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Abstract: 

The ability to simultaneously sequence the genome and transcriptome of the same single cell offers 

a powerful means to dissect functional genetic heterogeneity at the cellular level. Here we describe 

G&T-seq, a method for separating and sequencing genomic DNA and full-length mRNA from single 

cells. By applying G&T-seq to over 220 single cells we reveal cellular properties that cannot be 

inferred from DNA or RNA sequencing alone, including associations between DNA copy number 

variation and gene expression dosage. We further demonstrate the detection of coding inter-

chromosomal fusions and single nucleotide variants in both the genomes and transcriptomes of 

individual cells. G&T-seq enables the study of genotype-phenotype associations in single cells, and 

the investigation of DNA cell lineage trees of healthy and diseased tissues with transcriptome-

inferred cell types and states.   
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Genome sequencing of single cells is crucial for revealing the genetic heterogeneity and cell lineage 

relationships within an organism or tissue in health and diseased states1-5. Single cell transcriptome 

sequencing is equally important for defining cell type and cell status using gene expression profiles6-

13. However, new methods for integrated DNA and RNA analyses of the same cell are needed to 

enable the study of genotype-phenotype associations within single cells. This will reveal the diverse 

consequences of genetic variation and the degrees of gene expression heterogeneity ̶ in terms of 

transcript levels and isoforms ̶ arising from genetic variation, and will allow the annotation of DNA 

cell lineage trees with cell types and states inferred from full transcriptome information from the 

same cells.  

Here we introduce G&T-seq (Genome & Transcriptome sequencing), in which a single cell’s 

polyadenylated (polyA) RNA is first separated from genomic DNA using a biotinylated oligo-dT 

primer in an adaptation of the method applied by Klein et al.14,15, then both genome and 

transcriptome are amplified in parallel and sequenced (Figure 1A). Prior to separation, External RNA 

Controls Consortium (ERCC) spike-in RNAs can be added to the lysis buffer in order to assess the 

technical performance of RNA capture and amplification. The method has been automated on a 

conventional liquid handling robotic platform, but may also be performed manually. The method 

allows full-length whole transcriptome analysis with an on-bead initiated modification of the Smart-

seq2 protocol16,17 and separate whole genome amplification (WGA) using an amplification method of 

choice, in this instance PicoPlex18 or Multiple Displacement Amplification (MDA)19. 

The breast cancer cell line HCC38 and B-lymphoblastoid cell line HCC38-BL, derived from the same 

patient20 and previously characterized by genome sequencing21, were used to benchmark G&T-seq 

and to demonstrate its power for comparing genomic and transcriptional variation between these 

two different, yet related, cell lines. For both HCC38 and HCC38-BL lines, 86 single cells as well as 8 

multi-cell samples (duplicates of 5, 10, 20 and 50 cells) of each cell type were FACS sorted into 96 

well plates and processed using G&T-seq. Negative control wells (n = 2 per plate) into which no cell 
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was sorted, were processed in parallel. The genomes of half of the samples were amplified using 

MDA, while those of the remaining half were amplified using PicoPlex. In total, 192 DNA and 192 

RNA sequencing libraries were generated from single cells, multi-cell samples and negative controls.  

Of the 172 single cells analysed in this experiment 130 (75.6%) passed quality control (QC, see 

Methods) criteria for both WGA and WTA; in 61.9% of the cells failing QC, both WTA and WGA 

criteria were unmet (Supplementary Table 1), most likely indicating that no cell was sorted into the 

lysis buffer or that cell lysis was incomplete. 

First pass sequencing of the single cell genomes at low coverage (0.036x ± 0.022x SD for PicoPlex; 

0.13x ± 0.06x SD for MDA; Supplementary File 1) and subsequent focal sequence read depth 

analyses delivered copy number profiles of the single cells and multi-cell controls that were highly 

concordant with those observed from the bulk (non-WGA) DNA even for a highly rearranged 

genome such as HCC38 (Figure 1B, Supplementary Figure 1A). DNA copy number profiles derived 

using G&T-seq showed similar accuracy to those produced using conventional WGA performed in 

isolation (Supplementary Figure 1A). Similarly, the normal female HCC38-BL cells generally displayed 

a copy number of two across the autosomes and X-chromosome (Figure 1B). As previously 

observed2,22 PicoPlex amplification outperformed MDA in preserving copy number concordance 

