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Abstract  
Aneuploidy is a hallmark of breast cancer; however, our knowledge of how these complex  
rearrangements evolve during tumorigenesis is limited.  In this study we developed a highly-
multiplexed single-nucleus-sequencing (HM-SNS) method to investigate DNA copy number 
evolution in triple-negative breast cancer (TNBC) patients.  We applied this method to sequence 
1000 single cells from 12 TNBC patients and identified 1-3 major clonal subpopulations in each 
tumor, with large genetic distances from the ancestral diploid cells.  Mathematical modeling 
suggests that these data are unlikely to be explained by the gradual accumulation of copy number 
aberrations (CNAs) over extended periods of time.  We also identified a minor (~7%) 
subpopulation of non-clonal cells that were classified as: 1) metastable tumor cells, 2) pseudo-
diploid cells, and 3) chromazemic cells.  Collectively, these data challenge the paradigm of 
gradual copy number evolution by showing that the majority of CNAs are acquired early in 
tumor evolution, in short punctuated bursts, followed by stable clonal expansions that form the 
tumor mass.  These data have important implications for understanding the evolutionary 
dynamics of tumor growth and the diagnosis and treatment of TNBC patients. 
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Introduction  
Aneuploidy is pervasive in human cancers1 and occurs in the majority (>90%) of breast cancer 
patients2,3.  DNA copy number aberrations (CNAs) often lead to gene dosage effects that 
promote tumor growth via the overexpression of oncogenes and down-regulation of tumor 
suppressors.  However most genomic studies have been based on a single point in time, after the 
tumor was surgically resected, making it difficult to study the natural history of chromosome 
evolution during tumor growth (without the confounding effects of therapy or metastasis).  The 
prevailing model for copy number evolution posits that CNAs are acquired gradually and 
sequentially over extended periods of time, leading to successively more malignant stages of 
cancer4,5.  An alternative model is punctuated evolution, in which CNAs are acquired in short 
bursts of crisis, followed by stable clonal expansions that form the tumor mass (Supplementary 
Fig. 1).  Punctuated Equilibrium was originally proposed for species evolution and challenged 
the paradigm of Darwinian gradualism:  this model was based mainly on the fossil record, in 
which skeletal structures are shown to remain highly stable in species during evolution6.  In 
human tumors, punctuated copy number evolution has been suggested to explain localized 
phenomenon on chromosomes, including chromothripsis7, chromoplexy8 and firestorms9.  
However, to date there has been limited evidence supporting a model in which the majority of 
genome-wide CNAs evolve in short punctuated bursts at the earliest stages of tumor evolution.   

One of the major challenges in studying punctuated copy number evolution, is that tumor 
tissues consist of admixtures of millions of single cells that each may contain different genotypes.  
To address this problem, we previously developed a single cell DNA sequencing method called 
Single-Nucleus-Sequencing (SNS), which combined flow-sorting of single nuclei, whole-
genome-amplification (WGA) and sparse next-generation sequencing to profile genomic copy 
number in individual cancer cells10,11.  We applied this method to sequence single tumor cells 
from two breast cancer patients, which provided initial evidence for a punctuated model of copy 
number evolution11.  However, these data were limited to two patients due to the high costs and 
low throughput associated with SNS. To improve this technology, we recently developed a 
highly-multiplexed single-nucleus-sequencing (HM-SNS) approach that can profile 48-96 single 
cells in parallel, which reduces cost and improves the throughput for large-scale studies. 

In this study, we applied HM-SNS to investigate the clonal substructure and evolution of 
chromosome copy number aberrations (CNAs) in triple-negative breast cancer (TNBC) patients.  
TNBCs are a subtype of breast cancer that is characterized by a lack of estrogen receptor (ER), 
progesterone receptor (PR) and Her2 amplification12.  TNBC patients show poor survival and 
frequently develop resistance to chemotherapy, often leaving limited further treatment options13.  
The majority of TNBC patients harbor TP53 mutations3 and show complex aneuploid 
rearrangements by copy number profiling experiments of bulk tissues2,14.  Genomic studies have 
shown that TNBC patients display a large amount of inter-patient heterogeneity in somatic 
mutations3, in addition to extensive intra-tumor heterogeneity within the tumor mass15-18.  In this 
study we analyzed a cohort of 12 treatment-naïve TNBC patients with invasive ductal 
carcinomas that were surgically resected prior to adjuvant therapy (Supplementary Table 1). 
 
RESULTS 
 
Highly-Multiplexed Single-Cell Copy Number Profiling 
To profile genome-wide copy number in single cells we developed a Highly-Multiplexed Single-
Nucleus-Sequencing (HM-SNS) method and applied it to sequence 1000 single cells from 12 
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TNBC patients (Fig. 1a). Nuclear suspensions were prepared from large (0.5-1cm3) frozen tumor 
specimens and stained with DAPI for flow-sorting.  Single nuclei were gated by ploidy and 
deposited into individual wells on a 96-well plate for whole-genome-amplification (WGA) using 
degenerative-oligonucleotide-PCR (DOP-PCR)10,11.  After WGA, barcoded libraries were 
prepared by ligating NGS adapters with 8bp unique barcodes to each single cell library for 
multiplexed pooling of 48-96 single cells (Online Methods).  The pooled libraries were 
sequenced on the Illumina platform at 76 single-end cycles.  Single nuclei were sequenced at 
sparse coverage depth and copy number profiles were calculated from sequence read depth at 
220kb resolution (Online Methods). On average 83 single cells (range 48-120) were sequenced 
from each TNBC patient (Supplementary Table 2).  In each TNBC patient we observed a single 
2N diploid peak (D) and one or more aneuploid peaks that ranged from 1.8N to 4.1N in the flow-
sorting histograms (Fig. 1b).  Single nuclei were isolated from the aneuploid (A) and diploid (D) 
peaks, in addition to broadly gating nuclei from all ploidy distributions and intermediate peaks 
using universal (U) gates for a subset of tumors for HM-SNS.  
 
