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Near-haploid human cell lines are instrumental for genetic screens and genome engineering as gene inactivation is greatly

facilitated by the absence of a second gene copy. However, no completely haploid human cell line has been described,

hampering the genetic accessibility of a subset of genes. The near-haploid human cell line HAP1 contains a single copy of all

chromosomes except for a heterozygous 30-megabase fragment of Chromosome 15. This large fragment encompasses 330

genes and is integrated on the long arm of Chromosome 19. Here, we employ a CRISPR/Cas9-based genome engineering

strategy to excise this sizeable chromosomal fragment and to efficiently and reproducibly derive clones that retain their

haploid state. Importantly, spectral karyotyping and single-nucleotide polymorphism (SNP) genotyping revealed that

engineered-HAPloid (eHAP) cells are fully haploid with no gross chromosomal aberrations induced by Cas9. Furthermore,

whole-genome sequence and transcriptome analysis of the parental HAP1 and an eHAP cell line showed that transcriptional

changes are limited to the excised Chromosome 15 fragment. Together, we demonstrate the feasibility of efficiently engi-

neering megabase deletions with the CRISPR/Cas9 technology and report the first fully haploid human cell line.

[Supplemental material is available for this article.]

Most eukaryotic organisms are diploid, inheriting one genome copy

from each parent. Deleterious mutations present in one copy are

usually buffered by the other copy. This fail-safe mechanism repre-

sents a major complication for the study of gene function in most

eukaryotes:When one allele is altered, the phenotypic consequences

of this alteration are often masked by the other intact allele.

In vertebrates, haploidy—the presence of a genome in a single

copy—is naturally confined to the stage of the gametes. Experi-

mentally, however, haploid somatic cells can be derived from

a number of organisms including medaka (Yi et al. 2009), mouse

(Elling et al. 2011; Leeb and Wutz 2011) and rat (Li et al. 2013). In

humans, near-haploid somatic cells have been found in certain

tumors including leukemias (Oshimura et al. 1977; Andersson

et al. 1995) and chondrosarcomas (Bovee et al. 1999). Importantly,

a near-haploid human cell line was isolated from a chronic mye-

loid leukemia patient and stably cultured over several months

(Kotecki et al. 1999). This cell line, referred to as KBM-7, contains

one copy of most chromosomes with the exception of Chromo-

some 8 and a portion of Chromosome 15, which are disomic.

Near-haploidy of KBM-7 cells has been exploited to perform

large-scale loss-of-function screens in human cells (Carette et al.

2009). Such screens have been employed to study a variety of

processes in KBM-7 cells, ranging fromhost–pathogen interactions

to signaling and drug mechanism of action (Carette et al. 2011a,b;

Birsoy et al. 2013; Jae et al. 2013). In addition, KBM-7 cells were

used to assemble a large library of human isogenic cell lines

(Burckstummer et al. 2013), thereby enabling both forward and

reverse genetics experiments in human cells.

KBM-7 cells can be reprogrammed to induced pluripotent

stem cells by overexpression of POU5F1, SOX2, KLF4, and MYC

(Takahashi and Yamanaka 2006; Carette et al. 2010). These

reprogramming experiments also yielded a near-haploid cell line

with a fibroblast-like morphology termed HAP1 (Carette et al.

2011b). In contrast to KBM-7 cells, HAP1 cells are adherent and

lack the second copy of Chromosome 8. However, HAP1 cells are

not fully haploid as they retain two copies of a fragment of

Chromosome 15, one of which is fused to Chromosome 19.

Cas9 is an endonuclease that was first isolated from Strepto-

coccus pyogenes. It can be programmed by short guide RNAs

(gRNAs) to cleave any genomic locus that is complementary to the

gRNA and followed by a protospacer adjacentmotif (PAM;NGG for

Streptococcus pyogenesCas9) (Cho et al. 2013; Cong et al. 2013; Jinek

et al. 2013; Mali et al. 2013b). Cleavage of genomic DNA by Cas9

triggers endogenous repair mechanisms such as nonhomologous

end joining (NHEJ) that lead to imprecise repair of the breakpoint,

thereby causing mutations at the specific locus of interest. Cas9-

mediated genome engineering has been used in a variety of or-

ganisms from yeast to man (for a review, see Mali et al. 2013a).

