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Supplementary Fig. 1: Replication timing is conserved for most of the genome in short consecutive segments across different subsets of normal and

cancer cell lines. a, Average replication scores (x-axis) were measured across 50kb genomic regions (y-axis) from three different subsets of replication
scores generated from Repli-Seq experiments for (left) five normal lung and breast cell lines, (middle) 10 normal cell lines across a range of tissue types,

and (right) 30 normal and cancer cell lines, with early (magenta) and late (green) replicating groups defined based on an average replication score > 0.5
and < -0.5, respectively, and with the remaining regions discarded (grey). b, Segment sizes (x-axis, in base pairs) of neighbouring genomic regions with
the same replication timing were measured for genomic regions with early, late, or unknown replication timing separately (y-axis) using the replication
scores obtained from (left) five normal lung and breast cell lines, (middle) 10 normal cell lines across a range of tissue types, and (right) 30 normal and

cancer cell lines. Box plots show the median and the interquartile range (IQR), and the whiskers denote the lowest and highest values within 1.5 times the

IQR from the first and third quartiles, respectively. ¢, Proportion of the genome that is consistently defined to have early, late, or unknown replication
timing in >95% of the cell lines across (left) five normal lung and breast cell lines, (middle) ten normal cell lines across a range of tissue types, and (right)

30 normal and cancer cell lines.
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Supplementary Fig. 2: CNAs inferred in single-cell studies are substantially larger than neighbouring genomic regions with the same replication timing.
a, The size (x-axis in bases, b) of neighbouring genomic regions with the same replication timing and of 2,968,788 previously inferred CNA segments (y-
axis) is reported without (left panel) or with values capped at 25Mb (right panel) as measured from 43,106 cells in 35 patients from the previous TNBC and
HGSC datasets. Box plots show the median and the interquartile range (IQR), and the whiskers denote the lowest and highest values within 1.5 times the
IQR from the first and third quartiles, respectively. b, For the same CNA segments in (a), the number of segments (x-axis) within three groups of different
segment sizes (y-axis) is reported (left panel) and, for each of these groups, the proportion of CNA segments covering both early and late genomic bins is
also calculated (right panel). ¢, For each cell (dot) in each patient (x-axis), the fraction of the genome within CNA segments covering both early and late
bins is reported (y-axis).
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Supplementary Fig. 3: Most of the genome has consistent replication timing across different normal and cancer cell lines. Average replication scores (y-
lines.



Lung and
breast normal
cell lines

Normal cell
lines

All normal
and cancer
cell lines

All genomic bins

Pearson

correlation
coefficient

1.00
HMEC
0.75
HUVEC
B 0.50
keratinocyte
-0.25
T
-0.00
HBEC3
--0.25
BG02
IMR90 - —0.50
MCF10A
-0.75
T2P
-1.00
o o] = e o ™ ~ o < o
i} @ @ £ E 1) =} 5 S N
= > 9 o Q « =
Tz 2 g 2 = B
= =
o
g
1.0 0.8 07 09 0.8 0.8 09 0.9 0.8 0.8 0.8 0.8 0.8 0.7 0.8 0.8 0.7 016 0.8 0.8 0.7 0.8 0.9 10
0.8 1.0[016 0.8 0.8 0.7 0.8 0.7 07 07 0.8 0.7 07 07 0.7 0.8 06 06 0.7 0.7 0§
JUPYERR 0.7 (6 1.0 0.7 016 0.7 0.7 0.7 0.8 0.7 6 0.6 [36 0.6 06 0.7 0.6 96| 0.5 0.7 08| 016 0.7 06 0.7
09 0807 1.0 0.8 0.7 0.9 0.8 0.7 0.7 0.8 0.8 0.7 0.7 0.7 0.8 0.7 06 0.7 0.7 06 08 0.8 0.5 0.8 ors
0.8 08018 0.8 1.0 0.7 0.8 0.7 07 07 0.8 0.7 07 0.7 0.7 0.8 06 06 0.7 07 07 08 08
0807 0.7 0.7 07 1.0 0.7 0.7 0.8 0.8 07 0.7 06 0.8 0.7 0.8 0.7 06 0.8 0.8 07 07 0.7 07 0.8
07 0.9 0807 1.0 08 0.7 5070707 080708 0.7 0.7 06 0. s
ISRt 0.5 0.7 0.7 0.6 0.7 0.7 0.8 1.0 0.8 0.7 0.7 0.7 0.9 0.7 0.8 0.7 016 98] 0.7 0.7 36| 0.8 0.8 0.7 0.8 0.8 0.5 0.7 8 0.8 050
070 07 08 1.0 0.8 0.7 0.7 07 0.7 07 0.8 0.7 06 0.8 0.8 06 0.7 0.7 0.7 08
0707 08 1.0 07 0.7 0.7 0.8 0.7 0.8 0.7 06 0.9 0.8 06 07 0.7 07 0.8
7 0.8 07 07 0 1.0 0.7 0.7 07 0.7 0.7 018 08 07 070 0.5 0.8 08 08
05608 0.7 0.7 0.8 0.7 07 0.7 0.7 1.0 07 0.7 0.7 0.8 0.6 06 0.7 0. 01 0.7 0.8 0.7 0.8 -02s
[EER 0.5 0.7 06 0.7 0.7 06 0.7 0.9 0.7 0.7 0.7 07 1.0 06 0.7 0.7 [016] 01 0.7 0.7 01 0.7 0.7 0.7 0.7 0.7
070706 0.7 0.7 0.8 0.7 07 0.7 0.8 0.7 0.7 36 1.0 0.7 0.8 0.7 06 0.8 0.7 0.7 07 0.7 07 0.8
PR 0. 0.7 016 0.7 0.7 0.7 0.7 0.8 0.7 0.7 0.7 0.7 0.7 0.7 1.0 0.8 [36 06 0.7 0.7 06 0.7 08 0.8 0.8
-0.00
0.8 0807 0.8 0.8 0.8 0.8 0.7 0.8 0.8 0.7 0.8 07 0.8 0.8 1.0 07 07 0.8 0.8 0.7 0.7 0.8 0.8 0.9 0.9
07016 0.6 0.7 0.6 0.7 0.7 06 0.7 0.7 06 0.6 36 0.7 06 0.7 1.0 016 0.7 0.7 0.7 016 0.7 0.6 0.7 0.7
EIIYSR 0.6 0.6 06 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 016 10 0.6 0.6 06 0.6 0.6 06 0.7 0.7
0807 0.8 0.7 0.7 0.8 0.7 0.7 0.8 0.9 0.7 0.7 07 0.8 0.7 0.8 0.7 06 1.0 0.8 06 07 0.7 07 0.8 L 025
08 0.7 07 07 07 0.8 0.7 0.7 0.8 0.8 0.7 0.8 0.7 0.7 0.7 0.8 0706 0.8 1.0 06 0.7 0.3 0.7 0.3
0.70:6 08 0.6 0.7 0.7 0.6 06 0.6 0.6 06 3 36 0.7 0.6 0.7 0.7 06 0.6 0.6 10 06 0.6 06 0.7
0.8 0.8 018 0.8 0.8 0.7 0.8 0.8 0.7 0.7 0.9 0.7 0.7 0.7 0.7 0.7 06 016 0.7 0.7 8] 1.
0.9 0809 0.8 08 0.7 0.8 08 I 6 o. - 050
8080708
JEEE™R 0.5 0.5 0.7 0.5 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 07
0708 08 08 05 08 5080808 =03
0.8 0708 0.7 07 0.8 0.7 0.7 0.7 0.8 07 0.7 07 0.8 07 0.8 0.7 06 0.8 0.8 07 07 0.7 07 0.8
SKN-SH
0.8 0807 0.8 0.7 0.8 0.8 0.8 0.8 0.8 0.7 0.8 0.7 0.8 0.3 0.9 0.7 06 0.8 0.8 07 0.7 0.8 0.8 0.9 1.0 0. oo

MDA453
MCF10A
keratinocyte

Only selected bins

Pearson
correlation
coefficient

1.00
HMEC
0.75
0.50
T2P
-0.25
1Tl -0.00
--0.25
HBEC3
- -0.50
-0.75
MCF10A
-1.00
HMEC T2P TT1 HBEC3  MCF10A
1.00
0.83 0.86
M . A 0.83 0.89 0.75
[JIYZe® 0.78 0.3 0.76 0.87 0. Y X 0.50
keratinocyte -SRI VVL] 0.73 0.84
-0.25
GIOWeE 083 0.83 0.76 0.73 0.85
-0.00
Ql:ISeER 0.86 0.89 0.87 0.84
--0.25
el ® 0.82 0.83 0.78 0.88
ipiE 085 094 0.82 0.77 - —0.50
BG02 H 2 0.62 0.63
-0.75
IMR90 H £ 0.78 0.77
-1.00
s ¢ 5] O 0 < [ o o
x e 2 £ 9 z
= =
o
£
100
080907
080709 0.
1007 0.7 0707 0.7 0.7 0.7 0.7 016 0.7 0.7 0.7 0.7 06 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.8 6 0. ors
070808 09 09 8080807 05 0.8 07 0. 07 ¢ 06
) 0.8 0.8 0.8 0.8 0.7 0.8 07 0.8 0.8 0.5 0.8 0.7 0.8 0.8 0.7 0.8 0.7 0.8 0.8 0.7 0.8 0.8 07 0.8
8080807 09 08 07 0. 70808 0307 09|
058 08 0.8 017 0.8 0.8 07 0.8 07 0.8 07 0.8 0.9 0.8 [0 0.8 050
807050808070 707080
0707 ¢
) 0.8 07 0.8 0.7 07 0.8 07 0.8 0.9 /0 0.8 0.8 07 07 0.9 08 0
907 09 7 9 -02s
0807 05 08 070
007 08 0.7 09 1.0 0.9 0.8 0.7 0.8 0.8 07 0
-0.00
80507 07 08 0.8 0.8 0.9 1.0 0.8 07 0.8 0.8 0.7 0.7 0.
080808 808 1.007 08 0.9 07
07060707 0707 0.7 0.7 0.7 0.7 06 0.7 0.7 0.7 0.7 10 0.7 0.7 06 0.7 06 0.7 016 0.7 0.7 0.7
8 08080 080808 0 7080 080909 o2
0807 08 08 08 3 908 08 08 08 0907 09 1.0 07 0
070707070707 0.8 07 07 0.7 36 07 07 07 0.7 06 0.7 0.7 1.0 0.7 016 0.7 01§ 0.7 0.7 0.7
8080807 70807 0.7 0.9 0 0.8 0.8 [ 1. 0703 0
70807 07 0.8 0.8 0.8 0.7 0.8 0.8 0.8 0.8 01§ 0.8 0.8 018 0.8 1.0 0.8 0.7 € 08 - -050
8 0.8 0808 0.7 07 0.8 0.7 0.8 0. 8070 0.8 07 0.7 0.8 1.0 07 0.7 08 0
080707 07 08 0.7 07 07 07 07 0.7 0 0.8 0.8 0.8 0.7 01§ 0.7 0.7 018 0.7 0.7 07 1.0 0.7 0.7
0.7 08 09 0.8 08 0.8 07 07 0.8 07 0.8 0.9 07 0.8 0.8 0.7 07 1.0 0.8 0
907 09 09 075
0.8 0.8 0.8 0.9 0.8 0.8 0.8 0.8 0.9 0.7 0.9 0.9 0.7 0.8 0
0.7/06/0:6 0.7 0.7 016 0.7 06 0.6 0.6 0.6 0.7 0.7 0.7 0.7 06 0.7 0.7 06 016 0.7 0.7 016 0.6 0.7 0.7
2 -100

Supplementary Fig. 4: All pairs of reference replication profiles display high correlation. For the three subsets of replication profiles that can be used by
SPRINTER (top, middle, and bottom), the Pearson correlation coefficient (colour) is calculated for each pair of profiles (rows and columns), considering
either all genomic regions (left) or only genomic regions with conserved replication timing selected by SPRINTER using thresholds of +/-0.5 in the

