & are the parameters of the negative binomial likelihood estimated from the
data, and £ denotes the negative binomial likelihood function. The total cost is then the
sum of the segments.

The mean is estimated via 1 = % > i1 vi» and the overdispersion is estimated as
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MM = ——5 (4)
n

where 77 and s? are defined as sample mean and variance, respectively [68].

Ploidy estimation
Ploidy estimation describes the identification of copy number segments with underly-
ing copy number states. This is equivalent to finding a scaling factor p, so that we can
directly measure the ploidy p of a cell.

Note that we assume that observed reads scale linearly with copy number state, e.g.
we expect to observe on average twice as many reads for copy number state 2 than for

copy number state 1, and so on. In our approach, given an initial not-necessarily

exact segmentation, we consider the marginal distribution of the segmented copy
number states, i.e. the spatial correlation of neighbouring bins has been accounted for
through the initial segmentation. Since we are dealing with individual cells, in theory, all
copy number states should appear at integer values (with the exception of bins that con-
tain two or more different copy number states), with some states possibly not observed
in a cell (see Fig. 1 for an example for the marginal distribution of segmented counts).
In a normal diploid cell which has no CNAs, we would expect to observe a single value
scaled by a scalar value % denoting the read depth of the cell (excluding the sex chromo-
somes). However, given the inherent measurement noise and imperfect segmentation, in
fact one observes a distribution of values around the integer states.

Here, we assume the errors are normally distributed and approximate the marginal
distribution of the segmented counts with a (constrained) Gaussian mixture model.
This assumption is equivalent to assuming that the segmentation renders an unbiased
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estimate of the mean read counts across the segments. The constraint on the Gaussi-
ans is based on the fact that instead of estimating K means pu1, ..., ux, we restrict the
location of the means to u; =1-&,...,ux = K - £&. Consequently, we estimate a sin-
gle parameter £ and a set of K standard deviations oy for the K Gaussians in the model.
We might not observe all possible states, and we do not know how many states we will
observe in any given cell. Consequently, we model the appearance of individual clusters
with a Dirichlet process. The variational distribution of the Dirichlet process is truncated
at T components [69]. In order to further speed up the computation, we use stochas-
tic variational inference [70] and implement the algorithm in TensorFlow [71]. Overall,
we estimate the posterior probability p(6]X) = Hle e N (g, Ag|X). Details and the
mathematical derivation of the model updates can be found in the appendix.

A major challenge with estimating absolute copy number states is the unidentifiability
of a unique solution. There exist many potential solutions for each copy number profile,
as it is always possible to shift or scale the solution. For example, consider the case of
a perfectly diploid and tetraploid genome. Both are biologically plausible, e.g. in case
of a fibroblast cell in G1/G2 phase, but indistinguishable without any additional math-
ematical constraints. From a mathematical point, even a biologically implausible triploid
solution is equally possible. This problem is less relevant in cancers with a high num-
ber of CNAs, as one tends to observe many of the copy number states in a single cell,
thus making it easier to identify the correct solution. This makes the problem consider-
ably easier; however, it would still not be possible to detect evolutionary recent whole-
genome doubling events or distinguish between cells in G1/G2 phase. As a consequence,
the design of our model does not enforce any particular solution. Instead, it returns one
possible solution, with the constraint, that the means of the Gaussians, i.e. the observed
copy number states, occur at a distance that is an integer-multiple of an arbitrary unit
distance and the set of solutions lies within a biologically reasonable, user defined ploidy
range.

In order to select a biological plausible solution p out of the discrete set of possible
values & within the given ploidy range, by default, we select the solution that has a mini-
mal least squared error. In practice, this tends to be the solution with the lowest ploidy
within the given ploidy range. For a biologically plausible ploidy range, we chose a mini-
mum ploidy of 1.1. The assumption here is that cells with more copy number loses are
probably not viable. As an upper bound, we chose a ploidy of 8 by default. However, this
can be flexibly adjusted given other sources of information.

