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Abstract

Osteosarcoma is an aggressive malignancy characterized by high genomic complexity.
Identification of few recurrent mutations in protein coding genes suggests that somatic copy-
number aberrations (SCNAs) are the genetic drivers of disease. Models around genomic
instability conflict-it is unclear if osteosarcomas result from pervasive ongoing clonal evolution
with continuous optimization of the fithess landscape or an early catastrophic event followed by
stable maintenance of an abnormal genome. We address this question by investigating SCNAs
in 12,019 tumor cells obtained from expanded patient tissues using single-cell DNA sequencing,
in ways that were previously impossible with bulk sequencing. Using the CHISEL algorithm, we

inferred allele- and haplotype-specific SCNAs from whole-genome single-cell DNA sequencing
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data. Surprisingly, we found that, despite extensive genomic aberrations, cells within each tumor
exhibit remarkably homogeneous SCNA profiles with little sub-clonal diversification. Longitudinal
analysis between two pairs of patient samples obtained at distant time points (early detection,
relapse) demonstrated remarkable conservation of SCNA profiles over tumor evolution.
Phylogenetic analysis suggests that the bulk of SCNAs was acquired early in the oncogenic
process, with few new events arising in response to therapy or during adaptation to growth in
distant tissues. These data suggest that early catastrophic events, rather than sustained genomic
instability, drive formation of these extensively aberrant genomes. Overall, we demonstrate the
power of combining single-cell DNA sequencing with an allele- and haplotype-specific SCNA
inference algorithm to resolve longstanding questions regarding genetics of tumor initiation and
progression, questioning the underlying assumptions of genomic instability inferred from bulk

tumor data.

Introduction

Osteosarcoma is the most common primary bone tumor affecting children and adolescents?.
Nearly always high grade and aggressive, this disease exhibits extensive structural variation (SV)
that results in a characteristically chaotic genome?*. With few recurrent point mutations in protein
coding regions, osteosarcoma is characterized by widespread somatic copy-number aberrations
(SCNAs), the likely genomic driver of disease®. Indeed, osteosarcoma is the prototype tumor
whose study led to the discovery of chromothripsis®’, a mutational process that causes the
shattering of one or few chromosomes leading to localized genomic rearrangements causing
extreme chromosomal complexity®. However, genomic complexity in osteosarcoma often goes
beyond alterations caused by the canonical processes associated with chromothripsis ®1°. Many
have reasonably interpreted chromosomal complexity to be evidence of sustained chromosomal
instability (CIN) in other cancers, often with additional supporting evidence'*-*4. Indeed, cancer-

sequencing studies have identified the presence of extensive SCNAs as a marker for CIN®3,
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There are two dominant models of copy number evolution in cancer: sequential acquisition of
chromosomal changes where ongoing selection of advantageous phenotypes fosters intra-tumor
heterogeneity, and punctuated evolution with rapid, discrete bursts where a small humber of
catastrophic events parsimoniously explain the origin of extreme complexity in many cancer
genomes®®!8, While a gradual tumor evolution model would help explain the high degree of intra-
tumoral transcriptional heterogeneity exhibited by osteosarcomal”!®, recent observations
showing conservation of SCNA profiles between primary and metastatic lesions in osteosarcoma
patients seem to support a general conservation of a highly aberrant genome®°. Alterations in
TP53 enable maintenance of an altered genome?® and interestingly, Chen et al.® showed that over
90% of osteosarcomas have at least one allele of TP53 that is mutated. Overall, it remains unclear
if SCNA profiles in osteosarcoma demonstrate intra-tumor heterogeneity emerging from
continuous cycles of diversification and fitness optimization, or result from an early catastrophic

event followed by maintenance of an abnormal, but otherwise stable, genome.

Most existing cancer sequencing studies have addressed questions regarding cancer evolution
using bulk tumor sequencing, often from a single time point®®. However, investigating ongoing
clonal evolution from bulk sequencing data remains particularly challenging, as each bulk tumor
sample is an unknown mixture of millions of normal and distinct cancer cells?'-2*, The emergence
of single-cell genomic DNA sequencing technologies now permits scalable and unbiased whole-
genome single-cell DNA sequencing of thousands of individual cells in parallel?*?%, providing the
ideal framework for analyzing intra-tumor genomic heterogeneity and SCNA evolution. Recent
computational advancements — most notably the CHISEL algorithm?* — enable inference of allele-
and haplotype-specific SCNAs in individual cells and sub-populations of cells from low coverage
(<0.05x) single cell DNA sequencing. This allows assessment of intra-tumoral SCNA

heterogeneity, identification of allele-specific alterations and reconstruction of the evolutionary
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history of a tumor from thousands of individual cancer cells obtained at a single or multiple time

points during tumor progression.