replication score (right).
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Supplementary Fig. 5: SPRINTER’s replication-aware approach for GC correction preserves replication fluctuations in contrast to previous approaches.
(First row of each panel) The raw RDR (y-axis) and GC content (x-axis) were measured for all 250kb bins with early (magenta) or late (green) replication
timing (left plot), as well as the distribution of raw RDR (right plot), for three example cells in (a) early S, (b) mid S, and (c) late S phases in the diploid
ground truth dataset. (Second row) For each cell, the relationship between raw RDR (y-axis) and GC content (x-axis) was computed using previous methods
based on Lowess corrections (black line), and the corresponding GC-corrected RDR (y-axis) and GC content (x-axis) were computed for each bin (middle
plot), as well as the corresponding distributions of the GC-corrected RDRs (right plot). (Third row) For each cell, the linear relationships between raw RDR
(y-axis) and GC content (x-axis) were computed by SPRINTER’s GC correction approach for either early or late replicating bins (red and green lines,
respectively), and the correspondingly GC-corrected RDR (y-axis) and GC content (x-axis) were computed for each bin (middle plot), as well as the
corresponding distributions of the GC-corrected RDRs (right plot). For all cells across the different cell cycle phases, SPRINTER's correction preserves a
clearer separation in the GC-corrected RDRs between early and late replicating bins than previous methods.
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(right) cells in different cell cycle phases (x-axis). ¢, Final SPRINTER GC slopes are computed after correction of outliers for early replicating, late replicating,
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across all cells, which is expected since GC bias should only be slightly impacted by different cell cycle states. In all panels, box plots show the median
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Supplementary Fig. 7: SPRINTER’s replication-aware framework enables the differentiation of RDR changes due to replication fluctuations and CNAs.
a, Changes in read counts for 250kb genomic bins across autosomes (x-axis) with either early (magenta) or late (green) replication timing were measured
using RDRs (y-axis, the fraction between observed vs. expected read counts) for a tetraploid HCT116 cell in mid S phase. b, A replication timing profile
(y-axis) was computed for the same cell by correcting RDRs for CNAs based on the copy-number segments inferred by SPRINTER, preserving clear
fluctuations between bins with different replication timing (with magenta early regions having higher RDRs than green late regions on average). c,
Replication-corrected RDRs (y-axis) were computed for the same cell by correcting RDRs for replication fluctuations, such that the remaining RDR changes
are likely due to CNAs and are not influenced by replication (in each segment there is no clear difference between bins with different replication timing).
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Supplementary Fig. 8: Cells in different cell cycle phases yield increasing total read counts. a, A kernel density estimate represents the distribution of total
read counts (x-axis) computed for all cells in different cell cycle states (y-axis) in either the diploid (left) or tetraploid (right) ground truth datasets. b, Box
plots show the total read counts (x-axis) of all G1 and G2 phase cells (y-axis) in either the diploid (left, with 1,650 G1/2 cells) or tetraploid (right, with
1,595 G1/G2 cells) ground truth datasets, with the median represented by the middle line, the interquartile range (IQR) by the box, and whiskers
representing the lowest and highest values within 1.5 times the IQR from the first and third quartiles, respectively. As expected, G2 cells yield higher total
read counts than G1 cells.
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Supplementary Fig. 9: Generation of an accurate ground truth dataset of cells sorted into different cell cycle phases using EdU and Hoechst labelling.
a, The experimental design for generating an accurate ground truth dataset. (Top left) Cells were treated with two separate dyes, EdU (which is actively
incorporated into replicating DNA, red stars) and Hoechst 33342 (which binds all DNA, blue circles). (Middle left) Cells were then FACS-sorted based on
signals from both EdJU and Hoechst into (bottom left) five different cell cycle phases: G1, early S, mid S, late S, and G2. (Bottom right) Cells in each cell
cycle phase were then single-cell whole-genome DNA sequenced using DLP+, which also captures nozzle images of each sequenced cell nucleus. b, The
EdU (y-axis, Alexa Fluor 647, excited with a 642nm laser and emission collected in a 670/30BP filter) and Hoechst (x-axis, excited using a 405nm laser
and emission collected in a 460/50BP filter) dye signals were measured to FACS sort all cells (dots) from HCT116 diploid (left) and tetraploid (right) cell
lines, with cells chosen in each cell cycle phase for inclusion in the ground truth dataset (red) or discarded (blue).
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Supplementary Fig. 10: scDNA-seq features of the generated ground truth datasets. Across cells from five cell cycle phases (x-axis) which were single-
cell DLP+ sequenced from the diploid (left) and tetraploid (right) ground truth datasets, multiple sequencing features have been computed: (@) number of
cells selected for analysis, (b) total number of sequenced reads, (c) fraction of selected cells with a sufficient number of sequencing reads (>100k) indicating
successful DNA library preparation among all cells (threshold on yielded sequencing reads to define total cell count is estimated as the median of the 2"
percentile computed across all samples for all isolated objects with above average intensity, measured by nuclear imaging), (d) sequencing coverage per
cell, (e) fraction of 50kb genomic bins covered by at least one sequencing read, and (f) average number of sequencing reads in 50kb genomic bins per
cell. In all panels, box plots show the median and the interquartile range (IQR), and the whiskers denote the lowest and highest values within 1.5 times
the IQR from the first and third quartiles, respectively.
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Supplementary Fig. 11: Read counts in the ground truth datasets generated with 4,410 diploid and 4,434 tetraploid cells are compatible with expected
replication fluctuations. The median read count (y-axis) was calculated for 250kb genomic bins with either early (magenta) or late (green) replication
timing along autosomes in the genome (x-axis) for all cells in the (a) diploid and (b) tetraploid ground truth datasets in different cell cycle phases (rows).
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Supplementary Fig. 12: SPRINTER’s erroneous S phase calls in G1 phase cells in the diploid ground truth are compatible with minor infiltrating errors.
Average RDR (y-axis) was computed for each 250kb genomic bin across the genome (x-axis) in the diploid ground truth G1 phase cells that were called
as S phase by SPRINTER, showing that early bins (magenta) have consistently higher RDRs than late bins (green), as expected for actively replicating cells
in S phase.
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Supplementary Fig. 13: The novel ground truth dataset captures cells at different stages of S phase in contrast to previous datasets. a, The average RDR
(y-axis) was measured in 250kb bins with either early (magenta) or late (green) replication timing across autosomes in the genome (x-axis) for all cells
classified as early S phase (top), mid S phase (middle), and late S phase (bottom) in the novel diploid ground truth dataset. As expected, cells at different
stages of S phase exhibit clearly different replication fluctuations in RDRs: in early S phase only early replicating bins shift to higher values of RDR, in mid
S phase all the early bins have completed replication and have distinctly higher values of RDR than late bins, and in late S phase late bins also start
replication and some of these bins have increased RDR values. b, The average RDR (y-axis) was measured in 250kb bins with either early (magenta) or
late (green) replication timing across autosomes in the genome (x-axis) for all cells classified as early S phase (top), mid S phase (middle), and late S phase
(bottom) in a previous dataset of 5,970 lymphoblastoid cells based on standard FACS sorting of replicating cells. In contrast to (a), cells at different stages
of S phase do not exhibit clearly different replication fluctuations of RDRs, suggesting that cells in early and late S phase have not been comprehensively
captured, as reported before in the previous study of this dataset.
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Supplementary Fig. 14: SPRINTER exhibits higher accuracy and sensitivity in the identification of S phase cells than existing methods in a previously
published 10X CNV Solution dataset. a, The proportion of correctly identified G1/2 and S phase cells computed for SPRINTER and existing approaches
(CCC, MAPD, and rtMAPD, which extends MAPD with replication timing) for 100 subpopulations of cells (each dot). Each subpopulation was formed by
randomly sampling 500 cells from a previous ground truth dataset of 5,970 cells from the lymphoblastoid cell line GM12878 sorted with standard FACS
and sequenced using the 10x CNV Solution. b-c, The average RDR (y-axis) was measured in 250kb bins with either early (magenta) or late (green)
replication timing across autosomes in the genome (x-axis) for all G1/2 cells in the previously published ground truth dataset that were inferred as either
(b) G1/2 phase or (c) S phase by SPRINTER. In contrast to cells in (b) that were inferred as G1/2 cells by SPRINTER, the remaining cells that were inferred
as S phase by SPRINTER and also MAPD and rtMAPD in (c) exhibit clear replication fluctuations across the genome, indicating that these cells are the
result of known FACS infiltrating errors in the classification of cell cycle phases in the previous dataset and likely correspond to true S phase cells, in line
with SPRINTER’s results and previous reports in the same study. d-e, The average RDR (y-axis) was measured in 250kb bins with either early (magenta) or
late (green) replication timing across autosomes in the genome (x-axis) for all S phase cells in the previous ground truth dataset that were inferred as either
(d) G1/2 phase or (e) S phase by SPRINTER. In contrast to cells in (e) that were inferred as S phase cells by SPRINTER, the remaining cells in (d) that were
inferred as G1/2 phase by SPRINTER do not exhibit clear replication fluctuations, similar to other G1/2 cells in the dataset in (b), indicating that these cells
are the result of known FACS infiltrating errors in the classification of cell cycle phases in the previous dataset and likely correspond to true G1/2 phase
cells, in accordance with SPRINTER’s results.
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Supplementary Fig. 15: SPRINTER exhibits high accuracy and sensitivity in identifying S phase cells from mixed subpopulations of diploid and tetraploid
cells in contrast to existing methods. a, Predicted S fractions (y-axis) in an additional ground truth dataset comprising 4,163 diploid (dark) and tetraploid
(light) HCT116 cells sequenced together as a mixed subpopulation were computed using SPRINTER (green) and existing methods CCC (blue) and MAPD
(orange). The expected S fraction (dashed line) was calculated as the fraction of cells with values of EdU vs Hoechst dye signals clearly different to those
of G1/2 cells. b, 95% confidence interval of the odds ratios of the S fraction in a total of 4,163 diploid vs tetraploid cells sequenced together (vertical lines,
y-axis) were calculated based on the S fraction inferred from the mixed subpopulation by SPRINTER (green) and existing methods, CCC (blue) and MAPD
(orange). The expected odds ratio is 1, since the expected fraction of S phase cells in diploid and tetraploid cells is not significantly different based on
expectations obtained from the values of EdU vs Hoechst signals. ¢, Baseline copy numbers (heatmap colours) were inferred by SPRINTER on 4,163 mixed
diploid (light green) and tetraploid (lilac) cells (rows) across ~3Mb genomic bins (columns). SPRINTER inferred clones (middle colour bar) and assigned S
phase and G2 cells to each clone (third colour column) in this dataset.
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Supplementary Fig. 16: SPRINTER is robust to a higher fraction of replication-timing errors or alterations than the maximum expected in different normal
and cancer cells. a, The expected fraction of replication timing errors (x-axis) was estimated for each available replication profile (y-axis) by quantifying
the fraction of the genome with a classification of early/late replication timing that differed from SPRINTER’s reference replication timing classifications
used by default. b, The expected fraction of replication timing errors (x-axis) was computed with the same method used in (a) but using 20 bootstrapped
repeats for each profile, such that in every repeat the genomic regions used in the comparison were randomly sampled with replacement. A beta distribution
(dotted line) was fitted to the bootstrapped values to estimate the density of the distribution. c-d, The proportion of S phase cells that are correctly identified
by SPRINTER (y-axis) after introducing a varying fraction of errors in the replication timing classifications (x-axis) was calculated using 500 S phase cells
randomly sampled from either the diploid (c) or tetraploid (d) ground truth dataset for 100 bootstrapped repeats (lines). The 95% confidence interval of the
expected fraction of errors as calculated in (b) is shown (red box). e-f, For each experiment in (c) and (d), the proportions of S phase cells that are correctly
identified by SPRINTER (y-axis) after introducing a varying fraction of errors in the replication timing classifications (x-axis) are separated by cell cycle
phase for diploid (e) and tetraploid (f) cases, respectively.
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Supplementary Fig. 17: SPRINTER preserves high accuracy and sensitivity in identifying replicating cells when using different input replication profiles.
(Left panels) The proportion of correctly identified G1/2 and S phase cells (y-axis) was computed for SPRINTER (green) and three previous methods (CCC,
MAPD, and rtMAPD, which extends MAPD with replication timing) across four cell cycle phases (x-axis) for 100 subpopulations of cells (each dot), each
of which was formed by randomly sampling 500 cells from a total of either (a and c) 4,410 diploid or (b and d) 4,434 tetraploid HCT116 cells. SPRINTER
has been executed using the input replication profiles from either (a and b) all normal and cancer cell lines or (c and d) from all normal cell lines. (Right
panels) For all the corresponding datasets and results, ROC curves (false positive vs. true positive rate) were calculated to measure performance in
distinguishing G1 cells from actively replicating cells by using the classification scores computed by existing methods (blue, orange, and red) or combining
SPRINTER’s S and G2 p-values (using the minimum in green).
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ad  SPRINTER’s performance for G2 diploid cells b  SPRINTER performance for G2 tetraploid cells
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Supplementary Fig. 18: SPRINTER accurately infers G2 phase cells in both the diploid and tetraploid ground truth datasets. (Left plots) The precision and
recall for G2 phase cells were computed by bootstrapping for 100 repeats the G1/G2 phase cells identified by SPRINTER from a total of either (a) 4,410
diploid or (b) 4,434 tetraploid HCT116 cells. (Right plots) ROC curves were calculated to measure the performance of SPRINTER in distinguishing G1 vs
G2 phase cells for either the diploid or tetraploid cells analysed in (a) or (b), respectively, by using the G2 p-values computed by SPRINTER.
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Supplementary Fig. 19: SPRINTER results for 4,410 diploid and 4,434 tetraploid ground truth cells. Baseline copy numbers (heatmap colours) were
inferred by SPRINTER on (a) 4,410 diploid and (b) 4,434 tetraploid ground truth cells across ~3Mb genomic bins (columns). SPRINTER inferred clones
(left-side colours) and assigned S phase and G2 cells to each clone (light grey for G1 phase, dark grey for S phase, and black for G2 phase), with multiple
distinct clones identified in the tetraploid but not the diploid ground truth dataset (the dark brown bar denotes noisy cells excluded from any clone).
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Supplementary Fig. 20: SPRINTER accurately assigns S phase cells to clones in contrast to previous approaches. The absolute error rate (x-axis) between
the fraction of inferred S phase cells assigned to a clone by each method (y-axis) and the expected fraction was calculated per cell in 30 populations of
300 tetraploid cells each, altogether comprising 389 clones using all methods (colours). The proportion of clones for which the assigned true S fraction
was compatible with the expected S fraction was computed using a Binomial test (Pie charts). In all panels, box plots show the median and interquartile
range (IQR) with whiskers denoting values within 1.5 times the IQR from the first and third quartiles. Box plots show the median and the interquartile range
(IQR) with whiskers denoting values within 1.5 times the IQR from the first and third quartiles.
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Supplementary Fig. 21: Spike-in experiment of CNAs demonstrates that SPRINTER accurately recovers most >3Mb copy-number events in both S and
non-S phase cells. a-b, Copy-number gains (red arrows) and losses (blue arrows) of varying size have been spiked into diploid chromosomes in the cells
from the diploid ground truth dataset by scaling the original read counts (a) by different scaling factors (2 and 1/2, respectively) to obtain spike-in datasets
with known events (b). c-e, Accuracy (y-axis in c), recall (y-axis in d), and precision (y-axis in e) of SPRINTER have been measured per cell (each dot) when
applied to 500 non-S (blue) and S (orange) phase cells with 55,000 spike-in events (110 events per cell) when considering the raw, uncorrected CNAs
inferred directly by SPRINTER in each cell (left), the corrected CNAs inferred by SPRINTER (middle, including correction of replication-timing-specific
CNAs in S phase cells and small CNAs), and the CNAs inferred by SPRINTER at the clone-level for each cell (right). Box plots show the median and the
interquartile range (IQR), and the whiskers denote the lowest and highest values within 1.5 times the IQR from the first and third quartiles, respectively. f,
The accuracy (y-axis) for the same CNAs inferred by SPRINTER with different corrections (colours) is measured for events of different sizes (x-axis) in the
same cell populations with spike-in events as defined in (c-e), with error bars representing the 95% confidence interval.
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Supplementary Fig. 22: Clinical history of patient CRUKP9145 who participated in the TRACERx study and PEACE programme. Timeline of key clinical
events including surgery, relapse, progressive disease (PD), treatments, and autopsy from surgery to death.
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Supplementary Fig. 23: scDNA-seq features of the novel NSCLC dataset. Across 10 samples (x-axis) single-cell DLP+ sequenced from five primary tumour
regions (left) and five metastases (right) of CRUKP9145, multiple sequencing features have been computed: (a) number of cells selected for analysis, (b)
total number of sequenced reads, (c) fraction of selected cells with a sufficient number of sequencing reads (>100k) indicating successful DNA library
preparation among all cells (threshold on yielded sequencing reads to define total cell count is estimated as the median of the 2" percentile computed
across all samples for all isolated objects with above average intensity, measured by nuclear imaging), (d) sequencing coverage per cell, (e) fraction of
50kb genomic bins covered by at least one sequencing read, and (f) average number of sequencing reads in 50kb genomic bins per cell. In all panels, box
plots show the median and the interquartile range (IQR), and the whiskers denote the lowest and highest values within 1.5 times the IQR from the first and
third quartiles, respectively.
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Supplementary Fig. 24: Sequencing details of all single cells sequenced from 5 primary tumour samples from patient CRUKP9145. a, The anatomical
location of the five primary tumour samples (region 2, 3, 4, 5 and 8) that were single-cell sequenced (colours), and the location of three additional samples
for which bulk sequencing was previously performed (grey). b, The number of cells (x-axis) sequenced with DLP+ from each sample in the primary tumour.
¢, A kernel density estimate of the distribution of sequencing coverage (x-axis) for all single-cell sequenced cells from each primary tumour sample (y-
axis). d, A kernel density estimate of the distribution of total read counts (x-axis) for all single-cell sequenced cells from each primary tumour sample (y-
axis). e, A kernel density estimate of the distribution of the cell ploidy inferred by SPRINTER (x-axis) for all cells assigned to a clone in each primary tumour

sample (y-axis).
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Supplementary Fig. 25: Sequencing details of all single cells sequenced from five metastatic sites from patient CRUKP9145. a, The anatomical location
of the five different metastases that were single-cell sequenced (circles on body map). b, The number of cells (x-axis) sequenced with DLP+ from each
metastasis (y-axis). ¢, A kernel density estimate of the distribution of sequencing coverage (x-axis) for all single-cell sequenced cells from each metastatic
site (y-axis). d, A kernel density estimate of the distribution of total read counts obtained for all cells sequenced from every metastasis (y-axis). e, A kernel
density estimate of the distribution of the cell ploidy inferred by SPRINTER (x-axis) for all cells assigned to a clone by SPRINTER in each metastatic site (y-
axis).
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Supplementary Fig. 26: SPRINTER’s results for cells sequenced from five primary tumour samples from patient CRUKP9145. Baseline copy numbers
(heatmap colours) were inferred by SPRINTER on 9,532 cells (rows) sequenced from five primary tumour samples (left bar) across ~1Mb genomic bins
(columns), displaying only the cancer cells assigned to clones (4,265 cells) (a) or all cells (b). SPRINTER-inferred clones (middle bar) and assigned S phase
and G2 cells to each clone (light grey for G1 phase, dark grey for S phase, and black for G2 phase in right bar). The anatomical location of the samples

(coloured circles) is displayed in (a).
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Supplementary Fig. 27: SPRINTER’s results for cells sequenced from five metastases from patient CRUKP9145. Baseline copy numbers (heatmap colours)
were inferred by SPRINTER on 5,462 cells (rows) sequenced from five metastases (left bar) across ~TMb genomic bins (columns), displaying only the
cancer cells assigned to clones (3,047 cells) (@) or all cells (b). SPRINTER-inferred clones (middle bar) and assigned S phase and G2 cells to each clone
(white for G1 phase, grey for S phase, and black for G2 phase in right bar). The anatomical location of the samples (coloured circles) is displayed in (a).
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Supplementary Fig. 28: SPRINTER accurately recovers most clones containing more than 30 cells. SPRINTER was run on 125,000 datasets obtained by
randomly subsampling a varying number of cells (x-axis, with 50 values between 1 and 100) from each clone (colour, 25 in total) in each NSCLC sample
(row) for 100 repeats. Each dataset is obtained by adding the subsampled cells to all other remaining cells sequenced from the same sample. Recall (y-axis
on left-side plots) and precision (y-axis on right-side plots) are measured for each subsampled clone in each dataset generated (each dot represents the
mean across repeats and whiskers indicate the related standard deviation).

31



a  SPRINTER's results on primary tumour

600
2 400
[
(V)
o
2 200
0 \
8
* o ] o
0.4 — - -
o -
o 8
o
03 O 8 o o
c o 8 ]
S S
=
o)
©
< 02
w» o [Tl =Sy (]
]
01 9 v
<]
0.0
MI N‘ <1’| m‘ NI ml N‘ VI Iﬂl kDI \DI COI ml NI ml G\‘ o V‘ V\I f\’)l NI <f|
o~ o~ o~ m m < < < < < n n n n n n F‘I n n 0 =] 0
o o o o o o o o o o o [°4 o [°4 o [°4 wn o o o o o
— — — — — — — —~ — — — — — — — — o — — — — —
F F F F F F F F F F F F F F F F = F F F F F
Clone
+ p<0.1
Corrected p-values: ++ p<0.05
wx p<0.005
b
b  SPRINTER's results on metastases
200
2 150
[
o
s 100
50
0
07 kk 8
° ek EEEd
0.6
° - 8 e
T o
0.5 EEed (o] a
o
504
= o
g S - °
& 03 o 8
n [e)
____________________________ - S ) P —
0.2 8
o]
° <)
0.1 o ©
o
0.0 o o
~ n ) © ~ @ < o o ~ ) I T T T R A Ik} - ~
5 55 5 5 5 5 - 5 &g g8 g g8 g g8 8888858838 3 g¢g
g & & 2 & 8 & 5 & § § 83 &8 83 &8 &3 &8 &8 &8 & &8 & & &6 &8 &6 &8 & g g
[ =] o ] =] [ =] g =] < < < < < < < < < < < < < < < < =] [} =]
Clone