Addressing the unidentifiability problem

Up to this point, the approach cannot distinguish between cells in G1 and G2 phase of
the cell cycle or cells directly after WGD. Here, we demonstrate that we can in fact reli-
ably differentiate between these cells, given we have a (i) sufficiently high read coverage,
(ii) we use a sequencing technology without a whole-genome amplification step, and (iii)
paired-end read sequencing. Read coverage depends both on the ploidy of the sample
and on the size of the genomic regions that is covered (and mappable to) sequencing
reads. It might be possible to avoid the need for paired-end read sequencing, if the cov-
erage is substantially higher. However, we do not have access to any data to test this sce-
nario, and it would be relatively expensive to acquire it given the depth required.
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The basic idea behind the approach is to analyse the number of overlapping reads
across the genome. For this purpose, we compute a measure of how densely reads are
located on the genome, and how many reads physically overlap. Because the genome
is not amplified, we then can assume that the number of overlapping, unique reads is
directly proportional to and limited by the number of physical copies of the genome at
the given location (Fig. S2). The only other two parameters we expect to influence the
observed read density are the cell ploidy and the per-cell read depth (as measured by the
o value).

Initially, for each properly mapped read, we count the number of overlapping reads
across the genome, using the start and end position of paired-end reads as genomic start
and end position, respectively. The size of the regions used is then determined by the
fragment size. We compute the average number of overlapping reads across genomic
bins, referring to it as read density. In order to account for varying copy number status,
to make the estimation process more robust and to enable the comparison across cells
with different copy number profiles, we fit a robust linear regression model to approxi-
mate the relationship between copy number state and read density (Fig. 1). We also split
the data by chromosome, weighting each data point by the number of the bins covered.
In order to directly compare cells, we use the predicted value of read density for a copy
number state of 2 as per-cell measure of read density. Note that we can even predict this
value in the absence of any observed copy number state 2. In the case of normal, diploid
cells, we resolve to using the median read density, as the linear regression would other-
wise be underdetermined with only a single data point at a copy number state of 2.

In a second step, we use a reference data set of cells with known ploidy to create a
model of expected read density for a given read depth. Here, we combine cells with
known ploidy and sequenced with either the DLP+ or the mDLP+ technology in order
to create a reference model of expected read density for a given value of p (Fig. 2a and
b). We can then compare the residual read density, measured as the deviation between
observed and expected read density at a given value of p in order to distinguish cells that
have been assigned a wrong ploidy (see Fig. 2c and d).

Here, we have detailed how it is possible to detect WGDs using scAbsolute and addi-
tional experimental information (Gemini staining) or population level frequency of G1/
G2 to distinguish G2 from WGD cells in principle. This application is particularly excit-
ing in cases where it is not possible to have sufficient cell numbers for a FACS-based
analysis. Our approach is very much focused on making the inference of ploidy without
recourse to an evolutionary model, as has often been used in bulk-sequencing studies.
This is interesting in cases where the copy number changes are relatively recent, and
there has not been enough time to acquire copy number changes to allow for such a dis-
tinction. To our knowledge, scAbsolute is the only tool currently capable of identifying a
recent whole genome doubling (without any subsequent copy number changes) based
solely on computational inference in DLP/ACT data.

Detection of replicating cells
We devise a simple test statistic to examine if a cell is in the S phase of the cell cycle. The
test is based on differences in replication timing for different parts of the genome. In

order to quantify replication timing per genomic bin, we use an existing annotation from
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the Repli-chip from ENCODE/FSU project [72, 73] and average the replication times
determined in these experiments across multiple cell lines and across genomic regions
contained in a bin. This allows us to obtain a single measure of replication time per
genomic bin.

It is known that GC-content and mappability lead to a bias in the read counts observed
across different genomic locations [56, 74]. Here, we fit a generalised additive model
(GAM) to estimate and correct for the bias individually per cell. The advantage of this
approach is that it gives us a direct estimate for the impact of the covariates on the mean
of the read counts observed in each bin. We model the observed read counts x for every
bin j as x; ~ NegBin(u;, o), with log(u;) = Bo + B1v + s(gcj, map;), where v denotes the
segmentation value of a bin, i.e. the median value of read counts across multiple neigh-
bouring bins and gc; and map; the GC content and mappability values in bin j, respec-
tively. We model the impact of varying GC and mappability content jointly with thin
plate regression splines. We obtain coefficients of the impact of GC content and map-
pability variation on the mean expression for every cell and every bin, in the form of
the coefficients s(gcj, map;) that directly relate to the mean-expression and we use these
values as covariates below.

