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Abstract

Genetic modification of human leukemic cell lines using CRISPR-Cas9 has become a staple of
gene-function studies. Single-cell cloning of modified cells is frequently used to facilitate studies of
gene function. Inherent in this approach is an assumption that the genetic drift, amplified in some
cell lines by mutations in DNA replication and repair machinery, as well as non-genetic factors
will not introduce significant levels of experimental cellular heterogeneity in clones derived from
parental populations. In this study, we characterize the variation in cell death of fifty clonal cell
lines generated from human Jurkat and MOLT-4 T-cells edited by CRISPR-Cas9. We demonstrate
a wide distribution of sensitivity to chemotherapeutics between non-edited clonal human leukemia
T-cell lines, and also following CRISPR-Cas9 editing at the NLRP1 locus, or following transfection
with non-targeting sgRNA controls. The cell death sensitivity profile of clonal cell lines was consis-
tent across experiments and failed to revert to the non-clonal parental phenotype. Whole genome
sequencing of two clonal cell lines edited by CRISPR-Cas9 revealed unique and shared genetic
variants, which had minimal read support in the non-clonal parental population and were not sus-
pected CRISPR-Cas9 off-target effects. These variants included genes related to cell death and
drug metabolism. The variation in cell death phenotype of clonal populations of human T-cell lines
may be a consequence of T-cell line genetic instability, and to a lesser extent clonal heterogeneity
in the parental population or CRISPR-Cas9 off-target effects not predicted by current models.
This work highlights the importance of genetic variation between clonal T-cell lines in the design,
conduct, and analysis of experiments to investigate gene function after single-cell cloning.
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Introduction
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isolation of cell lines is often used to enable the study of gene
function [7,8]. However, the selection and expansion of a sin-
gle cell from a genetically diverse population of cells may not
accurately represent the parental population [9]. For instance,
the isolation of cells bearing mutations that reduce rates of
proliferation or increase the sensitivity to cell death generates
clonal cell lines for study that may not be expected to survive
Darwinian selection pressures of the parental cell population
[9]. This is of particular importance when studying responses
to cytotoxic chemotherapeutics in clonal lines as the pheno-
typic response may not be characteristic of the population as
a whole, as well as when performing genome-wide screening
studies where redundancy in genetic editing at each target
loci is needed to avoid spurious phenotypic readouts.

While reversion of single-cell clones to a parental phe-
notype is observed in some cell types for specific phe-
notypic readouts [10], clonal selection of mutant clones in
medulloblastoma following depletion of dominant clones can
underlie tumor relapse [11]. Clonal dynamics can be cap-
tured in vivo using breast cancer patient-derived xenografts
in mice to show evolutionary dominance of specific clones
based on genomic aberrations [12]. Genetic instability also
profoundly influences the therapeutic responses of patient-
derived xenografts in mouse models [13]. In this study, we
have investigated whether single-cell cloning may confound
the analysis of cell death responses to chemotherapeutics in
human T-cell lines. We generated over fifty clonal cell lines by
the expansion of single cells from unedited parental, NLRP-1
targeted CRISPR-Cas9 edited, and non-targeted CRISPR-
Cas9 edited Jurkat and MOLT-4 T-cell lines. Clonal cell lines
demonstrated wide variability in sensitivity to chemotherapeu-
tics regardless of origin, and a stable cell death phenotype that
failed to revert to the phenotype of the parental cell popula-
tion. Whole genome sequencing demonstrated genetic aber-
rations found in clonal lines but not the non-clonal parental line
that might underlie the wide variation in response to cytotoxic
chemotherapeutics. We conclude that genetic heterogeneity
between clonal cell T-cell lines is a factor that must be consid-
ered in experimental design and analysis during gene function
studies.

Materials and methods
Cell culture

Jurkat and MOLT-4 T-cell lines were cultured in RPMI
1640 (Gibco; 11875-119) and supplemented with 10% Fe-
tal Bovine Serum (Sigma; 12303C), and 100 U/ml Penicillin-
Streptomycin (Life Technologies; 15140-122). Cells were in-
cubated at 37 °C and 5% CO.. Jurkat cells were maintained
in culture at a density of 1 x 105-1 x 10° cells/mL. MOLT-4
cells were maintained in culture at a density of 4 x 10°—2 x 10°
cells/mL.