Supplementary Fig. 29: Clones have significantly different S fractions compared to the average S fraction in the tumour from patient CRUKP9145. The
distribution of the S fraction (bottom y-axis) of each clone identified by SPRINTER (x-axis) with varying numbers of cells (top y-axis) in (a) five primary
tumour samples and (b) five metastases were calculated by bootstrapping (with 300 samples) using the S phase cells identified and assigned to clones by
SPRINTER. The S fraction of each clone was compared to the average tumour S fraction (dashed black line) using a two-sided Binomial test, applying the
Benjamini-Hochberg method for multiple hypothesis correction with family-wise error rate 0.1 (stars indicate significant corrected p-values). Box plots
show the median and the interquartile range (IQR), and the whiskers denote the lowest and highest values within 1.5 times the IQR from the first and third

quartiles, respectively.
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Supplementary Fig. 30: Patterns of proliferation measured by SPRINTER are consistent when considering S fraction, G2 fraction, or the fraction of total

replicating cells. a-c, The distribution of the (a) S fraction, (b) G2 fraction, and (c) total replicating cell (S and G2) fraction (y-axis) of distinct SPRINTER-
identified clones (x-axis) in all primary and metastatic tumour samples were calculated by bootstrapping (with 300 repeats) using S phase and G2 cells

identified and assigned to clones by SPRINTER. Box plots show the median and the interquartile range (IQR), and the whiskers denote the lowest and

highest values within 1.5 times the IQR from the first and third quartiles, respectively.
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A Relationship between S and G2 fractions in CRUKP9145
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Supplementary Fig. 31: The S and G2 fractions in the NSCLC dataset have a high significant linear correlation. a, The estimated S (x-axis) and G2 (y-axis)
fractions are estimated by SPRINTER for each clone in the NSCLC dataset (coloured circle with size proportional to number of cells) without (left) or with
(right) estimated 99% confidence intervals around the median (dashed lines). The best linear regression is calculated (black line with the 99% confidence
interval represented by the shaded area). b, The 95% confidence interval for the odds ratio (vertical lines on y-axis) of the relative rate of G2 over S fractions
was calculated for each clone (x-axis) and compared with the corresponding sample expectation (dashed line, with the consistency for each sample
indicated by the vertical lines of similar colours crossing the dashed horizontal line).
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d  Ki-67 staining of metastasis samples (areas representative of average)

Left adrenal, Ki-67 40%

%}%’i

67 70%

BOT 4 TR

b Heterogeneity in Ki-67 staining within a metastasis sample
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Supplementary Fig. 32: Ki-67 staining of tumour slides of metastases from patient CRUKP9145. a, FFPE slides showing areas representative of the average
Ki-67 in each available metastasis sample. S phase cancer cells are stained with Ki-67 (brown). b, Heterogeneity in Ki-67 within an FFPE slide in the liver
metastasis (boxes). SPRINTER results are broadly consistent with the selected area of Ki-67 (~25%, red star). In all cases, one representative slide taken as
close as possible to the sequenced tissue was reviewed.
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A  Nuclear diameter for all cells from the primary tumour
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Supplementary Fig. 33: DLP+ nozzle-based nuclear imaging validates SPRINTER’s phase predictions in primary tumour and metastatic samples from
patient CRUKP9145. a-b, Nuclear diameter (x-axis) was measured (in micrometres and normalised by the mean of each sample) by DLP+ nozzle-based
imaging for every cell with successfully recorded images from (a) primary tumour (total 9,532 cells) and (b) metastatic (total 5,037 cells) samples inferred
by SPRINTER to be in G1, S or G2 phase. Each pair of distributions was compared using a one-sided Mann-Whitney U test (p-values reported on the right
side). ¢, The nuclear diameter per clone (x-axis) was calculated using the first decile across all the cells in each clone (each dot) that were assigned to
different cell cycle phases by SPRINTER (y-axis). Across cell cycle phases, clones are linked by lines, such that the line width is proportional to clone size
and the line colour indicates whether the nuclear diameter per clone has increased as expected (red) or not (blue). Nuclear diameters in different cell cycle
phases were compared per clone using a one-sided Wilcoxon signed-rank test (p-values on right). In all panels, box plots show the median and the
interquartile range (IQR), and the whiskers denote the lowest and highest values within 1.5 times the IQR from the first and third quartiles, respectively.
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a Nuclear diameter analysis of the diploid ground truth dataset
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Supplementary Fig. 34: Nuclear diameter is related to cell cycle phase in the ground truth datasets. Nuclear diameter (x-axis) is measured (in micrometres)
by DLP+ nozzle-based imaging for every sorted G1, S, and G2 phase cell in the (a) diploid and (b) tetraploid ground truth datasets (for all 5,051 diploid
and 5,154 tetraploid cells with imaged nuclei, including cells with <100k sequencing reads). Each pair of distributions was compared using a one-sided
Mann-Whitney U test (p-values reported on the right side). In all panels, box plots show the median and the interquartile range (IQR), and the whiskers
denote the lowest and highest values within 1.5 times the IQR from the first and third quartiles, respectively.
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Supplementary Fig. 35: Primary tumour clones inferred by SPRINTER consistently harbour SNVs most similar to the SNVs obtained from bulk sequencing
of the corresponding sample. The SNV distance between each single-cell tumour clone inferred by SPRINTER (x-axis) and each bulk tumour sample

analysed in previous studies (y-axis) was calculated as the fraction of different subclonal SNVs, with lower values indicating higher similarity (black) and
higher values indicating lower similarity (white).
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Supplementary Fig. 36: SPRINTER infers CNAs in the NSCLC dataset that are highly consistent with previous bulk studies of matched primary tumour
regions. a, Normalised fractional copy numbers (colours, representing averages across all cells within the bulk sample) from previous bulk studies for five
primary tumour regions (rows) in 1Mb genomic bins across all autosomes (columns) were calculated after correcting for tumour sample purity and ploidy.
b, For each matched primary tumour region (rows), normalised copy numbers (colours) for the same 1Mb genomic bins across all autosomes (columns)
were computed as the average of the copy numbers inferred by SPRINTER for all cancer cells sequenced from the same sample. ¢, For each primary tumour
region (each plot), the normalised copy numbers inferred in previous bulk studies (y-axis) for TMb genomic bins (dots) is compared to normalised copy
numbers calculated using SPRINTER. A Pearson correlation is computed for each sample (coefficient labelled at the top and linear relation represented as

a line).
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a All SNVs from primary tumour and metastases used for phylogenetic analysis
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Supplementary Fig. 37: SNV genotypes used to reconstruct tumour phylogeny from the primary tumour and metastatic samples from patient
CRUKP9145. SNVs in chromosomes 1, 3, 4, and 17 not affected by mutation losses (x-axis) are classified as clonal (black), absent (white), or unknown
(grey) in each clone inferred by SPRINTER (y-axis) across primary tumour (first five colours) and metastatic (last five colours) samples when considering (a)
all SNVs in those chromosomes and (b) the 1000 input SNVs used to reconstruct the tumour phylogeny.
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Supplementary Fig. 38: Identification of driver mutations in the clones inferred by SPRINTER from the primary tumour and metastatic samples from
patient CRUKP9145. The driver mutations identified (with corresponding genes reported on the x-axis) are classified as clonal (black), absent (white), or
unknown (grey) in each clone inferred by SPRINTER (y-axis) across primary tumour and metastatic samples (shades of different colours).
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Supplementary Fig. 39: The novel NSCLC dataset provides sufficient power to identify most mutations across samples and clones. a-b, For each driver
mutation in each gene (x-axis) and in every sample (y-axis), the total number of reads covering the corresponding genomic locus (a) and the probability of
observing more than one variant read computed using a binomial model with an underlying mutant allele frequency of 10% (b) are reported. c-d, For each
driver mutation in each gene (x-axis) and in every SPRINTER clone (y-axis), the total number of reads covering the corresponding genomic locus (c) and
the probability of observing more than one variant read computed using a binomial model with an underlying mutant allele frequency of 50% (d) are
reported. e-f, The proportion (y-axis) and number (labels) of all loci with non-zero read counts, >50% probability of observing a mutation if present, and
>75% probability of observing a mutation if present (x-axis) were computed either across all SPRINTER clones (e) or across all samples (f).
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Supplementary Fig. 40: Reconstructed evolution of driver mutations in the NSCLC dataset. The tumour phylogeny was reconstructed using the SNVs
from SPRINTER's single-cell clones (leaves of the tree) in the primary tumour and metastatic samples from patient CRUKP9145 (clones are uniquely
coloured with source samples represented by shades of the same colour). Seeding clones (dark grey) and the anatomical location of the remaining ancestral
clones (white internal colour with border coloured according to the inferred anatomical site) were inferred using the MACHINA algorithm. SNVs tracked
in a previous ctDNA study were harboured by some ancestral clones (roman numerals). The edges of the phylogeny are labelled with the driver mutations
that were inferred to occur in those edges.
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Supplementary Fig. 41: Reconstructed evolution of CNAs for the NSCLC dataset. CNA evolution was reconstructed by the MEDICC2 algorithm, which
took as input the SNV tree topology and the copy numbers (colours) inferred by SPRINTER across the genome (columns) for extant clones (rows with
coloured circles) in order to infer the copy numbers of the ancestral clones (rows without coloured circles).
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Supplementary Fig. 42: SPRINTER’s estimates of S fractions are not affected by clone-specific altered replication timing (ART). a, The bootstrapped
estimate of the S fraction of each clone (y-axis) was calculated by sampling cells with replacement in each SPRINTER-inferred clone from each sample of
the NSCLC dataset (x-axis), using either the default replication timing classification (green) or excluding genomic regions in which high-confidence ART
events (found in most clones in >2 samples) have been identified (orange). b, The fraction of S phase cells assigned to each clone (each dot was sized
proportionally to the corresponding number of cells and with colours matching those defined in (c)) has been directly estimated by SPRINTER either using
the default replication timing classification (x-axis) or excluding high-confidence ART events (y-axis). The expected range of uncertainty (grey shadow with
diagonal represented as a dashed line) is calculated using the average size of the 99% confidence interval estimated using bootstrapping per clone from
SPRINTER’s results. ¢, The 99% confidence interval for the odds ratio (vertical lines on y-axis) was calculated for each clone (x-axis) comparing the S
fractions estimated using the default replication timing classification to those excluding high-confidence ART events (dashed line, with the consistency
between estimates indicated by the vertical lines crossing the dashed horizontal line).
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a  Gene Set Variation Analysis for TRACERx patient CRUKP9145
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Supplementary Fig. 43: Gene set variation analysis using bulk RNA-sequencing in the TRACERx cohort supports the inferred ART for patient CRUKP9145.
a, Gene set variation analysis enrichment scores (colours, with higher scores indicating increased expression, and lower scores indicating decreased
expression) for the set of genes inferred to have altered replication timing (ART) in at least one sample from patient CRUKP9145 in either the late-to-early
or the early-to-late direction (y-axis) in each CRUKP9145 tumour sample with available bulk RNA-sequencing data (including primary tumour regions and
a pre-mortem recurrence sample in the left adrenal, x-axis). b, Gene set variation analysis enrichment scores (colours) calculated for the same gene sets

with ART as defined in CRUKP9145 in (a), but for all tumour samples (total 915 samples) with available RNA-sequencing data (x-axis) from 347 other
TRACERX patients (top bar).
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a Seeding distance based on SNVs b Seeding distance based on CNAs
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Supplementary Fig. 44: The negative correlation between seeding genetic distance and clone proliferation rate indicates that clones with more similarity
to seeding clones have increased proliferation. For each SPRINTER clone (dot) inferred in the primary tumour and metastatic samples from patient
CRUKP9145, SPRINTER's inferred S fraction (y-axis) was compared to the seeding genetic distance (x-axis) computed with respect to the closest seeding
clone based on either (a) SNVs or (b) CNAs. In each case, a two-sided Pearson correlation test was performed (correlation coefficients and p-values are

reported) and the 95% confidence interval was calculated for linear regressions (shaded areas).
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Supplementary Fig. 45: High clone proliferation rate is linked to increased clone-specific ctDNA shedding. a, The frequency of SNVs harboured by
ancestral clones tracked with ctDNA (y-axis) was measured at four time points (dashed grey lines) across the disease course (x-axis in days, with surgery
and autopsy times annotated). For each ctDNA-tracked clone (colours) the corresponding proportion of cancer cells was measured using scDNA-seq data
at the surgical and autopsy time points (hexagons). b, For each ctDNA-tracked clone (dot), a ctDNA shedding index (x-axis) was calculated using the
frequency of SNVs for either (left) SPRINTER clones or (right) previous bulk clones, and compared to the mean S fraction (y-axis) inferred from descendant
SPRINTER clones. In each case, a two-sided Spearman correlation test has been performed (correlation coefficients and p-values are reported) and the
95% confidence interval has been calculated for linear regressions (shaded areas). c-d, For each ctDNA-tracked clone (dot), a ctDNA shedding index (x-
axis) was calculated using the clone proportion (i.e., proportion of cells belonging to the clone) for either (left) SPRINTER clones or (right) previous bulk
clones, and compared to the maximum (c) or mean (d) S fraction (y-axis) inferred from the uniquely assigned descendant SPRINTER clones. In each case,
a two-sided Spearman correlation test has been performed (correlation coefficients and p-values are reported) and the 95% confidence interval has been
calculated for linear regressions (shaded areas).
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a Previous analysis of CNAs from Funnell et al. b New SPRINTER analysis of CNAs
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Supplementary Fig. 46: SPRINTER infers CNAs that are highly consistent with previous analysis by Funnell et al. a-b, Heatmaps of copy number
normalised by ploidy (colours) in every non-S phase cell (y-axis) across the genome (x-axis) as inferred previously in the analysis by Funnell et al. (a) and
by SPRINTER (b). c, (Left) Spearman correlation between copy numbers normalised by ploidy inferred previously in the Funnell et al. analysis and by
SPRINTER in non-S phase cells (x-axis) measured per cell (y-axis showing count of cells). (Right) Copy numbers normalised by ploidy inferred by SPRINTER
in non-S phase cells (x-axis) and by previous Funnell et al. analysis (y-axis) for every cell (dots), demonstrating an overall Spearman correlation of 0.95.
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a S fractions for clones of varying size b Fraction of clones with different proliferation in
tumours with varying total number of clones
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Supplementary Fig. 47: SPRINTER’s results are not affected by clone size or number of clones. a, S fraction (x-axis) and clone size (number of cells per
clone, y-axis) were measured for each clone (dots) identified across all patients in the previous TNBC and HGSC datasets, showing no clear correlation
(Pearson correlation coefficient and test p-value are reported, and the 95% confidence interval for the linear regression is shown in shaded grey). b, Number
of clones (x-axis) and fraction of clones with S fraction significantly different to the average per patient (tested using a Binomial test, y-axis) were measured
for each patient in the previous TNBC and HGSC datasets (dots), showing no clear correlation.
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Supplementary Fig. 48: Driver mutations and deletions of tumour suppressor genes (TSGs) associated with high clone proliferation. a, For each known
TSG (dots, obtained from the COSMIC Cancer Gene Census excluding oncogenes), a one-sided Mann-Whitney U test was performed between the S
fractions of clones with or without a deletion of the TSG to determine a corrected p-value (y-axis, negative log scale), and the related difference between
the average S fractions was calculated (x-axis). After applying the Benjamini-Hochberg multiple hypothesis correction (with family-wise error rate 0.05),
genes passing the test (red with annotations, with the minimum corrected threshold indicated with the dotted line) are enriched in clones with increased
proliferation. b, For each driver mutation (dots), a one-sided Mann-Whitney U test was performed between the S fractions of clones with or without the
mutation, and the related difference between the average S fractions was calculated (x-axis). After applying the Benjamini-Hochberg multiple hypothesis
correction, genes passing the test (red with annotations, with the minimum corrected threshold indicated with the dotted line) are enriched in clones with

increased proliferation.
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Supplementary Notes

1 Assessing the accuracy of S and G2 phase identification

We evaluated SPRINTER’s accuracy in identifying replicating cells in the generated ground truth
datasets. We found that SPRINTER outperformed two previously established methods, the cell cycle
classifier (CCC)" and the MAPD method?, in the identification of S phase cells in all generated diploid
and tetraploid phases (Fig. 2a). We show similar improvements with SPRINTER even when
compared to a version of MAPD that integrates replication timing (tMAPD), demonstrating that just
integrating reference replication scores in existing methods is not sufficient to provide the improved
accuracy enabled by the novel features of SPRINTER (Fig. 2a). When each method was applied to
100 populations of 500 diploid or tetraploid cells sampled uniformly from each cell cycle phase,
previous methods failed to identify cells in early and late S phase (0.2-20.5%). In contrast, SPRINTER
enabled the identification of nearly all late S phase cells (>97.3%) and a fraction of early S phase
cells (15.5-36.1%), while also improving the identification of mid S phase cells (>98.5% vs 39.4-
90.3%) and maintaining high G1 accuracy (>94-99%, with SPRINTER’s S phase calls in the GT1
ground truth consistent with low infiltrating errors, Supplementary Fig. 12). Importantly, we found
that SPRINTER’s accuracy was robust to a higher fraction of replication-timing errors than the
maximum expected in different normal and cancer cells (Supplementary Fig. 16) as well as to the
use of different input subsets of replication scores obtained from both normal and cancer cell lines
(Supplementary Fig. 17). These results demonstrate SPRINTER’s robustness even in the presence of
replication timing errors or alterations specific to the cells analysed. We further confirmed
SPRINTER’s improved accuracy using a previous phase-sorted scDNA-seq dataset” of 5,970 cells
from the lymphoblastoid cell line GM12878 (Supplementary Fig. 14), demonstrating SPRINTER’s
applicability to different scDNA-seq platforms (i.e., T0x CNV Solution) and also confirming that
these improvements are not specific to the newly generated ground truth datasets, but they extend
to other datasets and scDNA-seq technologies. At the same time, previous methods displayed
generally high accuracy in the identification of mid S phase cells, indicating that these methods
remain useful in studies that mostly rely on the identification of these cells, such as replication timing
studies®. Lastly, we found that SPRINTER accurately identified G2 cells (>80% precision and recall,
Supplementary Fig. 18) and provided the best prediction of actively replicating (S and G2 phase)
cells at all possible cut-offs of the inferred classification scores (Fig. 2b).