(Figure 1B, Supplementary Figure 1A,B), and was selected as the method of choice for all further 

experiments in which copy number was assessed, while MDA was preferred for full-genome 

sequencing and single nucleotide variant detection. To investigate the breadth of genome coverage 

attainable by the method, we performed deep DNA sequencing on 4 single HCC38 and 4 single 

HCC38-BL cells (MDA amplified) using the HiSeq X platform, and attained a mean sequencing depth 

of 33.3x per cell (± 0.9x SD). With this coverage the method captured up to 78.3% of genomic bases 

(mean 67.2% ± 8.1% SD) per single cell (Supplementary Table 2). Although the method reached a 

similar breadth of genome coverage as sequences of conventional single-cell MDA performed in 

isolation, the coverage is less evenly distributed across the genome (Supplementary Figure 1C). 

Additionally, G&T-seq PicoPlex and MDA sequences showed similar performance to conventional 
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single-cell PicoPlex and MDA analyses across regions of different GC content (Supplementary Figure 

1D).  

Parallel analysis of the transcriptomes of the same cells detected the expression of 4,000-11,000 

transcripts per cell with a transcript per million (TPM) count greater than 1 (Supplementary Figure 

2A), with HCC38 cells expressing substantially higher numbers of genes (mean 9725 ± 729 SD) than 

HCC38-BL (mean 6126 ± 1659 SD). Both populations are readily distinguishable by Principal 

Component Analysis (Supplementary Figure 2B) and when clustering cells by gene expression 

correlation (Supplementary Figure 2C). The method faithfully preserves the distinct transcriptional 

profiles of these two cell types (Figure 1C, Supplementary Figure 2D).  Read coverage is observed 

across the full transcript length, even up to 15 kb from the polyA tail (Supplementary Figure 3).  

In a direct comparison of G&T-seq to conventional single-cell Smart-seq2 performed in isolation, 

G&T-seq captured the expression of more genes than Smart-seq2 in both HCC38 and HCC38-BL 

(25.8% and 24.4% more, respectively; Supplementary Figure 4A), showed similar detection of ERCC 

spike-ins confirming that the relative abundance of transcripts is preserved in both methods 

(Supplementary Figure 4B, C) and improved relative coverage over transcript length (Supplementary 

Figure 4D). There was no discernible difference in the GC content distribution of transcripts detected 

by both methods (Supplementary Figure 4E). It is possible that the different lysis and reverse 

transcription conditions in G&T-seq contribute to improved stability of the mRNA before reverse 

transcription, and improvements in single cell cDNA synthesis have previously been observed 

following bead capture of mRNA23.  

Interestingly, following G&T-seq we observed a subclonal population of single cells in the HCC38-BL 

line containing a trisomy of chromosome 11 (10% of HCC38-BL cells [4/40], Figure 2A), which was 

confirmed subsequently by interphase FISH analysis on separate cells of the same cell line 

(Supplementary Figure 5). Furthermore, a loss (cells 56 and 79) and gain (cell 82) of the entire q-arm 

of chromosome 16 was observed by DNA sequencing in other HCC38-BL cells (Figure 2B).  The 
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overall expression of genes on chromosome 11 in HCC38-BL cells carrying the trisomy 11 was higher 

relative to the expression of the genes on the same chromosome in the diploid cells (Figure 2C). 

Also, the sub-chromosomal genomic imbalances of chromosome 16 were generally corroborated by 

the expected gene expression changes in the transcriptomes of the same cells (cells 56, 79 and 82; 

Figure 2C) although a further 16p “gain” was observed from the transcriptome for cell 91. These 

data show that (sub)-chromosomal copy number in single cells are mostly positively correlated with 

gene expression in the same cell. 

To investigate whether chromosome-wide expression dosage is established after a chromosomal 

missegregation in a single cell division, we applied G&T-seq to all blastomeres of seven 8-cell 

cleavage stage embryos, five of which were treated at the 4-cell stage of in vitro culture with 

reversine, an inhibitor of Aurora kinase24 and monopolar spindle 1 (MPS1)25, to induce chromosome 

missegregation. Following G&T-seq of individual blastomeres, DNA copy number profiling revealed a 

diploid karyotype in untreated embryos (Figure 2D) whereas reciprocal aneuploidies were observed 

in sister blastomeres of reversine treated embryos (Figure 2E). In those cells where chromosomal 

gains or losses (either reciprocal or non-reciprocal) were seen at the genomic level, we observed 

concomitant increases and decreases in chromosome-wide relative gene expression levels following 

G&T-seq analysis (Figure 2F, Supplementary Figures 6-9), which establishes for the first time that 

gene expression dosage effects can be rapidly established following acquisition of aneuploidies 

during a single cell division.  