Importantly, Cas9 has also been used to delete loci of interest (Xiao

et al. 2013), thereby offering enticing perspectives for synthetic

biology. However, until now, only kilobase-size deletions have

been reported (Fujii et al. 2013; Horii et al. 2013; Xiao et al. 2013),

raising the question if larger deletions can be engineeredwith high

enough efficiency to obtain genetically modified clones. In this

study, we employed the versatile CRISPR/Cas9 system to delete one

copy of the disomic portion of Chromosome 15 that is present in
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HAP1 cells. The deleted fragment encompasses 30 million base

pairs, encoding 330 human genes, and corresponds to roughly

a third of the total size of Chromosome 15.

Results

Spectral karyotyping of HAP1 cells revealed that the Chromosome

15 fragment present in the parental KBM-7 cell line is retained in

HAP1 (Fig. 1A; Supplemental Fig. 1). It is fused to the long arm of

Chromosome 19. To map the boundaries of the disomic region on

Chromosome 15, we analyzed single-nucleotide polymorphism

(SNP) array data from KBM-7 cells (Burckstummer et al. 2013).

These data indicate that the disomic fragment encompasses almost

30 million base pairs (from around Chr 15: 61,105,000 to around

Chr 15: 89,890,000) (Fig. 1B). The presence of heterozygous SNPs

from this region shows that the disomic region did not arise by

duplication. Instead, it represents a remnant of its diploid het-

erozygous origin.

To generate a fully haploid somatic human cell line, we aimed

to eliminate one copy of the disomic region fromChromosome 15

by CRISPR/Cas9-mediated genome engineering. We reasoned that

coapplication of two gRNAs positioned at the boundaries of the

disomic region would result in the simultaneous cleavage of both

ends by Cas9, leading to the elimination of the intervening frag-

ment. As the precise sequence of the Chromosome 19/15 fusion

was not known, we opted for gRNAs cleaving within the disomic

region from Chromosome 15. We designed four gRNAs (Fig. 1C),

two for each end. Cas9 and the gRNA expression plasmids were

introduced by transient transfection of HAP1 cells. As transfection

efficiency was;10% (Supplemental Fig. 2), we included a plasmid

bearing a blasticidin-resistance gene and eliminated untransfected

cells using blasticidin selection. Following transient transfection of

HAP1 cells, we monitored Cas9 cleavage at the four loci using the

T7 endonuclease assay (Kim et al. 2009). Cleavage events could

occur either on the Chromosome 15/19 fusion or on the authentic

Chromosome15.We found that gRNAs 1, 3, and 4 elicited efficient

cleavage at the designated loci, while gRNA 2 did not cause any

detectable genome modification (Fig. 2A; Supplemental Fig. 3).

Next, we assessed whether the deletion could be detected in the

pool of transfected cells. We designed two primer pairs to flank the

30million base pair region fromChromosome 15 that we aimed to

delete. As expected, no PCR bandwas detectable inwild-typeHAP1

cells. However, we readily detected a PCR product in the sample in

which gRNAs 1 and 3 had been combined (Fig. 2B), indicating that

the DNA ends exposed by double-strand breaks had been joined

together.

While it was encouraging to detect the deletion in the pool of

transfected cells, it may still represent a very rare event, compli-

cating the isolation of a clonal cell line carrying the deletion. We

isolated clones from the sample in which gRNAs 1 and 3 had been

combined and assessed the presence of the deletion by PCR. A first

batch of 200 clones contained four clones (designated A8, A11,

B11, and F6) in which the deletion was detectable by PCR (Supple-

mental Fig. 4). A second batch of 200 clones that was independently

derived contained one additional such clone (designated E9)

(Fig. 3A). This indicates that deletions or rearrangements occurred

in ;1% of the transfected cells.

To exclude the possibility that the excised region of Chro-

mosome 15 had been retained by integrating somewhere else in

the genome, we analyzed heterozygous SNPs. We observed that

clones A8, B11, and F6 were still heterozygous for the given SNPs

(Supplemental Fig. 5), while clones A11 and E9 were homozygous

(Fig. 3B). This indicates that proper deletion only occurred in

clones A11 and E9. Sanger sequencing of the deletion PCR prod-

ucts obtained from clones A11 and E9 showed different break-

points in the two clones (Supplemental Fig. 6), demonstrating that

these clones originated from independent editing events.