2 Assessing the impact of improved identification of replicating cells

We assessed whether SPRINTER enables the accurate identification of clones with the same or
different proliferation rates. To do this, we used the ground truth datasets to generate 600 pairs of
diploid and tetraploid cell subpopulations with varying numbers of cells (150-900), with varying
fractions of actively replicating cells (20-30%), and with either the same or a different (+30-50%
relative change) replicating cell fraction in the corresponding paired clone (Fig. 2c,d). We applied
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every method to each pair to assess whether the inferred number of actively replicating cells (S and
G2 phase) was sufficient to correctly classify if the pair had the same replicating cell fraction or not.
We found that SPRINTER enabled the correct classification of most pairs with high accuracy (>85-
95%, Fig. 2d). In contrast, previous methods only displayed limited accuracy of <70% for most pairs
and even lower accuracy of <60% for most subpopulations with <450 cells (Fig. 2d). Given that the
size of tested clones is compatible with those found in previous single-cell studies'*”, SPRINTER’s
accuracy is thus required for accurate proliferation analyses of single-cell data. Furthermore, by
applying all methods to an additional dataset of 4,163 diploid and tetraploid unsorted cells, we
found that methods that aggregate all cells together for S phase identification, especially MAPD,
failed to accurately identify S phase cells in heterogeneous samples containing cells with different
ploidies (both diploid and tetraploid cells), in contrast to SPRINTER, which preserved its accuracy
(Supplementary Fig. 15). This is because distinct subpopulations of cancer cells with different
ploidies within the same sample might require the use of different thresholds for accurately
classifying S phase cells. This result further highlights that it is not only the use of replication scores
but also the other novel features of SPRINTER, especially the cell-specific test for S phase cells, that
are key to enabling accurate S phase identification in heterogeneous cancer samples.

3 Assessing the clone assignment of S phase cells

We evaluated whether SPRINTER enables accurate clone assignment of S phase cells. Preliminary
studies have attempted to overcome this challenge by using basic assignment heuristics based on
correlation metrics® that do not account for replication fluctuations (Fig. 2e,f). To assess SPRINTER’s
novel clone assignment, we generated 30 subpopulations of 300 cells each, comprising altogether
389 clones from tetraploid ground truth cells, which contain clearly distinct clones (Supplementary
Fig. 19) that are expected to have the same proliferation based on previous studies’. On each
subpopulation, we applied both SPRINTER and previous heuristics, which involved inferring the
same number of clones as SPRINTER using hierarchical clustering and assigning S phase cells
identified by either CCC or MAPD to the clone with maximum correlation. We found that SPRINTER
outperformed previous approaches (Fig. 2f) with significantly lower error rates per clone both in the
fraction of true S phase cells (<12% vs. >35%, p < 107>? signed-rank test) and in the fraction of
inferred S phase cells (p < 10753 signed-rank test, Supplementary Fig. 20). While previous methods
obtained significantly different S fraction estimates than the expected values for >32% of clones,
SPRINTER obtained consistent results for nearly all clones (>98%, Fig. 2f). Through an experiment
involving the spike-in of CNAs in these ground truth datasets, we also showed that the accurate
clone assignments provided by SPRINTER enable the recovery of most CNAs >3Mb in both S and
non-S phase cells (Supplementary Fig. 21).

4 Consistency with previous bulk analysis of the NSCLC case

We evaluated the consistency of SPRINTER’s clone inference on the NSCLC case with a previous
bulk analysis of the same primary tumour, which included the same five samples and three
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additional samples (Fig. 3d). SPRINTER’s results on the TRACERx primary tumour samples were
compared to previous bulk analyses®®. To do this, we defined a distance based on SNVs to map
each bulk clone identified in previous analyses to the closest single-cell clone inferred by SPRINTER.
The distance between two clones was computed as the fraction of non-truncal SNVs uniquely
present in only one clone over the total number of non-truncal SNVs. For this analysis, only SNVs
that were identified as non-truncal in bulk analyses and were present in at least one bulk and one
single-cell clone were used. Additionally, SNVs in single-cell clones were identified as present if
they were regarded as either clonal or unknown according to the previous phylogenetic
classification of SNVs as clonal, absent, or unknown (Supplementary Notes 25 and 26).

We found that the SNVs identified in SPRINTER-inferred clones were consistently most
similar to those identified from the same sample in the previous bulk analysis (Supplementary Fig.
35). Similarly, the CNAs inferred by SPRINTER were found to be highly consistent with the CNAs
inferred in the previous bulk analysis (Supplementary Fig. 36). We also matched each bulk clone to
the most similar SPRINTER clone using SNVs: while bulk clones generally matched to single-cell
clones identified in the same sample (Fig. 3d), we also found that several single-cell clones did not
have a matched bulk clone, confirming the increased resolution of SPRINTER's single-cell analysis.
Moreover, we observed that clones with higher proliferation did not always correspond to higher
proportions of cells in the primary tumour, suggesting that these clones might have arisen later in
time than those with lower proliferation (e.g., green clone in region 4 vs. burgundy clone in regions
1,2, 6, and 8 in Fig. 3d).

5 Corroborating SPRINTER’s estimates with Ki-67 analysis

We orthogonally validated SPRINTER’s results using pathological analysis of Ki-67 staining on
tumour areas adjacent to each sequenced sample. A Ki-67 score was measured for all primary and
metastatic samples for which a slide of sufficient quality was available (i.e., sufficiently low necrosis
and high tumour content, details in Supplementary Note 8), including primary region 4 and
metastatic samples from the left adrenal, right adrenal, left frontal lobe, and liver (Fig. 3b and
Supplementary Fig. 32). The Ki-67 and SPRINTER's estimates were nearly the same in primary region
4 (25% vs 23.5%) and, despite the distance between the Ki-67 and sequenced areas being larger in
metastases, the estimates were overall consistent in the metastases as well (Supplementary Fig. 32a).
Notably, the samples that could not be analysed using Ki-67 due to poor slide quality were
successfully analysed using SPRINTER, highlighting a further advantage of the method. Lastly, Ki-67
analysis also corroborated the heterogeneous proliferation rates estimated by SPRINTER within the
same sample in both the primary tumour and metastases: every analysed sample contained tumour
areas within a slide with clearly different S fractions, with at least one area in each sample matching
a clone estimate from SPRINTER (Fig. 3b and Supplementary Fig. 32b).
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6 Corroborating SPRINTER’s results with nuclear and clinical imaging

We further validated SPRINTER’s results using DLP+ nuclear and patient clinical imaging. First, we
measured the nuclear diameter of every sequenced cell, leveraging the nuclear images obtained as
part of the DLP+ protocol'. As expected from previous studies' and from the generated ground truth
datasets (Supplementary Fig. 34), we found that nuclear diameter significantly increased across the
cell cycle phases identified by SPRINTER (Fig. 3c and Supplementary Fig. 33, p < 1071% Mann-
Whitney U test). Even more importantly, we found a significant increase in diameter across the cell
phases identified by SPRINTER per clone (Fig. 3¢ and Supplementary Fig. 33, p < 0.0043 signed-
rank test). Second, we measured tumour growth rates using computed tomography (CT) and
magnetic resonance (MR) imaging acquired for five serial time points through the patient’s metastatic
disease course collected during routine clinical management and collected as part of the TRACERx
study (Supplementary Note 9). Consistent with the expectation that higher proliferation results in
increasing disease burden, we found the average growth rates of the left adrenal, left frontal lobe,
right adrenal, and right occipital lobe metastases (3.34, 1.94, 1.1, and 0.43 log(mm’/day) in
Extended Data Fig. 6) ranked metastases in the same order as the average S fractions estimated by
SPRINTER (40.9%, 37.1%, 30.8%, and 13.4% in Fig. 3a). Additionally, these results confirm that
increased sample S fractions relate to increased proliferation, rather than changes in the length of
cell cycle phases.

7 TRACERx and PEACE tumour tissue samples of a patient with NSCLC

The five primary tumour samples and five anatomically distinct metastatic samples analysed in this
study have been obtained from patient CRUKP9145 (equivalent to patient CRUK0516) with NSCLC
from the TRACERx study®’® (https://clinicaltrials.gov/ct2/show/NCT01888601, approved by an
independent Research Ethics Committee, 13/LO/1546) and the PEACE autopsy study'
(https://clinicaltrials.gov/ct2/show/NCT03004755, approved by an independent Research Ethics
Committee, 13/LO/0972). Informed consent was obtained as part of these studies. The patient was
a 60-year-old male with stage IlIA squamous cell carcinoma, who underwent surgical removal of
the primary tumour and who subsequently relapsed and died 251 days later after receiving multiple
lines of chemotherapy and radiotherapy (Supplementary Fig. 22). The patient died with metastases
in multiple anatomical sites and was enrolled in the PEACE autopsy programme, through which a
post-mortem examination was performed.

Samples for single-cell sequencing were taken from five anatomically distinct samples from
the primary tumour removed at surgery (regions 2, 3, 4, 5, and 8) and five different metastases
sampled at autopsy (left adrenal, right adrenal, liver, left frontal lobe, and right occipital lobe)
(Supplementary Figs. 24 and 25). All surgically resected primary tumour samples were
macroscopically reviewed by a pathologist. Spatially separated tumour samples were collected,
photographed, and snap frozen in liquid nitrogen for subsequent sequencing. Tissue sampling at
autopsy occurred as soon as possible following patient death (63 hours after death) and was led by
a pathologist, guided by information on the patient’s clinical history and pre-mortem radiological
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imaging results. The analysed metastases were sampled and annotated with an anatomical
description by the attending pathologist. Each metastasis sample was bisected along the long axis
and one half immediately snap-frozen in liquid nitrogen before long-term storage at —80°C, with the
other half fixed in 10% neutral buffered formalin prior to embedding in paraffin blocks (formalin-
fixed paraffin-embedded, FFPE) before storage at room temperature. In order to avoid cross-
contamination, fresh instruments were used to handle each individual tumour. Moreover, the
primary tumour biopsy was tested using immunohistochemistry to determine the percentage of
tumour cells expressing PDL1 as part of standard clinical care (using the PDL1 IHC 22C3 Dako
PharmDx assay), and this information was collected as part of the TRACERX trial.

8 Pathological assessment of Ki-67

Ki-67 immunohistochemistry was performed on sections taken from FFPE tissue blocks created from
the five primary and five metastatic samples analysed in this study from patient CRUKP9145 with
NSCLC. Immunohistochemistry was performed using a Bond-lll Autostainer (Leica Biosystems)
according to the manufacturer’s instructions. The FFPE samples tested were taken directly adjacent
to the frozen area that was sequenced. Due to the larger size of the metastatic lesions and their
division into FFPE and frozen sections as described above, slides for metastases tended to have a
greater distance from the sequenced area than that seen for primary tumour samples. Slides with
high levels of necrosis or low purity which prohibited accurate Ki-67 measurement were discarded
for further pathological analysis (including primary regions 2, 3, 5, and 8, and the metastatic right
occipital lobe sample). Fractions of positively stained cancer cells were scored by a pathologist in
line with clinical guidelines to determine average Ki-67 scores per sample and within-sample Ki-67
scores.

9 Patient clinical imaging analysis

For patient CRUKP9145 with NSCLC, pseudoanonymised imaging obtained in routine clinical
follow-up during the metastatic disease course (from disease relapse through to the last scan before
death) was collected as part of the TRACERx study’ (Extended Data Fig. 6). 3D tumour volumes of
all measurable metastases with matched single-cell sequencing data were contoured using the
software ITK-SNAP'"' by an oncology clinician and reviewed by a consultant clinical oncologist.
Linear regression lines were calculated and plotted across lesion-specific volumes for all imaging
timepoints. The gradient of the plotted regression line represented the change in lesion volume over
time (in mm’). Finally, the log change in tumour volume over time (log10(mm’)) was used to capture
the average lesion growth rate from lesion detection to death.

10 Classification of replication timing for genomic regions

Cells replicate their DNA in a specific pre-defined order, which has been shown to be highly

12,13

conserved across different cells, tissue types'*"”, and even cancer cells'*"°. In fact, >50% of the
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genome has preserved early or late replication timing across different cell types and cancers
(Supplementary Fig. 1). For the identification and copy-number analysis of S phase cells, SPRINTER
classifies and uses only genomic bins that are expected to have conserved early or late replication
timing, while all genomic bins are used to perform the other steps of SPRINTER. To identify early
and late genomic bins, we use reference replication profiles obtained from experimental Repli-Seq
data' from different normal and cancer cell lines. Specifically, each profile provides a replication
score for each genomic region (in the form of a log2 ratio), with higher positive values indicating
earlier replication timing and lower negative values indicating later replication timing. In this study,
we have collected three distinct sets of reference replication profiles obtained by analysing Repli-
Seq data in previous studies:

(i) Previously generated datasets for lung adenocarcinoma (A549, H1650, H1792, and
H2009) and normal cell of origin (TT1 and pulmonary alveolar epithelial type Il cells
i.e., T2P) cell lines's;

(ii) Previously generated datasets for breast cancer (T47D, MDA453, SK-BR3, and MCF-7)
and normal cell of origin (HMEC and MCF10A) cell lines'?;

(i) Arange of publicly available cancer and normal cell lines from the ENCODE database
(A549, BG02, BJ, Caki2, HUVEC, G401, H460, HelLa-S3, HepG2, IMR90, keratinocyte,
LNCAP, SK-N-MC, and SK-N-SH).

In addition, in this study we used an additional set of replication profiles generated using the Repli-
Seq protocol' as part of previous studies'® for three lung squamous cell carcinoma cell lines (H520,
H2170, SW900) and a corresponding normal cell of origin cell line (HBEC3). As such, we applied
SPRINTER using three different subsets of these Repli-Seq datasets to obtain the related replication
profiles:

(i) A set of normal lung and breast cell lines all generated using the same sequencing
platform and protocol (TT1, T2P, HBEC3, HMEC, and MCF10A);

(ii) A set of all normal cell lines also including ENCODE data (TT1, T2P, HBEC3, HMEC,
MCF10A, BGO02, BJ, HUVEC, IMR90, and keratinocyte);

(iii) All available normal and cancer cell lines listed above.

Given a subset of replication profiles, SPRINTER uses the related replication scores to classify
the replication timing of different genomic regions. Specifically, for each genomic bin (50kb by
default), SPRINTER calculates the average score across the input subset of reference replication
profiles. Since the average replication scores form a bimodal distribution (Supplementary Fig. 1), we
use fixed thresholds (i.e., <-0.5 for late bins and >0.5 for early bins by default) to classify each bin
as either early replicating, late replicating, or unknown. Importantly, we found that the classification
of these bins is mostly conserved when using different subsets of reference replication profiles, which
were also generated by different Repli-Seq experiments (Supplementary Fig. 1). Moreover, we found
that these classifications were not substantially affected by the use of more stringent definitions: for
example, we observed that the replication timing classifications were mostly conserved when each
bin was defined as either early or late replicating only if the bin had the same classification across
nearly all (>95%) of the cell lines included in the chosen subset of replication profiles.
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Overall, SPRINTER classifies >85% of the genome as early or late when considering the
default classifications, and >50-70% when considering the more stringent definitions described
above. By default, SPRINTER uses the subset of reference replication profiles obtained from the
normal lung and breast cell lines (TT1, T2P, HBEC3, HMEC, and MCF10A) that were generated
within the same study to minimise batch effects in the estimated replication scores (since these cell
lines were sequenced with the same sequencing platform and protocol) and the impact of cancer-
specific replication timing alterations. However, we found that using different input subsets of the
replication scores does not affect SPRINTER’s results (Supplementary Fig. 17).

11 Calculation of read depth ratios

Read depth ratios (RDRs) are the main sequencing signal used across all steps of the SPRINTER
algorithm. Specifically, RDRs are used in each cell to capture read-count fluctuations that are
induced by either CNAs or replication. Similar to previous single-cell studies of CNAs®>, SPRINTER
partitions the reference genome into m small genomic bins (50kb by default, the same defined in
Supplementary Note 10). The RDR of each genomic bin is computed from DNA sequencing data
by comparing the observed number of sequencing reads aligned to that genomic region with the
expected number of aligned sequencing reads for the same genomic region calculated using a
control. As such, SPRINTER computes the RDR x;, of each bin b in three steps for each cell
independently.

In the first step, SPRINTER aggregates the read counts of neighbouring bins into larger
windows, since small bins may not have a sufficiently high number of reads to provide accurate
estimates of RDRs due to the low sequencing coverage of scDNA-seq. As such, for each cell
separately, SPRINTER splits the reference genome into sliding windows of cell-specific size w, such
that each bin represents the start of a different window. In contrast to previous methods'””°, w is
chosen independently for each cell in order to obtain a fixed number of reads on average M across
all windows. This step is important because the total number of sequencing reads per cell R varies
across different cells using scDNA-seq technologies (especially those based on tagmentation'*)
according to their total DNA content; for example, G2 cells are expected to yield a higher total
number of reads than G1 cells (Supplementary Fig. 8). Therefore, the choice of a fixed average
number of reads across windows allows SPRINTER to estimate RDRs with the same expected

variance, which is important for comparative analyses across cells. Specifically, SPRINTER defines
w as the number of bins to be aggregated within the same window, calculated as w = lM/R/m] for

each cell, and the number of reads 7, to be considered for each bin b of the cell is calculated by
aggregating the read counts for all bins within the corresponding window. Moreover, SPRINTER
defines windows of different sizes for two of the key steps: smaller windows are used for the
identification of S phase cells (M = 200 in this study), and larger windows are used for the inference
of CNAs (M = 2000 in this study). Furthermore, during the identification of S phase cells, SPRINTER
defines the windows in order to only combine genomic bins with the same early or late replication
timing. Therefore, during the identification of S phase cells and based on the classification of early
and late bins described above (Supplementary Note 10), SPRINTER defines windows by combining
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bins with the same replication timing when they are neighbouring in the reference genome or if they
are sufficiently close (<150kb by default).