Here, we leverage these approaches to determine whether the widespread SCNAs in
osteosarcoma result from ongoing genomic instability, providing a mechanism for tumor growth
and evolution. Using expanded patient tissue samples, our studies revealed widespread
aneuploidy and SCNAs in 12,019 osteosarcoma cells from ten tumor samples. Contrary to what
we expected, we found negligible intra-tumor genomic heterogeneity, with remarkably conserved
SCNA profiles both between the individual cells within a tumor and from tumors collected from
the same patients at different therapeutic time points. These findings suggest that the widespread
patterns of genomic SVs in osteosarcoma are acquired early in tumorigenesis, and the resulting
patterns of SVs and SCNAs are stably preserved within an individual tumor, across treatment

time, and through the metastatic bottleneck.
Results

Individual cells within a tumor bear surprisingly homogeneous copy number profiles

despite extensive SCNAs

Single-cell DNA sequencing was performed on 12,019 tumor cells from expanded patient tissue
samples. These patient tissues were obtained from diagnostic biopsies of localized primary
tumors (n = 3), from post-chemotherapy resection procedures (n = 2), or from relapsed metastatic
lung lesions (n = 4), representing the full spectrum of disease progression (Supplementary File
S1, Supplementary File S2). With the exception of OS-17, a well-established model of metastatic
osteosarcoma?®®, all patient tissues were expanded for a single passage in mice as either
subcutaneous flank tumors or as primary tibial (tibia) tumors to obtain sufficient tissue to perform

single cell DNA sequencing (300-2500 single cells per sample; supplementary Figure S1). We
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used CHISEL?* to identify allele- and haplotype-specific SCNAs from low-coverage (0.01-0.03x

per cell) sequencing data.

Consistent with previous reports®?’, these osteosarcoma genomes showed a high degree of
aneuploidy and extensive SCNAs across the entire genome (Figure 1). In the presence of
ongoing clonal evolution, we would expect to observe the presence of distinct groups of cancer
cells with different complements of SCNAs within the same tumor, as shown in recent single-cell
studies of different cancer types?-2428, Surprisingly, in each of the ten samples investigated, we
identified one dominant clone that comprised nearly all cells (78-100%) in each of the samples
(supplementary Figure S1). Moreover, we confirmed that the cells with noisy copy number
profiles, that were discarded by CHISEL, bear SCNAs similar to the dominant clones identified in
each sample — thus no rare clones with distinct copy number profiles were discarded
(supplementary Figure S2). Interestingly, we found that a substantial fraction of the overall copy-
number changes involved allele-specific SCNAs, including copy-neutral LOHs (i.e., allele-specific

copy numbers {2, 0}) that would have been missed by previous analyses of total copy numbers.

Genome-wide ploidy of single cells showed high variability, ranging from 1.5 to 4, demonstrating
high degree of aneuploidy (supplementary Figure S3). Consistent with the high levels of
aneuploidy, we identified the presence of whole-genome doubling (WGD) across nearly all cancer
cells of six tumors (NCH-OS-8, NCH-OS-17, NCH-0S-11, SJOS046149 X2, SJOS003939_X2
and SJOS003939 X1; Figure 1A-C, H-J). Interestingly, whole-genome copy-number profiles
were largely consistent when comparing two sets of paired patient tissue samples obtained at
distant time points during tumor progression. The first set being NCH-OS-4 obtained after
neoadjuvant therapy (two rounds of MAP chemotherapy), and NCH-OS-7 obtained after second
relapse post-extensive treatment. We noted similar SCNV profiles irrespective of tumor growth
location (orthotopic primary or subcutaneous flank tumor; Figure 1E-G). The second set of paired

primary and metastatic lesions (SJOS003939 X1, SJOS003939_ X2) also showed SCNV profiles
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that were highly similar, suggesting a high degree of conservation of genomic aberration profiles
over therapeutic time. Overall, we observed surprising homogeneity within cancer cells
sequenced from the same tumor. Even in tumors where small proportions of cells (5-20%) are
classified as part of small subclones, these subclonal cells are only distinguished by few SCNAs
in a small number of chromosomes. Thus, despite the high levels of aneuploidy and massive
SCNAs identified in all ten samples, these osteosarcoma cells demonstrated negligible levels of

intra-tumor heterogeneity.
Osteosarcoma cells harbor extensive SCNAs that mostly correspond to deletions.

