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Biased Allelic Expression in Human Primary
Fibroblast Single Cells

Christelle Borel,1,8 Pedro G. Ferreira,1,2,3,8 Federico Santoni,1 Olivier Delaneau,1,2,3 Alexandre Fort,4

Konstantin Y. Popadin,1 Marco Garieri,1 Emilie Falconnet,1 Pascale Ribaux,1 Michel Guipponi,1,5

Ismael Padioleau,1 Piero Carninci,4 Emmanouil T. Dermitzakis,1,2,3,6,7,* and
Stylianos E. Antonarakis1,2,5,*

The study of gene expression in mammalian single cells via genomic technologies now provides the possibility to investigate the pat-

terns of allelic gene expression.We used single-cell RNA sequencing to detect the allele-specificmRNA level in 203 single human primary

fibroblasts over 133,633 unique heterozygous single-nucleotide variants (hetSNVs). We observed that at the snapshot of analyses, each

cell contained mostly transcripts from one allele from the majority of genes; indeed, 76.4% of the hetSNVs displayed stochastic mono-

allelic expression in single cells. Remarkably, adjacent hetSNVs exhibited a haplotype-consistent allelic ratio; in contrast, distant sites

located in two different genes were independent of the haplotype structure. Moreover, the allele-specific expression in single cells corre-

lated with the abundance of the cellular transcript. We observed that genes expressing both alleles in the majority of the single cells at a

given time point were rare and enriched with highly expressed genes. The relative abundance of each allele in a cell was controlled by

some regulatory mechanisms given that we observed related single-cell allelic profiles according to genes. Overall, these results have

direct implications in cellular phenotypic variability.
Introduction

In diploid organisms, the mammalian transcription ma-

chinery has the choice of transcribing two alleles. Apart

from well-known exceptions in which one allele is known

to be exclusively expressed—such as in imprinted genes,1,2

X-linked genes,3,4 and genes with random ‘‘allelic exclu-

sion’’5–10—it is unclear whether ongoing transcription of

active genes in individual cells occurs simultaneously

from two alleles and whether the allele-specific mRNA

level is uniform in all cells.

Studies performed on multiple selected genes in various

cell types via RNA fluorescence in situ hybridization

suggest that only a fraction of alleles are actively tran-

scribed and associated with RNA polymerase II transcrip-

tion factories.11–17 Rare are the genes displaying two

detectable transcription spots in a large fraction of the

cells. Recent single-cell studies have described pervasive

random monoallelic expression of autosomal genes in

mouse embryonic progenitors and cultured adult murine

fibroblasts.18 Allele-biased expression at the single-cell

level in 15 single cells from Epstein-Barr-virus-trans-

formed human lymphoblastoid GM12878 cells was also

recently reported.19

To investigate the extent of allele-specific transcription

of autosomal human protein-coding genes, we used sin-

gle-cell RNA sequencing (RNA-seq) technology to study

203 single cells from two different human primary fibro-
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blast cell lines. By analyzing informative single-nucleotide

variants (SNVs), we determined the relative mRNA abun-

dance of each of the two alleles. For most of the actively

transcribed genes, our results revealed that one allele was

predominantly detected in a single cell at a particular point

in time, whereas the second allele was at low levels or un-

detectable. We observed a stochastic process given that

equal numbers of single cells expressed one or the other

allele and a minority of single cells expressed both alleles.

Interestingly, we detected only a few genes with an equal

mRNA level from both alleles in all single cells. Detailed

genomic characterization of these ‘‘single-cell biallelic’’

genes revealed that they express high levels of mRNA in

a large number of cells. Our study allowed us to explore

the highly dynamic and stochastic nature of allele-specific

transcription of human autosomal genes.

Material and Methods

Samples
Human newborn primary fibroblast culture (female, UCF1014,

GenCord sample collection) was established from umbilical cord

tissue obtained from newborns of western European origin.20 Hu-

man fetal primary fibroblast culture (T2N) was derived from post-

mortem skin tissue obtained from ‘‘Twin 2 normal’’ fetuses

(16 weeks of gestation, female); see Dahoun et al.21 for details.

The study was approved by the ethics committee of the University

Hospitals of Geneva, and written informed consent was obtained

from both parents of each individual prior to the study.
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Cell Growth
Cells were cultured in Dulbecco’s modified Eagle’s medium Gluta-

MAX (Life Technologies) supplemented with 10% fetal bovine

serum (Life Technologies) and 1% penicillin-streptomycin-fungi-

zone mix (Amimed, BioConcept) at 37�C in a 5% CO2 atmo-

sphere. The day before the single-cell-capture experiment, cells

were trypsinized (0.05% trypsin-EDTA, Life Technologies) and re-

plated at a density of 0.3 3 106 cells per 100 mm dish.

Single-Cell Capture
Single-cell captures were performed on the C1 Single-Cell Auto

Prep system (Fluidigm) with the cell load script 1772x/1773x.

Trypsinized cells were counted and sized with the CASY 1 Cell

Counter þ Analyzer System (Shärfe System). The average size of

human primary fibroblasts was 20 mm (15–25 mm). A total of

4,500–6,000 dissociated live cells were loaded into the assay well

of a primed microfluidic array (C1 Single-Cell Auto Prep array for

mRNA sequencing [mRNA-seq, 17–25 mm], 96 chambers, Fluid-

igm) according to the manufacturer’s protocol. After 30 min of

capture procedure, we visualized one by one the 96 chambers by

using an inverted phase contrast microscope to annotate the con-

tent of the chambers. Only the chambers containing one individ-

ual cell were selected. Chambers containing debris or damaged

cells were excluded from this analysis.

cDNA Synthesis and Pre-amplification of Single Cells
We performed all cDNA preparations on the C1 single-cell array

for mRNA-seq with the C1 Single-Cell Auto Prep system (Fluid-

igm). We used the SMARTer Ultra Low RNA Kit for Illumina

Sequencing (Clontech) for the cell lysis and cDNA synthesis

according to the manufacturer’s procedure. As recommended, we

used the oligo(dT) 30SMART CDS primer IIA to select for polyAþ

RNA in a single-cell sample. No RNA extraction was performed;

cDNA synthesis was coupled to the cell-lysis procedure. cDNA

from single cells was pre-amplified with the Advantage 2 PCR Kit

(Clontech) according to the manufacturer’s protocol. We used

two different scripts: the standard mRNA-seq prep script (1772x/

1773x, Fluidigm) and a modified version with 12 cycles for the

PCR step instead of 22 cycles. The standard mRNA-seq prep script

(22 cycles) was as follows: lysis at 72�C (3 min), 4�C (10 min), and

25�C (1 min); reverse transcription at 42�C (90 min) and 70�C
(10 min); and PCR at 95�C (1 min), five cycles at 95�C (20 s),

58�C (4 min), and 68�C (6 min), nine cycles at 95�C (20 s), 64�C
(30 s), and 68�C (6 min), seven cycles at 95�C (30 s), 64�C (30 s),

and 68�C (7 min), and a hold at 72�C (10 min). The modified

version with 12 cycles for the PCR step was as follows: lysis at

72�C (3 min), 4�C (10 min), and 25�C (1 min); reverse transcrip-

tion at 42�C (90 min) and 70�C (10 min); and PCR at 95�C
(1 min), two cycles at 95�C (20 s), 58�C (4 min), and 68�C
(6 min), six cycles at 95�C (20 s), 64�C (30 s), and 68�C (6 min),

four cycles at 95�C (30 s), 64�c (30 s), and 68�C (7 min), and a

hold at 72�C (10 min). We harvested the 96 pre-amplified cDNAs

from the C1 single-cell array (volume ~ 13 ml) and quantified

the cDNA by using the Qubit dsDNA BR Assay Kit (Invitrogen).

We assessed cDNA quality on the 2100 Bioanalyzer (Agilent)

with the high-sensitivity DNA chips (Agilent). See Table S1 (avail-

able online) for details.

Total RNA Extraction from Bulk Cell Samples
On the day of the single-cell capture, 1.53 106 cells from the same

culture were collected and stored in TRIzol reagent (Invitrogen) at
The A
�80�C. Total RNA was isolated according to the manufacturer’s

protocol.
mRNA-Seq Library Preparation
Single Cells

We used the Nextera XT DNA Kit (Illumina) to prepare 223mRNA-

seq libraries for 183 UCF1014 single cells and 40 T2N single

cells with 0.3 ng of pre-amplified cDNA according to the manufac-

turer’s instructions. For cDNA samples below the threshold of

Qubit detection, the starting material for the library preparation

was 1.25 ml. Additionally, we included six samples from empty

chambers and one sample of water instead of cDNA material.

For those samples, we took 1.25 ml. In total, 230 samples were

library prepared. For this paper, we retained a total of 203 single-

cell samples (163 UCF1014 and 40 T2N) for allele-specific expres-

sion (ASE) analysis (see ‘‘Gene Quantification and De Novo

Assembly’’ below).

Pool of Single Cells

We prepared two RNA-seq libraries with 1 ng of pooled cDNA as

described for the single cells. For the pre-amplified cDNA (12 cy-

cles), we took 8 ml of 78 single-cell cDNAs that we pooled. Because

of the low concentration, we precipitated the cDNA pool with

NaAc (3M [pH 5.2]) and 100% EtOH and then washed it with

70% EtOH. For the pre-amplified cDNA (22 cycles), we took 2 ml

of 78 single-cell cDNAs. No precipitation step was necessary

because the cDNA concentration of this pool was sufficient

enough for library preparation.

Bulk TruSeq

We prepared two libraries with 500 ng of total RNA by using the

TruSeq RNA Kit (Illumina) according to the manufacturer’s

instructions.