Clonal Substructure and Diversity During Tumor Growth 
To delineate the clonal substructure of each tumor and investigate clonal diversity during tumor 
growth, we performed 1-dimensional hierarchical clustering of the aneuploid single cell copy 
number profiles.  Clustered heatmaps identified 1-3 major clonal subpopulations (A,B,C) in each 
tumor (Fig. 2).  Within each subpopulation, the single cells shared highly similar copy number 
profiles (mean R2 = 0.87, SEM±0.012), representing stable clonal expansions that occurred 
during tumor growth.  A Similar population substructure was also observed by clustering all of 
the aneuploid and diploid cells from each TNBC patient, where the diploid cells formed another 
independent cluster (Supplementary Fig. 2).  To more quantitatively determine the optimal 
number of clusters in each tumor, we applied PAMK-medoids clustering19 (Supplementary Fig. 
3).  The findings were highly consistent with the hierarchical clustering results, except in two 
cases (T1 and T12) where single outlier cells formed additional clusters. Principle component 
analysis (PCA) using the single cell copy number data was consistent with the hierarchical and 
PAMK-medoid clustering results, showing that 1-3 major clusters were present in each tumor 
(Fig. 3a). We quantified the genotype frequencies of the subpopulations, which revealed that 
some clones achieved higher frequencies in the tumor mass (Fig. 3b).  To obtain a global metric 
of clonal diversity, Shannon diversity indexes were calculated for each TNBC patient (Online 
Methods).  The diversity indexes showed a broad range across the TNBC patient cohort, and 
corresponded to the number of clonal subpopulations present in each tumor (Fig. 3c).  These data 
suggest that most TNBC tumors consist of 1-3 major clonal subpopulations, and that complex 
aneuploid tumor profiles were highly stable (clonal stasis) during tumor growth. 
 
Divergent Subpopulations in Polyclonal Tumors 
Polyclonal tumors with 2-3 major subpopulations shared the majority of CNAs between the 
subpopulations, but also differed by a few discrete subclonal CNAs that emerged in the later 
stages of tumor evolution.  The subclonal CNAs distinguished the clones and often resulted in 
the amplification or deletion of known oncogenes and tumor suppressors.  In several cases, the 
subclonal CNAs increased the genotype frequencies of the clones in the tumor mass, suggesting 
that they may have provided a fitness advantage.  To further investigate this possibility, we 
calculated the relative fitness of the clonal subpopulations in the polyclonal tumors using the 
genotype frequency data (Online Methods, Supplementary Table 3). In tumor T3 two major 
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clonal subpopulations (A, B) were identified, in which clone A acquired additional amplifications 
of chromosome 10p and 12q (Fig. 4a).  The 10p amplification increased the copy number of 
GATA3 in addition to five other cancer genes, while the 12q amplification increased the copy 
number of MDM2 in addition to several other genes.  These amplifications increased the 
genotype frequency of clone A and provided a relative fitness advantage (f = 1.0) compared to 
clone B  (f = 0.3). In another polygenomic tumor (T2) we identified two major clonal 
subpopulations (A, B) that differed by a large amplification on chromosome 5 that encompassed 
14 cancer genes, including MAP3K1, ERBB2IP and PIK3R1 (Fig. 4b).  This amplification 
increased the genotype frequency of clone A and provided a relative fitness advantage (f=1.0) 
compared to clone B (f=0.1).  Similar subclonal CNAs were found in other TNBC patients (T5 
and T8) and often lead to increases in genotype frequencies in the clones that harbored the new 
chromosomal aberrations (Supplementary Fig. 4).  These data show that in addition to stable 
clonal expansions, TNBC patients can continue to acquire single CNAs in the later stages of 
tumor progression, which can lead to the selection of new subpopulations. 
 
Non-Clonal Copy Number Profiles in Tumors 
While most cancer cells clustered into 1-3 major clonal subpopulations, we also identified a 
minor fraction (<10%) of non-clonal single cell copy number profiles in each tumor.  On average 
the non-clonal copy number profiles occurred at 7.4 ± 0.8% (SEM) in the aneuploid fractions, 
7.9 ± 1.4% (SEM) in the diploid fractions and 5.9 ± 1.0% (SEM) in the adjacent normal tissue 
cells (Fig. 5a-d, Supplementary Table 4). Based on the patterns of the CNA profiles, we 
identified three major classes of non-clonal cells: 1) metastable tumor cells, 2) pseudodiploid 
cells, and 3) chromazemic cells (Fig. 5e-h).   