Gene editing of cell lines with Cas9-expressing
plasmid

MOLT-4 cells used for whole genome sequencing were
edited using a Cas9-expressing plasmid and sgRNAs target-
ing intron 3 of NLRP1 (5-TGT TCT TGC CAT GCG GCG
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GA-3) and intron 4 of NLRP1 (5-CTC AGG TCA CTC GGG
CTT A-3'). The AMAXA cell line nucleofector Kit V (Lonza,
NC9041615) was used for transfection as per the manufac-
turer’s protocol. A GFP-expressing plasmid was used to mon-
itor transfection efficiency. Transfected cells were sorted for
GFP expression by flow cytometry on day 2 or day 3 and
single GFP+ cells were plated into 96 well plates. Clones
were genotyped by PCR after 2 weeks in culture. Genotyping
primers for NLRP1 include: NLRP1 intron 4-F: 5-GAC AGA
GCA TGG TGG TCA GA-3'; NLRP1 exon 4-F: 5-GCA GCT
GTG TGA ATT TTT GG-3'; NLRP1 exon 4-R: 5-CGT TTT
GTT CCG AGT CTC GT-3; and NLRP1T intron 3-R: 5-TGT
GCC AGG TGC TGC TAT AG-3'.

Gene editing of cell lines with RNP complexes

Gene editing of cells used in the viability assays was per-
formed by electroporation of Jurkat and MOLT-4 cells with
Alt-R® S.p. Cas9 Nuclease 3NLS (IDT; 1074181) complexed
with the Alt-R® CRISPR-Cas9 tracrRNA ATTO 550 (IDT;
1077024) and two crRNAs (IDT) targeting NLRP1 exon 1
and exon 2, or, as a control, the Alt-R CRISPR-Cas9 Neg-
ative Control crBRNA #1 (IDT; 1072554) which contains a 20nt
protospacer sequence that is computationally designed to
be non-targeting in human reference genomes. The Neon™
Transfection System 10 pL Kit (Thermofisher; MPK1096) was
used for transfection as per the manufacturer’s protocol. Af-
ter 24 h, transfected cells were sorted by the presence of
the fluorescent tag, ATTO550, attached to the tracrRNA, us-
ing flow cytometry. Single ATTO550+ cells were plated into
96 well plates. Geno%ping was performed using JumpStartTM
REDTaq® ReadyMix ~ Reaction Mix (Sigma; P0982) for PCR.
Sanger sequencing of gene editing was performed on each
clone atthe Dana-Farber/ Harvard Cancer Center sequencing
core.
crRNA sequences include:

NLRP1_Exon 1_target 1: /AItR1/rGrUrA rCrCrU rGrGrU
rGrGrC rUrCrA rGrUrA rUrGrG rUrUrU rUrArG rArGrC
rUrArU rGrCrU /AIltR2/

NLRP1_Exon 1_ target 2: /AltR1/rGrCrU rCrCrU rGrGrA
rGrUrG rCrGrC rUrUrU rArUrG rUrUrU rUrArG rArGrC
rUrArU rGrCrU /AIltR2/

NLRP1_Exon 1_ target 3: /AItR1/rUrGrG rCrUrC rArGrU
rArUrG rGrGrG rArGrC rArGrG rUrUrU rUrArG rArGrC
rUrArU rGrCrU /AIltR2/

NLRP1_Exon 2_ target 1: /AItR1/rGrArU rCrCrA rGrGrG
rCrArU rUrArG rCrArC rUrGrG rUrUrU rUrArG rArGrC
rUrArU rGrCrU /AIltR2/

NLRP1_Exon 2_ target 2: /AItR1/rGrGrA rUrCrC rArUrG
rArArU rUrGrC rCrGrG rCrGrG rUrUrU rUrArG rArGrC
rUrArU rGrCrU /AIltR2/

NLRP1_Exon 2_ target 3: /AltR1/rGrCrC rCrArA rGrUrG
rArArC rCrCrC rArCrC rUrGrG rUrUrU rUrArG rArGrC
rUrArU rGrCrU /AIltR2/

Genotyping Primers:

NLRP1 Forward- 5-AGGACAGCACTGTTCTCTGC-3’
NLRP1 Reverse- 5-GGAACTTCTGGACCACCCTG-3
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Viability assay

Cells were stimulated for 48 h with either tunicamycin
(1 pg/mL), doxorubicin (200 nM), or paclitaxel (500 nM). Via-
bility was assayed using flow cytometry with propidium iodide
(PI) to discriminate live (Pl negative) and dead (Pl positive)
cells.