Bulk Nextera

We reverse transcribed 10 ng of total RNA to cDNA by using the

SMARTer Ultra Low RNA Kit for Illumina Sequencing (Clontech).

The PCR amplification step was conducted with the Advantage 2

PCR Kit (Clontech) with 12 PCR cycles according to the manufac-

turer’s instructions. Two libraries were prepared with 1 ng of

pre-amplified cDNA with the Nextera XT DNA Kit (Illumina) ac-

cording to the manufacturer’s instructions.
Whole-Genome Sequencing
Library Preparation

Cells were harvested on the day of the single-cell capture.

Genomic DNA was extracted with the QIAamp DNA Blood

Mini Kit (QIAGEN) according to the manufacturer’s instruc-

tions, including for the RNase treatment. Purified genomic

DNA (100 ng) was electrophoresed on a 0.8% agarose gel for

quality assessment. We quantified the genomic DNA concentra-

tion by using the Qubit dsDNA BR Assay Kit (Invitrogen).

Genomic DNA libraries were prepared with the TruSeq DNA

Kit (Illumina). The starting amount of material was 1 mg of

genomic DNA sheared with Covaris S2 to fragments 300–

400 bp in size.

Sequencing

Libraries were sequenced on two lanes for UCF1014 samples and

on three lanes for T2N samples. In brief, we used the Burrows-

Wheeler Aligner (v.0.5.9-r16) to align the sequencing reads to

the human reference genome (UCSC Genome Browser GRCh37/

hg19). We used SAMtools v.0.1.18 to remove paired-end duplicate

reads and pile up the remaining reads. SNVs were called with

BCFtools v.0.1.17.
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RNA-Seq

Libraries were sequenced on an Illumina HiSeq2000 machine

as paired-end 100 bp reads. Demultiplexed fastq files were ob-

tained with the Illumina CASAVA v.1.8.2 software and pro-

cessed by our in-house pipeline running at the Vital-IT High

Performance Computing Center of the Swiss Institute of

Bioinformatics.

The two bulk TruSeq libraries were run on one lane. The two

bulk Nextera libraries were run on one lane. The two pools of

single cells were run on one lane. The single-cell libraries were

multiplexed 12 or 16 libraries per lane (see Table S1).

Spike-In Experiment
The spike-in mixture contained 92 External RNA Control

Consortium (ERCC) synthesized RNAs (Ambion, Life Technol-

ogies). This mixture was added in the lysis buffer during a sin-

gle-cell-capture preparation with a final dilution of 1:40,000.

Both ERCC spike-ins and single-cell mRNA-seq libraries were

sequenced simultaneously for 12 samples (50 bp, paired

end). The absolute number of spike-in molecules was calcu-

lated according to the known concentration of each spike-in.

Given that we knew the volume of the chamber (9–10 nl)

and the dilution (40,0003) of the spike-in molecules, we

derived the expected number of spike-in molecules per

chamber.

RPSM Calculation
RPSM stands for reads at a single-nucleotide position per

sequencing read length (in kb) and per million mapped reads.

The formula for RPSM is (1063 A) / (B3C), where A is the number

ofmappable reads at a nucleotide position, B is the total number of

mappable reads of the sample, and C is the sequencing read length

(in kb; C ¼ 0.199).

Read Mapping for RNA-Seq Samples
We employed the RNA pipeline from gemtools v.1.6.2 to map

RNA-seq reads. For alignment to the human reference genome

sequence (GRCh37/hg19, including the herpes virus sequence),

we used the GEM mapping suite22 to first map and subsequently

split map all reads that did not map entirely. The mapping pipe-

line and settings can be found on the GitHub website (see Web

Resources).

The GEM output format was converted to BAM format with the

following mapping quality scores and flags. (For reference, MAPQ

is the Phred-scaled mapping quality score, XT is the mapper-

defined tag, U is the number of unique matches, R is a perfect

tie, and NM is the number of total mismatches [read 1 þ read 2].

See further details of flag information in the SAMtools documen-

tation in the Web Resources.)

1. Matches that are unique and do not have any subdominant

match: 251 R MAPQ R 255, XT ¼ U

2. Matches that are unique and have subdominant matches

but a different score: 175 R MAPQ R 181, XT ¼ U

3. Matches that are putatively unique (not unique but distin-

guishable by score): 119 R MAPQ R 127, XT ¼ U

4. Matches that are a perfect tie: 78 R MAPQ R 90, XT ¼ R

Furthermore, the NM flag contains the number of total mis-

matches (read 1 þ read 2). In the analysis, we used reads in cate-

gories 1 and 2 (MAPQ R 150).
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ASE Analysis
ASE analysis was performed as in Lappalainen et al.23 In

brief, we considered heterozygous sites obtained from whole-

genome sequencing with DNA reads supporting both alleles.

We used a minimum site quality call of 200. We excluded sites

susceptible to allelic mapping bias, namely (1) sites with 50 bp

mappability < 1 according to the UCSC mappability track

(implying that the 50 bp flanking region of the site is not unique

in the genome), and (2) sites where overlapping simulated RNA-

seq reads showed a >5% mapping difference between those that

carried the reference allele and those that carried the non-refer-

ence allele (see the methods in Lappalainen et al.23).

In all analyses, we only used uniquely mapped RNA-seq reads

(GEM mapping quality > 150) and sites with base quality > 20

and support from at least 16 reads. Using information from

SAMtools (v.0.1.19) mpileup,24 we obtained for each site and

each sample the number of reads mapping in the reference,

the number of alternative alleles, and the sum of both. Each

site was then annotated with the overlapped genomic feature

in GENCODE annotation v.15 or the novel exons from the de

novo assemblies of each sample. For each site, the number of

single cells (and non-single cells) where the site was assessed

was also counted. The distribution of allelic ratios for all samples

is reported in Figure S9.

Gene Quantification and De Novo Assembly
We used the software Cufflinks (v.2.1.1)25,26 with default pa-

rameters and GENCODE v.12 as a reference annotation.27 On

the basis of Cufflinks transcript (170,086) quantifications, we

selected for further analysis single cells that passed the arbi-

trary threshold of 12,000 transcripts expressed at FPKM (frag-

ments per kilobase of exon per million reads mapped) > 0.3.

We retained 163 UCF1014 single-cell samples expressing an

average of 15,807 transcripts (the remaining samples expressed

an average of 4,998 transcripts). Additionally, for each sample

we performed de novo assembly to identify novel transcripts

(Figure S4) without using the reference annotation. We then

used the program cuffcompare to compare the assembled tran-

scripts with the GENCODE reference annotation (v.15).

Finally, for the four bulk RNA samples, we merged the four as-

semblies into a merged bulk RNA assembly. We compared each

single-cell de novo assembly against the merged bulk RNA as-

sembly to identify novel single-cell-specific transcripts. The

program intersectBed from bedtools28 was used for this last

comparison.
Results

Human newborn primary fibroblasts (UCF1014, GenCord)

and human fetal primary fibroblasts (T2N) were cultured,

and hundreds of individual cells were captured with the

C1 microfluidic system (Fluidigm). We conducted inde-

pendent experiments that differed by the day of the cell

capture and the number of PCR cycles used to pre-amplify

the cDNA from individual cells (Figure 1; see Material and

Methods). We performed 22 PCR cycles (standard) and 12

PCR cycles in order to test for PCR amplification bias. We

sequenced RNA libraries from 163 UCF1014 single cells

(98 bp, paired end) to an average depth of 36 million

reads (22 PCR cycles) and 16 million reads (12 PCR cycles)
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Figure 1. General Outline of the Experi-
mental Workflow
(Table S1; Figures S1 and S3). In addition, 40 single cells

from T2N were RNA sequenced to a similar depth and

used as a replicate sample. We also sequenced four bulk

RNA samples generated from 1.5 million cells and two

in-vitro-pooled cDNA samples obtained from 78 single-

cell cDNAs each (Figure 1). The four bulk RNA samples

were prepared from the two different primary fibroblast

lines (UCF1014 and T2N) according to two different library

procedures: (1) SMARTer Ultra Low RNA Kit (Clontech) for

cDNA synthesis followed by Nextera library construction

(Illumina) and (2) TruSeq RNA Sample Preparation Kits (Il-

lumina). Each in-vitro-pooled cDNA sample was made

from 78 pre-amplified cDNAs (22 or 12 PCR cycles) ob-

tained from 78 different single cells (Figure 1). The total

number of reads obtained for the bulk RNA and pooled
The American Journal of Huma
samples was on average 136 and 251

million reads, respectively (Table S1;

Figure S2).

To investigate the ASE at the single-

cell level, we performed whole-

genome sequencing of UCF1014

samples (26-fold coverage on average;

Figure1) inorder todetect themajority

of the heterozygous sites. After

rigorous filtering, we calculated allelic

ratios as the number of reads mapped

to the reference allele divided by the

total number of reads covering het-

erozygous SNVs. The main limitation

of a single-cell RNA-seq approach is

the accurate detection and quantifica-

tion of two alleles for weakly tran-

scribed genes.18 Thus, we devised a

metric for the analysis by implement-

ing a normalized read number at a

nucleotide position, namely RPSM

(see Material andMethods). This mea-

sure is preferable to RPKM (reads per

kilobase of exon per million reads

mapped) or FPKM measures because

it is not dependent on the coverage

of the transcript and it accurately re-

flects the abundance of the transcript

at a specific nucleotide position and

still allows comparison across samples.

Across 163 single cells from

UCF1014, we analyzed 83,576 unique

hetSNVs with a coverage R 16 reads

at the SNV position. Interestingly,

7.46% of hetSNVs were located in in-

tergenic regions, whereas 68.27%

were found within annotated exons

(Figure S4). We used Cufflinks to
conduct a de novo assembly of transcripts (see Material

and Methods) and revealed novel exons specific to single

cells and not previously annotated. In total, we retained

9,154 GENCODE genes and 3,875 novel exons specific to

single cells for further analysis.