To characterize the chromosomal landscape in the various

clones, we subjected each clone to spectral karyotyping. Clones

A11 and E9 were found to be fully haploid and Chromosome 19

was intact (Fig. 3C), indicating that the defectiveChromosome 19/15

fusion had been repaired as intended. These two clones can

therefore be considered fully haploid human cell lines. In contrast,

clones A8, B11, and F6 were found to be diploid (Supplemental

Fig. 7), presumably as a consequence of endoreduplication prior to

the editing event. In these clones we observed a deletion on one

allele of the ‘‘authentic’’ Chromosome 15, while the Chromosome

19/15 fusion was unaffected. This explains why these clones were

positive in the deletion PCR (the signal originated from the au-

thentic Chromosome 15 that now bears a deletion), while we did

not see loss-of-heterozygosity (both the authentic Chromosome

15 and the Chromosome 19/15 fusion were still present). Based on

these observations, we focused our future efforts on clonesA11 and

E9 and decided to name them engineered HAPloid (eHAP) E9 and

eHAP A11.

Figure 1. Genomic makeup of HAP1 and strategy for deletion of the
Chromosome 15 fragment. (A) HAP1 cells were subjected to spectral
karyotyping to characterize their chromosomal landscape and identify
disomic regions. (B) Single-nucleotide polymorphism data from KBM-7
cells were analyzed to identify chromosomal segments that are hetero-
zygous and hence disomic. (Top) Heterozygous SNPs are depicted in red;
homozygous SNPs, in turquoise. (Bottom) B-allele frequency (BAF) on
Chromosome 15. A BAF of 0.5 is indicative of heterozygosity. (C ) Sche-
matic representative of the gRNA design. Two gRNAs (colored in pink) were
placed at the boundaries of the disomic region from Chromosome 15.
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AsHAP1 cells can spontaneously convert to a diploid state, we

assessed the stability of the clones in which deletion had occurred.

Propidium iodide staining showed that both clones eHAPA11 and

eHAP E9 were haploid (Supplemental Fig. 8) and indistinguishable

from haploid HAP1 cells. When passaged for 20 passages, HAP1

cells as well eHAP E9 retained perfect haploidy, while eHAP A11

had partially converted to diploidy, possibly by endoreduplication.

This indicates that fully haploid human cells are viable and can

stably maintain their haploid karyotype.

We decided to further characterize eHAPA11 and eHAP E9 by

performing whole-genome sequencing, and we included the pa-

rental HAP1 cells in these analyses. Whole-genome sequencing

was performed at ;203 coverage in HAP1 and ;63 coverage in

eHAPA11 and eHAP E9, respectively. A global comparisonbetween

the three cell lines showed similar relative coverage across the ge-

nome, with the exception of the fragment from Chromosome 15,

for which HAP1 cells showed twice the coverage in comparison to

eHAP E9 (Fig. 4A; Supplemental Fig. 9). This observation supports

the notion that the complete disomic region fromChromosome 15

had been deleted in eHAPA11 and eHAP E9 cells. Inspection of the

gRNA target sites on Chromosome 15 revealed that both eHAPA11

and eHAP E9may harbor small indels (eHAPA11: 13-bp deletion at

61M breakpoint and 150-bp deletion at 89M breakpoint; eHAP E9:

4-bp deletion at 89M breakpoint), presumably arising from Cas9

cleavages that were subsequently repaired by NHEJ. As the gRNAs

target noncoding regions on Chromosome 15, these minor alter-

ations are unlikely to affect cellular physiology. We also analyzed

putative CRISPR/Cas9 off-target sites for each of the two gRNAs in

the two clones (Supplemental Table 1). Importantly, we did not

find any evidence for indels (data not shown), indicating that off-

target cleavage during the genome editing process was negligible.

Global analysis of single-nucleotide substitutions and short indels

revealed that the majority of the single-nucleotide substitutions

that were lost in the eHAP clones with regard to their HAP1 parent

could be attributed to the Chromosome 15 fragment that had been

deleted (Supplemental Figs. 10, 11). Both clones also acquired some

mutations due to genetic drift (Supplemental Figs. 10, 11). Overall,

the whole-genome sequencing confirmed the data obtained by

spectral karyotyping, highlighting the deletion of the Chromosome

15 fragment and suggesting only minor additional alterations in

these cells.

Finally, we compared near-haploid HAP1 cells to the fully

haploid eHAPA11 and E9 cells by RNA sequencing.We also included

KBM-7 cells as a control. To control for variability due to culturing

conditions,we included two replicates derived fromparallel cultures.