In the second step, SPRINTER calculates the control number of sequencing reads 3, for each
bin b by considering the same windows defined in the first step. Previous studies calculated 7, by
counting the number of aligned reads in b by using a matched normal sample or by using normal
cells as a control’. However, these approaches rely on sequencing a sufficiently high number of
normal cells, which cannot be guaranteed when sequencing tumour tissues. Therefore, like previous
studies', SPRINTER calculates 7, for all bins by using available computational methods (e.g., the
ART algorithm®) to simulate DNA sequencing reads with the same sequencing features as those of
the sequenced cells (i.e., DNA library size, insert size, etc.) and by re-aligning the sequencing reads
to the reference genome using the same procedure (e.g., using BWA for re-alignment to the human
reference genome) as the analysed cells (to guarantee the same alignment biases). Note that different
sequencing error profiles of the simulated reads are not expected to generate significantly different
sequencing read counts when considering genomic bins larger than hundreds of thousands of base
pairs, as in this study.

In the last step, SPRINTER obtains the RDR x;, of each bin b using the calculated read counts
1y in the sequenced cells and 7, in the simulated control by applying the same approach as in the
existing CHISEL algorithm’. Specifically, SPRINTER calculates x;, of each bin b as follows

Xp =

S
| ™

where R, R represent the total number of sequencing reads for the corresponding cells and the total
number of control reads, respectively.

12 Replication-aware correction of GC bias

SPRINTER introduces a replication-aware method to correct RDRs for GC sequencing bias*"*?,

incorporating the classification of replication timing in order to preserve RDR fluctuations induced
by replication in S phase cells. In particular, GC bias is a typical bias in DNA sequencing
experiments that affects calculated RDRs*'** by introducing variations in the RDRs of genomic bins
with different GC content (i.e., fraction of GC nucleotides) that are not due to any underlying
difference in the sequenced genome®. Previous methods correct GC bias in RDRs by fitting a
function that models the relationship between RDRs and GC content (e.g., using linear models or

local regressions'**'??)

. Although these approaches have proven to be successful in enabling
accurate CNA identification, they also lead to the erroneous correction of RDR fluctuations induced
by replication in S phase cells (Supplementary Fig. 5). In fact, since early replicating genomic regions
are GC enriched and late replicating regions are GC depleted, replication-induced fluctuations are
identified as GC bias and erroneously corrected, discarding the main signal used to identify S phase

cells.
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To overcome this limitation, SPRINTER introduces a replication-aware correction of RDRs
for GC bias by leveraging two key observations. First, groups of bins with the same replication timing
(early or late) are less affected by fluctuations induced by replication as they replicate at more similar
times. Thus, SPRINTER infers GC biases in early and late bins separately using a quantile linear
regression. Second, bins with higher GC content tend to replicate earlier than bins with lower GC
content and their RDRs increase during S phase (Supplementary Fig. 5). Thus, SPRINTER identifies
the inferred regressions that are still affected by GC bias as those with an inferred slope substantially
higher than other cells and corrects them. Below, we describe the details of this approach for
correcting GC sequencing bias while preserving replication fluctuations.

The main idea underlying SPRINTER’s GC correction approach is to infer the GC correction
independently within groups of bins that are either early or late replicating. Since bins within the
same replication group replicate their DNA at more similar times than bins in different groups, the
RDRs of bins within each of these groups are less affected by replication fluctuations, and, therefore,
GC correction can be estimated more accurately. Similar to previous studies'’, we use a linear
model for estimating the GC bias within each replication group by comparing RDRs and GC content
across bins. Intuitively, a linear slope of 0 is expected when there is no GC bias and, conversely,
varying values of the linear slope would indicate the presence of different GC biases. To improve
the robustness of the regression and overcome the effect of further variations within each replication
group (e.g., due to differences between replicated/unreplicated bins within the same group), we use
a quantile linear regression using the median as quantile (which is less affected by the presence of
outliers and other variations than standard linear regression), fitting the model using existing standard
algorithms for quantile regressions”. For each cell independently, we thus estimate the GC bias
within each replication group (i.e., early replicating bins, late replicating bins, and all bins together)
and we combine these estimates by averaging the inferred linear slopes and intercepts.

Despite the approach proposed above, the inferred linear model of GC bias can still be
affected by replication due to the presence of some replicated and unreplicated bins within each
replication group (i.e., within early or late groups of bins). However, we can predict the effect of
replication on the inferred linear slopes: replication induces higher values of the inferred linear
slopes because bins with higher GC content tend to replicate earlier than bins with lower GC
content, inducing higher values of RDRs for higher GC content bins and, thus, higher linear slopes
(Supplementary Fig. 6). Based on this observation, we apply an approach that aggregates information
across all cells sequenced together to identify the inferred slopes still affected by replication, since
cells sequenced with the same DNA sequencing library are expected to have similar GC biases.
Specifically, we model the distribution of inferred linear slopes for GC bias as a Normal mixture
model with two components, such that the largest component with lower inferred GC slopes is used
as a reference and the minor component with higher inferred GC slopes is defined as the outlying
distribution, composed of inferred slopes still affected by replication. As such, within each
replication group, we infer the GC linear slope by preserving the inferred value if this falls within
the 95% confidence interval of the reference distribution, or otherwise correcting it to the mean of
the reference distributions.
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Lastly, different datasets generated with different DNA library preparation procedures can
result in substantially different GC biases in the DNA sequencing data. In datasets affected by strong
GC bias (e.g., high inferred GC linear slopes >6 as found in some previous datasets’), accurate GC
correction is more sensitive to errors or underestimations. Therefore, in these datasets we adopt the
same approach to estimate GC bias, but with more stringent and conservative statistics. Specifically,
we estimate the GC linear slope per cell by taking the maximum rather than the average across
different replication groups when the median inferred value of GC slopes is high (i.e., >2 by default)
in any replication group for non-outliers.

13  Replication-aware copy-number segmentation

In SPRINTER, we developed a replication-aware algorithm for copy-number segmentation, which is
applied to each cell independently to identify segments of neighbouring bins that are likely affected
by the same CNAs. The algorithm uses in input the RDR x;, computed for each bin b and a bipartition
of the selected genomic bins into two replication groups, defined as two sets E c {1, ..., m} and L
{1, ..., m} containing the bins with either early or late replication timing (as defined in Supplementary
Note 10). As such, the algorithm is composed of two steps: the first identifies candidate breakpoints
in each replication group independently, and the second infers segments by only selecting the
breakpoints that are compatible with CNAs. These two steps are detailed below.

The first step infers candidate breakpoints in each replication group independently by
identifying change points in RDRs using a Hidden Markov Model (HMM) to capture the dependency
across neighbouring genomic bins as done in previous studies'. In particular, we model RDRs as a
mixture of k Normal distributions, such that the RDR x;, of each bin b is modelled as a draw from a
Normal distribution with a mean u, which is proportional to the underlying copy number ¢, and
replication state t,, and standard deviation o. Since the emissions of an HMM model must be
independent, we only use RDRs estimated from non-overlapping windows of bins (see
Supplementary Note 11) in this model by considering the first bin of each window as representative,
with the other bins overlapping the window assigned to the same state as this representative bin after
the inference has been made. As such, given a possible value of k, the maximum likelihood estimates
of u and o for each of the k mixture components are estimated using the standard Baum-Welch
algorithm for HMMs and the most likely HMM state of each bin (i.e., assignment to one of the
components) is inferred using the standard Viterbi algorithm. Since the value of k is unknown and
higher values of k generally lead to solutions with higher likelihood but also higher model
complexity, we repeat the process with varying values of k (from 2 to 12 by default) and the best
value is chosen using the standard Bayesian Information Criterion (BIC) to balance the choice
between fit of the data and model complexity. In each replicating group, we thus define the
candidate breakpoints for the segments as pairs of neighbouring bins with different inferred HMM
states (with bins inferred with the same HMM state being those assigned to the same mixture
component that are thus inferred to have the same underlying values of copy number ¢, and
replication state t;,). Specifically, given the number of components k£ and k" inferred in the early
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and late replication groups, we use two integer variables hf € {1, ...,kE} and h} € {1, ...,k!} to
represent the inferred HMM state for each bin b when b € E or b € L, respectively.

The second step infers copy-number segments by selecting and preserving only those
segments that are likely to have been induced by CNAs. In fact, the observed RDR x;, of each bin b
is expected to be directly proportional to both the copy number ¢, and replication state t;, i.e., u «
cp - tp. As such, RDR fluctuations across the genome can be induced by either CNAs (changes in the
copy numbers c;) or by replication in S phase cells (changes in the replication state t;). By separately
inferring breakpoints in either the early or late group, we expect that most of the identified
breakpoints are induced by CNAs, since most of the breakpoints induced by replication occur
between early and late bins and are thus discarded by considering early and late groups separately.
However, changes in the inferred HMM states of neighbouring bins can still be induced by either
CNAs (changes in the copy numbers c,) or by replication (changes in the replication state t;) since
bins within the same early or late group can still replicate at different times in S phase cells (i.e.,
they can still have slightly different values of the replication state t;,, Extended Data Fig. 3 and
Supplementary Figs. 11-13). We use the expected differences in the size of the genomic regions
affected by these changes to distinguish these two remaining cases: while segments induced by
replication tend to be short (since consecutive genomic regions with the same replication timing are
short, i.e., <IMb on average with a median of 250kb, Supplementary Figs. 1-3), CNAs measured in
single-cell studies affect large genomic segments® (i.e., ~42Mb on average with >99.9% of CNA
segments >2Mb in size, as measured in previous single-cell studies’, Supplementary Fig. 2) and are
hence expected to induce segments containing both early and late replicating bins. Inspired by this
principle, we thus introduce an approach to combine the breakpoints that were inferred separately
in each group and then select only the corresponding segments that are supported by breakpoints
in both replication groups.

We first combine the breakpoints obtained in the two replication groups and obtain
candidate segments as sequences of neighbouring bins that are not separated by any breakpoint
previously identified in either the early or late replication group. As a result, we obtain 7 candidate
segments such that each segment s is composed of early and late bins that have been inferred to
have the same HMM state, i.e., s © E UL such that [{hf : bes,beE}|=1and |{h}: bes,bE
L}| = 1. We define the inferred HMM state for each segment as the pair (h, h%) where hf = hZ for
any bin b € snE and hi = h} for any bin b € s N L. However, not every segment necessarily
includes both early and late replicating bins since the breakpoints have been inferred between
segments that might not be adjacent in the reference genome. For example, if five neighbouring
genomic bins {1, ...,5} with {1,5} € E and {2,3,4} € L are inferred with the following HMM states
(1,15, 28,28, 2E), a segment will be obtained such that it only includes the late bins 3 and 4 with
HMM state h% = 2 and with no early bin to define h. When this case occurs for a segment, we
assign the missing early/late HMM state for the segment based on the next or previous neighbouring
segment with a matching late/early HMM state, respectively (if this does not exist, the segment is
discarded). As such, each segment s is assigned with an inferred HMM state (hE, hY).
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Lastly, we use the inferred HMM states for all segments to select and preserve only the
segments supported by breakpoints in both replication groups. Since most CNAs tend to affect large
genomic regions, we expect that a segment defined by CNAs will induce changes in the HMM states
of both early and late bins compared to the two neighbouring segments. For example, if segment s
is induced by CNAs, we expect both that hf # hE_; or hE # hE, | and that hk = hL_; or bt # hL,,.
Conversely, segments induced by replication within the same replication group are expected to
display differences only in either the early or late HMM state, since breakpoints were inferred in the
replication groups independently (such that replication-induced differences between early and late
regions were not identified as breakpoints). Segments induced by replication are thus not expected
between different replication groups and are only expected within either the early or late replicating
groups (due to the presence of bins that replicate earlier than other bins in the same group).
Specifically, segments induced by replication are expected within the early group in early S phase,
while segments induced by replication are expected within the late group in late S phase (Extended
Data Fig. 3 and Supplementary Figs. 11-13). As such, we identify segments induced by replication
as those segments that do not display changes in one of either the early or late HMM states compared
to the two neighbouring segments. More specifically, we define a segment s to be induced by
replication either if hf = hE_; and hE = hE, |, or if hk = hL_; and ht = hL, ;. Therefore, we remove
the segments identified as replication-induced, and, by removing the related breakpoints, the
corresponding bins are included in the neighbouring segments with matching early or late inferred
HMM states. The only exception to this selection is the presence of neighbouring segments that have
been identified to be induced by replication using two different replication groups. For example,
given four segments with the following HMM states ((1, 1), (1, 2), (1, 2), (2, 2)), both the second and
third segments are defined to be induced by replication, but the second is defined based on early
HMM states (first element of pairs), while the third is defined based on late HMM states (second
element of pairs). Since these cases are unexpected but can occur when CNAs affect genomic
regions genomically close to segments induced by replication, these segments are not removed but
are preserved by SPRINTER as segments induced by CNAs.

To conclude, we also note that rare CNAs that exclusively overlap large domains of early
and late replicating regions can induce segments that cannot be identified with the approach
described in this section. However, these segments can be correctly recovered in later SPRINTER
steps. Specifically, in G0/1/2 phase cells all CNAs can be accurately inferred during the CNA
identification step (Supplementary Note 15), since all RDR fluctuations can be related to CNAs in
these cells, and the segments are re-inferred from all RDR values of all bins. Moreover, in S phase
cells these rare CNAs can be later corrected using the CNAs inferred for the G0/1/2 phase cells
assigned to the same clone (Supplementary Note 19).

14  Cell-specific identification of S phase

For S phase identification, SPRINTER leverages the expected RDR fluctuations between early and
late replicating bins to introduce a statistical permutation test that can be applied to each cell
independently. Specifically, we model the RDR x;, of bin b in a cell to be directly proportional to
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the total copy number c;, € N and the replication state t;, € [1, 2], which represents the replicated or
unreplicated status of b in the actual phase of the cell, i.e., x, < t;, - c;,. Note that t, has been
modelled as a continuous variable within [1,2] rather than a discrete variable within {1,2} to
account for the fact that each bin can potentially contain genomic regions with different replication
timing. As such, we expect t, =1 for all bins in GO/1 phase cells, t;, = 2 for all bins in G2 phase
cells, and both t, = 1 and t;, = 2 for non-empty subsets of bins in S phase cells. While S phase cells
can be identified as those cells with varying values of t;, across bins, these variations cannot be
directly identified from RDRs since each xj, is also influenced by different copy numbers cj,.
However, SPRINTER has already identified segments of bins likely affected by the same CNAs and,
hence, with the same values of ¢, (Supplementary Note 13). We thus leverage SPRINTER’s copy-
number segments to correct RDRs for the effect of varying values of ¢,. To do this, we calculate the
replication timing profile (RTP) %, € R for each bin b by normalising x;, by the median value of
RDRs computed across all bins in the same segment (Extended Data Fig. 4 and Supplementary Fig.
7); as such, we expect that X, only depends on t,, i.e., X, < t;. To avoid biased estimates due to
varying numbers of early and late bins in different segments, we estimate the median RDR in each
segment by bootstrapping the same number of early and late bins (using the minimum sample size
between the two groups).

The resulting RTPs provide a signal to identify S phase cells since the RTP %, of each bin b
only depends on the replication state t;, and varying values of t;, across the genome are a hallmark
of S phase cells. Although the values of t, are unknown, we expect early bins to replicate before
late bins (Extended Data Figs. 1-3 and Supplementary Figs. 11-13) and, hence, we expect in S phase
cells that a subset of early replicating bins always have higher values of t, than a subset of late
replicating bins across the genome (i.e., t,, = t;,, for an early bin bg and a late bin b;). Specifically,
S phase cells in the early stages of replication are expected to have a subset of early bins with higher
tp than all late bins (since none of the late bins have started replication), while S phase cells in the
later stages of replication are expected to have a subset of late bins with lower ¢, than all early bins
(since all early bins have already replicated, Extended Data Fig. 3 and Supplementary Figs. 11-13).
In order to use the RTPs to capture these two cases, we introduce the following two test statistics

I{b=b€E,>|?Z>|> LA-9)} and I{DZDELlfjlb< E@)}

where E, L are the sets of all early or late bins, L(1 — q) is the 1 — g quantile for the RTPs of late
bins, and E(q) is the g quantile for the RTPs of early bins. In particular, L(1 — q) and E(q) are used
as reference RTP values to count how many early and late bins have higher and lower values,
respectively, than those with a different replication timing, using a user defined value q to control
sensitivity (g = 0.05 by default). Note that this statistic is expected to be robust to the presence of
alterations or errors in replication timing classifications, since it requires only a subset of bins, not
all early or late bins, to display the expected signal in RTPs.

To identify S phase cells, SPRINTER introduces a statistical permutation test to assess if either
of these two statistics has a value significantly different than what is expected by chance in each
cell, indicating the presence of a significantly large subset of early bins with substantially higher
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RTPs than late bins, or a significantly large subset of late bins with substantially lower RTPs than
early bins. Specifically, SPRINTER performs a permutation test by randomly permuting the early and
late replication timing of bins (by default 10° permutations) and computing the null distributions of
both statistics. Since variations of t;, are expected to occur along the entire genome during S phase,
we perform the test on each chromosome independently and the resulting values of each statistic
are combined using the harmonic mean; this approach helps overcome noise and errors that can be
localised to certain genomic regions. A p-value is thus computed by fitting a Beta distribution to the
empirical null distribution generated by the test, and the two p-values obtained for each statistic are
combined using the minimum. Finally, a multiple-hypothesis correction is applied for all cells using
the Holm-Sidak method and each cell that passes the correction is defined as S phase. In contrast
to previous approaches that aggregate all sequenced cells together, SPRINTER’s method is applied
to each cell independently, providing a significance assessment for each cell individually and
making the method suitable to heterogeneous tumour samples characterised by cells with different
ploidies and CNA rates.