We perform a partial correlation trend test using the Spearman rank correlation sta-
tistic [63, p. 882], computed for each segment S; within a single-cell copy number pro-
file. Each segment is a series of consecutive bins with identical copy number state, as
identified by the segmentation algorithm. The trend test is performed on the raw count
data within a given segment, sorted by increasing replication time, while controlling for
the per bin GC-content and mappability value via the coefficient s(gc;, map;) described
above. We refer to the value of the test statistic for each segment / as t;. Subsequently,
the median over all the partial correlation test statistics t; weighted by the respective
segment length is computed. We refer to this single per-cell measure as cycling activity.
In general, we observe positive values as indicative of cells in S phase, undergoing rep-
lication. The distribution of the cycling activity measure is symmetric around its mode
with an additional long tail, that we identify with the replicating cells (see Fig. 3). By
using the distribution of the cells, we also obtain a sort of inherent regularisation as we
tend to observe a population of cells at different cell cycle stages.

We make use of the characteristic shape of the distribution to classify a cell’s replica-
tion status across different sequencing technologies and libraries. We chose the thresh-
old dynamically by identifying the median of the distribution and determining the
standard deviation using only the left (negative) part of the cycling activity distribution.
By default, we use a cutoff corresponding to 1.5 standard deviations from the median
of the distribution as the threshold for classifying a cell as being in S phase (Fig. 3b). To
detect additional, individual outlier cells, we compute a global measure of mutual infor-
mation between observed reads and replication time per bin, conditioned on the copy
number state of a bin. We use an entropy estimator based on the empirical entropy dis-
tribution. We exclude outlier cells that are more than 1.5 times the interquartile range
away from the third quartile of the mutual information measure (boxplot criteria for
individual outliers). This makes the approach easily applicable to new single-cell data
without cell cycle annotation and without having to adapt the cell cycle classifier to a
new feature distribution in each instance.
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Run time

Running the analysis on 64 CPU cores (Intel Xeon E5-2698v4 @2.20GHz, 1MB bin size),
analysing the TN1 sample (ACT technology, 1100 cells) takes about 2 h, processing a
breast tumour sample (BREAST-A, 2000 cells) takes 3—4 h, and the MKN45 gastric can-
cer cell line (5000 cells) takes about 14 h. Due to the independent processing of individ-
ual cells, the runtime scales approximately linearly with the number of CPUs available,
so using 128 CPU cores would approximately half the run time. Run time differences
between individual samples are mainly due to the different number of solutions the algo-
rithm has to iterate over.

Experimental data

Cell culture

The PEOL1 cell line, derived from an ovarian adenocarcinoma [75, 76], was cultured in
RPMI-1640 + 10% heat inactivated fetal bovine serum + 2 mM sodium pyruvate (Inv-
itrogen) at 37 °C, 5% CO,. The PEO1 cell line was a gift from Simon Langdon. The
PEO1-STOP cell line is a PEO1 clonal derivative containing a hemizygous BRCA2 stop
codon mutation BRCA25193C/G (Y1655X) [76, 77]. PEO1-STOP cells were cultured in
RPMI-1640 + 10% heat inactivated fetal bovine serum (Invitrogen) at 37 °C, 5% CO,.
Cell lines were routinely screened by Phoenix Dx Mycoplasma Mix qPCR (Procomcure
Biotech) and tested mycoplasma negative. Cell line identities were authenticated by STR

genotyping.