A main challenge was to identify and control for tech-

nical noise that could mask genuine biological cell-to-cell

allelic expression differences. We carried out a spike-in

experiment to assess how our platform performed on syn-

thetic control ERCC RNAs29 to quantify the allelic amount

at a single nucleotide position. We concluded that a sensi-

tivity threshold set at 20 RPSM was appropriate for our

study objectives (Figure S5). By filtering out sites with fewer

than 20 RPSM, we set up the detection threshold at eight

molecules per site with a sensitivity of 87%.
n Genetics 96, 70–80, January 8, 2015 73



Figure 2. ASE in Single Cells
The histograms show the frequency distribution of the allelic ratio
(reference reads per total reads) of 35,763 hetSNVs (R20 RPSM) in
163 single cells (UCF1014 sample), bulk cell samples, and the pool
of single-cell samples.
One Allele Is Predominantly Detected in Single Cells

Wepredominantly detected one transcribed allele per inter-

rogated hetSNV of UCF1014 (n ¼ 35,763, RPSM R 20);

76.4% of the hetSNVs displayed an allelic ratio between

0–0.2 and 0.8–1 in 163 single cells (Figure 2). The ratio of

single cells expressing one allele to single cells expressing

the second allele for all SNVs examined was 49:51. This

suggests a stochastic allelic usage, which we confirmed by

examining the bulk samples made of 1.5 million cells and

samples obtained from an in vitro pool of 78 single cells.

Indeed, bulk samples displayed biallelic expression (allelic

ratio ¼ 0.2–0.8) for 98.3% of the interrogated hetSNVs

(n ¼ 545, RPSM R 20; Figure 2). We obtained the same

results from an in vitro single-cell pool sample made of 78

individual cDNAs showing 97.7% of interrogated hetSNVs

(n¼480,RPSMR20)with two transcribedalleles (Figure2).

The skewed monoallelic distribution observed in single

cells in a given time point was independent of the number

of reads per hetSNV (Figure 3A; Figure S6). Furthermore, our

findings were apparently not affected by a bias introduced

by the number of PCR cycles given that preparation of sin-

gle-cell cDNAs with either 12 or 22 PCR cycles revealed
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similar patterns (Figure 3B). Additionally, the results re-

mained largely unchanged after we removed duplicate

reads from the analysis (Figures S7 and S8).

We further compared our experimental data to an in-sil-

ico-pooled data set. For that, we created an in silico pooling

that we derived by averaging the allelic ratios for hetSNVs

detected in more than 82 cells (50%). This in silico pooling

recapitulated the signal from the in vitro single-cell pool

sample (Pearson correlation of 0.86, Figure 3C). Similar re-

sults were obtained when we compared the in silico pool-

ing with the bulk sample (Pearson correlation of 0.72;

Figure 3C).

In an attempt to validate our findings in a second indi-

vidual, we used the same method to RNA sequence 40 sin-

gle cells from another human primary fibroblast female

cell line (T2N; Figure 3D). The allele-specific analysis

revealed comparable results such that 65.8% of hetSNVs

(n ¼ 16,075) expressed only one detectable allele (allelic

ratio ¼ 0–0.2 and 0.8–1) and 34.2% of hetSNVs expressed

two detectable alleles (allelic ratio ¼ 0.2–0.8; Figure 3D).

Our results, in agreement with others,18,19 reveal that

snapshot detection of the majority of the protein-coding

actively transcribed genes is skewed toward one allele per

individual cell. We also describe a random (i.e., non-

parental-origin-specific) allelic usage, supporting the sto-

chastic nature of gene transcription.

Stochastic Allelic Expression of Adjacent hetSNV Pairs

Is Highly Correlated

We investigated whether two adjacent hetSNVs (RPSM R

20) located in the same gene are likely to be transcribed

from the same allele. To do so, we estimated the haplotypes

of our sample with SHAPEIT30 by using the phase informa-

tion contained in sequencing reads and the 1000 Genomes

phase 1 haplotypes as a reference.31 Then, we binned every

pair of consecutive hetSNVs according to their physical

distance (bp) and evaluated whether the allelic ratios

agreed with their underlying haplotypes. The relationship

between distance and allele expression is reported in

Figure 4. We provide evidence that allele expression is

highly correlated over the closest adjacent hetSNVs and

that this correlation begins to drop from 1 kb to reach

0 at 100 kb. The 1 kb distance corresponds to the average

size of cDNA products and might explain this sudden

decline (data not shown). It follows that hetSNVs

belonging to the same gene are transcribed from the

same allele in a single cell. Inversely, it is likely that

hetSNVs located on two consecutive genes are not tran-

scribed from the same haplotype in a single cell. Remark-

ably, compared to hetSNVs in autosomal sites, hetSNVs

located on the X chromosome exhibited a higher correla-

tion over longer distances (Figure 4) and a random mono-

allelic pattern (Figure S10). These results are consistent

with the process by which X chromosome inactivation

leads to one transcriptionally silenced X chromosome in

each 46,XX somatic cell and would thus result in higher

allelic correlation across genes on the X chromosome.
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Figure 3. Estimation of the Technical Biases
(A) Frequency-distribution histograms of the allelic ratio (reference reads per total reads) according to the read coverage at hetSNV
position (35,763 hetSNVs, 163 UCF1014 single cells, R20 RPSM).
(B) Frequency-distribution histograms of the allelic ratio of single cells (35,763 hetSNVs, UCF1014 single cells,R20 RPSM), for which the
cDNA pre-amplification was performed with 22 or 12 PCR cycles.
(C) Pairwise scatter plots for comparison of the allelic ratio between in silico pooling of single cells and experimental pooling (left panel)
or bulk samples (right panel). Listed in the panel are the Pearson correlation coefficients (r) and the numbers of comparisons (n). The
diagonal is plotted in red.
(D) Independent experimental replication. Frequency-distribution histograms of the allelic ratio of single cells from T2N single-cell
samples (40 single cells, 16,075 hetSNVs, R20 RPSM).
Distinct Single-Cell Allelic Pattern

To illustrate the diversity of allelic expression variation

across single cells, we selected all genes (n ¼ 568, detected

in more than 40 cells) with at least one hetSNV located in

coding regions and/or UTRs (RPSM R 20) (Figure 5;

Figure S11). As anticipated, genes on the X chromosome

(C1GALT1C1 [MIM 300611], ACOT9 [MIM 300862], ZFX

[MIM 314980], LAMP2 [MIM 309060], RP11-622K12.1,

and TSPAN6 [MIM 300191]) exhibited monoallelic

expression in single cells. As a result of lyonization of

gene expression,32 cells randomly express only one allele

because the second allele is silenced. Consequently, a sub-

set of the cells expressed one allele, and the other subset ex-

pressed the second allele. We detected only one or very few

cells expressing both alleles. A similar feature was observed

for three autosomal genes (RAD52 [MIM 600392], BCLAF1

[MIM 612588], TRBC2 [MIM 615445]), for which fewer

than 5% of cells displayed biallelic expression (allelic
The A
ratio ¼ 0.2–0.8). Interestingly, we observed 32 autosomal

genes with a stochastic single-cell skewed allelic expres-

sion, i.e., for which fewer than 10% of cells expressed

one type of allele and the remaining cells expressed either

the second allele or both alleles (<80% of cells with allelic

ratio ¼ 0.2–0.8). As an example, Figure 5 schematically

shows the profile of some of those genes (VAMP3 [MIM

603657], CNN3 [MIM 602374], RP11-166D19.1, ATL3

[MIM 609369], RAD52 [MIM 600392], C12orf75,

FAM101B [MIM 615928], CCDC80, SPCS3, WDR36 [MIM

609669], BCLAF1 [MIM 612588], and TRBC2 [MIM

615445]). Next, we observed a class of 16 genes (MINOS1,

CAP1, ITGB1 [MIM 135630], CD44 [MIM 107269], NACA

[MIM 601234], DAD1 [MIM 600243], UQCR11, PPP1CB

[MIM 600590], SRSF6 [MIM 601944], RPS21 [MIM

180477], SSR3 [MIM 606213], SPARC [MIM 182120],

SRSF3 [MIM 603364], CALU [MIM 603420], TOMM7

[MIM 607980], and COL1A2 [MIM 120160]) for which
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within the same autosomal gene
in 2 different autosomal genes
on ChrX

Figure 4. Relationship between hetSNVs Located within Genes
or in Two Different Genes
Scatter plots of allelic-ratio correlation versus genomic distance be-
tween two adjacent hetSNVs. hetSNVs located in the same auto-
somal genes are in green, hetSNVs located in different autosomal
genes are in orange, and hetSNVs located on the X chromosome
are in blue.
more than 90% of cells expressed both alleles (allelic

ratio ¼ 0.2–0.8). We termed those genes ‘‘single-cell bial-

lelic genes’’ because both alleles were expressed in almost

all individual cells.

Transcription Rate and ASE in Single Cells

We asked whether the total transcript level could corre-

late with ASE in single cells. We quantified the steady-

state mRNA level of detectable genes in 163 single cells

from UCF1014 by averaging the RPSM values for the

hetSNVs located in coding regions and/or UTRs. We

plotted the minimum allelic ratio against mRNA level

(RPSM average) for all detectable genes (Figure 6A). The

results indicated that genes with higher mRNA levels

were enriched in the single-cell biallelic genes described

above (see Figure 6A). Analysis of functional-pathway

enrichment was performed with DAVID (Database for

Annotation, Visualization, and Integrated Discovery)33

on genes with high mRNA levels (average RPSM per

gene > 90). Genes associated with cellular function and

maintenance were enriched with gene-ontology terms

related to response to nutrients, protein-complex assem-

bly, the ER, organelle membranes, catalytic activities, and

others (modified Fisher exact p value < 0.05; Figure 6A).