To further explore the power of G&T-seq to detect chromosomal aneuploidies in parallel with whole 

transcriptome expression profiling, we analysed neurons derived from anisogenic induced 

pluripotent stem cells (iPSCs) carrying a trisomy 21 (n = 19, Figure 2H) or not (n = 22, Figure 2G). 

From the DNA sequencing data, the trisomy 21 was detected in 95% of cells tested (18/19 cells), and 

in one of the 22 control cells which, however, manifested further chromosomal anomalies. Parallel 

RNA sequencing revealed elevated expression of chromosome 21 genes in the trisomic over the 
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disomic cells (Figure 2I). However, consistent chromosome-wide transcriptomic variation was also 

observed on other autosomes. This variation may reflect genome-wide consequences of the trisomy 

21 in the regulation of gene expression26, the different genetic backgrounds of the cell lines or 

marked alterations in chromatin organisation in trisomy 21 neurons. In line with the genomically 

unstable nature of iPSC derived neurons27, further numerical and structural chromosomal 

aberrations were observed (Figure 2G,H), including a recurrent chromosome 20p loss coupled with a 

chromosome 20q gain in the trisomy 21 line, for which we observed a concordant trend towards 

unbalanced expression between the chromosomal arms (Supplementary Figure 10).    

Fusion transcripts arising from chromosomal translocations are often implicated as driver mutations 

or serve as diagnostic markers in cancer28,29. The parallel identification of fusion transcripts and their 

causative genomic rearrangements in single cells would be a powerful tool when interpreting the 

functional consequences of genomic rearrangements during the emergence and clonal evolution of 

cancer. Out of the 4 previously annotated fusions in this cell line we detected 3 (RRP15-ACBD6, 

MBOAT2-PRKCE, SLC26A6-PRKAR2A)21 across the low-depth single-cell transcriptomes. Interestingly, 

we identified in addition a novel fusion transcript, MTAP-PCDH7 (Figure 3A), in 21% (9/42) of the 

HCC38 single cells by RNA-sequencing and confirmed expression by qPCR in 81% (35/42) of the cells 

(Supplementary Figure 11). This fusion has previously been characterised in another breast cancer 

cell line30 but not in HCC3821.  We next took advantage of the availability of full-length cDNA from 

these single cells and by long-read sequencing on the Pacific Biosciences RSII obtained the complete 

MTAP-PCDH7 fusion transcript in 3 of the 4 single cells tested, indicating that the transcript is a 

protein-coding fusion of exons 1-6 of MTAP and 3, 4, and 6 of PCDH7 (Figure 3B).  Deep sequencing, 

paired-end mapping and split-read analysis of the genomes of four HCC38 cells identified also the 

causative chromosomal rearrangement underlying the MTAP-PCDH7 fusion in three cells (Figure 3C), 

which was further confirmed by qPCR in 60% of the HCC38 cells (or 71% of the MTAP-PCDH7 

expressing cells, Supplementary Figure 11). Parallel genome and transcriptome sequencing thus 
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offers a means by which the transcriptional consequences of genomic rearrangements can be 

observed in single cells.  

Finally, we explored the potential of G&T-seq to enable the detection of single nucleotide variants 

(SNVs) in genomic DNA and mRNA from the same single cell. By targeted re-sequencing of 365 

cancer genes in the DNA of HCC38-BL single cells (n = 36) and HCC38 single cells (n = 32), all 

amplified with MDA, we identified 3849 and 4273 SNV calls, respectively. Of these, 3314 (86.1%) and 

3832 (89.6%) were concordant with the expected call of bulk HCC38-BL and HCC38 DNA sequencing. 

For those concordant DNA-variants across HCC38-BL and HCC38 cells, we subsequently investigated 

the matching, but low coverage, RNA-sequencing and detected 213 variant calls (or 88.7% out of 240 

single-cell HCC38-BL DNA-variants covered in the RNA) and 528 (or 96.8% out of 545 single-cell 

HCC38 DNA-variants covered in the RNA) in the RNA that are identical to the DNA variant, 

respectively.  