Preparation of PEO1 STOP-FUCCI cell line

Fluorescent ubiquitination cell cycle indicator (FUCCI) [78] is a lentiviral expression
system that can be used to identify cell cycle status by fluorescently tagged Geminin,
expressed in S and G2 phase, and Cdtl, expressed in G1 and early S phase. To generate a
experimental tool to validate scAbsolute’s ability to detect cells in G1 vs G2, the all in one
FastFUCCI lentiviral expression system [79] was transduced into PEO1-STOP cells to
generate cells expressing Cdt1-mKO2 and Geminin mAG [80]. The FastFUCCI cassette
contains a puromycin selection marker to allow for positive selection of FUCCI express-
ing cells.

To generate the FastFUCCI lentiviral particles, the pBOB-EF1-FastFUCCI-Puro cas-
sette was transfected into 293FT cells with pvVSV-G, pRSDV, and pMDLg/pRRE as
previously described [79]. Viral supernatant was collected and concentrated by centrifu-
gation at 3000 g for 30 minutes at 4 °C using an Ultra-15 centrifugal filter (Amicon). To
generate the PEO1-STOP cells expressing FUCCI, PEO1-STOP cells were seeded at a
concentration of 5 x 10% cells per well of a 12-well plate and then incubated overnight
at 37 °C with 250 pL concentrated viral supernatant and 10 pug/uL polybrene. Following
this incubation, the viral supernatant was removed and replaced with fresh media. The
cells were assessed visually 72 h later for fluorescent protein expression prior to positive
selection with 0.5 pg/mL puromycin for 96 h.

Flow cytometry validation of PEO1-STOP FUCCI
To validate the expression of Geminin-mAG and Cdt1-mKO2, the cells were assessed
by flow cytometry using the FACSMelody cell sorter (BD Biosciences). Side scatter area
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(SSC-A) versus forward scatter area (FSC-A) was used to gate cells from debris. Side
scatter height (SSC-H) versus side scatter width (SSC-W) and forward scatter height
(FSC-H) versus forward scatter width (FSC-W) were used to gate singlets from doublets.

To assess the cell cycle fluorescence, mAG and mKO2 staining was compared to cyto-
metric cell cycle analysis using DAPI staining. DAPI intensity directly correlates to DNA
content, so can be used to identify G1, S, and G2 cells [81]. PEO1-STOP FUCCI cells
were prepared as below for DAPI staining. DAPI vs mKO2 shows high expression of
mKO?2 in DAPI gated G1, correlating to high Cdtl expression, with low expression of
mKO2 in DAPI gated S and G2. DAPI vs mKO2 shows high expression of mAG in DAPI
gated S and G2, correlating to high Geminin expression, with low expression of mAG in
DAPI gated S and G2 (see Fig. S6).

Cell cycle sorting using DAPI, Geminin, Cdt1

Fresh cell suspension was pelleted and resuspended in 1 mL PBS per 5 million cells. Four
milliliters of ice cold, 100% methanol was added per million cells drop-wise to the cell
suspension whilst agitating the cells and then incubated for 15 min at — 20 °C. Follow-
ing fixation, the methanol was removed from the cell pellet, and the cells were resus-
pended in 1.25 mL ice cold PBS per million cells. Permeabilisation and blocking of the
cells occurred via a 15-min incubation with 1 mL PBS supplemented with 10% normal
goat serum (Abcam) and 0.1% Triton-X per million cells.

For Geminin Antibody staining, cells were incubated overnight at 4 °C, 300RPM in
Primary Antibody Solution (Geminin E5Q9S XP Rabbit mAb (#52508, Cell Signalling
Technologies)) diluted 1:100 in PBS plus 10% Normal Goat Serum) at a ratio of 100 uL
per 1 million cells. Cells were then incubated for 1 h at 22 °C, 300RPM in a 1:500 dilution
of Alexa Fluor 488 secondary antibody (Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor "488 #A-11008, Invitrogen). For DAPI staining, both
PEO1 and PEO1-STOP FUCCI were incubated in 4 pg/mL DAPI solution (1 mg/mL,
Thermo Scientific) in PBS for 10 min 1 mL per 1 million cells.