Metastable tumor cells are aneuploid cancer cells that share highly similar copy number 
profiles with the major subpopulations, but have evolved additional gains or losses of single 
chromosomes or chromosome arms (Fig. 5e).  In tumor T3 we identified 53 single aneuploid 
tumor cells that shared a common copy number profile, and 6 unique metastable tumor cells with 
non-clonal amplifications and deletions.  One metastable tumor cell from T3 showed an 
additional amplification of chromosome 5p compared to the major aneuploid tumor cells (Fig. 
5e-h, left panel).  In tumor T6 we identified 78 single tumor cells that shared a common copy 
number profile and 5 unique metastable tumor cells with non-clonal CNAs.  One metastable 
tumor cell with an additional amplification of chromosome 18p is shown in comparison to the 
major aneuploid tumor subpopulation (Fig. 5e, right panel).  Metastable tumor cells acquired 
single CNAs in the later stages of tumor evolution, but represent evolutionary ‘dead-ends’ in the 
sense that these events did not provide a fitness advantage leading to clonal expansion. 

Pseudodiploid cells are single cells with flat 2N copy number profiles that have acquired 
additional gains or losses of single chromosomes or arms at random genomic locations that are 
not observed in other cells (Fig. 5f-g).  The diploid fractions of breast tumors are predominantly 
normal stromal cells; however, they may also contain tumor cells with diploid copy number.  
Most CNAs in pseudo-diploid cells occurred at random genomic regions, butwe did observe a 
frequent (23%) loss of one copy of the X chromosome in multiple cells from different patients 
that was statistically significant (p<0.0001, one-tailed t-test) (Supplementary Table 5). To 
determine if non-clonal cells are specific to tumors, we also profiled matched normal breast 
tissue from 4 TNBC patients (Fig. 5d, Fig. 5g).  In these samples, we found that 5.9% of the 
normal breast cells also showed evidence of single cells with non-clonal copy number profiles, 
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suggesting that random copy number gains and losses also occur during normal breast tissue 
development, albeit at a lower frequency than tumors (Supplementary Table 6). 

Chromazemic cells (-zemia = ‘damage’ or ‘loss’) are non-clonal cells with large 
homozygous deletions of whole chromosomes or chromosome arms that occur at random 
locations in the genome (Fig. 5h). These cells are unlikely to be viable, due to the large 
homozygous deletions of chromosomes.  Chromazemic cells may be the byproduct of 
asymmetric cell divisions or possibly dying cells and are found in diploid fractions, normal 
tissues and aneuploid fractions.  
 
Punctuated Copy Number Evolution  
To investigate tumor evolution, we constructed phylogenetic trees from the single cell copy 
number data.  Reconstructing tumor evolution from intratumor heterogeneity is possible by 
assuming that mutational complexity increases with time20,21. Copy number segmentation was 
performed using a multi-sample breakpoint algorithm22 to identify common chromosome 
breakpoints that occur across all single cells within a tumor.  From these CNAs a trinary event 
matrix was calculated and maximum parsimony (MP) trees were constructed for each TNBC 
patient (Online Methods).  The resulting MP trees show that each tumor evolved a long long root 
branch of founder (‘truncal’) CNAs that were acquired early in tumor evolution and maintained 
stably in all clones during tumor growth (Fig. 6a-c). 

In the monoclonal tumor T1, a large number of copy number amplifications (N=15) and 
deletions (N=21) were identified in the root node, suggesting that they were acquired at the 
earliest stages of tumor growth and stably maintained as the tumor mass clonally expanded (Fig. 
6a).  The aneuploid single cells showed short branch lengths to their last common ancestor, 
suggesting that the cells were highly stable during tumor evolution.  In the polyclonal tumor T3 a 
large number of chromosome amplifications (N=13) and deletions (N=7) were identified in the 
root node, as the cells evolved from diploid to aneuploid genomes, suggesting that these events 
occurred concurrently at the earliest stages of tumor evolution.  In the later stages of tumor 
progression, a new subpopulation diverged with additional amplifications of chromosome 10 and 
12q (Fig. 6b).  Importantly, the aneuploid cells within the two subpopulations (A, B) were highly 
clonal as indicated by short branch lengths, indicating a period of clonal stasis during tumor 
growth.  A similar tree structure was also observed in the polygenomic tumor T8, in which many 
amplifications (N=9) and deletions (N=36) occurred in the root node at the earliest stages of 
evolution, prior to the clonal expansion of the tumor mass (Fig. 6c).  At the later stages of 
genome evolution, a second subpopulation diverged with additional deletions on chromosome 
12p and 12q.  

Root nodes in which the majority of CNAs were acquired early in tumor evolution were 
found in most TNBC patients, with a lack of intermediate branching as single cells evolved from 
diploid to aneuploid genomes.  Although some TNBC tumors showed clear evidence of 
divergent subclones in the later stages of tumor evolution, these clones typically only diverged 
by a few (N=1-3) CNAs, compared to the many (N=24-132) CNAs that were acquired in early 
punctuated bursts.  Another important characteristic of the phylogenetic trees is that they show 
that all cancer cells share a common evolutionary origin in each tumor, suggesting that they 
evolved from a single normal cell in the breast tissue, not multiple initiating cells, which would 
have given rise to several independent lineages. 