15 Inference of baseline copy numbers in G0/1/2 phase cells

SPRINTER infers CNAs in GO/1/2 phase cells by identifying the baseline copy number ¢, of every
bin b in each of these cells. In particular, we consider ¢, as the baseline number of copies that the
cell has in its corresponding GO/1 phase. This definition is necessary because while G2 cells have a
doubled value of ¢, for all bins, RDRs cannot be used to unequivocally distinguish the underlying
copy numbers of cells with the same CNAs that are either in GO/1 or G2 phase. In fact, the RDR x;,
of every bin b is linearly proportional to the underlying number of copies ¢, according to a cell-
specific scale factor y that depends on the cell ploidy, i.e., x;, =y - ¢, for every bin b. Therefore,
since the cell ploidy is unknown, there always exists at least two values of y that equivalently explain
the same expected values of x;, one for G1 and one halved for G2. Moreover, inferring baseline
copy numbers is an essential feature for clone inference since clones are only distinguished by
different, inherited CNAs and not by temporary variations of the underlying copy numbers induced
by G1 to G2 by replication.

Like previous studies'”, we adopt a parsimonious approach that finds the value of y yielding
the lowest values of baseline copy numbers ¢, to explain the observed RDRs. Specifically, we use a
Hidden Markov Model (HMM) to assess the likelihood of multiple plausible values of y and we
choose the best candidate using the Bayesian Information Criterion to select among models of
varying complexity (corresponding to higher copy numbers). To obtain a model which is more
specific and robust than previous HMM algorithms'”?, we also integrate the segments previously
inferred by the second step of SPRINTER to fix most of the model parameters (e.g., RDR variance
and CNA rates, Supplementary Note 13). Note that CNA segments are re-inferred directly from RDRs
in this step for G0/1/2 phase cells using all genomic bins and considering every potential RDR
fluctuation since G0/1/2 phase cells are not affected by replication fluctuations. Therefore, rare CNA
segments that might have been erroneously excluded from the second step of SPRINTER because
they occur in genomic regions with only early or late replication timing can be correctly recovered
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in this step and can also be used later to correct potentially missed CNAs in S phase cells assigned
to the same clone.

In detail, SPRINTER infers the baseline copy number ¢, of every bin b in every G0/1/2 phase
cell in two steps: the first step identifies the scale factor y, relating ¢, to the observed RDR x;, such
that ¢, =y - x;, as shown in previous studies’, and the second step infers CNA segments and the
corresponding copy numbers. Moreover, the RDRs estimated in larger windows and using all
genomic bins (Supplementary Note 11) are used for this step (as well as subsequent steps related to
CNAs) since most CNAs affect large genomic regions (e.g., >2Mb'**?*, Supplementary Fig. 2).
Below, we describe the details of these two steps.

First, to identify the scale factor y, SPRINTER evaluates a set of plausible values for y and
chooses the best candidate using model selection. In particular, SPRINTER enumerates plausible
values of y by guessing all realistic values of copy numbers ¢, (i.e., 2, 3, 4, ...) for all the bins
belonging to the most frequent copy-number state, which was identified during the preliminary
segmentation performed in the previous second step of SPRINTER (Supplementary Note 13).
Specifically, similar to previous studies’, the set T of plausible values of y is obtained as

r= {%ZMB /g 0€f2,..,08

where B is the largest set of bins identified with the same copy-number state by SPRINTER’s
segmentation and @ is the fixed maximum value for the copy number of bins in B (by default § = 4).
As such, SPRINTER evaluates each candidate y € T' by computing the likelihood L(y; x4, ..., X;)
using an HMM with Normal emissions and a diagonal covariance matrix as described in the next
step.

Next, SPRINTER aims to identify CNA segments and the corresponding copy numbers by
evaluating each candidate value of the scaling factor y identified earlier and using an HMM (with a
model different than the one applied in Supplementary Note 13). While HMMs have been used in
previous methods for single-cell CNA inference'”, SPRINTER introduces a simpler model to improve
robustness (i.e., fewer parameters) by integrating additional information separately inferred in
previous SPRINTER steps. In particular, SPRINTER fixes three main parameters: (1) the means of the
Normal distributions are fixed to the expected RDR values for all possible copy numbers, which can

be directly obtained from the given y as {y-c: c € {0, ..., ly . ml?xxb]}}; (2) the variances of the

Normal distributions are fixed using a sample estimate computed from the segments previously
inferred in the second step of SPRINTER; and (3) the probability of changing each copy-number state
in the transition matrix is fixed to a constant based on the number of previously inferred segments.
Moreover, similar to previous SPRINTER steps (Supplementary Note 13), only non-overlapping
windows are used as emissions of the HMM model. Thus, L(y; x4, ..., x,) is computed by only fitting
the starting probabilities (i.e., the probability of the first copy-number state in each chromosome)
using the standard Baum-Welch algorithm, and the corresponding baseline copy numbers c;, ..., ¢y
are inferred using the standard Viterbi algorithm. Since higher values of y tend to lead to higher
likelihood values but also higher model complexity (i.e., higher number of parameters increasing
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with the number of available copy numbers), SPRINTER chooses the best value of y and
corresponding baseline copy numbers c, ..., ¢y, using the standard model-selection BIC as in
previous steps.

16 Inference of CNA-based clones

SPRINTER infers clones by identifying distinct subpopulations of cells that share the same
complement of CNAs, which have been previously inferred by SPRINTER for all G0/1/2 phase cells
(Supplementary Note 15). This inference is not straightforward because cells in the same clone are
not expected to have identical CNAs due to the presence of cell-specific CNAs and errors in the
inferred CNAs. While the previous CHISEL algorithm has introduced a hierarchical clustering
approach to overcome these challenges’, this approach relies on fixed and known estimates of the
distance between cells and related clones, namely the cell-to-clone distance computed using the
Hamming distance of the inferred CNAs. Briefly, given a known estimate of the maximum cell-to-
clone distance € between two cells in the same clone, CHISEL infers the clones by cutting the
reconstructed hierarchy into groups of cells that have pairwise distances lower than €. However, the
rates of cell-unique CNAs and errors can vary substantially in different datasets and across different
scDNA-seq technologies. Therefore, SPRINTER improves CHISEL’s approach by introducing an
auto-tuning procedure to automatically estimate the maximum cell-to-clone distance. Specifically,
SPRINTER empirically computes the distribution of the distance between pairs of cells with similar
ploidies (measured as the average inferred copy number) and uses a mixture model to identify the
distribution of the pairwise distances for cells within the same clone. This is done under the
expectation that distances computed between cells in different clones are higher than those
computed between cells belonging to the same clone. As such, the inferred component with the
lowest mean is used to estimate the maximum cell-to-clone distance.

In detail, in order to automatically estimate the maximum cell-to-clone distance € per sample
of sequenced cells, SPRINTER empirically computes the distribution of the pairwise distances
between all cells by using a randomly sampled subset of GO/1/2 phase cells sampled from the largest
group of tumour cells with the same ploidy (identified using the same method described in
Supplementary Note 17). We expect this mixed distribution to be composed of two groups of
unknown components. The first group is formed by a single component, which is the distribution of
the distances between pairs of cells that belong to the same clone. In fact, when comparing pairs of
cells belonging to the same clone, the distances between cells is only influenced by the expected
error rate and cell-specific CNAs, forming a distribution of pairwise cell distances within the same
clone. The second group is composed of other distributions with higher values of distances that are
obtained when comparing cells belonging to different clones. As such, SPRINTER deconvolves these
distributions using a Gaussian mixture model and it selects the distribution of distances for cells
within the same clone as the component identified with the lowest mean. Finally, using this latter
distribution, SPRINTER obtains € as a fixed quantile (0.7 by default in order to be conservative in
the definition of clones) of the inferred distribution with the lowest mean.
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17  Correction of ploidy and clone errors

SPRINTER introduces a hypothesis-testing approach to identify and correct artefactual clones
derived from errors in the inferred ploidy of certain cells (where cell ploidy is measured as the
average inferred copy number). In fact, as shown in previous studies’, errors can frequently occur
in the inference of the scale factor y despite the use of model selection, leading to the erroneous
inference of ploidy and related CNAs for certain cells and, consequently, to the identification of
artefactual clones. Since artefactual clones derive from cells that should belong to other clones but
have been inferred with different, erroneous ploidy and copy numbers, the key idea of the approach
introduced by SPRINTER is to test whether the cells in clones with different ploidy, i.e., with a ploidy
different to most other tumour cells, can be equally explained by the ploidy and CNAs of other
clones. Specifically, each clone with different ploidy is compared to any other clone by inferring
CNAs using the same value of y and testing if the CNAs inferred for the cells in the former clone are
significantly different to the CNAs of cells from the latter clone. As such, clones that do not pass the
test are the result of ploidy errors and are combined.

In detail, SPRINTER introduces a statistical test in which every clone i inferred with a ploidy
different than most other tumour cells is compared to any other tumour clone j. In particular, clones
are defined to have different ploidy when the ratio between the two ploidies is higher than a fixed
threshold ¢ (by default equal to 1.2), i.e.,

max{1/m Zm oo Ym T €0}
min{1/pm S oo Ym T €03

As such, the test between clones i and j inferred with different ploidies is performed in two steps.

>¢

In the first step, the baseline copy numbers of all cells in clones i and j are recalculated using
the same value of the scaling factor y (i.e., assuming the clones have the same ploidy), which is
obtained from the clone with the highest ploidy. This is done by scaling by y the average RDR within
every segment of each cell in clones i and j, and by rounding it to the nearest integer. Moreover,
the segments are obtained per cell by combining neighbouring bins within the same chromosome
that have been previously inferred as having the same copy numbers by SPRINTER.

In the second step, we test whether the cells in clones i and j have significantly different
copy numbers based on the values recalculated in the first step. To do this, we assess if the cells in
clone i have significantly higher pairwise distances (computed like in Supplementary Note 16 with
the Hamming distance between copy numbers) to cells in clone j than another random group of
cells in the same clone j. Specifically, we randomly sample groups of cells of equal size without
replacement (up to 100 cells per clone) and we compute the pairwise distances between cells in
clone i and the cells in the first group of clone j, as well as between cells in the two groups obtained
from clone j. As such, we obtain two empirical distributions of pairwise distances (one between
cells in clones i and j, and one between the two groups of cells in clone j) and use a one-sided
Mood’s median test to assess if the distances between cells in clones i and j are significantly higher
than those between the two groups of cells in clone j.
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Finally, if clones i and j are found to have significantly different distances (with a significance
level of 1% with Bonferroni correction), this result indicates that the two clones are not only
distinguished by errors in the identified ploidy but also by different CNAs; thus, the clones are not
changed. Otherwise, if clones i and j have non-significantly different distances, clone i is
disregarded and the related cells will be assigned to other existing clones. Specifically, the cells in
clone i are assigned to the best other existing clone using the same Bayesian probabilistic approach
applied for the clone assignment of S phase cells (Supplementary Note 18).

18 Clone-assignment of S phase cells

To enable the accurate assignment of S phase cells to clones, SPRINTER introduces a method that
first corrects RDR fluctuations due to replication in each S phase cell independently, and next applies
a Bayesian probabilistic approach to assign each corrected S phase cell to the maximum-a-posteriori
clone.

First, SPRINTER uses the previously-inferred copy-number segments to correct the RDRs of
each S phase cell independently for replication fluctuations. Since the RDR x; of each bin b is
directly proportional to the baseline copy number ¢, and the replication state t; (i.e., x; o t}, - cp,
Supplementary Note 14), SPRINTER computes a replication-corrected RDR X, by subtracting the
effect of t, from x,. Even though t; is unknown, SPRINTER’s segmentation has identified in the
second step (Supplementary Note 14) groups of bins I, with the same value ¢ of copy numbers and,
among these, it also identifies subgroups of bins T, with the same value t of replication state. As
such, within each segment we correct x;, of every bin b by a scaling factor that depends on both the

average RDRs of I, and T, ;, so that every bin within the same segment has the same expected

b,th
value for x;,. In particular, SPRINTER computes x;, as follows
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where T, is defined by all segments identified with the same copy-number state c,, and T, ¢, is
defined by bins within these segments that are also inferred to have the same underlying value of
replication state t;, by the HMM algorithm used by SPRINTER’s segmentation within either the early
or late replication timing group. The resulting values of the replication-corrected RDRs are thus
expected to only depend on the baseline copy numbers, i.e., x;, o c;, and can be used for CNA

analysis (Extended Data Fig. 4 and Supplementary Fig. 7).

Next, SPRINTER introduces a Bayesian approach to assign each cell to a maximum-a-
posteriori clone based on the replication-corrected RDRs. If k is the number of inferred clones, we
model the assignment of a cell to a clone as the discrete variable t € {1, ...,k} such that T =i
indicates that the cell is assigned to clone i. SPRINTER thus infers the assignment 7* that maximises
the posterior probability P(t | %y, ..., Xp,), Which is proportional to the product of the likelihood
L(t; X4, ..., Xpy) and the prior probability P(7), i.e.,
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% = argmax P(t | X4, ..., Xpp) = argmax L(T; Xq, ..., X;m) - P(7).
T€{1,...,k} te{l,... , k}
For every clone i, we compute L(t; %1, ..., X,,) by modelling each %, as having been drawn from a
Normal distribution where the mean is the expected value of the replication-corrected RDRs
computed based on the clone copy numbers. Specifically, the clone copy number C,, ; of each bin
b is defined as the most frequent value for the inferred copy number c¢;, across all the G0/1/2 phase
cells belonging to clone i. As such, the likelihood is computed for each clone i as follows

2 Xp

2
“bb
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be{1,..,m}
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where f is the Normal probability density function with mean C,, ; 2y (which is the expected value
p Y y iy, p

Chji
of %, given the copy numbers of clone i) and o}, is the maximum likelihood estimate of the variance,
computed using all the bins expected to have the same copy number C; in the clone. Moreover,
we compute the prior probability P(7) using the size of each clone, which we estimate using the

number N; of GO/1/2 phase cells belonging to i, i.e., P(t) = Ne . SPRINTER thus assigns each
p ging Y. N, 8

cell to clone t*.

19 Inference of copy numbers in S phase cells

SPRINTER infers the CNAs of the identified S phase cells using the assigned clones (Supplementary
Note 18). For each S phase cell, SPRINTER infers the baseline copy number ¢, of every bin b by
using the replication corrected RDRs %, (calculated in Supplementary Note 18, Extended Data Fig.
4 and Supplementary Fig. 7) and by using the inferred CNAs for the clone 7* to which the S phase
cell has been assigned. In particular, SPRINTER uses the same HMM applied to infer CNAs in G0/1/2
phase cells (Supplementary Note 15), but uses the replication corrected RDRs x;, and fixes the scale
factor y based on the expected copy numbers Cy .+, ..., Cy o+ Of the assigned clone 7* (defined by
consensus using the corresponding GO0/1/2 phase cells), i.e.,

, = b Xp
26 Chi

The inference of the baseline copy numbers for every cell in each clone allows SPRINTER
to compute a CNA-based distance between each cell and the corresponding clone, using the
Hamming distance between the corresponding copy numbers across bins (like in Supplementary
Note 16). SPRINTER uses this distance to identify and potentially discard outlying cells. In fact,
outliers are expected in single-cell sequencing experiments due to experimental failures or other
types of artefacts'”. Given a fixed and user-tuneable expected proportion € € [0, 1] of outliers (by
default chosen to be € = 0.7 based on previous studies'”?), SPRINTER excludes the e-proportion of
cells with the largest clone distance in the group of G0/1/2 and S phase cells independently. Note
that outliers are excluded independently across G0/1/2 and S phase cells and using a fixed threshold
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to allow comparison across different clones and samples without affecting the overall estimated
fractions of S phase cells.

Lastly, small, rare CNAs that exclusively occur in genomic regions with only early or late
replication timing cannot be identified with this method in S phase cells, since the fluctuations
induced by these rare CNAs would be erroneously corrected as replication-induced fluctuations and
related segments would have been excluded in the second step of SPRINTER. Therefore, SPRINTER
adds a specific correction for these cases that corrects the CNAs inferred for each S phase cell
whenever a replication-timing-exclusive CNA is inferred for the assigned clone (i.e., in the G0/1/2
phase cells belonging to the assigned clone, since all CNAs can be accurately inferred in the G0/1/2
phase cells given all bins and all RDR fluctuations are used in the CNA analysis of these cells). The
same approach is also adopted to correct small CNAs that could be more difficult to identify in S
phase cells. As such, SPRINTER identifies clone-specific copy numbers using a consensus approach
(similar to previous approaches’), such that the clone-specific copy number of every genomic bin is
defined as the most common copy number across all of the corresponding G0/1/2 phase cells.
SPRINTER identifies every segment defined by these clone-specific copy numbers that only occurs
in early or late genomic regions, or that is small (<5Mb by default), and corrects the corresponding
copy numbers in every S phase cell assigned to the same clone to the clone-specific copy number.
Using a spike-in experiment of CNAs of varying size, we showed that this approach enables
SPRINTER to accurately recover most CNAs of >3Mb in size in both G0/1/2 and S phase cells
(Supplementary Fig. 21).