This is consistent with the fact that constitutively ex-

pressed genes, essential for the maintenance of basic

cellular functions, generally maintain constantly high

mRNA levels across cells.

Because steady-state mRNA abundance is determined by

both the rate of transcription and mRNA decay, we used
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published RNA half-life data from HeLa cells to examine

the relationship between the single-cell allelic ratio of

gene expression and the half-life of these transcripts.34

Tani et al. developed an inhibitor-free method named

BRIC-seq (50-bromo-uridine-immunoprecipitation chase-

deep sequencing) to determine mRNA decay. We selected

the genes commonly expressed by the two different

data sets and further divided the sites into three groups

according to their single-cell allelic ratio. Compared to

the single-cell biallelic group (allelic ratio ¼ 0.2–0.8), the

single-cell monoallelic group (allelic ratio <0.2 or >0.8)

contained sites with significantly shorter half-lives

(p value < 2 3 10�16, ANOVA; Figure 6B). This finding

suggests that genes detected as biallelic in single cells are

more likely to have a longer RNA half-life. We then tested

the relationship between transcriptional initiation rates of

genes in single cells. Thus, we introduced in our analysis

Cap Analysis of Gene Expression (CAGE35) sequencing

data from nuclear-enriched RNAs of human dermal fibro-

blasts of fetal origin (HDF-f).36 CAGE technology on nu-

clear-enriched RNA allows reliable transcription start site

(TSS) identification and transcript quantification of mostly

nascent messenger RNAs. We identified 2,572 nuclear

CAGE clusters from HDF-f overlapping TSSs of protein-

coding genes expressed in our single-cell RNA-seq data.

Figure 6B shows a correlation between the initiation rate

(determined by nuclear CAGE tags) and ASE. Sites with

monoallelic expression show a lower initiation rate than

do biallelic sites (p value < 2 3 10�16, ANOVA).
Discussion

The transcriptional activity of alleles is of interest because

it determines the steady-state level of mRNA of the cell and

the nature of transcripts available for translation. By

analyzing single-cell transcriptomes, we and others have

confirmed that gene transcription is stochastic and

extremely variable among cells.18,19,37,38 Our main obser-

vation suggests that, at any point in time, a cell contains

mostly transcripts from one allele (76.4% of hetSNVs

with >20 RPSM). This stochastic monoallelic expression

at the single-cell level is independent of the parent of

origin of the allele, given that we randomly detected one

or the other allele in each single cell. Our results are in

agreement with recent studies in human lymphoblastoid

lines andmouse embryonic progenitors and cultured fibro-

blasts,18,19 confirming the existence of an essential process

of eukaryotic cells.

Does this necessarily mean that the cellular machinery

transcribes one allele at a time? Transcription occurs as

either a constitutive or an episodic bursty mode.39,40

For most eukaryotic genes, transcription in mammals is

discontinuous and occurs in transcriptional bursts inter-

spersed by refractory periods of gene inactivity.41–43 It has

been demonstrated that transcriptional bursting is gene

specific, and thus the frequency and amplitude of the bursts
15



Figure 5. Pattern of Allelic Expression in Single Cells
We selected genes for a representative view of the allelic expression in single cells. A complete overview is given in Figure S11. The index
bar indicates the color coding for the allelic-ratio values (reference reads per total reads). Vertical dashed lines delineate a set of 20 single
cells.
and intervals of gene inactivitymodulate the extent of tem-

poral variations in mRNA in a cell.44 Two main alternative

scenarios could explain the observation of stochastic

monoallelic expression in single cells. In the first scenario,

a single cell transcribes one allele at a time. The transcrip-

tionmachinery could switch from one allele to the second.

This requires the assembly of the pre-initiation complex on

one allele and the subsequent dissociation of the complex

and clearance of the promoter region before the next round

of transcription initiation.45 This model of transcription

waspreviously referred to as thedynamicflip-flop transcrip-

tion cycle model with a long period of gene inactivity and

suggests a cross-talk between the two alleles.11,46–49 This

model could predict heterogeneity within a population of

cells expressing one allele at a time. In the second scenario,

we hypothesized that the cellular machinery simulta-

neously transcribes both alleles of all autosomal genes,

with the exception of the imprinted genes. The first alterna-

tive explanation of our results is that transcription is indeed

biallelic but asynchronous, i.e., the transcription machin-

ery is associated with both alleles, but the bursts of

transcription of each allele are not synchronous. In such a
The A
scenario, in a single cell at a particular point in time, the

allelic transcription appears biallelic if the mRNA half-life

is very long, i.e., longer than the refractory period of gene

inactivity. Conversely, the allelic transcription appears

random and monoallelic for a gene that is poorly tran-

scribed (below the threshold of detection) with a long re-

fractory period of gene inactivity and/or for genes with

very short half-lives. Our findings are compatible with

this scenario because we revealed that monoallelic tran-

scripts in single cells are short lived and less actively tran-

scribed and that biallelic transcripts are long lived and

more actively transcribed.

The stochastic monoallelic expression in single cells

could be theoretically linked to phenotypic variability in

humans; examples of this include (1) penetrance of a

dominant developmental disorder, (2) expressivity of a

dominant disorder, (3) cellular or tissue phenotype

in carriers of recessive disorders, (4) cellular heterogeneity

in cancers, (5) differential cellular response to environ-

mental agents, (6) predisposition to a complex pheno-

type, and (7) phenotypic variability in monozygotic

twins.
merican Journal of Human Genetics 96, 70–80, January 8, 2015 77



Figure 6. Relationship of mRNA Level and Allelic Ratio in Single Cells
(A) A composite figure made of a scatter plot and a table. The scatter plot represents the mRNA level from single-cell RNA-seq data
(UCF1014) against the minimum allelic ratio. The minimum allelic ratio is the absolute value of the difference between 0.5 and the
allelic ratio (reference reads per total reads). For each gene, the average of RPSM values (coding regions and UTRs) for all single cells
was calculated, log transformed (log2), and plotted on the y axis. Each data point represents one gene. Genes located on the X chromo-
some are included. The table on the right is the list of enriched gene-ontology (GO) terms with their respective p values (DAVID) for
genes with RPSM values > 90.
(B) Box plots of RNA half-life (left) or CAGE nuclear RNA (right) in three different groups of sites with variable allelic ratio (AR). tpm
stands for the normalized raw CAGE tag count per million.
In conclusion, the allelic expression of single cells might

be an important determinant of the developmental fate

and specific function of each cell and might contribute

to the phenotypic variability of the organism.

Accession Numbers

RNA and DNA sequencing data have been deposited in the Euro-
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accession number EGAS00001001009.

Supplemental Data

Supplemental Data include 11 figures and one table and can be

found with this article online at http://dx.doi.org/10.1016/j.

ajhg.2014.12.001.
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Figure S1. 

 
Figure S1. Read distribution for single-cell samples (UCF1014 and T2N) 
Histograms displayed read distribution per sample (y-axis, number of reads or percentage 
of reads). We used color code to differentiate single-cell samples amplified with 12 PCR 
cycles (blue) or with 22 PCR cycles (grey, standard protocol). We included one sample 
containing water instead of pre-amplified cDNA and samples from empty capture 
chamber, i.e chambers containing no cell after single-cell capture procedure (red). 
Samples colored in green are single-cell samples from T2N fibroblasts, whereas all the 
other single-cell samples have been prepared from UCF1014 fibroblasts. 



 

Figure S2. 

 
 
 

 
 
 
Figure S2. Read distribution for bulk of cells and pool of single-cells (UCF1014).  
Histograms displayed read distribution per sample (y-axis, number of reads or percentage 
of reads). We used color code to differentiate samples. See Figure 1 and method section 
summarizing the experimental workflow and describing the different types of samples.  
  



 

Figure S3. 

 
 
 
 
 
 
 
Figure S3. Read duplicates (UCF1014). 
(a) Read duplicate refers to reads with identical coordinates. We determined read 
duplicates for all the samples and we depicted their proportion. Single-cell samples have 
an average of 73.2% of non-duplicated reads and standard deviation of 5.6%. 
(b) Frequency graph shows the distribution of the % of read duplicates across the single-
cell samples.  
 
  



 

Figure S4. 
 

 
 
 
 
 
Figure S4. Genomic annotation of 83576 hetSNVs (UCF1014) (>16 reads at position) 
after cufflinks novel assembly. The pie chart shows the percentage of hetSNVs classified 
in each Cufflinks class code described by Cuffcompare.  
 
  



 

Figure S5. 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure S5. Spike-in experiment    
During a single-cell capture experiment, we added to the lysis mix 92 ERCC synthetic 
spike-in controls at known concentrations. The lysis mix is then uniformly distributed in 
every chambers. We sequenced 12 spiked fibroblasts from 12 different chambers. (a) The 
plot shows the number of predicted ERCC spike-in molecule number (see methods) 
versus the observed normalized read number expressed in RPSM units for a nucleotide 
located in the middle of the spike sequence (* RPSM, reads at a single nucleotide position 
per sequencing read length (in kb) and per million mapped reads). Additionally, we 
calculated the sensitivity and specificity for 4 spike-in molecules (b) and for 8 spike-in 
molecules (c) at different RPSM levels. 
 
 
  



 

Figure S6. 
 

 
 
 
 
Figure S6. Allelic ratio and read coverage at hetSNV position (UCF1014). 
Frequency distribution histograms of the allelic ratio (reference reads / total reads) according 
to the read coverage at hetSNVs position (RPSM>20, 163 UCF1014 single cells).  
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Figure S7. 
 