G&T-seq complements the recently published DR-seq approach31, which offers a methodologically 

different approach to analyse the genome and transcriptome of a single cell in parallel. DR-seq first 

uses a pre-amplification of the DNA and polyadenylated mRNA of a cell within a single tube, which is 

subsequently split to allow further amplification of both the genome using a PCR-based assay and 

the cDNA using in vitro transcription (IVT) followed by a second reverse transcription and PCR. DR-

seq thus initiates the amplification of the DNA and mRNA of a cell without their physical separation. 

Consequently, it requires in silico masking of the exonic regions of the genome to determine DNA 

copy number variation. Furthermore, the RNA sequence reads obtained from DR-seq are strongly 

biased to the 3' end, as expected from the modified CEL-Seq method10, and thus largely prohibit the 

detection of splicing isoforms, fusion genes and expressed coding SNVs. In contrast, G&T-seq 

investigates the genome of a cell using a WGA-method of choice without having to mask coding 

sequences during analysis, and additionally provides access to full-length transcripts from the same 

cell. 
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In conclusion, by parallel sequencing of the genome and transcriptome of a single cell, G&T-seq 

enables multiparameter sequencing of single cells. The method is compatible with automation for 

high-throughput processing. We have demonstrated that the method can readily distinguish the 

transcriptional consequences of chromosomal aneuploidies and inter-chromosomal fusions and 

offers potential to characterise coding SNVs at the single cell level, opening up novel avenues for the 

exploration of somatic genomic variation. Beyond the shallow sequencing required for the detection 

of full chromosome aneuploidies and their transcriptional consequences, we show that ‘deep’ single-

cell genome sequences can also be obtained using Illumina’s HiSeq X Ten platform, enabling the 

detection of SNVs and chromosomal rearrangements in a cell at a cost approaching that of current 

human exome targeted DNA-sequencing. The integrated analysis of the cell’s transcriptome, 

genome - and eventually epigenome - will allow a more complete understanding of the extent, 

function and evolution of cellular heterogeneity in normal development and disease processes.  
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Methods: 

Cell culture: 

HCC38 (derived from subclone B8FF4C) cells were cultured as described previously2. HCC38-BL cells 

were cultured in RPMI-1640 (Life Technologies) supplemented with 10% Fetal Bovine Serum (Life 

Technologies).  

Murine embryo collection and culture 

Animals were maintained in the Gurdon Institute Animal Facility (Cambridge, UK). All experiments 

were conducted in compliance with Home Office regulations. F1 (C57BL6xCBA) females were 

superovulated by injection with 10IU of pregnant mare’s serum gonadotropin (PMS, Intervet, USA) 

followed by 10 IU of human chorionic gonadotropin (hCG, Intervet, USA) 48 hours later. These 

females were then mated with F1 males. 2-cell embryos, collected 48 hours after hCG injection, 

were dissected out of oviducts in M2 medium supplemented with 4mg/ml BSA. Embryos were 

cultured in drops of KSOM supplemented with 4mg/ml BSA under paraffin oil at 37.5°C in 5% CO2. 

Reversine treatment 

Embryos were cultured in KSOM until the late 4-cell stage (56 hours post hCG) when they were 

treated with reversine (Cayman chemicals, USA) for 8 hours during the 4-8 cell transition. Reversine 

was dissolved in DMSO (final concentration of DMSO was 0.005%) and used at a concentration of 

1μM in KSOM. Embryos were incubated under paraffin oil at 37.5°C in a 5% CO2 during the period of 

treatment. Control embryos were incubated in the equivalent DMSO concentration but in the 

absence of reversine under the same conditions.  

Culture of Trisomy 21 and control iPSCs 

Induced pluripotent stem cells were cultured on mitomycin treated mouse embryonic fibroblasts 

according to standard protocols32.  Trisomy 21 iPSCs were obtained from the Harvard Stem Cell 
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Institute33,34 and control iPSCs were a gift from Y. Takashima (Cambridge Stem Cell Institute)35 

Pluripotent stem cells were differentiated into cortical neurons by dual SMAD inhibition in the 

presence of retinoids according to previously described methods35,36. Following differentiation, 

cortical cultures were maintained for eighty days to allow the full complement of mature neurons to 

be generated. Cultures were dissociated using Trypsin and washed once in pre-warmed neural 

maintenance media. The cell suspension was diluted in Dulbecco’s PBS and a fine glass needle was 

used to aspirate individual cells.  