The occurrence of WGD events is correlated with high levels of aneuploidy and higher frequency
of SCNAs?. Recent reports have identified that WGDs serve as a compensatory mechanism for
cells to mitigate the effects of deletions®°. We investigated cell ploidy and fraction of genome
affected by SCNAs (aberrant), amplifications, deletions, and subclonal CNAs between tumors
affected by WGDs (NCH-0OS-8, NCH-0S-17, NCH-0S-11, SJOS046149_X2, SJOS003939_X2
and SJOS003939 X1) and tumors not affected by WGDs (NCH-OS-10, NCH-OS-4 and NCH-
0S-7). Osteosarcoma cells in all analyzed tumors demonstrate extensive SCNAs, affecting more
than half of the genome in almost every cell. We found that the fraction of genome affected by
SCNAs ranged from 50-70% on average (Figure 2A, supplementary Figure S4A). This result
might not be surprising for tumors affected by WGDs, however, we observed that tumors not
affected by WGD had a high fraction of aberrant genome as well (higher than 50% on average;
Figure 2A). This aberrant fraction is substantially higher than has been reported for other cancer

types?®.

We observed a clear enrichment of deletions among the identified SCNAs across all cancer cells.
The fraction of genome affected by amplifications is 0-40% on average in every tumor, while the
fraction of the genome affected by deletions is 40-100% on average across all cancer cells in

every tumor (Figure 2B). This result is not particularly surprising for tumors with WGD events,
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and is consistent with a recent study of Lopez et al.*® that demonstrated a similar correlation in
non-small-cell lung cancer patients. However, in the osteosarcoma tumors analyzed in this study,
we found that cancer cells in non-WGD tumors are similarly affected by a high fraction of deletions
(Figure 2B). Importantly, we observed that >80% of all cells in all but two of our samples harbored
LOH events at the TP53 locus (in-line with frequency previously reported®) (supplementary Figure
S5). This substantiates the correlation between LOH of TP53 and high levels of genomic instability
(including the occurrence of WGDs) reported in recent studies?®%3!, and suggests that these
events might have a critical role in the maintenance of a highly aberrant genomic state. Notably,
CHISEL identified 50% of the samples to harbor copy-neutral LOH alterations at the TP53 locus

that would have been missed by total copy humber analyses (supplementary Figure S5).

Interestingly, subclonal SCNAs that are only present in subpopulations of cancer cells and likely
occurred late in the evolutionary process are relatively rare across all analyzed osteosarcoma
tumors irrespective of WGD status (with a frequency of 0-20% in most cancer cells; Figure 2C,
supplementary Figure S5B). Note the only exceptions to this observation correspond to cells in
NCH-0S-11, a sample with overall higher noise and variance, and a minority of cells in two other
tumors (SJOS046149 X2, SJOS003939_X2) inferred to be pre-WGD cells, likely from errors in
the inference of cell ploidy (supplementary Figure S4B). Indeed, the average fraction of SCNAs
in SJOS046149 X2, SJOS003939 X2 is lower than 20%. Overall, we observed that
osteosarcoma cells investigated in these ten samples, whether passaged in cell culture over a
few generations (0S-17), treatment naive or exposed to extensive chemotherapy, bear high
levels of aneuploidy marked with extensive deletions and negligible subclonal diversification,

irrespective of WGD status.

Longitudinal single-cell sequencing shows modest evolution of SCNA from diagnosis to