 
 
 

 
 
 
 
 
Figure S7. Effect of duplicates reads on allelic ratio.  
Pairwise comparison of the allelic ratio after removing the duplicate reads (Y-axis) and 
all the reads (X-axis). Pearson coefficient of correlation is indicated at the top of the 
scatter plot. Points are color coded according to the read coverage at hetSNVs position. 
(RPSM threshold is not applied; 163 UCF1014 single cells). 



 

Figure S8.  
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Figure S8. Allelic ratio and read coverage at hetSNV position (UCF1014) after 
removing duplicate reads. (a) Frequency distribution histogram of the allelic ratio of single 
cells (reference reads/ total reads) after removing duplicate reads. (b) Frequency distribution 
according to the read coverage. (RPSM threshold is not applied; 163 UCF1014 single cells). 



 

single‐cells, 22 PCR cycles, UCF1014 (n=104)

single‐cells, 12 PCR cycles, UCF1014 (n=59)

Pool of single‐cells, 22 PCR cycles, UCF1014 (n=1)

Pool of single‐cells, 12 PCR cycles, UCF1014 (n=1)

Bulk of cells 1, Nextera library, UCF1014 (n=1)

Bulk of cells 3, TruSeq library, UCF1014 (n=1)

Bulk of cells 1, TruSeq library, UCF1014 (n=1)

Bulk of cells 3, Nextera library, UCF1014 (n=1)

Figure S9.   
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure S9.  Distribution of minimum allelic ratio across the samples. The minimum 
allelic ratio is the absolute value of the difference between 0.5 and the allelic ratio (reference 
reads / total reads). Graph is made of side-by-side boxplots (x-axis, samples). RPSM 
threshold is not applied. 
 
  



 

Figure S10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S10. Allelic ratio in single cells on chromosome X (UCF1014). Frequency 
distribution histograms of the allelic ratio (reference reads / total reads) for hetSNVs located 
on chromosome X (RPSM>20, 163 UCF1014 single cells). As expected, due to X-
inactivation, the transcription is random (one allele or the other with no specification of the 
parental origin) and monoallelic across all the single cells.  
 
  



 

GENE NAME hetSNV coordinate AR [0, 0.2] AR [0.2, 0.8] AR [0.8, 1] 
SLC30A7 chr1_101442211 23.26 53.49 23.26
SLC25A24 chr1_108678361 41.18 25.49 33.33
TAF13 chr1_109605378 10.97 70.97 18.06
CHD1L chr1_146767320 45.45 23.64 30.91
ADAR chr1_154556266 31.11 33.33 35.56
UHMK1 chr1_162498946 42.42 31.82 25.76
RGS4 chr1_163046351 14.39 76.52 9.09
MPZL1 chr1_167758901 30.91 29.09 40.00
MPC2 chr1_167887416 30.26 44.74 25.00
MPC2 chr1_167887436 26.58 48.10 25.32
MPC2 chr1_167893759 26.92 47.44 25.64
NME7 chr1_169101935 35.71 41.84 22.45
PRRC2C chr1_171486912 31.25 26.56 42.19
TOR1AIP2 chr1_179811504 7.41 67.59 25.00
LAMC1 chr1_183113862 33.33 22.22 44.44
LAMC1 chr1_183114634 14.94 67.82 17.24
EDEM3 chr1_184660205 26.03 57.53 16.44
EDEM3 chr1_184661642 34.15 14.63 51.22
NEK7 chr1_198288709 31.91 27.66 40.43
MINOS1 chr1_19950062 3.73 93.17 3.11
CSRP1 chr1_201453565 23.28 58.62 18.10
TIMM17A chr1_201934578 8.59 84.05 7.36
TIMM17A chr1_201938995 6.13 85.28 8.59
UBE2T chr1_202304868 22.33 61.17 16.50
NSL1 chr1_212911836 45.83 22.92 31.25
EPRS chr1_220154768 25.64 35.90 38.46
BROX chr1_222907594 8.11 75.68 16.22
CAPN2 chr1_223962929 18.79 61.74 19.46
NID1 chr1_236139894 26.19 35.71 38.10
HNRNPR chr1_23640112 19.38 72.09 8.53
ID3 chr1_23884661 6.85 86.99 6.16
TCEB3 chr1_24088128 35.38 33.85 30.77
NIPAL3 chr1_24799045 14.81 30.56 54.63
CLIC4 chr1_25168124 22.97 41.89 35.14
CLIC4 chr1_25169634 21.19 55.93 22.88
DHDDS chr1_26797508 42.16 41.18 16.67
YARS chr1_33245802 37.93 25.86 36.21
MEAF6 chr1_37959499 27.94 39.71 32.35
CAP1 chr1_40537940 0.00 100.00 0.00
DHCR24 chr1_55315611 27.08 29.17 43.75
LEPROT chr1_65897869 22.68 51.55 25.77
LEPROT chr1_65899320 27.78 44.44 27.78
GNG12 chr1_68167867 22.41 52.59 25.00
ZRANB2 chr1_71530314 40.48 19.05 40.48
CRYZ chr1_75175886 17.89 37.89 44.21
TYW3 chr1_75214441 15.91 36.36 47.73
ACADM chr1_76227022 44.00 26.00 30.00
RABGGTB chr1_76257892 27.27 48.86 23.86
PIGK chr1_77558057 17.78 46.67 35.56
NEXN chr1_78392446 31.82 38.64 29.55
VAMP3 chr1_7840698 5.26 15.79 78.95
VAMP3 chr1_7840769 3.77 9.43 86.79
BCL10 chr1_85732065 5.81 81.29 12.90
DDAH1 chr1_85784936 12.50 68.13 19.38
SH3GLB1 chr1_87208953 20.00 41.82 38.18
DNTTIP2 chr1_94341267 23.73 47.46 28.81
DNTTIP2 chr1_94342564 23.96 52.08 23.96
DNTTIP2 chr1_94343023 25.66 51.33 23.01
DNTTIP2 chr1_94343233 30.09 45.13 24.78
CNN3 chr1_95363001 27.78 67.78 4.44
SNX7 chr1_99164434 32.76 34.48 32.76
DPCD chr10_103368654 25.00 51.47 23.53
TCF7L2 chr10_114926333 44.68 38.30 17.02
CACUL1 chr10_120442705 26.35 55.41 18.24
MKI67 chr10_129899578 33.33 35.71 30.95
MTPAP chr10_30629226 20.72 46.85 32.43
ITGB1 chr10_33190353 1.27 96.20 2.53
ITGB1 chr10_33214802 7.10 82.58 10.32
NRP1 chr10_33466519 15.53 67.96 16.50
NRP1 chr10_33466566 18.18 64.77 17.05
NRP1 chr10_33467108 34.58 48.60 16.82
NRP1 chr10_33467312 31.17 50.65 18.18
NRP1 chr10_33467321 31.58 51.32 17.11
NRP1 chr10_33467650 23.53 52.94 23.53
NRP1 chr10_33468014 32.69 44.23 23.08
NRP1 chr10_33510663 26.09 26.09 47.83
KLF6 chr10_3819714 15.00 37.50 47.50
CDK1 chr10_62553763 11.43 77.14 11.43
VPS26A chr10_70892791 32.65 53.06 14.29
VPS26A chr10_70931640 28.81 49.15 22.03
PPIF chr10_81114060 47.92 22.92 29.17
LARP4B chr10_856918 35.53 40.79 23.68
LARP4B chr10_858394 35.46 52.48 12.06
GHITM chr10_85903751 25.00 57.03 17.97
GHITM chr10_85912606 23.53 54.62 21.85
PAPSS2 chr10_89507288 13.91 65.22 20.87
MYOF chr10_95082882 32.20 40.68 27.12
HELLS chr10_96313960 15.22 65.22 19.57
PDLIM1 chr10_96997609 36.96 26.09 36.96
RNF141 chr11_10555589 41.86 27.91 30.23
CUL5 chr11_107978149 40.38 28.85 30.77
CTD-2003C8.1 chr11_10900157 66.00 10.00 24.00
CTD-2003C8.1 chr11_10900309 63.27 10.20 26.53
CTD-2003C8.1 chr11_10900584 29.55 13.64 56.82
BACE1 chr11_117156552 10.87 58.70 30.43
TRAPPC4 chr11_118890908 22.69 56.30 21.01
TRAPPC4 chr11_118894227 21.83 61.27 16.90
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DPAGT1 chr11_118967291 34.00 38.00 28.00
DPAGT1 chr11_118967758 30.36 35.71 33.93
USP47 chr11_11976628 33.90 35.59 30.51
RP11-166D19.1 chr11_121960257 55.83 43.56 0.61
CLMP chr11_122943495 34.88 13.95 51.16
CLMP chr11_122943802 24.32 31.08 44.59
SRPR chr11_126133208 24.29 31.43 44.29
CD44 chr11_35252926 3.09 93.83 3.09
CD44 chr11_35253272 3.09 96.91 0.00
RRM1 chr11_4141132 27.63 44.74 27.63
ATL3 chr11_63393243 4.17 29.17 66.67
ATL3 chr11_63395639 2.91 24.27 72.82
NEAT1 chr11_65205958 32.56 39.53 27.91
CCND1 chr11_69466737 36.07 32.79 31.15
RAB6A chr11_73388363 36.59 24.39 39.02
MRPL48 chr11_73575499 41.56 35.06 23.38
MRPL48 chr11_73575504 42.86 33.77 23.38
PRCP chr11_82535461 36.07 40.98 22.95
EED chr11_85968623 47.62 21.43 30.95
IPO7 chr11_9468367 17.57 59.46 22.97
RAD52 chr12_1021557 73.81 2.38 23.81
NT5DC3 chr12_104167185 28.00 34.00 38.00
NT5DC3 chr12_104167404 27.08 33.33 39.58
NT5DC3 chr12_104168087 24.44 35.56 40.00
C12orf75 chr12_105764984 4.20 61.34 34.45
C12orf23 chr12_107367224 11.95 81.76 6.29
C12orf23 chr12_107367225 11.95 81.76 6.29
C12orf23 chr12_107367439 7.50 83.13 9.38
MAGOHB chr12_10758703 22.22 64.81 12.96
MAGOHB chr12_10763236 18.07 66.27 15.66
CSDA chr12_10851772 18.26 68.70 13.04
WSB2 chr12_118471760 21.74 26.09 52.17
TRIAP1 chr12_120882112 22.55 43.14 34.31
TRIAP1 chr12_120882217 23.08 43.27 33.65
POP5 chr12_121017171 21.74 51.30 26.96
GPRC5A chr12_13069410 34.62 38.46 26.92
GPRC5A chr12_13070752 34.09 47.73 18.18
RAN chr12_131361241 30.00 40.00 30.00
EMP1 chr12_13369574 25.81 38.71 35.48
MGST1 chr12_16516994 20.00 52.14 27.86
GOLT1B chr12_21669996 19.18 50.68 30.14
GOLT1B chr12_21670020 31.82 51.52 16.67
MRPS35 chr12_27867727 31.91 38.30 29.79
MRPS35 chr12_27908603 20.00 45.00 35.00
C12orf5 chr12_4462040 28.81 37.29 33.90
ARID2 chr12_46300100 22.14 58.57 19.29
AMIGO2 chr12_47471439 32.00 26.00 42.00
TMEM106C chr12_48359984 39.08 36.78 24.14
TMEM106C chr12_48362412 35.37 42.68 21.95
LIMA1 chr12_50570127 30.89 47.97 21.14
LIMA1 chr12_50570519 20.45 42.05 37.50
LIMA1 chr12_50616346 13.77 78.26 7.97
CBX5 chr12_54625518 25.96 47.12 26.92
NACA chr12_57108203 1.84 96.93 1.23
USP15 chr12_62696599 19.35 50.54 30.11
HMGA2 chr12_66358347 35.29 27.45 37.25
HMGA2 chr12_66359752 24.36 37.18 38.46
COPS7A chr12_6840371 28.26 36.96 34.78
KRR1 chr12_75893486 0.00 7.58 92.42
KRR1 chr12_75900588 26.32 43.86 29.82
C12orf29 chr12_88440676 25.45 23.64 50.91
DCN chr12_91539687 27.66 46.81 25.53
EEA1 chr12_93166538 39.33 32.58 28.09
EEA1 chr12_93167435 24.62 40.00 35.38
MRPL42 chr12_93862989 19.18 67.12 13.70
TMPO chr12_98943585 12.87 68.32 18.81
CDC16 chr13_115030714 54.17 12.50 33.33
EXOSC8 chr13_37580139 10.87 70.29 18.84
GTF2F2 chr13_45841502 47.27 27.27 25.45
RBM26 chr13_79894736 24.69 50.62 24.69
STK24 chr13_99104689 40.43 40.43 19.15
PPP2R5C chr14_102323093 19.33 57.14 23.53
ZFYVE21 chr14_104199580 45.24 26.19 28.57
DAD1 chr14_23033838 0.61 96.93 2.45
C14orf119 chr14_23567369 19.44 57.64 22.92
PSME1 chr14_24606928 25.00 53.00 22.00
SEC23A chr14_39517925 36.99 38.36 24.66
FRMD6 chr14_52196115 24.77 50.46 24.77
CNIH chr14_54894296 18.05 69.92 12.03
DLGAP5 chr14_55655692 16.18 69.12 14.71
KTN1 chr14_56078739 17.31 69.23 13.46
JKAMP chr14_59971039 16.20 59.15 24.65
DHRS7 chr14_60611648 18.84 53.62 27.54
DHRS7 chr14_60611675 16.46 55.70 27.85
ELMSAN1 chr14_74182810 13.53 55.64 30.83
EIF2B2 chr14_75476071 57.78 20.00 22.22
GPATCH2L chr14_76645514 37.78 17.78 44.44
RP11-66B24.4 chr15_101455840 40.00 44.71 15.29
CHSY1 chr15_101716583 36.36 44.32 19.32
CHSY1 chr15_101717065 38.27 39.51 22.22
NDUFAF1 chr15_41679685 40.00 20.00 40.00
TMEM87A chr15_42529665 46.51 23.26 30.23
FBN1 chr15_48702457 13.79 63.45 22.76
FBN1 chr15_48702873 20.45 51.52 28.03
USP8 chr15_50769520 39.58 25.00 35.42
ARPP19 chr15_52843442 38.30 38.30 23.40
BNIP2 chr15_59951573 43.75 26.25 30.00
BNIP2 chr15_59951997 41.33 29.33 29.33
BNIP2 chr15_59952253 47.44 25.64 26.92
BNIP2 chr15_59952341 48.15 24.69 27.16