PEO1-STOP FUCCI cells were sorted into G1, S, and G2 populations using FACSMel-
ody cell sorter (BD Biosciences) into 1.5 mL protein Lo-bind tubes (Eppendorf). Cell
cycle gating was performed as above using a combination of DAPI staining, measuring
DNA content, and FUCCI status. G1 cells were gated using DAPI staining and mKO2
positive staining. S and G2 cells were gated using DAPI staining and mAG positive
staining.

For PEO1 multiple cells assay, PEO1 singlets were gated as above and further gated for
G1 status using a combination of DAPI and Geminin antibody staining. Geminin posi-
tive and negative populations were sorted for use as controls for cellenONE (Cellenion)
gating.

Single-cell isolation using cellenONE

Single-cell sorting was performed using an image based piezo-acoustic nanolitre dis-
penser (cellenONE, Cellenion). Single cells were selected based on cell line specific
parameters of cell diameter, elongation and circularity (see Table S2). For PEO1 ploidy
experiments, active selection of cells in G1 cell cycle state was based on positive selection
of DAPI (blue channel) and negative selection of Geminin (green channel). For FUCCI
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experiments, flow sorted populations of G1, S, and G2 were dispensed by the cellenONE
using positive selection of DAPI only (blue channel). Cells were dispensed into 384 well
plates containing pre-dispensed 300 nL of 30 mm Tris buffer and then stored at — 20 °C.

Single-cell shallow whole-genome library preparation

Single-cell whole genome direct library preparation was prepared based on DLP+ [29]
with the following modifications (mDLP+). Plates with dispensed cells were removed
from the freezer and proceeded to cell lysis by adding 300 nL of freshly prepared 2x pro-
tease lysis buffer [prepared from 800 pL 2x lysis buffer (30 mm Tris pH8.0, 1% Tween-
20, 1% Triton X-100) and 200 uL. QIAGEN Protease (1.36 Anson units/mL prepared in
nuclease-free water) to each well using Mantis Liquid Dispenser (Formulatrix) followed
by 10 min incubation at 55 °C, 15 min at 75 °C.

DNA Tagmentation was performed by adding 1 pL of TD buffer and 0.5 pL of ATM
buffer mixture (Nextera XT DNA Library Preparation Kit, [llumina) and incubated at
55 °C for 5 min. The tagmentation reaction was neutralised by 5 min incubation at room
temperature with 0.5 uL NT buffer (Nextera XT DNA Library Preparation Kit, Illu-
mina). Library amplification was performed by adding 4 pL (2X) Equinox Amplification
Master Mix (Equinox Library Amplification Kit, Watchmaker Genomics) and unique
dual indexed adapter pool of 2 uM (IDT for Illumina DNA/RNA UD Indexes, Illumina),
using following PCR conditions: 72 °C for 5 min, 98 °C for 45 s, 12 cycles of 98 °C for 15
s,60 °C for 30 s, 72 °C for 45 s, followed by 72 °C for 5 min, with lid temperature 105 °C.

Single-cell shallow whole-genome library pooling, normalisation and sequencing

PEOT1 ploidy experiment

To assess the accuracy of scAbsolute, we created experimental models reflecting differ-
ent ploidy status by combining different numbers of cells, for example, 3N (1 cell), 6N (2
cells), etc. The single-cell library prep was performed as above, libraries from the same
number of input cells were pooled together and purified using 1X AMPure XP (Beck-
man Coulter) beads. Sample transfers were performed by mosquito HV (SPT Labtech).
The purified libraries were quantified by Qubit dsDNA HS (Invitrogen) and pooled in
equimolar ratios. The final library pools were purified again with 1X AMPure XP (Beck-
man Coulter) beads, evaluated by Tapestation (D5000 ScreenTape Assay) and quanti-
fied using KAPA SYBR FAST universal kit (Roche) prior sequencing. Final libraries were
sequenced using PE-50 mode on a NovaSeq6000 (Illumina) instrument aiming for 6 mil-
lion reads per cell.