20 Identification of G2 cells per clone

SPRINTER identifies G2 phase cells in each inferred clone separately among the corresponding
G0/1/2 phase cells. Although G2 phase cells cannot be distinguished from GO/1 phase cells solely
based on RDRs (Supplementary Note 15), G2 phase cells are expected to yield higher total read
counts than G1 phase cells in most scDNA-seq experiments. In fact, the total read count R; = Y, 1,
of any cell j is expected to scale with the DNA content of the cell, especially for tagmentation-based
technologies such as DLP+' (Supplementary Fig. 8). Since G2 phase cells have doubled their DNA
content compared to GO/1 phase cells within the same clone, we expect that R; > R, for a G2 phase
cell j and a GO/1 phase cell I. Based on this, SPRINTER introduces an importance sampling method
to estimate the fraction u of G2 phase cells in each clone by deconvolving the distributions of total
read counts generated by either GO/1 or G2 phase cells using a Negative Binomial mixture model.
Additionally, the method integrates information from the identified S phase cells: since G2 phase
cells are also expected to yield higher read counts than S phase cells on average (Supplementary
Fig. 8), we constrain the inference of u such that the resulting G2 phase cells have an expected read
count higher than the expected read count of S phase cells. As such, the probability of each cell
being in GO/1 or G2 phase is computed using the likelihoods of the fitted model and a uniform prior,
and G2 phase cells are defined as those with a probability below a certain threshold of being in
GO0/1 phase (<0.3 by default). Below, we describe the details of this method.
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Among all the G0/1/2 phase cells identified in each clone, SPRINTER identifies G2 phase
cells per clone by using an importance sampling method based on the total read count R; = ¥, 1, ;
of every G0/1/2 phase cell j in the clone. In particular, we model the total read counts of cells within
the same phase as a Negative Binomial distribution, such that R;~NB(R?, A") for total read counts
of GO/G1 phase cells and R;~NB(R?, A?) for total read counts of G2 phase cells. Note that a
Negative Binomial model was chosen to account for potential overdispersion in the observed total
read counts in addition to standard Poisson models. Moreover, since the total read counts of different
cells can also be affected by varying ploidy and cell-unique CNAs, we use a quantile sigmoid
regression to correct the total read counts of all cells based on the average copy number estimated
by SPRINTER. Note that a sigmoid regression has been chosen since the relationship is not
necessarily linear in scDNA-seq as shown in the generated datasets (Supplementary Figs. 8 and 10).

Since we do not know which cells are in either GO/G1 or G2 phase, we model the observed
total read counts Ry, ..., R,, for the n sequenced cells as a mixture of the two unknown distributions
NB(RY, AY) and NB(R? A?). As such, we develop an importance sampling approach to obtain a
maximum-a-posteriori estimate of the fraction u of G2 cells in the clone, used to fit a model to
separately classify GO/G1 vs G2 phase cells. Specifically, plausible values of u are chosen from a
candidate distribution that we define as the weighted combination of two uniform distributions in
which a higher weight (2/3 by default) is assigned to values of u that are proportionally lower than
or equal to the fraction of inferred S phase cells. Note that these weights are chosen since the number
of G2 cells is generally expected to be lower than the number of S phase cells in a clone (since S
phase tends to be longer than G2 phase), but our method does not disregard the opposite alternative.
Moreover, the maximum value p is estimated based on the fact that G2 phase cells are expected to
have higher total read counts than S phase cells on average. Therefore, the maximum value of u is
estimated as the fraction of G2 phase cells with total read counts higher than the mean total read
count in S phase cells on average across clones. For each sampled value 4 among the candidates,
we fit NB(R!, A') and NB(R?, A%) by separating the n - u cells with lowest and highest total read
counts. We then use the standard Broyden-Fletcher-Goldfarb-Shannon algorithm in each group to
find the maximum-likelihood estimates of the corresponding parameters. The likelihood of the fit is
used as the importance weight for each sampled value of u and the posterior probability is estimated
by using a reverse-linear transformation on these weights. Based on the models fitted using a
maximum-a-posteriori value of u, SPRINTER calculates the posterior probability of every cell being
in either G1 or G2 phase using a uniform prior. Based on a fixed threshold to control the sensitivity
of inferring G2 phase cells (30% by default), SPRINTER infers as G2 phase all the cells that have a
probability below this threshold of belonging to the distribution of G1 phase cells. All the remaining
cells are defined as GO/1 phase cells.

21  Single-cell whole-genome DNA sequencing

We performed single-cell whole-genome DNA sequencing on all cells from the HCT116 ground
truth datasets and from the NSCLC case of the TRACERx/PEACE patient using the DLP+ protocol as
previously described'’. Given that only snap-frozen patient tissue was available for this study, all
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HCT116 cells and patient tissue samples underwent single nuclei isolation prior to DLP+
sequencing. Overall, the protocol is composed of three main steps, briefly described below.

Single nuclei preparation and staining

Single nuclei were isolated from snap-frozen patient tissue using a modified version of the previously
described “Frankenstein protocol” (dx.doi.org/10.17504/protocols.io.bgxymxpw). In brief, patient
tissue between TxTmm and 3x3mm in size was transferred to a 15ml falcon tube along with 500pl
of chilled Nuclei EZ Lysis Buffer (Sigma, N3408) and briefly homogenised using the TissueRuptor II
(Qiagen, 9002757). The homogenate was topped up with Tml of chilled Nuclei EZ Lysis Buffer and
incubated on ice for 5 minutes, with gentle mixing 1-2 times during the incubation. The nuclei
suspensions were filtered using a 70um mesh filter into a fresh 2ml tube and pelleted at 500g for 5
minutes at 4°C. The supernatant was removed, and the nuclei were gently resuspended in 1.5ml of
Nuclei EZ Lysis Buffer before incubating for 5 minutes on ice. After incubation, the nuclei were
pelleted, the supernatant was removed, and the nuclei were resuspended in Tml of a 1:1 ratio of 1x
PBS + 0.04% BSA and Nuclei EZ Lysis Buffer. The nuclei were pelleted again and resuspended in
Tml of 1x PBS + 0.04% BSA before filtering through a 40pm mesh filter and quantified using the
LUNA-FX7 automated cell counter (Logos Biosystems).

The nuclei suspensions were stained as previously described'. In brief, nuclei were stained
with LIVE/DEAD Fixable Far Red (ThermoFisher, L34973), and incubated at 37°C for 20 minutes
before being pelleted and resuspended in 500pl of 1x PBS + 0.04% BSA. For the primary tumour
samples, the nuclei were stained with Hoechst 33342 (Thermofisher Scientific, 62249) and
incubated on ice for 20 minutes. The nuclear suspensions were then quantified using the LUNA-
FX7 and diluted to an optimal loading concentration of 200 nuclei/pl in preparation for isolation
using the CellenONE F1.4 instrument (Cellenion).

For the ground truth dataset, nuclei were isolated from HCT116 single cell suspensions as
previously described'. In brief, the volume of cells was doubled with Nuclei EZ Lysis Buffer before
being pelleted at 500g for 5 minutes at 4°C. The supernatant was removed, and the nuclei were
resuspended in a suitable volume of 1x PBS + 0.04% BSA before being quantified with the LUNA-
FX7 and diluted to 200 nuclei/pl in preparation for isolation using the CellenONE F1.4. Staining was
not necessary as the nuclei previously underwent Hoechst 33342 staining during the FACS process.

CellenONE nuclei isolation and nuclear imaging

Single nuclei suspensions were loaded into the CellenONE F1.4, a contactless piezoelectric
dispensing instrument, and dispensed using a glass nozzle into nanochips (TakaraBio, 340046)
containing 5184 individual nanowells pre-printed with Illumina-compatible combinatorial dual-
indexed sequencing primers (Integrated DNA Technologies) as previously described'. As part of the
CellenONE’s nuclear dispensing process, morphological information, including nuclear diameter,
for each isolated nucleus was automatically captured using the CellenONE’s software (version
2.0.1.1029). These nozzle images were used to measure nuclear diameter in this study. Note that
due to the curvature of the dispensing nozzle, nuclear diameter recorded by the nozzle-based
images can appear consistently slightly larger when compared to microscopy imaging. For the
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HCT116 ground truth datasets, all diploid and tetraploid cells were dispensed into the same
nanochip for processing. Similarly, for the NSCLC case, all cells obtained from the same tumour
sample were dispensed into the same nanochip, so that library preparation was performed
simultaneously on all cells within the same nanochip and subsequently sequenced together. Prior
to library preparation, all nanochips underwent fluorescent microscopy imaging to verify single-cell
occupancy. Specifically, this imaging was performed using a Zeiss Axio Observer Z1 widefield
microscope, equipped with a SpectraX lightsource using a Zeiss Plan Neofluar 10X/0.3NA lens.
Image acquisition was done using Micro-Manager and using the Micro-Manager High Content
Screening (HCS) Site Generator plugin.

DLP+ library preparation and sequencing

Libraries were prepared using the DLP+ protocol as previously described'’. In brief, nuclei were
enzymatically and heat lysed (Viagen DirectPCR Lysis Reagent, 301-C), followed by the addition of
a tagmentation mix comprising 10nL TDE1 buffer, 10nL BLT enzyme, 20nL PCR water (lllumina
DNA Prep, 20060060),) and then neutralisation (Qiagen Protease, 19157). Libraries were PCR
amplified for a total of 11 cycles using Enhanced PCR Mix (lllumina DNA Prep), pooled by
centrifugation, and size selected using SPRIselect purification beads (Beckman Coulter, B23319).
Library quantification was performed using the Qubit Fluorometer (ThermoFisher, Q33231) and
library size measured using the Tapestation 4200 (Agilent, 5067-5583) before sequencing with
150bp paired-end reads on the Illumina NovaSeq 6000 at the Genomics Science Technology
Platform at the Francis Crick Institute.

22 Generation of a ground truth dataset of cell cycle-sorted cells

We generated ground truth sequencing datasets with diploid and tetraploid cells in known cell cycle
phases sequenced using the DLP+ protocol. To avoid cross-contamination between cell cycle
phases, a common occurrence when using standard FACS techniques used in previously described?,
we used an improved flow cell sorting approach based on previous studies*® which uses two
independent signals to sort the cells of interest. The first is EdU, which is incorporated into actively
replicating DNA and has been shown to accurately and comprehensively capture S phase cells*®,
and the second is DNA Hoechst 33342 dye to measure DNA content (Supplementary Fig. 9). To
apply this approach, we chose the colorectal cell line HCT116 as it provided an isogenic system
which had already been analysed in previous longitudinal studies’, and enabled the creation of both
diploid and tetraploid ground truth datasets’. In particular, the availability of both diploid and
tetraploid ground truth datasets allows the validation of SPRINTER at different ploidies, which is
important since whole genome duplications (WGDs) are frequent in cancer and may affect single-
cell analyses due to increased CNA rates>”. The diploid and tetraploid HCT116 cells were provided
by the authors of the related longitudinal study’” from the Francis Crick Institute (London, UK).

We first labelled the HCT116 cells with Click-iT EdU and fixed and stained using the Click-
iT Plus EdU Flow Cytometry Assay Kit (C10634 Invitrogen), halting further progression through the
cell cycle. Cells were stained with 2pg/ml Hoechst 33342 then flow sorted on a BD Influx cell sorter
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(BD, San Jose, CA, USA) using a 140 micron nozzle, with pressure maintained at 14 psi. Data was
analysed using BD FACS Software v1.2.0.142 (BD, San Jose, CA, USA). Cells were simultaneously
and electrostatically sorted into 5 uniform fractions of different cell cycle phases (G1, early S, mid
S, late S, and G2) based on both EdU (Alexa Fluor 647, excited with a 642nm laser and emission
collected in a 670/30BP filter) and DNA Hoechst 33342 dye (excited using a 405nm laser and
emission collected in a 460/50BP filter), with both parameters displayed on a linear scale
(Supplementary Fig. 9). Compared to previous studies'?, our approach is based on the use of discrete
gates rather than continuous sorting. While this discrete approach does not sample cells as
comprehensively as previous approaches, it provides improved precision in the classification of the
different phases. Finally, the sorted cells were single-cell whole-genome DNA sequenced using the
DLP+ protocol as described above (Supplementary Note 21), thus generating ground truth datasets
with diploid and tetraploid cells.

23 Processing single-cell whole-genome DNA sequencing data

The generated scDNA-seq data was processed and aligned to the human reference genome after
standard quality control, obtaining a single-cell pseudo-bulk BAM file for each sample, for all cells
that were sequenced together. Initial quality control of raw paired-end reads was performed using
FastQC (v0.11.8) and FastQ Screen (v0.13.0, flags: --subset 100000; --aligner bowtie2) along with
MultiQC (v1.10.1) to generate related reports. fastp (v0.20.0) was used to remove adapter sequences
before aligning the trimmed reads to the hg19 genome assembly (including unknown contigs) using
BWA-MEM (v0.7.17). Alignment was performed individually for each single cell and during this
process we generated a unique barcode for each cell which was incorporated into the read group
information in the resulting BAM file. The single-cell BAM files were then deduplicated using
sambamba markdup (v0.7.0, flags: --remove-duplicates). Following alignment and deduplication,
all the single-cell BAM files were merged together into a single pseudo-bulk BAM file for each
sample using sambamba merge (v0.7.0). During this merge process, read group information was
retained allowing the reassignment of all sequencing reads back to the initial cell. Further quality
control following alignment was performed using a combination of Samtools (v1.9) and Picard
(v2.25.4) with MultiQC (v1.10.1), generating related reports.

24  Bioinformatics analysis of scDNA-seq data

SPRINTER was applied independently to each generated pseudo-bulk BAM file for the ground truth
datasets and the NSCLC samples using default parameters. Specifically, read counts were calculated
and control sequencing reads were simulated using the related command available as part of the
CHISEL algorithm (v1.1.4)°. Moreover, SPRINTER was applied to the previous TNBC and HGSC
datasets using the available read counts provided in previous studies’. In particular, in these datasets
SPRINTER was applied independently to each collection of single-cell sequencing reads generated
together from the same DNA sequencing library. Since different collections might have been
generated for cells belonging to the same clone, clones identified in each library have been clustered
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into the same clone based on the similarity of inferred CNAs (using hierarchical clustering with
maximum difference 5%) when comparing S fractions. In downstream analyses involving multiple
clones in the same tumour, only tumours with more than one tumour clone identified have been
considered. In all cases, the default set of input replication scores have been used as input to
SPRINTER (Supplementary Note 10) and only cells with >100k sequencing reads have been selected
for SPRINTER’s analysis based on recommendations from previous scDNA-seq studies’. For each
clone identified by SPRINTER, the distributions of the fractions of S and G2 phase cells were
computed by bootstrapping all the cells in the same sequenced sample.

On the ground truth datasets, the previous methods for inferring S phase cells, CCC and
MAPD, were applied using the available implementations: for CCC the available single-cell pipeline
distributed through Bioconda®® was used (v0.6.46), which also included the related HMMcopy
algorithm' for CNA analysis, and for MAPD the implementation reported in the previous related
study” was applied. Moreover, a new version of MAPD, called replication-timing MAPD (rtMAPD),
has been executed, extending the implementation of MAPD to calculate the median absolute
deviation of pairwise differences (i.e., the summary statistic used by MAPD) only between
neighbouring genomic windows with different replicating timing (i.e., early vs late). Both previous
methods were executed with default parameters using the same input read counts used for SPRINTER
and using the median bin size calculated by SPRINTER across all cells (~250kb). For each previous
method, all the possible thresholds for the classification scores calculated by each method have
been tested as part of the ROC analysis to assess the performance of separating G1 from S and G2
phase cells. As done in previous studies™®, the clones used for comparing previous approaches were
identified by clustering the G0/1/2 phase cells identified by either CCC or MAPD using hierarchical
clustering with the standard Ward method applied on related RDRs and using the same number of
clones inferred by SPRINTER on the same cells. Following the procedure proposed in previous
studies®, each S phase cell was thus assigned to the clone with maximum Pearson correlation
considering the clones inferred based on the results of either CCC or MAPD.

25 Identification of SNVs and driver mutations in single-cell data

Somatic single-nucleotide variants (SNVs) were identified from the NSCLC dataset using the variant
calling workflow of Mutect2 (GATK, v4.2.0), applied to each generated single-cell pseudo-bulk BAM
file independently. Specifically, the pseudo-bulk BAM files were used as input for Mutect2 in
tumour-only mode. During the calling process, f1r2 statistics were extracted and passed into
‘LearnReadOrientationModel” and ‘GetPileupSummaries’ was used to generate input for
‘CalculateContamination’. Finally, ‘FilterMutectCalls’, including the orientation bias priors from
‘LearnReadOrientationModel’, the contamination table from ‘CalculateContamination’, and the call
statistics from Mutect2 were used to filter the set of called variants with high confidence.

Germline variants that were missed by Mutect2 were further identified and removed using all
the normal diploid clones identified by SPRINTER, as done in previous studies’. In particular, normal
diploid clones were identified using the CNAs inferred by SPRINTER as those with >98% of the
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genome with inferred baseline copy numbers equal to 2. As such, any variant with at least one
supporting read found in the normal diploid clones was discarded from the called somatic mutations.

Among the SNVs called in the NSCLC dataset, putative driver mutations were identified using a
collection of existing tools. Mutations were mapped to canonical transcripts and annotated using
the Ensembl Variant Effect Predictor (VEP, v109)** combined with the plugins CADD*® (v16),
LOFTEE’', and SpliceAl’>. Additionally, the CHASMplus, CHASMplus LUAD, and CHASMplus
LUSC modules® from openCRAVAT* (v2.3.0) were used to retrieve CHASMplus scores and the
Cancer Genome Interpreter pipeline’> was used to retrieve boostDM scores®®. Driver classifications
based on oncoKB*” were also inferred. The resulting outputs were matched by genomic position,
reference bases, and mutated bases. Tier 1 or tier 2 genes from The COSMIC Cancer Gene Census®®
(v98) were used in the classification of driver mutations, such that an SNV was classified as a driver
mutation if the SNV passed at least one of the following criteria:

any SNV with a CADD PHRED score above 30 in a COSMIC Cancer Gene;

e any high-confidence LOFTEE call or any SNV with a SpliceAl score > 0.8 in a gene classified
as a tumour-suppressor gene in the COSMIC Cancer Gene Census;

e any SNV classified as driver by boostDM;

e any driver SNV with a p-value <0.001 either in CHASMplus, CHASMplus LUAD or
CHASMplus LUSC.