  



 

BNIP2 chr15_59952905 29.58 26.76 43.66
TIPIN chr15_66629403 42.50 35.00 22.50
SMAD3 chr15_67486847 34.78 40.58 24.64
WDR61 chr15_78585106 27.68 36.61 35.71
PSMA4 chr15_78837262 6.17 88.27 5.56
PSMA4 chr15_78841220 2.52 89.31 8.18
FAH chr15_80472561 47.89 23.94 28.17
MESDC2 chr15_81270754 41.82 25.45 32.73
MESDC2 chr15_81270816 38.00 26.00 36.00
AC068831.8 chr15_91525197 3.61 81.93 14.46
RSL1D1 chr16_11940390 8.18 81.13 10.69
GSPT1 chr16_11969724 33.77 31.17 35.06
BFAR chr16_14762586 25.76 42.42 31.82
FOPNL chr16_15960226 25.40 39.68 34.92
XYLT1 chr16_17196433 23.19 42.03 34.78
GDE1 chr16_19513167 42.00 16.00 42.00
THUMPD1 chr16_20747104 22.37 61.84 15.79
USP31 chr16_23076410 35.29 27.45 37.25
MT1L chr16_56652635 29.09 58.18 12.73
MT1L chr16_56652655 29.55 59.09 11.36
KARS chr16_75675609 24.00 42.00 34.00
CDH13 chr16_83065664 25.00 25.00 50.00
HSBP1 chr16_83846041 26.58 43.04 30.38
FOXF1 chr16_86547838 40.00 46.67 13.33
RPA1 chr17_1801189 33.75 38.75 27.50
RPA1 chr17_1801263 26.67 43.33 30.00
USP22 chr17_20902959 17.97 60.16 21.88
FAM101B chr17_290362 5.93 37.04 57.04
FAM101B chr17_290370 5.80 30.43 63.77
FAM101B chr17_290552 6.15 36.92 56.92
CCL2 chr17_32583269 18.84 31.88 49.28
CCL2 chr17_32583911 17.19 32.81 50.00
TOP2A chr17_38545193 12.12 68.18 19.70
GOSR2 chr17_45008570 30.30 50.00 19.70
LRRC59 chr17_48458924 28.57 42.86 28.57
LRRC59 chr17_48458925 28.57 42.86 28.57
RP11-294J22.6 chr17_48771135 6.37 78.34 15.29
SKA2 chr17_57187729 5.26 84.21 10.53
SMURF2 chr17_62541309 39.66 36.21 24.14
PRKAR1A chr17_66528778 20.63 53.97 25.40
BIRC5 chr17_76221428 45.90 44.26 9.84
TTC39C chr18_21714791 32.91 30.38 36.71
TTC39C chr18_21714934 24.53 32.08 43.40
AC015933.2 chr18_25543387 32.71 43.93 23.36
DSG2 chr18_29128572 40.00 35.56 24.44
TPGS2 chr18_34398914 25.58 27.91 46.51
SMAD2 chr18_45362721 28.00 28.00 44.00
SMAD2 chr18_45363289 28.00 28.00 44.00
LMAN1 chr18_56995396 18.03 64.75 17.21
TWSG1 chr18_9400422 23.73 35.59 40.68
TWSG1 chr18_9402174 22.86 55.71 21.43
VAPA chr18_9955849 55.56 15.56 28.89
UQCR11 chr19_1598203 3.07 93.25 3.68
CTD-2231E14.8 chr19_16244056 26.92 34.62 38.46
FAM32A chr19_16302087 45.33 17.33 37.33
GLT25D1 chr19_17693206 12.42 80.12 7.45
INSR chr19_7116283 27.72 46.53 25.74
RRM2 chr2_10271196 10.10 76.77 13.13
TTL chr2_113287964 32.31 27.69 40.00
RND3 chr2_151325303 15.07 56.16 28.77
DDX1 chr2_15735648 9.38 75.00 15.63
MARCH7 chr2_160604452 46.51 32.56 20.93
PXDN chr2_1637201 17.48 56.31 26.21
PXDN chr2_1637648 15.00 45.00 40.00
PPIG chr2_170462574 29.89 44.83 25.29
CERKL chr2_182401752 56.82 25.00 18.18
NCKAP1 chr2_183799558 40.00 38.00 22.00
FAM171B chr2_187629495 14.07 77.78 8.15
COL5A2 chr2_189897631 5.08 77.12 17.80
ORMDL1 chr2_190636411 19.57 57.61 22.83
STK17B chr2_196999139 20.39 33.98 45.63
STK17B chr2_196999310 22.83 36.96 40.22
SF3B1 chr2_198265526 45.24 23.81 30.95
SF3B1 chr2_198283305 16.13 56.99 26.88
CLK1 chr2_201717910 24.24 56.06 19.70
NIF3L1 chr2_201768238 37.25 29.41 33.33
LAPTM4A chr2_20240668 23.40 53.19 23.40
FN1 chr2_216249587 11.90 64.29 23.81
XRCC5 chr2_217070766 23.76 48.51 27.72
SERPINE2 chr2_224862842 32.26 32.26 35.48
CAB39 chr2_231685198 40.48 9.52 50.00
CAB39 chr2_231685205 39.02 9.76 51.22
PSMD1 chr2_232035429 25.00 51.79 23.21
NDUFA10 chr2_240900227 15.38 51.92 32.69
NDUFA10 chr2_240946766 39.39 42.42 18.18
DNMT3A chr2_25456100 35.79 28.42 35.79
GPN1 chr2_27873415 22.54 49.30 28.17
PPP1CB chr2_29023749 0.00 100.00 0.00
PPP1CB chr2_29025479 16.30 71.85 11.85
YPEL5 chr2_30381505 31.34 43.28 25.37
LCLAT1 chr2_30865048 26.14 28.41 45.45
ZFP36L2 chr2_43450138 39.02 21.95 39.02
MCFD2 chr2_47132529 3.13 84.38 12.50
C2orf74 chr2_61372298 64.29 23.81 11.90
USP34 chr2_61647901 28.57 33.33 38.10
GFPT1 chr2_69552521 13.46 53.85 32.69
AC114772.1 chr2_69687731 37.21 20.93 41.86
MPHOSPH10 chr2_71360282 29.41 43.53 27.06
TPRKB chr2_73957124 20.00 73.33 6.67
MRPL19 chr2_75882399 37.14 37.14 25.71