Remarkably, the Spearman’s correlations between HAP1 and eHAP

E9were just as strong as those between replicates of the samecell line

(Fig. 4B). This indicates that the global expression profile of HAP1

and eHAP E9 cells is nearly identical. Of note, the number of genes

that differed between HAP1 and eHAP E9 by at least twofold was

around 600, whereas this number was over 3000 genes compared to

KBM-7 cells (Fig. 4C). Furthermore, the majority of genes that were

differentially expressed betweenHAP1 and eHAP E9 clustered on the

deleted fragment of Chromosome 15 (Fig. 4D). Altogether, our RNA

sequencing data indicate nomajor differences between eHAPA11 or

eHAP E9 and HAP1 and shows mainly differences arising from the

large chromosomal deletion we engineered.

Discussion

We present here amegabase-scale deletion, engineered by CRISPR/

Cas9, that greatly exceeds published deletions (Fujii et al. 2013;

Horii et al. 2013; Xiao et al. 2013), thus demonstrating the feasi-

bility of chromosome-scale genome engineering. Importantly,

engineered chromosomally stable clones could be obtained using

a standard subcloning and PCR screening procedure. Large de-

letions up to 24 megabases have been reported using zinc finger

nucleases (Lee et al. 2010, 2012) or TALENs (Gupta et al. 2013; Kim

et al. 2013; Xiao et al. 2013), but the efficiency cannot always be

inferred because few studies reported the isolation of single clones

carrying these deletions. In cases when single clones were isolated,

they were retrieved at a surprisingly high frequency (;0.5%) (Kim

et al. 2013), given the fact that TALENs are generally believed to be

less efficient than the CRISPR/Cas9 system. When finalizing this

manuscript, we noticed several recent reports showing large de-

letions (Canver et al. 2014) or chromosomal rearrangements (Choi

and Meyerson 2014) as a consequence of paired CRISPR/Cas9

cleavage. Efficiencies reported for monoallelic, megabase-scale

deletions were in the range of 1% (Canver et al. 2014) and are thus

comparable to our findings.

We based our excision strategy on available SNP array data,

which depend on the presence of heterozygous SNPs and thus

provide a lower resolution than whole-genome sequencing. The

Figure 2. Combination of gRNAs 1 and 3 causes deletion of the
Chromosome 15 fragment. HAP1 cells were transfected with various
combinations of gRNAs (as indicated). Around 10 d post transfection,
genomic DNA was isolated from pools of transfected cells. (A) The regions
targeted by individual gRNAs were amplified by PCR using suitable primer
pairs. Digestion of these PCR products by T7 endonuclease provides
a semiquantitative measure for Cas9 editing efficiency. (B) To assess
whether the fragment between gRNAs 1 and 3 had been excised following
Cas9 cleavage, we performed a deletion PCR using a forward primer
(HG6090) that binds to position Chr 15: 61,105,055 and a reverse primer
(HG6093) that binds to position Chr 15: 89,889,818. We also included
a control PCR (primer pair HG6090/HG6091) to confirm that every sample
contained genomic DNA, suitable for PCR.
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whole-genome sequencing data we obtained in the meantime

revealed that the disomic region from Chromosome 15 comprises

the following positions: Chr 15: 61,103,219–89,893,074. As a

consequence, we did not eliminate the Chromosome 15 fragment

completely. In fact, in eHAP cells, Chromosome 19 still contains a

fragment of a few kilobases from Chromosome 15 (;2 kb from

around Chr 15: 61M and ;4 kb from around Chr 15: 89M).

We noticed that only one of our gRNA pairs (gRNAs 1 and 3)

gave rise to clones bearing the deletion on Chromosome 15, while

at least one other combination of gRNAs (gRNAs 1 and 4) was ef-

fective as judged from the T7 endonuclease assay and failed to

induce the deletion (Fig. 2A,B). The primer pair that was used to

detect the deletion induced by gRNAs 1 and 3 is incompatible

with the deletion induced by gRNAs 1 and 4 because gRNA 4 lies

downstream from the reverse primer. However, we tried one addi-

tional primer pair and failed to detect deletion induced by gRNAs 1

and 4 (data not shown). We speculate that ligation of the ends lib-

erated by gRNAs 1 and 4 was somehow unfavorable, possibly due to

missing microhomologies that promote NHEJ (Brissett et al. 2007).