To further investigate whether the single cell data was consistent with a punctuated model 
of copy number evolution we performed linear (gradual) and multi-step (punctuated) fitting of 
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the sorted CNA count data from the single cells in each tumor (Online Methods).  From the 
linear and step-fitting models, we computed the adjusted coefficient of determination (adjusted 
R2), Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) values to 
determine best fit.   The 1-step fit resulted in higher correlation values (mean R2 = 0.977, 
SEM±0.004) compared to the linear fitting (mean R2 = 0.704, SEM±0.029) and was statistically 
significant (p = 2.125e-9, one-tailed t-test) (Fig. 6d, Supplementary Fig. 5).  Similarly, better BIC 
and AIC values were obtained for all tumors when step-fitting was applied.  This trend occurred 
in all TNBC patients, supporting a punctuated model of copy number evolution, in which the 
number of CNA events drastically increased in a short period of time during tumor evolution, 
rather than increasing gradually over time as would be expected in a linear model 
(Supplementary Fig. 5).  

 
Absence of Gradual Intermediate Cells in Ungated Fractions 
One possible explanation for the absence of gradual intermediate copy number profiles in the 
tumor mass is that the gating of ploidy distributions by FACS was too narrow and therefore may 
have missed intermediate cells that occur in between the ploidy peaks (Fig. 1b).  To investigate 
this possibility, we performed universal gating (U) to sample broadly across all of the ploidy 
distributions in 4/12 TNBC patients and flow-sorted additional single nuclei for HM-SNS. 
Hierarchical clustering was performed using the narrowly gated and universally gated nuclei data 
and heatmaps were constructed to compare the clonal substructure (Supplementary Fig. 6).  
Clustering analyses showed similar population substructure in the universal (U) and ploidy-gated 
(A, D) populations of tumor cells from each patient, with no evidence of additional intermediate 
copy number profiles in the universal gates, suggesting that if intermediate profiles exist and 
persist in the tumor mass, they are very rare.  These data are consistent with the cell counts in the 
FACS histograms, which show no evidence of intermediate density between the aneuploid and 
diploid populations, with the exception of S-phase populations (Fig. 1b). 
 
Mathematical Modeling of Gradual and Punctuated Evolution  
To further investigate alternative scenarios such as punctuated and gradual evolution in silico, we 
developed a multi-type stochastic branching process model of tumor growth. In this model, 
during each time-step a cell can divide to produce: 1) two daughter cells that are identical to the 
mother cell, 2) no cells (death), or 3) lead to one daughter identical to the mother cell and one 
daughter with a new CNA whose fitness advantage is selected from a mutational fitness 
distribution23.  In the gradual model, each cell division event may lead to the accumulation of a 
new CNA at a constant rate (Figure 7a) corresponding to the baseline mutation rate for single 
copy number changes (Figure 7c). In the punctuated model (Figure 7b), each cell division event 
may either result in the accumulation of a single CNA or, at a different rate, a burst of multiple 
SCNAs whose number is chosen from a Poisson distribution (Figure 7d).  We implemented both 
models as exact stochastic computer simulations initiating with a single diploid ancestral tumor 
cell and continued each instantiation of the model until the total number of cells was equivalent 
to the total number of cells in each TNBC patient (based on the flow-sorting count data). From 
each simulation, we sampled 100 single cells at random and constructed phylogenetic trees using 
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the Hamming distances among cells (Supplementary Figure 7).  We then performed AMOVA24, 
a method designed to detect differences in populations based on a distance matrix, to investigate 
the topologies of the resulting phylogenies. Permutation testing was applied to obtain p-values 
for each sample based on the gradual (Figure 7e) and the punctuated model (Figure 7f) and to 
test whether these models were able to recapitulate the tree topologies obtained from the TNBC 
patient data (Supplementary Methods). We investigated a wide range of parameter values to 
search through a total of 160 combinations of parameters for the gradual and punctuated models.  
In the trees resulting from the gradual model we found evidence of many intermediate 
subpopulations suggesting that selective sweeps are unlikely to occur in later stages of tumor 
evolution leading to more homogenous populations, even when clones with high fitness values 
emerge (Figure 7g, Supplementary Figure 7b).  In contrast, the punctuated simulations resulted 
in tree structures with long root nodes between the ancestral (diploid) and aneuploid 
subpopulations, which are consistent with our single cell data (Figure 7h, Supplementary Figure 
7a). We then investigated 7 additional alternative scenarios for gradual simulations 
(Supplementary Notes, Supplementary Methods) to test their ability to recapitulate the data. 
These scenarios include models involving epistasis, a model allowing for an increase in the 
mutation rate over time, and selecting the mutation rate from a distribution, along with 
combinations of these scenarios. In total, we investigated these alternative scenarios for a total of 
1,920 parameter combinations. However, under any of these scenarios, the resulting trees 
sampled from 100 single cells displayed evidence of many intermediate clones (Supplementary 
Figure 7b). In summary, our evolutionary modeling analyses support a punctuated model of copy 
number evolution, and suggest that selective sweeps occurring in later stages of tumor growth 
are unlikely to explain the presence of highly clonal subpopulations. 
 