  



 

MRPL19 chr2_75882576 35.71 35.71 28.57
CHMP3 chr2_86731290 38.10 16.67 45.24
RNF103-CHMP3 chr2_86756381 35.38 29.23 35.38
MRPS5 chr2_95775761 29.41 41.18 29.41
STARD7 chr2_96850885 14.19 67.74 18.06
FKBP1A chr20_1350672 9.87 77.63 12.50
ITCH chr20_33095891 25.00 30.00 45.00
PROCR chr20_33764632 29.51 40.98 29.51
RP4-564F22.2 chr20_37059749 8.00 14.00 78.00
SRSF6 chr20_42091357 3.07 91.41 5.52
YWHAB chr20_43530234 8.92 74.52 16.56
CSE1L chr20_47685320 19.48 50.65 29.87
ZNFX1-AS1 chr20_47895702 5.92 71.71 22.37
ADNP chr20_49506195 16.23 69.48 14.29
AURKA chr20_54945211 30.43 47.83 21.74
RPS21 chr20_60962943 0.61 98.77 0.61
PCMTD2 chr20_62906433 27.45 33.33 39.22
PCMTD2 chr20_62906514 31.37 29.41 39.22
MRPL39 chr21_26969703 30.26 53.95 15.79
MRPL39 chr21_26978950 25.71 58.57 15.71
IFNAR1 chr21_34715699 31.71 26.83 41.46
SON chr21_34926260 34.55 23.64 41.82
WRB chr21_40769290 11.63 62.79 25.58
MAPK1 chr22_22115004 43.14 27.45 29.41
C22orf28 chr22_32783904 19.13 53.04 27.83
C22orf28 chr22_32795641 28.57 34.29 37.14
TIMP3 chr22_33253280 18.58 55.75 25.66
TIMP3 chr22_33253292 18.64 56.78 24.58
NHP2L1 chr22_42070793 32.61 30.43 36.96
ARFGAP3 chr22_43218397 16.36 52.73 30.91
TFG chr3_100467018 25.74 43.56 30.69
TFG chr3_100467673 20.17 52.10 27.73
TFG chr3_100467676 19.33 52.94 27.73
CD200 chr3_112059768 31.82 40.91 27.27
CD200 chr3_112063850 25.00 44.74 30.26
CCDC80 chr3_112359986 2.56 65.38 32.05
B4GALT4 chr3_118931389 40.74 18.52 40.74
POGLUT1 chr3_119213220 24.35 45.22 30.43
TIMMDC1 chr3_119242803 17.65 64.71 17.65
FSTL1 chr3_120114859 17.43 63.30 19.27
KPNA1 chr3_122140919 22.50 22.50 55.00
UMPS chr3_124462808 30.51 37.29 32.20
TMEM43 chr3_14184719 43.10 27.59 29.31
GYG1 chr3_148745236 27.03 43.24 29.73
HLTF chr3_148748380 39.13 19.57 41.30
FGD5-AS1 chr3_14984617 26.79 50.00 23.21
SERP1 chr3_150260853 41.67 29.17 29.17
SELT chr3_150345690 5.56 72.22 22.22
EAF1 chr3_15483830 27.42 46.77 25.81
SSR3 chr3_156259966 9.49 82.91 7.59
SSR3 chr3_156266774 1.23 93.25 5.52
LXN chr3_158384463 22.41 51.72 25.86
TRIM59 chr3_160152299 25.33 44.00 30.67
TRIM59 chr3_160156951 26.00 48.00 26.00
DPH3 chr3_16301564 28.57 16.67 54.76
DPH3 chr3_16305674 13.89 51.39 34.72
AC008040.1 chr3_169806897 39.66 17.24 43.10
SKIL chr3_170112307 6.94 79.86 13.19
SKIL chr3_170113481 10.32 72.90 16.77
SKIL chr3_170113533 11.11 70.59 18.30
SKIL chr3_170113601 12.75 67.11 20.13
DCUN1D1 chr3_182659953 34.21 35.53 30.26
TFRC chr3_195776454 20.28 56.64 23.08
RPL15 chr3_23961353 12.14 67.14 20.71
RPL15 chr3_23961621 14.29 70.13 15.58
CDCP1 chr3_45125067 48.08 26.92 25.00
FYCO1 chr3_45959759 34.04 29.79 36.17
MAP4 chr3_47958037 42.86 35.71 21.43
FAM208A chr3_56654703 57.69 15.38 26.92
ARF4 chr3_57557620 3.07 89.57 7.36
PDHB chr3_58413662 22.68 51.55 25.77
PDHB chr3_58413669 26.04 52.08 21.88
THUMPD3 chr3_9425911 31.91 19.15 48.94
THUMPD3 chr3_9425944 48.89 17.78 33.33
THUMPD3 chr3_9426224 47.06 21.57 31.37
DCBLD2 chr3_98516386 28.77 49.32 21.92
ZNF518B chr4_10442700 26.67 36.00 37.33
PPA2 chr4_106317429 35.29 38.24 26.47
CAMK2D chr4_114375133 33.66 51.49 14.85
C4orf3 chr4_120219534 33.33 40.00 26.67
MAD2L1 chr4_120981214 20.62 70.10 9.28
NAA15 chr4_140310520 26.06 66.20 7.75
FAM198B chr4_159045843 22.22 62.22 15.56
PPID chr4_159630817 30.95 23.81 45.24
MSMO1 chr4_166264119 9.23 81.54 9.23
ANXA10 chr4_169083694 37.50 22.50 40.00
SLBP chr4_1694809 25.00 38.46 36.54
PALLD chr4_169849389 19.55 58.65 21.80
SPCS3 chr4_177249681 9.42 60.87 29.71
SPCS3 chr4_177249913 39.72 55.32 4.96
DCTD chr4_183811670 24.62 36.92 38.46
DCTD chr4_183815688 36.21 34.48 29.31
CASP3 chr4_185548951 47.83 30.43 21.74
KIAA1430 chr4_186111639 33.33 40.74 25.93
UGDH chr4_39500514 9.33 60.67 30.00
UGDH chr4_39501086 5.73 65.61 28.66
ATP10D chr4_47514685 43.48 28.26 28.26
DCUN1D4 chr4_52781759 17.28 38.27 44.44
TMEM165 chr4_56292101 14.29 47.62 38.10
UBA6 chr4_68482401 32.35 38.24 29.41

  



 