Onemajor concernwith the use of the CRISPR/Cas9 system is

the cleavage at undesired sites that are closely related to the on-

target site, and several recent reports highlight the possibility of

off-target editing (Fu et al. 2013; Hsu et al. 2013; Pattanayak et al.

2013; Cho et al. 2014). However, the frequencies at which off-

target editing is observed vary from low (Cho et al. 2014; Veres

et al. 2014) to considerable (Fu et al. 2013; Hsu et al. 2013; Kuscu

et al. 2014). Some of these apparent differences may be attributed

to the expression level of Cas9 that varies between different cell

types, depending on transfection efficiency (Pattanayak et al.

2013). Other such differences may be attributed to the method of

detection.We observe very limited, if any, off-target editing in eHAP

A11 or eHAP E9 cells. However, of note, we observe some additional

chromosomal aberrations in clones A8, B11, and F6. Many of these

alterations involve Chromosome 13 and pieces thereof. The fact

that the gRNAs that were used for the deletion also have off-target

sites on Chromosome 13 (Supplemental Table 1) may suggest that

these alterations are the consequence of off-target editing.

The use of the CRISPR/Cas9 system for deletion of specific ge-

nomic regions of interest paves the way for the functional charac-

terization of promoters, enhancers, and other regulatory regions in

the human genome. Moreover, the inactivation of entire gene clus-

ters by deletion will enable the study of gene families composed of

individual members with redundant functions. An enticing applica-

tion of this technology is the creation of aminimal-essential genome

that is sufficient for a human cell to survive and proliferate in culture.

Moreover, we present the first fully haploid human cell line

that we term eHAP. Although haploid cells from other organisms

had been isolated previously (Yi et al. 2009; Elling et al. 2011; Leeb

andWutz 2011; Li et al. 2013), only near-haploid human cell lines

had been reported. Nonetheless, the near-haploid cell lines KBM-7

and HAP1 have demonstrated the value of subdiploid karyotypes

for functional genomics (Carette et al. 2009, 2011a). The ploidy of

a cell is a critical determinant for the success of any genome editing

technology: Unlike in diploid or polyploid cell lines, editing events

can be easily traced by PCR and Sanger sequencing. Indeed, the

modal gene copy number of frequently used cell lines such as HeLa

and A549 far exceeds that of a diploid cell line, whichmay severely

hamper genome editing. Thus, from a genome engineering and

functional genomics perspective, haploid cells are highly attrac-

tive. In line with this consideration, one of the first genome-wide

CRISPR/Cas9 screens was conducted in KBM-7 cells (Wang et al.

2014). We therefore anticipate that this fully haploid human cell

line will become the workhorse for genome engineering and

screening in the broader scientific community.

Figure 3. Clones A11 and E9 are fully haploid human cell lines. (A) Deletion PCR (for experimental details, see Fig. 2B) for clones A11 and E9, as well as
HAP1 wild-type cells. (B) To assess loss-of-heterozygosity in clones A11 and E9, we isolated genomic DNA and selected five genomic loci containing SNPs
that were heterozygous in HAP1 cells. Each locus was amplified by suitable PCR primers and the PCR products were sent for Sanger sequencing. (C ) Clones
A11 and E9 were analyzed by spectral karyotyping to assess the global genomic landscape of these clones.

Essletzbichler et al.

2062 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on August 4, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Methods

KBM-7 cells and HAP1 cells were cultured in IMDM supplemented

with 10% FCS. Cells were passaged every 48 h. A microscopic im-

age of the two cell lines is shown in Supplemental Figure 1.

Spectral karyotyping was performed and analyzed by WiCell

Cytogenetics. In brief, metaphase chromosome spreads were pre-

pared on slides according to standard cytogenetic procedures.

These slide preparations were then hybridized according to the

DNA spectral karyotyping hybridization and detection protocol

provided by Applied Spectral Imaging (ASI) using the supplied SKY

probes and detection system. Images were captured and analyzed

using the HiSKYV spectrum imaging system from ASI.

Selection of SNPs

Heterozygous SNPs were selected from the SNP list published

in Burckstummer et al. (2013) derived from whole-genome se-

quencing of the KBM-7 parental cell line. Equal spacing of the SNPs

and visualization of the genotypes was performed by custom R

scripts (R version 3.0.1; package ‘‘ggplot2’’) based on the cumula-

tive variant list from both whole-genome and exome sequencing

experiments (see also Burckstummer et al. 2013).