Inter-tumor Heterogeneity Between TNBC Patients 
In addition to investigating intra-tumor heterogeneity (within individual tumors) we also 
compared copy number differences between TNBC patients (inter-tumor heterogeneity).  
Consensus profiles were calculated to represent the bulk tumor populations from each TNBC 
patient by aggregating the median values of the single cell aneuploid copy number profiles 
(Online Methods). Frequency plots were calculated using the CNA profiles from all TNBC 
patients to identify common amplifications and deletions that are recurrent in the patient cohort 
(Fig. 8a).  This analysis identified frequent amplifications on chromosome 1q (MDM4), 3q 
(PIK3CA), 6p (CCND3), 8q (MYC) and 18 (BCL2, SMAD4), while frequent deletions included 
chromosome 4p (FGFR3), 5, 8p, 9p (RB1), 12 (MDM2) and 22 (CHEK2).  These genomic 
regions and oncogenes are consistent with previous data in which 54 TNBC patients were 
profiled by microarray CGH14.   

In addition to the frequent CNA events, we also identified a large number of unique high-
level focal amplifications (< 10 mb) that occurred exclusively in individual TNBC patients (Fig. 
8b). In tumor T4 we identified a single focal amplification of on 19p13.2 containing the DNMT1 
methyltransferase oncogene. In tumor T9 we observed a focal amplification of the JAK2 kinase 
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(9p24.1) and a focal amplification of the TAL2 oncogene (9q31.2). In tumor T7 we identified 
three focal amplifications: EVI1 (3q26.2), COX6C (8q22.2) and CCNE1 (19q12).  Other focal 
amplifications were observed in most TNBC patients (10/12) and often encompassed known 
oncogenes.  Because these amplifications occur at high copy number levels (≥ 5 copies), they are 
likely to have a strong impact on gene dosage of the oncogenes. These focal CNAs have not 
previously been detected in frequency analysis studies, because they are unique to individual 
TNBC patients and may provide novel opportunities for targeted therapy. 
 We also investigated inter-patient tumor heterogeneity by integrating data from all of the 
single cell tumor copy number profiles. High-dimensional data reduction analysis was performed 
using t-SNE25 to cluster single cells into groups that share similar CNA profiles (Fig. 8c).  These 
analyses show that single cells cluster according to the patient from which they were originally 
isolated.  We also performed hierarchical clustering using all of the single cell tumor CNA 
profiles, which clustered single cells according to the TNBC patient from which they were 
derived (Fig. 8d).  These data show that single cells from each TNBC patient are genetically 
more related to each other than to other tumors, suggesting that they share a common ancestral 
lineage and evolved from a single normal cell in the breast tissue. 
 
Discussion 
Collectively, our single cell data support a punctuated model of copy number evolution, in which 
a large number of CNAs are acquired early in tumor evolution, in a short periods of crisis, and 
remain highly stable as the tumor mass clonally expanded (clonal stasis).  Despite profiling 
hundreds of single cells sampled from many broad spatial regions, we did not detect any gradual 
intermediate copy number profiles, as the tumor cells evolved from diploid to aneuploid 
genomes.  These data challenge the dogma of gradual tumor evolution4,5 by showing that cancer 
cells with gradual intermediate copy number profiles are not common during tumor growth.   
Furthermore, our findings are inconsistent with many reports of extensive intratumor genomic 
heterogeneity in breast cancer15,16,18,26 by showing that CNAs are remarkably stable throughout 
the tumor mass.  However, these previous studies analyzed point mutations, which may represent 
different molecular clocks during tumor growth17. 

Punctuated copy number evolution and clonal stasis have important implications for 
tumor evolution, diagnostics and therapy.  These data imply a deterministic model of tumor 
evolution, in which the majority of CNAs are acquired at the earliest stages of tumor growth.  
Consequently, individual tumor cells may be hard-wired at the earliest stages of tumor growth to 
become invasive, metastatic or resistant to chemotherapy27,28.  Conceptually, these data may 
suggest that profiling CNAs in early-stage breast cancers (LCIS or DCIS) may predict whether 
the tumors should be treated aggressively, or alternatively not at all (‘watchful waiting’).  
A punctuated model of tumor evolution is also consistent with recent data from multi-region 
exome sequencing that report a ‘big bang’ model for tumor growth in colon cancer28, 
hepatocellular carcinoma 29 and several TCGA cancer types30 in which clonal diversification and 
selection was reported at the earliest stages of tumor progression. 

Our single cell data also have important implications for clinical diagnostics, by showing 
that multi-region sampling may not be necessary in most TNBC patients for assessing the 
majority of CNAs as biomarkers, since they are highly stable throughout the tumor mass.  
Furthermore, these data show that founder or ‘truncal’ CNAs are ideal targets for personalized 
therapy, since they occur early in the tumor lineages and are therefore present in the majority of 
tumor cells.  Our data may explain why targeted therapies that use amplifications as diagnostic 
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markers have proven to be such an effective treatment strategy, for example in breast cancer 
patients with Her2 amplifications that are treated with Trastuzumab31. 
 Although ~90% of the copy number profiles in the TNBC patients were highly clonal, we 
did identify a minor (< 10%) fraction of cells with non-clonal copy number profiles.  These cells 
were not intermediate copy number profiles in the main tumor lineage, but instead showed 
additional random chromosome gains or losses.  In order to determine if these cells were due to a 
tumor-specific phenomenon, we also profiled normal cells from distant matched breast tissue. 
These data showed that the percent of non-clonal cells is lower in normal breast tissues (5.9%) 
compared to tumors (7.9%), but still occurs at significant levels.  Our data are consistent with 
previous studies of tissue mosaicism, which have reported 1-5% non-clonal aneuploid cells in 
different normal tissues, including liver, brain and skin32.  These data suggest that chromosome 
gains and losses occur during normal breast tissue development, and that these missegregation 
errors are elevated in tumors.  Because the majority of the non-clonal events involve a single 
chromosome gain or loss, we speculate that they are due to lagging chromosomes that occur 
during asymmetric mitoses33.  This process may provide further genomic diversification in 
metastable tumor cells and ‘fuel for evolution’ to select upon, occasionally leading to new tumor 
subpopulations, as we observed in several polygenomic tumors. 