relapse
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Increased aneuploidy has previously been associated with chromosomal instability (CIN) and
accelerated tumor evolution!®32, though some have suggested that this observation specifically
applies to tumors that exhibit not only high levels of SCNA, but also high levels of subclonal
SCNA?Z3, To determine whether osteosarcoma exhibits CIN, we examined a pair of samples, NCH-
0S-4 and NH-OS-7, collected at diagnosis and at relapse from the same patient to determine
whether SCNAs remained stable or showed signs of significant instability/evolution. These were
expanded for a single cycle in lcr-SCID mice either orthotopically (within the tibia) or
subcutaneously (in the flank). We used CHISEL to jointly analyze 4238 cells from these paired
tumor samples and to infer corresponding allele- and haplotype-specific SCNAs (Figure 3A).
Based on existing evolutionary models for SCNAs, we reconstructed a phylogenetic tree that
describes the evolutionary history of the different tumor clones identified in these tumors (Figure
3B). The result from this phylogenetic analysis confirmed our findings in two ways. First, we found
that the evolutionary ordering of the different clones in the phylogenetic tree is concordant with
the longitudinal ordering of the corresponding samples (Figure 3B): the tumor clones identified in
the early sample (NCH-OS-4) correspond to ancestors of all the other tumor clones identified in
later samples (NCH-OS-7-tib and NCH-OS-7-flank). Second, we observed that most of the
SCNAs accumulated during tumor evolution are truncal, indicating that these aberrations are
accumulated early during tumor evolution in the most common tumor ancestor and are shared
across all the extant cancer cells (Figure 3B). In fact, only three large events distinguish the most
common ancestor of all tumor cells (identified in NCH-OS-4) from the most common ancestor of
only the relapse cancer cells: gain of chromosome 14, gain of chromosome 16q (resulting in copy-
neutral LOH), and deletion of one allele of chromosome 18 (resulting in LOH). Many have
previously shown that patient tissue expanded in a murine host for few generations maintain
highly concordant genomic profiles with the parent tissue. Indeed, clones identified from patient
tissue expanded in two different environments (NCH-OS-7-tib and NCH-OS-7-flank) are highly

concordant and distinguished by only few focal SCNAs. Hierarchical clustering of clones identified
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in another paired primary and metastatic lesion (SJOS003939 X1, SJOS003939 X2) also
demonstrated negligible subclonal diversification (supplementary Figure S6). Indeed, each of the
two samples were dominated by one major clone, further strengthening our finding of unusually
stable chromosomal aberrations in osteosarcoma cells over tumor evolution. Overall, using two
separate paired tumor samples, we validated our finding of negligible heterogeneity in SCNA

profiles both within tumors and across two distant time points in tumor evolution.
Discussion

Osteosarcoma tumors have highly chaotic genomic landscapes, dominated by SVs and SCNAs®.
Genomic complexity in osteosarcoma and other cancers has often been interpreted as sign of
ongoing genomic instability, suggesting that these tumors gradually accumulate changes that
facilitate tumor growth and progression. The advent of single-cell DNA sequencing has allowed
us to investigate intra-tumor genomic heterogeneity and tumor evolution in ways that were
previously impossible with bulk sequencing methods®***’. In this study, we investigated SCNA
profiles in osteosarcoma tumors at a single-cell resolution using expanded patient tissue. Cells
within a tumor demonstrated surprisingly little cell-to-cell variability in SCNA profiles, challenging
previous reports of intra-tumor genomic heterogeneity in osteosarcomal’. Using the CHISEL
algorithm?4, we identified high levels of aneuploidy and extensive genomic aberrations —
especially deletions — in osteosarcoma tumors. While many have previously shown WGD as a
mechanism to mitigate the effect of deletions®, we identified extensive deletions even in tumors
not characterized by WGDs. This finding suggests that WGDs might not be essential for the stable

maintenance of an aberrant genome but only a facilitator.

Analyzing two longitudinal sets of paired samples, we showed that osteosarcoma tumors maintain
stable SCNA profiles from diagnosis to relapse. The clones identified on expansion in different
microenvironments differed by only few SCNAs. In particular, phylogenetic analysis identified that

the most recent common ancestor of these related samples harbored most of the observed
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SCNAs, suggesting that genomic aberrations likely arise earlier in tumorigenesis followed by
stable clonal expansion (clonal stasis)*®. Multiple studies in osteosarcoma and other cancers have
equated high SCNA with an ongoing genomic instability?”38. In contrast, our findings support the
hypothesis that mechanisms leading to genomic alterations early in tumorigenesis are reverted
and followed by an apparent stability. These findings are consistent with recent work identifying
conservation of SCNA profiles between metastatic and primary osteosarcoma lesions®. Stable
propagation of an aberrant genome requires non-functional p53*¢ and recent work identified that
p53 is inactivated in nearly all osteosarcoma tumors®. In this study, we identified that >85% of the
sequenced cells in all but two samples harbored LOH of TP53, including widespread copy-neutral

LOH alterations at the TP53 locus that were likely missed in previous total copy-number analyses.