CRISPR/Cas9-mediated genome engineering

The sequences that were selected as gRNAs can be found in Table 1.

HAP1 cells were transiently transfected with expression plasmids

for Streptococcus pyogenesCas9 and suitable gRNAsusing TurboFectin

(OriGene) according to manufacturer’s instructions. To enrich for

transfected cells, we cotransfected a plasmid encoding a blastici-

din-resistance gene and subjected cells to transient selection with

20 mg/mL blasticidin. Transfected cells were expanded either for

genomic DNA isolation or for limiting dilution.

T7 endonuclease assay

To assess Cas9-mediated genome editing at specific loci, we

expanded cells and isolated DNA using the QIAamp DNA mini kit

Table 1. Sequences selected as gRNAs

Guide RNA Genomic location Sequence (59-39)

gRNA1 Chr 15: 61,105,137 CCAAGGCAACGGGACTGTGC
gRNA2 Chr 15: 61,105,238 TCAGGTCTGATGCAGATCGG
gRNA3 Chr 15: 89,889,429 CAGCCACATCTACCGCCATG
gRNA4 Chr 15: 89,889,982 GTACCTCCCGCTTCAATGTC

Figure 4. Genomic and transcriptomic changes in eHAP cells are largely confined to Chromosome 15. (A) Whole-genome sequencing was performed
on parental HAP1 cells and the A11 and E9 eHAP clones. In this panel, relative coverage between HAP1 and E9 data reveals a copy number loss restricted to
the edited Chr 15 fragment. Large white regions correspond to unassembled pieces of the human genome. (B) Two biological replicates of HAP1 cells and
two technical replicates of the E9 clone were subjected to RNA sequencing. Spearman’s correlation between the samples shows that overall expression is
consistent between the parental line and the edited clones. (C ) Two replicates of each cell line were compared pairwise. The number of highly expressed
(FPKM > 5) and twofold differentially expressed genes are indicated. (D) Expression ratios between HAP1 and E9 cells were subjected to segmentation
analysis. Red/blue bands show segments for which the expression level is consistently higher/lower in the parental cell line. (Inset) Details of the segmentation.
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(Qiagen). For each of the four gRNAs, we designed one specific

primer pair to amplify the edited locus using GoTaq polymerase

(Promega) according to manufacturer’s instructions (Table 2).

PCR products were used for the T7 endonuclease assay as de-

scribed previously (Kim et al. 2009). In brief, PCR products were sub-

jected to another round of denaturation (for 2 min at 94°C) and

annealing (94°C to 85°C at 2°C per second, 85°C to 25°C at 0.1°C

per second), followed by digestion with the mismatch-sensitive

T7 endonuclease I (NEB). Digested products were resolved on a

2% agarose gel.

Deletion PCR

To assess the deletion of the fragment encompassing Chr 15:

61,105,002–89,890,003, we isolated genomic DNA using the

QIAamp DNA mini kit (Qiagen) and subjected it to PCR using

GoTaq polymerase (Promega) and the oligonucleotides HG6090

and HG6093 (see sequences above).

Isolation of single-cell clones

Single HAP1 clones were obtained by limiting dilution. To this end,

cells were trypsinized and serially diluted to a concentration of 15

cells per mL. Fifty microliters of this suspension were seeded in each

well of a 384-well plate. Individual wells were inspected by micros-

copy to exclude polyclonal cell lines. Monoclonal cell lines were

expanded.

PCR and Sanger sequencing to detect heterozygous SNPs

The primer pairs thatwere used to amplify heterozygous SNPs from

HAP1 cells (or corresponding clones) using GoTaq polymerase

(Promega) can be found in Table 3. Each forward primer contained

an M13 primer binding site labeled in bold. PCR products were

purified and directly subjected to Sanger sequencing using the

M13 sequencing primer (TGTAAAACGACGGCCAG).

Propidium iodide staining

Cells were treated with 100 ng/mL

KaryoMax (Gibco) for 6 h or left un-

treated, harvested by trypsinization,

and washed twice with PBS. Cells were

simultaneously lysed and stained using

Nicoletti buffer (0.1% sodium citrate,

0.1% Triton X-100, 0.5 unit/mL RNase

A, 20 units/mL RNase T1, 50 mg/mL

propidium iodide). Haploid and diploid

reference cell lines were included as

controls. Propidium iodide staining was quantified by flow

cytometry.