While our study has addressed several key questions regarding aneuploidy evolution in 
tumors, it has also raised several new lines of inquiry:  How can genome instability be turned on 
and off in a reversible manner at the earliest stages of tumor evolution? One possibility for a 
reversible switch is telomere inactivation/reactivation, leading to breakage-fusion-bridge (BFB) 
cycles that cause complex aneuploid rearrangements in just a few cell divisions, in manner that 
can be reversed by telomerase reactivation.   This mechanism has previously been described as 
‘episodic telomere crisis’ and was demonstrated in mouse models27,34.  Another important 
question is how tumor cells with complex aneuploid rearrangements undergo symmetric cell 
divisions.  For tumor cells to undergo symmetric cell divisions with supernumerary 
chromosomes, we speculate that aneuploid cells must cluster multiple centrioles together to align 
chromosomes equally along the metaphase plate35,36.  These questions will need to be 
investigated in future studies using in vitro and in vivo systems. 

One question we considered is whether sufficient numbers of single cells were sequenced 
from each tumor to detect the major tumor subpopulations. To investigate this question, we 
calculated a posterior saturation curves using multinomial distributions which shows that 20-40 
single cells were necessary to achieve >95% power of detection of the major subpopulations, 
suggesting that sufficient numbers of single cells (mean N=83) were sequenced in each tumor 
(Supplementary Fig. 8).  While punctuated evolution is the most likely model to explain our data, 
we also considered an alternative model in which evolution is gradual until a clone with high 
fitness emerges at the later stages of progression, which could possibly lead to a ‘selective 
sweep’.  However, despite extensive testing with mathematical modeling analysis, we found that 
selective sweeps were highly uncommon during gradual evolution. Furthermore, this model is 
not supported by recent studies that support early clonal diversification and neutral evolution in 
human tumor samples28-30 and by single cell copy number data in early-stage (DCIS) breast 
cancers that show similar clonal frequencies in the ductal and invasive subpopulations (Gao et al. 
2016, unpublished). 

In summary, our single cell copy number data and mathematical modeling suggest that 
clonal stasis and punctuated copy number evolution are common in TNBC patients.  This process 
leads to complex aneuploidy copy number profiles that are remarkably stable during tumor 
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growth and disperse throughout many spatial regions in the tumor mass. Our preliminary data in 
other solid cancers (colon, prostate, liver, lung) also suggest that a punctuated model of copy 
number evolution is also likely to be operative in many other human cancers.  This model has 
important implications for our evolutionary understanding of cancer growth dynamics and for the 
clinical diagnosis and treatment of TNBC patients. 
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Figure Legends  
 
Figure 1 - Highly-multiplexed Single Nucleus Sequencing of TNBC Patients  
(a) Highly-multiplexed single nucleus sequencing method.  Tumor tissues are dissociated into 
nuclear suspensions and stained with DAPI for flow-sorting by DNA ploidy.  Single nuclei are 
deposited into 96-well plates and whole-genome-amplified by DOP-PCR.  Single cell libraries 
are barcoded with unique 8bp identifier and 48-96 libraries are pooled together for sparse next-
generation sequencing.  The sequence reads are demultiplexed using the cell barcodes after 
sequencing is completed for copy number profile calculations.  (b) FACS plots of DAPI intensity 
showing ploidy distributions for each TNBC patient.  Single cells were isolated from different 
distributions of ploidy that were gated as: D (diploid), A (aneuploidy), or U (universal). 
 
Figure 2 – Clonal Subpopulations Identified by Clustering Single Aneuploid Cells 
Hierarchical 1-dimensional clustering of the single cell aneuploidy copy number profiles from 
each TNBC patient. The clonal subpopulations (A, B, C) are colored in orange, teal or purple.  
Single cells are plotted on the Y-axis, while copy number aberrations are plotted in genomic 
order on the X-axis. 

Figure 3 – Clonal Composition and Diversity of TNBC Tumors  
(a) Principal Component Analysis of single cell copy number profiles sequenced from each 
TNBC tumor.  Copy number profiles are colored by hierarchical clustering analysis and labeled 
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as follows: diploid (D) or aneuploid tumor subpopulations (A, B, C). (b) Percentage of subclone 
genotypes in each tumor. (c) Shannon diversity index of copy number profiles from each tumor, 
with dotted lines indicating low, intermediate and high diversity groups. 