Expanding patient tissue for one cycle in an animal host proved exceptionally useful for generating
high-quality single-cell suspensions of sufficient quantity. Some may have concerns whether
mouse-specific evolution selects for sub clonal populations. However, many have shown that
while mouse-specific evolution occurs over multiple passages in patient derived xenograft
models, early passages maintain high fidelity to patient tissue even in the most rapidly evolving
models®. Therefore, this approach may represent a productive compromise between facilitating
multiple lines of research on tissues with limited availability (rare diseases), and convenience

while retaining fidelity to actual patient tumors.

While a much larger sample size of patient tissues is needed to capture the full heterogeneity of
osteosarcoma seen in the human disease, our initial findings of clonal stasis in osteosarcoma has
started to shed some light on the complex evolutionary history of this cancer type and could have
important implications for tumor evolution, patient diagnosis and treatment of osteosarcoma. If
genomic aberrations are indeed highly stable throughout the tumor mass, multi-region sampling
may not be necessary to assess SCNAs as biomarkers. An early catastrophe model suggest that

cancer cells are genomically hardwired early in tumor growth to become invasive, metastatic, or
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resistant to therapy. This suggests that oncologists and scientists should focus efforts to
understand tumor evolution on other mechanisms of evolution, such as transcriptional and
epigenetic changes. While this study is agnostic of other alterations (such as SNVs) as a source
of genomic variation, few recurrent mutations in osteosarcoma have been identified, despite
extensive genetic analysis®341, Interestingly, we and others have shown that osteosarcomas
demonstrate intra-tumor transcriptional heterogeneity'’'8; combined with the apparent absence
of underlying genomic heterogeneity reported here, this suggests an intriguing possibility of an

epigenetic basis of regulation.

Overall, our study highlights the power of combining single-cell DNA sequencing with an allele-
and haplotype-specific SCNA analysis?* to study the genomic heterogeneity and tumor evolution
with the granularity missed using other methods and has implications in our understanding of

tumor biology in other cancers characterized by extensive structural variation.
Methods
Experimental model — Expanded patient tissues and murine studies

Expanded patient tissue. Patient samples NCH-OS-4, NCH-OS-7, NCH-0OS-8, NCH-OS-10 and
NCH-OS-11 were obtained from patients consented under an Institutional Review Board (IRB)-
approved protocol IRB11-00478 at Nationwide Children's Hospital (Human Subject Assurance
Number 00002860). Germline whole genome sequencing (WGS) was generated from patient
blood collected under IRB approved protocol IRB11-00478. Patient samples SJOS046149 X1,
SJOS046149 X2, SJOS003939 X1 and SJOS031478_X2, with matched normal WGS were
received from St. Jude’s Children’s Research Hospital through the Childhood Solid Tumor
Network*?. The OS-17 PDX was established from tissue obtained in a primary femur biopsy
performed at St. Jude’s Children’s Research Hospital in Memphis and was a gift from Peter

Houghton?®,
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Murine Studies. Viable tissue fragments from patient tissue were expanded in C.B-17/lcrHsd-
Prkdcs®® mice as subcutaneous tumors following approved IACUC protocols. These tumors were
allowed to grow to 300-600 mm? before harvest. Passage 1 expanded tissue was used for all
samples, with the exception of OS-17 (p18). For primary tibial tumors, single cell suspensions

were injected intra-tibially. These tumors were harvested once they grew to 800 mma3.
Single-cell suspension and DNA library generation

Tumors harvested from mice were processed using the human tumor dissociation kit (Miltenyi
Biotec, 130-095-929) with a GentleMacs Octo Dissociator with Heaters (Miltenyi Biotec, 130-096-
427). Single cell suspensions in 0.04% BSA-PBS of dissociated tumor tissues were generated
and frozen down using the 10X freezing protocol for CNV. The frozen down single-cell
suspensions were processed using the Chromium Single Cell DNA Library & Gel Bead Kit (10X
genomics #1000040) according to the manufacturer’s protocol with a target capture of 1000-2000
cells. These barcoded single-cell DNA libraries were sequenced using the NovaSeq 6000 System
using paired sequencing with a 100b (R1), 8b (i7) and 100b (R2) configuration and a sequencing
coverage ranging from 0.01X to 0.05X (~0.02X on average) per cell. Germline WGS was