Whole-genome sequencing and analysis

GenomicDNAwas subjected to librarypreparation forwhole-genome

sequencing using the Illumina TruSeq DNA PCR-free sample prepa-

ration kit according to manufacturer’s instructions. Libraries were se-

quenced on an Illumina HiSeq 2000 using paired-end, 100-bp-read

chemistry.We aligned the data onto the human genome (hg19) using

Bowtie 2 (Langmead and Salzberg 2012) and analyzed variants using

Bamformatics (sourceforge.net/projects/bamformatics) and customR

scripts (RCoreTeam2013).Wechecked for artifactual alignmentsusing

secondary alignments produced byGSNAP (Wu andNacu 2010).

RNA sequencing and analysis

Total RNA (1 mg) was subjected to library preparation using an

Illumina TruSeq RNA sample preparation kit according to manu-

facturer’s instructions. DNA librarieswere sequenced on an Illumina

HiSeq 2000 using 50-bp, single-read chemistry. We aligned reads

with TopHat (Trapnell et al. 2012) using GENCODE (V19) gene

annotations (Harrow et al. 2012).We evaluated expression on genes

by counting reads andweighting bymappingmultiplicity. For over/

under expression analysis, we considered genes with a minimum

expression level (FPKM 5), a fold change of two, and clearance on

the uncertainty levels. For the segmentation analysis, we computed

the logarithm of fold changes for all expressed genes (FPKM 0.2),

arranged them in chromosomal order, and then applied piecewise-

flat segmentation (Tarabichi et al. 2012). The segmentation values

were then used to compile a genome-wide amplification map.

Data access

Whole-genome sequencing data from this study have been submitted

to the NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.

gov/sra) under accessionnumbers SRP044390 (HAP1) and SRP044387

(eHAP A11 and E9). RNA sequencing data have also been submitted

to the SRA under accession number

SRP044391. All cell linesmentioned in the

manuscript (KBM-7,HAP1, eHAPA11, and

eHAP E9) can be obtained from Haplogen

Genomics (Vienna, Austria).
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Table 2. Primer pairs used for the T7 endonuclease assay

PCR primers Genomic location Sequence (59 to 39)

HG6090 Chr 15: 61,105,055 fwd AGGTGAACATCATCCAGAAGGGGCA
HG6091 Chr 15: 61,105,783 rev CAATGGCAGGCTGATGGGAAGATGG
HG6092 Chr 15: 89,889,153 fwd AACTGTTATCTGCCACCCTGGTCCC
HG6093 Chr 15: 89,889,818 rev AAGCAGGCACAAAACCAAAGCCTCT
HG6094 Chr 15: 89,889,174 fwd TCCCTGGGACAGAGTTAAAGTGGCA
HG6095 Chr 15: 89,890,119 rev AAAATAAGGGGACCGGACAGGCTGG

Table 3. Primer pairs used to amplify heterozygous SNPs from HAP1 cells using GoTaq
polymerase

PCR
primers

Genomic
location Sequence

HG5740 Chr 15: 61,113,214 TGTAAAACGACGGCCAGGCTGCTTAAAATGCAGATTCCAAAG
HG5741 Chr 15: 61,113,214 GGAGAGATAGGGGATAAAAGTGGTG
HG6690 Chr 15: 74,153,876 TGTAAAACGACGGCCAGAGAAGGATTAAGCTCCACTTACCAA
HG6691 Chr 15: 74,153,876 TGAAAGGTATGGGAGAATGTAACAA
HG6696 Chr 15: 81,960,730 TGTAAAACGACGGCCAGTGCAGATGAAAGTTGTTTGCCTAAT
HG6697 Chr 15: 81,960,730 GGAGGGATAGCATTGGGAGATATAC
HG6698 Chr 15: 84,578,780 TGTAAAACGACGGCCAGACTTAGTCCCTTAAAATTGTGCTTCA
HG6699 Chr 15: 84,578,780 ATACATTGAAAGAGCCATGTCTGGG
HG5742 Chr 15: 89,868,948 TGTAAAACGACGGCCAGCAGACTCTTGAACCCAAACTCTTTC
HG5743 Chr 15: 89,868,948 GGACTGACTTAGTGTCTTTGCTTTT

The M13 primer binding sites are shown in bold.
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