In the analysis of the TNBC and HGSC datasets, likely driver mutations or mutations with functional
impact that are associated with high clone proliferation were chosen with the following criteria:

e any SNV classified as a driver by boostDM or oncodriveMUT in the Cancer Genome
Interpreter pipeline;

e any SNV classified as a driver by oncoKB;
e any LOFTEE call (for loss of function);
e any SNV with a SpliceAl score > 0.2.

26  Phylogenetic analysis of SNVs and CNAs

We reconstructed the tumour phylogeny for the clones inferred by SPRINTER in the NSCLC dataset
using both SNVs and CNAs. In particular, SNVs and driver mutations were identified using a pseudo-
bulk approach'?” and standard existing methods (Supplementary Note 25). While existing methods
can reconstruct tumour phylogenies from single-cell SNVs*, these methods cannot be directly
applied to SPRINTER’s clones due to the presence of subclonal SNVs, i.e., SNVs that are only present
in a subset of the cells within the same clone. Moreover, while methods to reconstruct tumour
phylogenies from clone-specific CNAs* also exist, these methods do not integrate both SNVs and
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CNA:s in the reconstruction of tumour phylogenies. Therefore, we devised a three-step approach to
overcome these challenges by integrating and extending existing methods.

First, we identified clonal SNVs in each clone, i.e., SNVs that are present across all cells in
the clone and thus have a cellular frequency of 1 in the clone. As shown in previous studies*,
inferring the cellular frequency of SNVs from DNA sequencing reads is challenging, for instance due
to the impact of CNAs that vary SNV multiplicities (i.e., the number of copies of the locus harbouring
the SNV). Furthermore, other factors, such as sequencing errors, SNVs present at low frequencies,
and low sequencing coverage within a clone also complicate this inference. Therefore, we
developed a statistical approach based on previous Binomial models*' to classify SNVs into clonal,
absent, or unknown categories by testing two hypotheses for each SNV in each clone. First, we
tested the hypothesis that the SNV is present in all cells within the clone. Second, we tested the
hypothesis that the SNV is absent from the clone and any observed variant reads are due to errors.
We genotyped an SNV as clonal if we could not reject the first hypothesis and could reject the
second hypothesis, absent if we could reject the first hypothesis and could not reject the second
hypothesis, and unknown otherwise. Further details are in Supplementary Note 27.

Second, we reconstructed the topology of the tumour phylogeny by applying the HUNTRESS
algorithm® (v0.1.2) to the clonal SNVs identified in the first step. Specifically, HUNTRESS was
chosen due to its scalability to hundreds of SNVs and its ability to deal with missing data (i.e., the
mutations classified as unknown in certain clones). However, HUNTRESS cannot account for
mutation losses, i.e., SNVs that are lost from the cells of a clone due to CNAs*'. To overcome this
limitation, we reconstructed the topology by only selecting SNVs that are present in chromosomes
not affected by copy-number deletions, according to previous classifications of copy-number
events’. Specifically, we selected SNVs from chromosomes 1, 3, 4, and 17. Moreover, since
HUNTRESS has only been tested in cases with hundreds of SNVs in previous studies®, we applied
it on 1000 unique subsampled SNVs.

Lastly, we inferred the SNVs and CNAs of the ancestral clones present in the reconstructed
topology. For each ancestral seeding clone, we inferred the state of the SNVs in chromosomes 1, 3,
4, and 17 that were not used by HUNTRESS in the previous step. To do this, in every ancestral
seeding clone we inferred the state of each SNV independently by comparing the classification of
the SNV between the descendant and non-descendant clones. Specifically, the SNV was defined as
clonal in an ancestral seeding clone if it was clonal in all descendant SPRINTER clones, or if it was
clonal in at least one descendant and one non-descendant SPRINTER clone (details in
Supplementary Note 28). Note that SNVs might not be clonal in some descendant clones due to
their unknown status (e.g., due to low sequencing coverage) or due to the occurrence of mutation
losses resulting from CNAs. Otherwise, the SNV is classified as absent in the ancestral clone. Finally,
the CNAs of all ancestral clones were reconstructed using the MEDICC2 algorithm® (v1.0.2) by
fixing the reconstructed topology obtained with SNVs and using the inferred CNAs for SPRINTER
clones, which correspond to the leaves of the phylogeny.
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27  Genotyping SNVs in single-cell clones

We genotyped the state of each SNV as either clonal, absent, or unknown in every clone inferred
by SPRINTER using a pseudo-bulk approach as in previous studies'*”. For each SNV, we pooled the
sequencing reads from all cells in each clone inferred by SPRINTER and, for each clone, observed
the total number of reads t € N and the number of variant reads v € {0, ..., t}. As such, we introduced
a statistical hypothesis-testing approach to genotype each SNV in each clone. To do this, we devised
a generative model for v that depends on whether the SNV is present at the locus of a clone, or not.
When the SNV is present, we model v as a draw from a Binomial distribution that depends on the
observed total number of reads t and the clone-specific true variant allele frequency (VAF) ¢ € [0,1],
i.e., v ~ Binomial(z, ¢). The true VAF ¢ is not observed but, based on previous studies*', it can be
modelled as a function of the copy number c at that locus in the clone, the mutation multiplicity w
(i.e., the number of copies harbouring the mutation), and the cellular frequency y € [0, 1] (also called
cancer cell fraction), which represents the fraction of cancer cells in the clone that harbour the SNV.
As such, the VAF ¢ is modelled as follows
w-y

0=

While ¢ is calculated by SPRINTER and y is only evaluated when equal to 1 in this method, w is
unknown. However, w can be marginalised out during the probability calculation since w can only

have values between 1 and ¢, i.e., P(vl|c,y) =251 P(vlc,y, w) - 1/c- Lastly, when the SNV is
absent, we model v as a draw from a Binomial distribution that depends on 7 and a fixed estimate
of the error rate A € [0,1], i.e., v ~ Binomial(z, 1). In this study, we set A at 5% to account for both
sequencing and clone assignment errors.

Using this model, we applied a two-step statistical approach based on hypothesis testing to
infer the genotype of each SNV in each clone. First, we tested the hypothesis that the SNV is clonal
in the clone, i.e., present in all cells within the clone with cellular frequency y = 1. Second, we
tested the hypothesis that the SNV is absent from the clone and any observed variant reads v are due
to errors. Note that in all cases the p-values could be computed exhaustively and exactly using the
binomial distributions and summing their probability values when considering varying values of v.
We genotyped an SNV as clonal in a clone if we could not reject the first hypothesis (i.e., the SNV
is present in all cells within the clone) and could reject the second hypothesis (i.e., the SNV is absent
from the clone and observed reads are due to errors) using a conservative significance level of 10%.
We genotyped an SNV as absent from a clone if we could reject the first hypothesis and could not
reject the second hypothesis. Finally, we genotyped an SNV as unknown if we could neither reject
the first nor second hypotheses, or if we could reject both the first and second hypotheses.

28  Reconstruction of the ancestral state of SNVs in single-cell clones

Given the topology of the tumour phylogeny reconstructed using a subset of SNVs not affected by
copy-number deletions (Supplementary Note 26), we inferred the state of each remaining SNV in
chromosomes 1, 3, 4, and 17 in every ancestral seeding clone. To do this, we developed an
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approach to infer the state of each SNV by comparing the state of the SNV between the descendant
and non-descendant extant clones inferred by SPRINTER, i.e., the extant, observed clones
corresponding to the leaves of the reconstructed tumour phylogeny. In particular, we classified an
SNV as clonal in an ancestral clone if the SNV was clonal in all descendant leaves, or if the SNV
was clonal in at least one descendant leaf and at least one non-descendant leaf. We assigned an
SNV as unknown if the genotype was unknown in all descendant leaves. Otherwise, we assigned
an SNV as absent. For the special case of the most-recent common ancestor tumour clone, we
compared the descending left and right branches. We assigned an SNV as clonal if the SNV was
clonal in the descendant extant clones within both branches, unknown if the SNV was unknown in
the descendant leaves within at least one branch, and absent otherwise.

29  Reconstruction of metastatic migrations and seeding genetic distance

Metastatic migrations were reconstructed by applying the MACHINA algorithm* (v1.2) to the
reconstructed tumour phylogeny. Specifically, MACHINA was executed in the polytomy-resolution
mode and was run considering three possible seeding patterns of increasing complexity: primary
seeding only, single-source metastasis-to-metastasis seeding, and multi-source metastasis-to-
metastasis seeding. As such, the most parsimonious and simplest pattern was chosen, corresponding
to single-source metastasis-to-metastasis seeding. Note that re-seeding patterns have been excluded
since the primary tumour was resected prior to metastatic progression in the TRACERX/PEACE case
analysed in this study. As such, seeding clones have been identified as the ancestral clones that
underwent metastatic migrations.

A seeding genetic distance was calculated between each SPRINTER clone and the closest
seeding clone using both SNVs and CNAs. For SNVs, the seeding distance was calculated as the
fraction of non-truncal SNVs (i.e., SNVs not acquired in the trunk of the reconstructed phylogeny)
in chromosomes 1, 3, 4, and 17 present in only one of the clones over the total number of non-
truncal SNVs present in both clones. For CNAs, the seeding distance was calculated using the
Hamming distance to compare the presence of copy-number breakpoints (i.e., different copy
numbers between each pair of neighbouring segments) between the two clones.

30 Identification of clone-specific altered replication timing

SPRINTER's results were leveraged to identify clone-specific altered replication timing (ART) for the
tumour clones inferred in the NSCLC dataset with respect to the reference replication profiles
obtained from normal cells. The identification of ART is based on previous replication timing
approaches™'®
three steps for each SPRINTER-identified tumour clone. First, the most likely mid S phase cells are

and is included as an additional feature in the SPRINTER algorithm, composed of

identified per clone as the top quantile of assigned cells (by default 0.3) with the highest difference
in RTP values (details in Supplementary Note 14) between early and late genomic regions on average
across chromosomes. Second, similar to the approach used in previous replication timing studies™'?,

the RTP values for the identified mid S phase cells are aggregated per clone, since their averages can
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be used to identify early and late replicating regions. In fact, higher and lower values of RTPs indicate
genomic regions that are replicating early and late, respectively (Supplementary Note 14). Moreover,
RTPs are recalculated using the final and corrected CNAs inferred by SPRINTER. Lastly, the
thresholds to classify early and late genomic regions are inferred by fitting two Normal distributions
similar to the first step of SPRINTER (Supplementary Note 10). Since these classifications can be
affected by false positives and sequencing artefacts, in this study we only considered ART to be
present in genomic regions that had the same classification in most clones of more than two samples
from the same tumour. As such, ART was identified in genomic regions inferred with early or late
replication timing, but that were classified as late or early, respectively, from the reference
replication profiles obtained from normal cells only.

31  Expression analysis to support inferred ART

To support the inferred ART classifications, two analyses were performed integrating previous
matched bulk RNA-sequencing data generated for regions of the same primary tumour®. This is
because late-to-early and early-to-late ART is known to generally be associated with increased and
decreased gene expression compared to normal tissue without ART, respectively'®*. In the first
analysis, we performed a gene set variation analysis* using GSEApy*® (v.1.1.2) and showed that
gene sets with late-to-early and early-to-late ART identified per sample have high and low
enrichment scores of gene expression, respectively, in every available sample from patient
CRUKP9145 (equivalently named CRUKO0516, Supplementary Fig. 43a). To show that these results
are specific to the ART inferred for this patient, we also showed that arbitrary scores are obtained
when using gene expression data obtained from 915 tumour samples from 347 other TRACERX
patients (Supplementary Fig. 43b).

In the second analysis, for a subset of ART specifically affecting genes known to be involved
in cancer proliferation or metastatic potential, we performed a differential gene expression analysis
using the same method as in previous TRACERx studies* based on DESeq2* (implemented via
PyDESeq2 v.0.4.7). Specifically, we compared the gene expression measured in the samples with a
related ART event to the expression measured in different sets of other samples not expected to have
the same ART event. For genes with ART shared by most clones in all primary tumour and metastatic
samples, we compared gene expression in all CRUKP9145 samples with all normal and all tumour
samples from the other 347 TRACERx patients with RNA sequencing data available (130 normal and
915 tumour samples)”. For ART only present in clones from one or two metastatic clades in distinct
branches of the phylogenetic tree, we additionally compared the related gene expressions in the
tumour samples mostly related to the second and third clades (i.e., primary regions 3 and 5, and the
left adrenal metastasis pre-mortem relapse sample) with the gene expressions measured from the
other samples (i.e., primary regions 1, 2, and 7) that have been shown to be mostly related to the
first metastatic clade (Fig. 3d). Finally, for ART only present in the third metastatic clade and
especially in clones found in the left adrenal metastasis (i.e., ART affecting KRAS), we additionally
compared the related gene expression in all primary tumour samples of CRUKP9145 with the
expression measured in a pre-mortem relapse sample of the left adrenal metastasis. In all these
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comparisons, early-to-late and late-to-early ART was found to be associated with a corresponding
decrease or increase in gene expression (Fig. 4d).

32  Analysis of ctDNA

The analysis of circulating-tumour DNA (ctDNA) has been performed for the NSCLC case. Blood
samples were collected and processed to plasma and ctDNA isolated in previous studies'®*®, with
four longitudinal blood samples available for patient CRUKP9145 (equivalently named CRUKO0516).
Specifically, a personalised deep sequencing panel tracking 196 mutations was designed for
CRUKP9145 using multi-region exome sequencing of surgically excised tumour tissue as previously
described*. Across the four samples, each mutation was sequenced to a mean unique depth of
7594X (IQR = 4432-10150), only considering unique reads with at least five supporting duplicates.
Tracked SNVs were matched to SPRINTER'’s identified single-cell clones using the phylogenetic
analysis described above (Supplementary Note 26). The ECLIPSE method*® (v1.0.0) was applied to
infer ctDNA clonal composition over time using copy-number states from matched tissue exome
sequencing as previously described*, but using clone assignments from SNVs unique to SPRINTER
clones and their phylogenetic ancestors. For each clone with tracked SNVs, a ctDNA shedding index
at the primary tumour time point was calculated by either (i) subtracting the frequency of the SNVs
(i.e., cancer cell fractions) as measured by bulk or single-cell sequencing in the primary tumour from
the frequency of the same SNVs measured in ctDNA samples by ECLIPSE, or (ii) subtracting the
clone proportion (i.e., proportion of cells uniquely assigned to the clone) as measured in either bulk
or single-cell sequencing in the primary tumour from the measured ctDNA clone proportion
(measured by subtracting the SNV frequencies of different clones according to the ancestral
relationships defined by the reconstructed phylogeny, as described in previous studies”*'*). To
confirm consistency across all alternative ways of calculating the ctDNA shedding index, all
calculated versions of the ctDNA shedding index were correlated to clone S phase fractions,
measured in ancestral clones as either the maximum or median S phase fraction of all descendant
clones inferred by SPRINTER.

33  Rates of clone-specific genomic variants in individual cells

In the TNBC and HGSC datasets, the single-cell rates of clone-specific SNVs, SVs, and CNAs in
individual cells were calculated using the variants inferred per cell in previous studies’. For SNVs,
the rate per cell was calculated by normalising the number of subclonal SNVs observed in the cell
(i.e., observed variants for which the hypothesis of being clonal with a cellular frequency of 1 in the
corresponding clone could be rejected, Supplementary Note 27) by the total number of SNVs in the
cell, including all clonal SNVs found in the corresponding clone and all subclonal SNVs observed
in the cell. Since the clonal status of SVs and CNAs cannot be similarly and easily assessed, the
median per-clone number of variants in the tumour was considered for SVs and CNAs instead. For
SVs, the rate was calculated by normalising the number of SVs observed in a cell by the median
number of SVs found across the clones from the same patient. For CNAs, the rate was calculated by
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normalising the number of copy-number breakpoints (i.e., pairs of neighbouring bins with different
CNA:s inferred by SPRINTER) per non-S phase cell (in which inferred CNAs are more reliable) by the
median number of copy-number breakpoints found across the clones from the same patient.
Moreover, the rates have been normalised by the average values computed in either the TNBC or
HGSC datasets to make them comparable. Lastly, all clones in either the TNBC or HGSC datasets
have been partitioned into two groups of high or low proliferation based on the median of the S
fractions measured by SPRINTER in each dataset independently. Accordingly, every cell has been
defined as belonging to a clone with either high or low proliferation.

34 Identifying genomic alterations enriched in high proliferation clones

In the TNBC and HGSC datasets, a hypothesis testing approach has been applied to identify
amplifications of known oncogenes, deletions of known tumour suppressor genes (TSGs), and driver
mutations enriched in high proliferation clones. Specifically, amplifications have been identified as
genomic regions with an inferred copy number higher than 1.5 times the median copy number per
cell, deletions as those with an inferred copy number lower than 0.5 times the median copy number
per cell, and driver mutations have been identified using a similar approach to that applied to the
NSCLC dataset (Supplementary Note 25). Additionally, known oncogenes and TSGs have been
obtained from the COSMIC Cancer Gene Census®® (v99). As such, for each of these identified events,
a one-sided Mann-Whitney U test has been performed comparing SPRINTER’s inferred S fractions
for clones without the event to the S fraction for clones harbouring the event. Moreover, we have
only considered events present in clones from at least two patients and the analysis has been
performed for the TNBC and HGSC datasets separately. After applying a multiple-hypothesis
correction using the Benjamini-Hochberg method, a p-value for each test is obtained and each event
passing the test is classified as significant and selected as enriched in high proliferation clones. Lastly,
a gene set enrichment analysis*” has been performed for the selected amplifications that are enriched
in high proliferation clones with GSEApy* (v.1.1.2) using the Molecular Signatures Database
(MSigDB) Hallmark 2020 pathway list.
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