Figure 4 - Divergent Subpopulations in Polyclonal Tumors  
Clustered heatmaps of single cell aneuploid copy number profiles in polyclonal tumors.  (a) 
Tumor T3 heatmap with two subpopulations (A, B) identified.  Subpopulation A (orange cluster) 
diverged from subpopulation B (teal cluster) by acquiring additional amplifications on 
chromosomes 10p and 12q, resulting in the amplification of GATA3 and MDM2 in addition to 
many other genes.  (b) Tumor T2 heatmap with two subpopulations (A, B) identified.  
Subpopulation A (orange) diverged from the B subpopulation (teal) by the amplification of 
chromosome 5, containing many cancer genes including MAP3K1, ERBB2IP and PIK3R1. 

Figure 5 - Non-clonal Copy Number Profiles in Tumors and Normal Breast Tissues  
(a) Percentage of non-clonal cells in each tumor. (b) Percentage of non-clonal metastable 
aneuploid cells in the aneuploid fractions of each tumor. (c) Percentage of non-clonal pseudo-
diploid cells in the diploid fractions of each tumor (d) Percentage of pseudodiploid cells in 
matched normal breast tissues from four TNBC patients (T3, T5, T8 and T10). (e) Examples of 
two metastable aneuploid cells (upper panels) compared to the copy number profiles of the major 
aneuploid subpopulations (lower panels). (f) Examples of two pseudo-diploid cells isolated from 
diploid fractions of tumors. (g) Examples of two pseudo-diploid cells isolated from normal breast 
tissues. (h) Examples of four chromazemic cells with large homozygous deletions of whole 
chromosomes or chromosome arms.  

Figure 6 – Punctuated Copy Number Evolution and Phylogenetic Trees 
(a-c) Multi-cell segmentation (upper panel), binary event matrices (lower panel) and maximum 
parsimony trees (right panels) from 3 TNBC patients: (a) T3, (b) T1 and (c) T8.  Maximum 
parsimony trees are rooted by the diploid cells and non-clonal profiles were excluded from the 
analysis.  Copy number events with non-integer values were filtered from all cells prior to tree 
construction and are shown in grey  (d) Linear and step fitting of single cell CNA count data 
from 6 TNBC patients.  Coefficients of determination, BIC and AIC metric are also displayed for 
each fit. 

Figure 7 – Mathematical Modeling of Punctuated and Gradual Tumor Evolution 
(a) Gradual model of multitype-type stochastic birth-death-mutation process (b) Punctuated 
model of multi-type stochastic birth-death-mutation process with a Poisson mutation burst 
probability distribution.  (c) Fitness distributions with varying shape parameter values (alpha) 
that are used for sampling as new clones emerge during the binary branching process in the 
gradual or punctuated models.  (d) Poisson probability distribution for multiple CNA events 
occurring in the punctuated model with a single atom (i.e. point mass) at 1 for single CNA events. 
(e) Heatmap of AMOVA analysis for different fitness distributions and mutation rates in the 
gradual model. (f) Heatmap of AMOVA analysis for different burst and mutation probabilities in 



	  
	  

13	  

the punctuated model.  Colors indicate the proportion of simulations passing the ‘minimal 
punctuated criteria’, with p-values < 0.05 in AMOVA permutation and >90% samples having 
root nodes with at least 5 CNAs to construct a tree.  (g) Tree constructed from sampling 100 
random single cells from simulated data generated from the gradual model.  (h) Tree constructed 
from random sampling of 100 single cells from the simulated data from the punctuated model. 

Figure 8 - Inter-tumor Heterogeneity and Focal Amplifications in TNBCs.  
(a) Frequency plot of CNAs across 12 TNBC patients with amplifications in red and deletions in 
blue. (b) Consensus copy number profiles representing the population of tumor cells were 
calculated for each tumor using the single cell aneuploidy profiles. Focal amplifications with 
cancer genes are annotated. (c) t-SNE plot was calculated using all single aneuploidy tumor cells 
from the 12 TNBC patients. (d) Hierarchical clustering tree using ward linkage was constructed 
using all aneuploidy tumor cells from the 12 TNBC patients. 
 
Supplementary Figure and Table Legends 

Supplementary Figure 1 - Models of Copy Number Evolution in Tumors  
(a) Gradual model of copy number evolution.  Diploid cells acquire CNAs sequentially over 
extended periods of time, leading to more malignant stages of cancer.  This model predicts a 
large number of intermediate clones (A, B, C) that evolve during the transition from diploid to 
aneuploid genomes.  (b) Punctuated model of copy number evolution.  Diploid cells undergo a 
punctuated burst of evolution in which many chromosomal amplifications and deletions are 
acquired in a short period of time at the earliest stages of tumor progression.  Genome instability 
is then turned off, and the clones undergo stable clonal expansions of aneuploid profiles during 
tumor growth to form the tumor mass. 