UBA6 chr4_68482405 32.84 37.31 29.85
UBA6 chr4_68483472 4.29 91.41 4.29
UBA6 chr4_68483534 4.29 90.80 4.91
CXCL6 chr4_74703999 39.47 38.16 22.37
SEPT11 chr4_77958130 6.67 84.44 8.89
SEPT11 chr4_77958765 31.07 40.78 28.16
CCNI chr4_77968968 22.94 53.21 23.85
PDLIM5 chr4_95588565 28.26 43.48 28.26
PDLIM5 chr4_95588823 30.99 45.07 23.94
RAP1GDS1 chr4_99363400 38.81 23.88 37.31
PJA2 chr5_108714298 28.33 45.00 26.67
WDR36 chr5_110464687 4.11 20.55 75.34
ALDH7A1 chr5_125880589 40.00 26.67 33.33
HSPA9 chr5_137902339 29.29 44.44 26.26
MATR3 chr5_138665756 18.97 65.52 15.52
MATR3 chr5_138665792 15.75 63.78 20.47
NR3C1 chr5_142661595 44.23 38.46 17.31
YIPF5 chr5_143538589 21.92 35.62 42.47
YIPF5 chr5_143539142 16.03 74.36 9.62
LARS chr5_145543972 25.00 39.29 35.71
CTB-89H12.4 chr5_148873854 8.86 74.05 17.09
SPARC chr5_151043111 5.56 93.83 0.62
CLINT1 chr5_157213497 14.29 70.33 15.38
MYO10 chr5_16666180 38.46 25.00 36.54
NPM1 chr5_170819887 21.21 30.30 48.48
KIAA1191 chr5_175773287 23.73 37.29 38.98
HNRNPAB chr5_177637882 26.17 49.53 24.30
NUP155 chr5_37288535 18.94 61.36 19.70
PELO chr5_52097764 19.15 52.13 28.72
NDUFS4 chr5_52942197 13.42 70.47 16.11
NDUFS4 chr5_52979097 15.97 66.67 17.36
SREK1IP1 chr5_64023981 27.27 45.45 27.27
MAP1B chr5_71492734 34.15 26.83 39.02
NSA2 chr5_74069863 19.66 52.99 27.35
WDR41 chr5_76734084 42.22 22.22 35.56
AP3B1 chr5_77298619 34.88 18.60 46.51
VCAN chr5_82876271 27.59 43.10 29.31
VCAN chr5_82877682 28.00 46.00 26.00
EDIL3 chr5_83237255 14.58 68.75 16.67
EDIL3 chr5_83238236 20.99 64.20 14.81
RHOBTB3 chr5_95084131 30.51 40.68 28.81
GLRX chr5_95149966 11.33 71.33 17.33
ERAP1 chr5_96110211 34.88 37.21 27.91
RIOK2 chr5_96513471 33.33 38.89 27.78
RGMB chr5_98131505 38.10 38.10 23.81
DSE chr6_116758932 31.48 46.30 22.22
GJA1 chr6_121770464 26.42 51.89 21.70
SERINC1 chr6_122765026 30.49 43.90 25.61
SERINC1 chr6_122765948 34.04 46.81 19.15
ECHDC1 chr6_127610021 35.56 31.11 33.33
SNORD100 chr6_133138010 41.77 32.91 25.32
BCLAF1 chr6_136590640 0.00 0.00 100.00
BCLAF1 chr6_136599404 0.00 0.00 100.00
PERP chr6_138412612 31.48 29.63 38.89
VTA1 chr6_142541553 51.67 18.33 30.00
VTA1 chr6_142541769 46.51 25.58 27.91
FUCA2 chr6_143825104 27.91 34.88 37.21
PHACTR2 chr6_144151026 21.67 68.33 10.00
PHACTR2 chr6_144151767 20.53 68.87 10.60
MRPL18 chr6_160219337 12.32 69.57 18.12
THBS2 chr6_169616347 21.21 54.55 24.24
HMGN4 chr6_26546048 39.62 26.42 33.96
SERPINB9 chr6_2887652 24.39 41.46 34.15
SERPINB9 chr6_2887771 23.61 40.28 36.11
SRSF3 chr6_36570366 3.07 92.64 4.29
GLO1 chr6_38643796 16.94 54.84 28.23
ECI2 chr6_4116262 15.91 62.12 21.97
MRPS10 chr6_42185564 17.27 67.27 15.45
UBR2 chr6_42659979 46.88 25.00 28.13
MAD2L1BP chr6_43608386 42.55 17.02 40.43
SLC35B2 chr6_44222047 27.59 41.38 31.03
SLC35B2 chr6_44222109 25.49 47.06 27.45
ELOVL5 chr6_53133964 30.95 28.57 40.48
DST chr6_56557411 44.90 18.37 36.73
DST chr6_56557822 35.71 35.71 28.57
SSR1 chr6_7285193 33.33 40.00 26.67
SSR1 chr6_7288297 17.56 58.02 24.43
SSR1 chr6_7288341 24.19 58.06 17.74
SSR1 chr6_7288544 19.30 48.25 32.46
SSR1 chr6_7288613 24.14 59.48 16.38
SSR1 chr6_7289166 10.87 68.12 21.01
TTK chr6_80751942 38.10 21.43 40.48
PGM3 chr6_83880167 19.66 48.72 31.62
ORC3 chr6_88377049 41.67 31.25 27.08
UBE2J1 chr6_90037968 25.93 48.15 25.93
NDUFAF4 chr6_97339078 30.77 42.31 26.92
NDUFAF4 chr6_97339088 26.32 43.42 30.26
LAMB1 chr7_107569962 24.14 32.18 43.68
AC073346.2 chr7_112756994 22.22 51.11 26.67
TES chr7_115897871 29.58 32.39 38.03
TES chr7_115897884 31.51 30.14 38.36
TES chr7_115898177 32.00 33.33 34.67
CAV1 chr7_116200587 19.44 64.58 15.97
CAPZA2 chr7_116558716 16.13 70.97 12.90
CALU chr7_128409580 4.91 93.87 1.23
CALD1 chr7_134618710 26.83 36.59 36.59
CREB3L2 chr7_137560697 31.15 19.67 49.18
MRPS33 chr7_140706157 26.47 50.98 22.55
TRBC2 chr7_142499071 0.00 0.00 100.00
PDIA4 chr7_148702362 28.36 41.79 29.85

  



 

ABCF2 chr7_150910642 11.76 66.67 21.57
MLL3 chr7_151874498 39.73 27.40 32.88
CDCA7L chr7_21940960 37.50 27.08 35.42
TOMM7 chr7_22852643 3.68 94.48 1.84
TAX1BP1 chr7_27827103 19.67 52.46 27.87
SCRN1 chr7_29960315 43.48 21.74 34.78
LSM5 chr7_32526687 16.00 68.00 16.00
ANLN chr7_36445855 14.29 68.25 17.46
ANLN chr7_36445856 14.29 68.25 17.46
STARD3NL chr7_38269668 28.42 42.11 29.47
COA1 chr7_43678997 20.90 55.22 23.88
BLVRA chr7_43810764 47.73 34.09 18.18
BLVRA chr7_43846603 45.12 30.49 24.39
H2AFV chr7_44866832 43.48 30.43 26.09
HUS1 chr7_48004962 46.94 20.41 32.65
TMEM60 chr7_77423152 33.33 33.33 33.33
SEMA3A chr7_83634712 43.18 18.18 38.64
SEMA3A chr7_83634713 45.24 19.05 35.71
COL1A2 chr7_94059899 0.61 98.77 0.61
AZIN1 chr8_103838876 41.27 33.33 25.40
AZIN1 chr8_103851052 24.00 32.00 44.00
CTHRC1 chr8_104394744 10.26 64.10 25.64
SLC25A32 chr8_104412635 35.00 32.50 32.50
DCAF13 chr8_104432545 18.18 51.24 30.58
MRPL13 chr8_121408195 8.59 76.56 14.84
TNFRSF10D chr8_22993367 42.22 22.22 35.56
DOCK5 chr8_25269993 20.92 68.63 10.46
DOCK5 chr8_25270508 8.63 66.91 24.46
DOCK5 chr8_25271188 27.50 30.00 42.50
BNIP3L chr8_26269412 22.92 50.00 27.08
BNIP3L chr8_26269936 27.54 33.33 39.13
DPYSL2 chr8_26514316 7.36 85.89 6.75
PBK chr8_27667719 18.75 52.08 29.17
PBK chr8_27667969 26.67 42.67 30.67
PBK chr8_27679981 28.81 40.68 30.51
TMEM66 chr8_29921288 28.99 37.68 33.33
LEPROTL1 chr8_29961951 43.48 35.87 20.65
TM2D2 chr8_38848850 19.51 42.68 37.80
RAB2A chr8_61534428 27.00 50.00 23.00
ASPH chr8_62537309 6.12 87.07 6.80
ARMC1 chr8_66514965 35.85 39.62 24.53
SULF1 chr8_70414160 37.10 48.39 14.52
SULF1 chr8_70571313 34.12 38.82 27.06
SULF1 chr8_70571531 36.36 42.05 21.59
NIPSNAP3A chr9_107515214 40.85 32.39 26.76
ABCA1 chr9_107544285 13.25 43.37 43.37
CTNNAL1 chr9_111727670 39.22 35.29 25.49
CTNNAL1 chr9_111755008 15.63 53.13 31.25
AKAP2 chr9_112933977 38.64 20.45 40.91
UGCG chr9_114694486 18.37 40.82 40.82
UGCG chr9_114695826 31.11 46.67 22.22
PAPPA chr9_119160426 32.00 26.00 42.00
PAPPA-AS1 chr9_119160660 27.45 29.41 43.14
HSPA5 chr9_127997303 36.36 29.87 33.77
DPM2 chr9_130698029 23.86 43.18 32.95
DPM2 chr9_130698043 21.84 41.38 36.78
SURF4 chr9_136228865 27.85 43.04 29.11
KIAA0020 chr9_2804393 32.69 42.31 25.00
KIAA0020 chr9_2811505 34.21 27.63 38.16
UBE2R2 chr9_33917498 28.75 47.50 23.75
MELK chr9_36674842 43.28 32.84 23.88
GRHPR chr9_37436925 27.59 58.62 13.79
LAMP2 chrX_119571073 21.43 1.43 77.14
LAMP2 chrX_119590533 28.69 2.46 68.85
C1GALT1C1 chrX_119759978 54.43 3.80 41.77
C1GALT1C1 chrX_119760042 58.06 3.23 38.71
C1GALT1C1 chrX_119760629 39.02 3.66 57.32
ACOT9 chrX_23722835 34.92 3.17 61.90
ZFX chrX_24233909 39.66 12.07 48.28
RP11-622K12.1 chrX_56843771 63.85 2.31 33.85
TSPAN6 chrX_99884828 63.85 2.31 33.85

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
Figure S11. Single-cell allelic ratio distribution per detected genes (UCF1014).   
We selected 568 genes for a representative view of the allelic expression in single cells. Index 
bar indicates the color-coded for the allelic ratio values (reference reads/ total reads). The 
columns are the gene name, the genomic coordinate of the hetSNV, the color coded column 
are the single cells, the three last columns are the percentage of cells with an allelic ratio 
between [0, 0.2], [0.2, 0.8] and [0.8, 1]. We subselected 60 genes out of 568 genes to make 
the figure 5. 
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