performed on NovaSeq SP 2x150BP.
Single-cell CNV calling using CHISEL

Paired-end reads were processed using the Cell Ranger DNA Pipeline (10x Genomics), obtaining
a barcoded BAM file for every considered single-cell sequencing dataset. As described
previously?*, the pipeline consists of barcode processing and sequencing-reads alignment to a
reference genome, for which we used hgl9. We applied CHISEL (v1.0.0) to analyze each
generated barcoded BAM file using the default parameters and by increasing to 0.12 the expected
error rate for clone identification in order to account for the lower sequencing coverage of the

analysed data®. In addition, we provided CHISEL with the available matched-normal germline
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sample from each patient and phased germline SNPs according to the recommended pipeline by
using Eagle2 through the Michigan Imputation Server with the Haplotype Reference Consortium
(HRC) reference panel (v.rl.1 2016). CHISEL inferred allele- and haplotype-specific copy
numbers per cell and used these results to group cells into distinct tumor clones, while excluding
outliers and likely noisy cells. To determine fraction of aberrant genome (genome affected by
SCNAs), we defined aberrant as any non-diploid genomic region (i.e., allele-specific copy
numbers different than {1, 1}) in tumors not affected by WGDs (NCH-OS-10, NCH-OS-4, and
NCH-0S-7) or any non-tetraploid genomic region (i.e., allele-specific copy numbers different than
{2, 2}) in tumors affected by WGDs (NCH-OS-8, NCH-OS-17, NCH-0OS-11, SJOS046149_X2,
SJOS003939 X2 and SJOS003939_X1). We defined deletions as previously described in cancer
evolutionary studies?®43-%5. We say that a genomic region in a cell is affected by a deletion when
any of the two allele-specific copy numbers inferred by CHISEL is lower than the expected allele-
specific copy number (1 for non-WGD tumors or 2 for tumors affected by WGD). Conversely, a
genomic region is amplified when any of the two allele-specific copy numbers is higher than

expected.
Reconstruction of copy-number trees

We reconstruct copy-number trees for tumor samples NCH-OS-4 (tibia), NCH-OS-7 (flank) and
NCH-OS-7 (tibia), to describe the phylogenetic relationships between distinct tumor clones
inferred by CHISEL based on SCNAs using the same procedure proposed in previous studies?®.
Briefly, we reconstructed the trees using the maximum parsimony model of interval events for
SCNAs**“4 and the copy-number profiles of each inferred clones. These copy number profiles
were obtained as the consensus across the inferred haplotype-specific copy numbers derived by
CHISEL for all the cells in the same clone, where we also considered the occurrence of WGDs

predicted by CHISEL. We classified copy-number events as deletions (i.e., del), as LOH which
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are deletions resulting in the complete loss of all copies of one allele (loh), as copy-neutral LOH

which are LOHSs in which the retained allele is simultaneously amplified, and as gains (gain).
Data and code availability

All the processed data, scripts and results from CHISEL are available on GitHub at

https://github.com/kidcancerlab/sc-OsteoCNAs
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Figure 1. Extensive genomic complexity in ten expanded osteosarcoma patient tissue
samples using single-cell DNA sequencing. Allele-specific copy numbers (heatmap colors)
are inferred by using the CHISEL algorithm?* from each of ten datasets including 300-2300
single cancer cells from osteosarcoma tumors. In each dataset, cancer cells are grouped into
clones (colors in leftmost column) by CHISEL based on the inferred allele-specific copy
numbers. Corrected allele-specific copy-numbers are correspondingly obtained by consensus.
Note that cells classified as noisy by CHISEL have been excluded. *’ and ‘# represent samples
obtained from the same patient.
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Figure 2. Osteosarcoma cancer cells exhibit extensive genetic alterations, especially
deletions, but a relatively low level of heterogeneity. (A) Ploidy (y-axis) and fraction of
aberrant genome (x-axis) of every cell (point) across the ten analyzed datasets (colors). The
kernel density of the marginal distributions of each value is reported accordingly in every plot.
(B) Fraction of genome affected by deletions (x-axis) vs. fraction of genome affected by
amplifications (y-axis) of every cell (point) across the ten analyzed datasets (colors). (C)
Fraction of aberrant genome (x-axis) and fraction of subclonal SCNAs (i.e. fraction of the
genome with SCNAs different than the most common clone for the same region across all cells
in the same dataset, y-axis) of every cell (point) across the ten analyzed datasets (colors).
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Figure 3. Phylogenetic reconstruction of tumor evolution is consistent with longitudinal
ordering of matched tumor samples and reveals conservation of SCNA profiles. (A)
Allele-specific copy numbers (heatmap colors) across all autosomes (columns) have been
inferred by CHISEL jointly across 4238 cells (rows) in 3 tumor samples from the same patient:
1 pre-treatment sample (NCH-OS-4 tibia) and two post-treatment samples (NCH-OS-7 tibia
and NCH-OS-7 flank). CHISEL groups cells into 4 distinct clones (blue, green, red, and purple)
characterized by different complements of SCNAs. (B) Phylogenetic tree describes the
evolution in terms of SCNAs for the four identified tumor clones. The tree is rooted in normal
diploid clone (white root) and is characterized by two unobserved ancestors (white internal
nodes). Edges are labelled with the corresponding copy-number events that occurred and
transformed the copy-number profile of the parent into the profile of the progeny. The four tumor
clones (blue, green, red, and purple) are labelled according to the sample in which they were
identified.
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Figure S1. Majority of samples have one dominant clone, irrespective of total number of
cells analyzed. (A) Number of cells sequenced and analyzed across all ten samples
considered in this study. (B) Fraction of distinct clones identified in each dataset. Grey identifies
most prevalent clone in each sample.