Cell lysis, cDNA isolation and amplification: 

Single cells (or pools of multiple cells where specified) were manually picked or FACS sorted into 2.5 

µl of RLT Plus buffer (Qiagen) and processed immediately or stored at -80 °C. Individual wells were 

supplemented with 1 µl of a 1:250,000 dilution of ERCC spike-in mixture A (Life Technologies). Cells 

analysed by the Smart-seq2 were processed as described in Picelli et al.16 with the same final dilution 

of ERCCs added to each reaction.  

The separation of genomic DNA and mRNA can be performed manually or using conventional liquid 

handling robots for parallel processing of multiple single cells. All samples in this study were 

processed using a Biomek FXP Laboratory Automation Workstation (Beckman Coulter). A modified 

oligo-dT primer (5' Biotin- triethyleneglycol- AAG CAG TGG TAT CAA CGC AGA GTA CT30VN-3', where 

V is either A, C or G, and N is any base; IDT) was conjugated to streptavidin-coupled magnetic beads 

(Dynabeads, Life Technologies) according to the manufacturer’s instructions. To capture 

polyadenylated mRNA, the conjugated beads (10 µl) were then added directly to the cell lysate and 

incubated for 20 min with mixing to prevent beads from settling. The mRNA was then collected to 

the side of the well using a magnet and the supernatant, containing the genomic DNA (gDNA), 

transferred to a fresh plate. To maximise gDNA capture, the beads were then washed four times in a 

wash buffer consisting of 50 mM Tris HCl pH 8.3, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 0.5% Tween 

20, 0.2 x RNAse inhibitor (SUPERasin, Life Technologies) at room temperature. After each wash, the 



14 
 

buffer was pooled with the original supernatant. To minimise sample loss, the same tips were used 

for all wash steps, and tips were washed with 10 µl wash buffer after supernatant collection; this 

wash buffer was also transferred to the supernatant/wash pool.  

Immediately following the last wash, 10 µl of a reverse transcription mastermix  (0.50 μl SuperScript 

II reverse transcriptase (200 U/μl, Life Technologies), 0.25 μl RNAse inhibitor (20 U/μl, Life 

Technologies), 2 μl Superscript II First-Strand Buffer (5 x, Life Technologies), 0.25 μl DTT (100 mM, 

Life Technologies), 2 μl betaine (5 M, Sigma), 0.9 μl MgCl2 (1 M, Life Technologies), 1 μl Template-

Switching oligo (5' -AAG CAG TGG TAT CAA CGC AGA GTA CrGrG+G-3', where the prefix “r” indicates 

a ribonucleic acid base, while the prefix “+” indicates a locked nucleic acid (LNA) base ; 10 μM, 

Exiqon), 1 μl dNTP mix (10mM, Thermo Scientific) and 3.6 μl nuclease-free water (Life Technologies)) 

was added to each well. Reverse transcription was performed with mixing on a Thermomixer 

(Eppendorf) at 42 °C for 60 min followed by 30 min at 50 °C and 10 min at 60 °C.  

PCR was then performed immediately by adding PCR mastermix (12.5 ul KAPA HiFi HotStart 

ReadyMix with 0.25 μl PCR primer (5' -AAG CAG TGG TAT CAA CGC AGA GT-3', 10 mM)) to the 10 uL 

RT reaction mixture. The sample was then mixed and the following thermal cycling protocol used: 98 

°C for 3 min, then 18 cycles of 98 °C for 15 s, 67 °C for 20 s, 72 °C for 6 min, and finally 72 °C for 5 

min. Amplified cDNA was cleaned up using a 1:1 volumetric ratio of Ampure Beads (Beckman 

Coulter) and eluted into 25 μl of Elution Buffer (EB, Qiagen).  

Genomic DNA precipitation and amplification: 

Genomic DNA present in the pooled supernatant/wash buffer from the mRNA isolation step was 

precipitated on Ampure Beads (0.6 volumetric ratio, Beckman Coulter). Following precipitation, the 

DNA was directly eluted into the reaction mixtures for amplification by either MDA (Genomiphi V2, 

GE Healthcare) or PicoPlex (New England Biolabs/Rubicon Genomics).  
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Amplified gDNA from either protocol was cleaned up using a 1:1 volumetric ratio of Ampure Beads 

(Beckman Coulter) and eluted into 25 μl of Elution Buffer (EB, Qiagen).  