Supplementary Figure 2 - Clustered Heatmaps of Diploid and Aneuploid Single Cell Copy 
Number Profiles.  One-dimensional hierarchical clustering was performed on the single cell 
copy number profiles from all diploid and aneuploid cells from each TNBC patient. Copy 
number aberrations are plotted on the X-axis in genome order, while single cells are plotted on 
the Y-axis.  Clonal subpopulations are color coded by row sidebars as follows: diploid cells (D) 
and tumor subpopulations (A, B, and C).  
ST2.1 – Clustered heatmaps of patients T1, T2 and T3 
ST2.2 – Clustered heatmaps of patients T4, T5 and T6 
ST2.3 – Clustered heatmaps of patients T7, T8 and T9 
ST2.4 – Clustered heatmaps of patients T7, T8 and T9 
 
Supplementary Figure 3 – Optimized Cluster Selection using PAMK Medoids 
Partitioning around medoids clustering for single cell aneuploid profiles for each of the 12 
TNBC patient.  The optimal number of clusters was estimated by the peak Calinski-Harabasz 
index or optimum average silhouette width.  The K-range of 1 to 20 clusters was tested for each 
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TNBC patient (X-axis). 
 
Supplementary Figure 4 - Divergent Subpopulations in Polygenomic Tumors T5 and T8 
One-dimensional clustered heatmaps of aneuploid single cell copy number profiles from 
polygenomic tumors T5 (a) and T8 (b). The major subpopulations (A, B) are color coded by row 
sidebars. Copy number profiles of single cell are arranged in genome order. Cancer genes in 
CNA regions that distinguish the subpopulations are annotated.  

Supplementary Figure 5 - Step and Slope Fitting of Sorted Single Cell CNA Count Data 
The number of segments in each single cell was counted for each tumor and the data was sorted 
by CNA number.  Step functions or linear regression were fitted to the data.  To determine best 
fit, three metrics were calculated: Baysian information criteria (BIC), the Akaike information 
criteria (AIC) values, and adjusted R-squares values. 

Supplementary Figure 6 – Universal and Gated Single Cell CNA Profiles 
Clustered heatmaps of single tumor cells flow-sorted from aneuploid fractions (orange) and 
ungated fractions (green) for four TNBC patients: T4, T6, T7 and T10.  Diploid cells from 
ungated fractions or gated populations were removed from this analysis.  Copy number profiles 
are arranged in genome order on the X-axis, while single cells are plotted along the Y-axis. 
 
Supplementary Figure 7 – Trees Constructed from Gradual and Punctuated Evolution 
Modeling Data. 
(a) Trees constructed by randomly sampling 100 single cells from punctuated burst modeling 
results (100 million cells) with different fitness and burst mutation rates. (b) Trees of 100 single 
cells sampled from gradual modeling results (100 million cells) with different simulation 
conditions for epistatic interactions, burst timing and combinations thereof.  See supplementary 
notes for more details. 

Supplementary Figure 8 – Single Cell Sampling Sizes and Detection Power  
Posterior saturation curves of single cell sample sizes constructed for each polygenomic TNBC 
tumor using the experimentally measured subpopulation frequencies.  The posterior probability 
of observing at least 3 single cells in each subpopulation given number of cells sequenced was 
calculated based on a binomial distribution for the 8 biclonal tumors and multinomial 
distribution for two triclonal tumors (T4 and T11). Saturation was expected to occur by 
sequencing 20-40 cells in all tumors.  Monoclonal tumors (T1 and T12) were excluded from the 
analysis. 

Supplementary Table 1 - Clinical Information for 12 TNBC Tumors  
This table lists the clinical information for the 12 invasive ductal carcinoma samples that were 
analyzed in this study.  All samples are high grade (III) and were surgically resected prior to 
administration of adjuvant chemotherapy.  Chemotherapy abbreviations are: AC (doxorubicin 
and cyclophosphamide), FAC (5FU, doxorubicin and cyclophosphamide) and FEC (epirubicin 
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and cyclophosphamide).  Columns listed in the table include: tumor ID; tumor size; classification; 
grade; adjuvant chemotherapy; age at diagnosis; lymph node metastases; recurrence; local or 
regional metastasis; distant metastasis; Shannon diversity index; number of major clonal 
subpopulations. 
 
Supplementary Table 2 - Sequencing Metrics for Single Cell Data 
This table lists the next-generation sequencing metrics for the single cell copy number data for 
each TNBC patient.  Columns include: tumor ID; number of cells sequenced; average number of 
reads per 220kb bin; average number of sequencing reads for each single cell; mean DNA ploidy 
distributions detected in the tumor. 
 
Supplementary Table 3 - Relative Fitness of Tumor Subclones 
This table lists the total number of tumor cells sequenced and number of tumor cells that were 
clustered into designated clonal subpopulation.  Relative fitness was calculated from the 
genotype frequencies of the subpopulations in each TNBC patient (online methods). 
 
Supplementary Table 4 – Non-clonal Cell Frequencies in TNBC Tumors 
This table lists the total number of clonal aneuploid, diploid and non-clonal cells detected in each 
tumor.  Nonclonal cells are classified as metastable aneuploid cells, pseudodiploid cells and 
chromazemic cells based on their copy number profiles.  The percentages of nonclonal cells in 
each tumor are also listed. 
 
Supplementary Table 5 – Distribution of CNAs in Pseudodiploid Cells 
This table shows the genomic distribution of copy number amplifications (red) and deletions 
(blue) detected in the pseudodiploid cells identified in all TNBC patients.  This plot shows 
a statically significant enrichment of X chromosome loss. 

Supplementary Table 6 –Pseudodiploid Cells in Matched Normal Breast Tissues 
This table lists the percentages and cell counts of pseudo-diploid cells in matched normal breast 
tissues from 4 patients. 
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