PEO1-STOP FUCCI

Single-cell libraries for PEO1-STOP FUCCI were performed as above, pooled after
the library amplification and purified using 1X AMPure XP (Beckman Coulter) beads,
evaluated by Tapestation (D5000 ScreenTape Assay), and quantified using KAPA SYBR
FAST universal kit (Roche) prior sequencing. Final libraries were sequenced using PE-50
mode on NovaSeq6000 (Illumina) instrument aiming for 6 million reads per cell.
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Pooling and normalisation

For PEO1 ploidy experiments investigating increasing number of cells inputted for
mDLP+, pooling of cells for sequencing was determined by both volume and mass. Ini-
tially, libraries were pooled into individual groups dependent on number of cells input-
ted into the reaction A 1X Ampure bead clean-up (Beckman Coulter) was performed,
and then the pools were quantified by Qubit HS (Invitrogen). The pools were then nor-
malised by mass of DNA multiplied by the number of cells inputted per mDLP+ reac-
tion to normalise number of sequenced reads/cell rather than number of reads/reaction.
The normalised pool was then subjected to a final 1X Ampure bead clean up prior to
sequencing. For PEO1-STOP FUCCI experiments, cells were pooled by volume prior to

two 1X Ampure Bead purifications.

Sequencing

Analysis of pooled, purified single-cell libraries was performed using either Tapestation
DS5000 ScreenTape Assay for Tapestation (Agilent) or DNA High Sensitivity Kit for
the Bioanalyzer 2100 (Agilent). Libraries were sequenced on the Illumina NovaSeq6000
(paired-end 50bp reads) by the Genomics Core Facility at CRUK Cambridge Institute,
University of Cambridge.
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The other sequencing data used cover three different single-cell sequencing technologies: 10X data [60] is available in
the NCBI Sequence Read Archive; accession number PRINA498809 (cell lines NUGC-4, NCI-N87, MKN-45, KATOIIl, and
HGC-27; these cell lines were selected because they had sufficient read depth for our analysis), and two demonstration
datasets (a normal diploid Fibroblast cell line [82] and a Breast Tumour Tissue sample [83], sections A-E) published online
as part of the 10X single-cell DNA sequencing technology demonstration (https://www.10xgenomics.com/datasets,
see product Single Cell CNV); DLP+ data [29] is available in the European Genome-Phenome Archive under accession
number EGAS00001003190 (see Table S1 for an overview) and ACT data [35] is available in the NCBI Sequence Read
Archive under accession number PRINA629885 (cell lines BT-20, MB-157, MB-231, MB-453, and tumour samples TN1-8).
We excluded samples for which the majority of data is below the 25 p threshold at 500 kb resolution to restrict the
influence of segmentation on the ploidy calling.
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The source code for scAbsolute and scripts to reproduce all figures and analyses and to reproduce results for other tools
are available at GitHub [84] under the GNU General Public License version 3. We also provide a snakemake workflow and
tutorial to run the tool at https://github.com/markowetzlab/scDNAseq-workflow. scAbsolute uses the package environ-
ment and genome annotations provided by the QDNAseq package [74]. Intermediate result files and source code is also
available at Zenodo [85].

For HMMCopy and PERT, we ran version 0.8.15 of the single-cell pipeline (https://github.com/shahcompbio/single_cell_
pipeline) to determine ploidy directly from the aligned bam files with default parameters. We ran the latest version of the
Ginkgo platform (https://github.com/robertaboukhalil/ginkgo, version:71da01d9b24b1fcd0deb299b416a0fde676b18f7).
For CHISEL [59], we directly use the published results in the case of the 10X Breast tumour dataset. For the ACT samples,
we ran CHISEL (v1.1.3) in the nonormal mode, with germline SNPs phased using the Michigan Imputation Server. Candi-
date SNPs were directly called on the merged single-cell bam files. The reference panel used to filter and phase SNPs was
TOPMed r2. Phasing was performed using EAGLE?2 [86].

For the cell cycle analysis, we ran an early release version of the PERT tool [61] (https://github.com/shahcompbio/
scdna_replication_tools, version: 7814bdc7572b52a23b7297ff3b67cb89b5e76483).
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