Library preparation and sequencing: 

Between 1 and 5 ng of amplified cDNA or gDNA were used as input for library preparation using the 

Nextera XT kit (Illumina), as per the manufacturer’s instructions. Samples were individually barcoded 

during library preparation, and subsequently pooled for multiplexed sequencing on a HiSeq 2500 

(Illumina) run in fast mode or a MiSeq.  

For deep sequencing WGA from 4 HCC38 and 4 HCC38-BL single cells was subjected to standard 

Illumina paired end library construction and sequenced on the Illumina HiSeq X platform according 

to the manufacturer’s instructions. For targeted sequencing, WGA product from single cells and 

multi-cell controls were sheared to 100-400 bp, subjected to standard Illumina paired-end library 

preparation and enriched using SureSelect target enrichment (Agilent) using a custom panel of 365 

cancer associated genes. Enriched libraries were pooled and sequenced on a Hiseq 2500 (Illumina) 

according to the manufacturer’s protocol.  

Genomic read alignments 

Sequencing reads were first investigated at the 5’end for adaptor contamination. PicoPlex and MDA 

reads resulting from Nextera library preparation were trimmed for 23 bases to remove adapter 

sequence contamination, and were subsequently aligned to GRCh37 human reference genome (or 

mm10 for mouse) using BWA (version 0.6.2)37. SAI files were generated using default parameters 

and subsequently SAM files were generated with Smith-Waterman for the unmapped mate disabled. 

The resulting BAM files were further processed by removal of PCR duplicates and genomic coverage 

was calculated using Picard (http://picard.sourceforge.net/) and Bedtools respectively. 

Estimation of genomic copy number variation 
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Single-cell copy number analysis was performed as described previously38. Briefly, for focal read 

depth analysis, genomic bins were first defined by generating artificial reads of a length equal to the 

single-cell reads after trimming from every base in the human genome and mapping them back to 

the reference genome using BWA39. Reads mapping at multiple loci were discarded resulting in 

‘uniquely’ mappable positions. Subsequently, the human genome was divided into non-overlapping 

bins of 500kb unique positions resulting in physical bin sizes of 514 kb on average (28 kb SD, when 

1% of the top bins were removed). The uniquely mapped reads of the cell with minimum quality of 

30 were counted in these bins and to each bin’s single-cell read-count a value of one was added, and 

bins with a %GC-content of less than 28% were discarded. The log2 ratio (LogR) values for these non-

overlapping variable bins were subsequently computed by dividing the read-count of a given bin by 

the average read-count of the bins genome wide. The logR values were corrected for %GC-bias using 

a Loess fit in R, and were normalized according to the median of the genome-wide logR-values. 

Corrected logR-values were segmented using PCF (the penalty parameter, γ, was set to 15 for HCC38 

and HCC38-BL samples or 25 for iPSC and murine induced aneuploidy cells). Integer DNA-copy 

number was estimated as 2logR×Ψ, where the average ploidy, Ψ, of the cell was estimated based on 

the logR value of a large reference region with known DNA-copy number without large copy number 

aberrations. A similar approach was followed for copy number profiling of (single-cell) mouse 

genomes; average bin size 546kb (39 kb SD, when 1% of the top bins were removed). For clustering 

of the copy number profiles, we applied the ‘hclust’ R package using default parameters. 

QC filtering 

The mean absolute pairwise difference (MAPD) measures the absolute difference between two 

consecutive %GC-corrected logR-values across the genome and then computes the mean of these 

absolute differences. For human cells we retained those samples having a MAPD below 0.6 for 

PicoPlex, and below 2 for MDA samples. The higher cutoff for MDA was chosen because of the 

higher noise in single-cell MDA data in general2. High MAPD values result from greater noise, 
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characteristic of poor quality samples. For mouse cells we retained PicoPlex samples with a MAPD of 

0.8 or below. Furthermore, samples having less than 2% mapped reads were excluded from further 

analysis. Samples with less than 3,500 transcripts detected (TPM > 1) were also excluded from 

downstream analysis. 

Identification of genomic SNVs 

MDA reads resulting from Truseq library preparation were trimmed for 6 bases, and were 

subsequently aligned to the human reference genome (GRCh37) using BWA. Following duplicate 

read removal using Picard, the BAM files were recalibrated and variants were called using GATK 

3.1.140 and a minimum read coverage of 2.  