https://doi.org/10.1101/2021.08.30.458268

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.30.458268; this version posted August 31, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

NCH-OS-1

D

= i ;

i o
B

.|

I
Io

J
[ ——
o {0
i |
St L et !

@]
2]
=}
S
)
=
N
©
x
S

IU)
[

B i
| =
| =
[ | E_ |
| =
=3 gl | | =1 _
4 i S S u | 3
P& &S | =
B
E NCH-OS-4-tibia |
A

T R

|

| El

1 1

=

| |

| {
I | | = :

i IS d BT SRR
P e
F

cell

P YT
I A P S R S

NCH-0S-7-tibia *
B T TN SN

* Ty
%,
% Cell
I - S

IS = Y

L P P P i

Il

A A S g PR s g

[
o,

* I

% (H:

o .‘: ==
%

SJOS003939_Xx2 #
T -

cell

&

Total copy number
0 1 2 4

-
5 26
1{3.3}
= I(-w
0oy || {10 (3.1> Iw)
| I(s.1)
(20} | (3.0} I

ST ,._.._..__.I-"nml

I
il
1
1

— I -

cell

I(4. o Neo I (6.0}

=18 SASEE N 1i ] 3 Wy
Allele-specific copy numbers A I I R i A A A A R 5 o

Figure S2. Extensive genomic complexity in ten expanded osteosarcoma patient tissue
samples using single-cell DNA sequencing. Uncorrected single-cell allele-specific copy
numbers (heatmap colors) are inferred by using the CHISEL algorithm?* from each of ten
datasets including 300-2300 single cancer cells from osteosarcoma tumors. In each dataset,
cancer cells are grouped into clones (row colors) by CHISEL based on the inferred allele-
specific copy numbers. Note that cells classified as noisy by CHISEL have been excluded.
and ‘# represent samples obtained from the same patient.
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Figure S3. Osteosarcoma tumors demonstrate different and high levels of aneuploidy.
Boxplots representing ploidy of individual cells (dots) in each sample (colors).
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Figure S4. Extensive levels of aneuploidy, dominated by deletions, but low levels of
subclonal diversification detected in osteosarcoma datasets. Density plots are computed
across all cells in each analyzed sample (colors) to represent the distribution of the fraction of
aberrant genome (A) fraction of subclonal SCNAs (B) fraction of amplified genome (C) fraction

of deleted genome (D), and cell ploidy (E).
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Figure S5. Loss of heterozygosity (LOH) events detected in TP53 locus. CHISEL identified
LOH (light violet) and copy-neutral LOH (dark purple) events across all cells in the identified
samples (colors) and along 5 Mb genomic regions of chromosome 17. The genomic region
including gene TP53 is highlighted (red).
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Figure S6. Paired tumor samples demonstrate conservation of SCNA profiles across
therapeutic time points. Allele-specific copy numbers (heatmap colors) across all autosomes
(columns) inferred by CHISEL in a pair of primary and metastatic tumor samples
(SJOS003939 X1, SJOS003939 X2). CHISEL groups cells into three distinct clones (blue,
green, orange) characterized by different complements of SCNAs. While there are small
differences, majority of the SCNA profiles of clonal populations identified in each sample are
conserved.
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