Transcriptome read alignment  

Reads were checked for the presence of adapters and trimmed using “Trim Galore” 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Adaptors were removed using 

Cutadapt41 and  Tophat242 (using default settings) was used to align all RNA-seq libraries onto the 

human genome assembly hg19 (mm10 for mouse), including the ERCC sequences. Expression 

measurements, expressed as transcript per million (TPM) were then calculated for every annotated 

protein coding gene using RSEM43. Uniquely mapping reads were counted for each gene using HTSeq 

and normalization across libraries was performed using DESeq244.  

Read coverage profile over gene body  

All genes having total exonic lengths greater than 2kb, 10kb and 15kb were used for each of the 3 

panels in Supplementary Figure 3, respectively.  Read coverage profiles for each of four regions 

(upstream of the Transcription Start Site (TSS), concatenated exonic region, concatenated intronic 

region and downstream of the Transcription Termination Site (i.e. TTS)) were obtained for all genes 

with sufficient total exonic length at single nucleotide resolution, and the read coverage profiles of 

each gene were aligned (including inverting the profile for genes on the reverse strand) precisely at 
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the polyadenylation tail for the exonic region profile. Likewise, profiles for “upstream of TSS” were 

aligned at the TSS, the profiles for the “intronic region” were aligned at the intronic nucleotide that 

is nearest to the polyadenylation tail, and the profiles for “downstream of TTS” were aligned at the 

Transcription Termination Site.  After alignment, the read coverage profiles were truncated to only 

the plotting length. To ensure the aggregated profile is not dominated by a handful of extremely 

highly expressed genes, for each gene, a single maximum across all four profiles was obtained and all 

four profiles were normalized by dividing by that same number to obtain the relative coverage. This 

was also to ensure that the relative height of the four profiles for each gene was preserved and 

remained comparable both before and after normalization and aggregation. The coverage profiles 

over the four regions respectively were aggregated across all genes and all HCC38 single cells to form 

the final read coverage profile over genes.  

Differential expression using single-cell RNA-seq data 

To identify genes appropriate for sample clustering, several TPM cutoffs on expression levels were 

considered.  A TPM cutoff of 1 in at least 16 samples was found to be appropriate for clustering by 

assessing the number of protein coding genes exceeding 0.1, 0.5, 1, 5, and 10 TPM (Supplementary 

Figure 2A).  The union of these genes were then used to compute the Spearman correlation between 

all sample pairs. To cluster samples, the command “heatmap.2” in the R package “gplots” was used, 

which uses the hierarchical clustering function “hclust”; “average linkage” was the option chosen to 

perform clustering. 

To identify genes differentially expressed between HCC38 and HCC38-BL samples, a Bayesian 

approach to single-cell differential expression analysis45 was used. All genes were then ranked in 

terms of the maximum likelihood estimates of their difference in expression levels. The TPM of each 

gene is normalized by the median of the TPM of this gene across all samples and presented in 

heatmaps as log2-fold differences from this median. 
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Whole-chromosome expression dosing 

In order to assess the transcriptional consequences of copy number variation, for each chromosome 

we calculated a chromosomal RPKM value to reflect the number of reads mapping across a single 

composite coding sequence built using all coding sequences within the chromosome. For each 

chromosome, RPKM values were normalized using the median expression for the same chromosome 

in control cells (human HCC38-BL cells, human iPSC-derived neurons disomic for chromosome 21, or 

mouse blastomeres of control embryos for the induced aneuploidy).  

Identification of fusion transcripts 

For each cell, candidate gene fusions were identified using TopHat-Fusion46 and Defuse47  

independently. Only fusions identified in multiple single cells and by both algorithms in the same cell 

were further considered. 

Full length transcript sequencing  

The cDNA from each of four single cells were converted into SMRTbell libraries for sequencing on 

the PacBio RS II (Pacific Bioscience). Briefly, the double stranded cDNA molecules were ligated with 

hairpin adapters and loaded into a SMRTcell sequencing chip. Two SMRTcell wells were loaded per 

single cell cDNA library. The PacBio reads were processed using the IsoSeq pipeline (Pacific 

Biosciences) and mapped onto the hg19 version of the human genome using blat48. After removal of 

chimeric reads, only the best scoring alignments for each read were further considered. 

SNV calling from single-cell RNA-seq data 

To identify SNVs from HCC38 single-cell RNA-Seq data, a pipeline that uses SNiPR49 was 

implemented. SNVs were called in each sample separately. To estimate the number of false positive 

calls, variants called from bulk DNA sequencing of HCC3821 were used as a gold standard reference 

and compared to variants called in single cells.   
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