Whole genome sequencing

All samples were processed using agenomic vari-
ant pipeline implemented in the bcbio-nextgen project
(https://becbio-nextgen.readthedocs.org/en/latest/).  Reads
were examined for quality issues using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
to ensure library generation and sequencing were suitable
for further analysis. Reads were aligned to Ensembl build
GChR37 of the Human genome using the bwa aligner
tool. Structural variant calling was done with Manta 1.0.3
(doi:10.1093/bioinformatics/btv710) generating a VCF file
(10.1093/bioinformatics/btr330) with deletion, duplication and
translocation events. We annotated variant calls using SnpEff
(10.4161/fly.19695) to predict variant effects. Structural vari-
ants that appeared in the parental cell line ATCC MOLT-4
were removed from the previous VCF file. Structural variants
were analyzed with R 3.5.1 (https://www.r-project.org/)
to annotate the gene region affected by each variant
with the Bioconductor 3.7 package (10.1038/nmeth.3252,
https://doi.org/10.1093/bioinformatics/btx183). Finally, the
data was summarized by gene to quantify the number of
unique and shared genes between samples.

Cas-OFFinder [14] was used to search for potential off-
target sites for Cas9 RNA-guided endonucleases. The PAM
type was specified as SpCas9 from Streptococcus pyogenes:
5'-NGG-3'. The target genome for the search was Homo sapi-
ens hg19 (GChR37). The mismatch number was set at less
than or equal to 5, the DNA bulge to be less than or equal to 2,
and the RNA bulge to be less than or equal to 2, based on pos-
sible off-target editing at sites that differ by 5nt from on-target
sites in human cells [15]. Separate queries were performed
for each of the gRNAs: 5-TGT TCT TGC CAT GCG GCG
GA-3 and 5-CTC AGG TCA CTC GGG CTT A-3'. Lastly,
variants found by whole genome sequencing were matched
to the closest potential off-target site. If variants and off-target
sites were closer than 100bp, they were considered to be
potentially off-target variants.

12 structural variants — CDK6, CYP2A6, FGF12, HINT1,
HTR2C, MIR137, MYB, POLE2, PTMAP8, RANGAP1,
RPS7P4, TPM3P9 — were recalled in the parental ATCC
MOLT-4 line and read alignments were visualized using
Swviz2 [16].

Results

Variability of cell death between single-cell clones
in response to chemotherapeutics

To examine the responses of clonal T-cell lines to cytotoxic
chemotherapeutics following CRISPR-Cas9 gene editing, we

transfected Jurkat T-cells with sgRNA-Cas9 ribonucleopro-
teins (RNPs) targeting the cell death gene NLRP1 or with
non-targeting RNPs. Clonal cell lines were generated by the
expansion of single cells selected from the non-targeted
sgRNA-Cas9 RNP edited (scrambled) population or the
NLRP1-targeted sgRNA-Cas9 RNP edited population. Suc-
cessful editing of NLRP1 in the clonal lines was confirmed
by PCR. Additionally, to investigate effects of the single cell
cloning process, clonal Jurkat T-cell lines were created which
had not undergone electroporation with the CRISPR-Cas9
RNP complex (annotated as parental clones).

To study cell death responses of clonal cell lines, we
treated 12 non-edited, 10 scrambled, and 17 NLRP1- edited
clonal Jurkat T-cell lines with the cytotoxic chemotherapeu-
tic agents doxorubicin and paclitaxel to induce DNA damage
or replicative stress, respectively. In untreated samples, all
clones maintained similar levels of viability as measured by
Pl staining (Fig. 1a and b). After treatment with doxorubicin or
paclitaxel for 48 h, a wide range in viability was evident in the
parental and scrambled control clonal cell lines, equivalent to
the 10—-95% viability range noted for NLRP1-edited clones af-
ter paclitaxel treatment (Fig. 1a and b). The pooled median
viability of the parental, scrambled, and NLRP1-edited clones
were 32.98%, 36.35%, and 39.83% after doxorubicin treat-
ment and 27.97%, 27.18% and 38.77% after paclitaxel treat-
ment, respectively (Fig 1a and b). This is similar to the aver-
age viability of the parental Jurkat population after doxorubicin
(45.4 +=11%) or paclitaxel (58.8 +1.4%) treatment (Fig. 1c).

The heterogeneous response of human Jurkat T-cell
clones to chemotherapeutics was also observed in a sec-
ond human T-cell line: MOLT-4 cells. We created 13 non-
edited parental, 5 non-targeted CRISPR-Cas9 edited, and 4
NLRP1-targeted CRISPR-Cas9 edited clones in MOLT-4 T-
cells using the same method as described for Jurkat T-cells.
Single-cell clones maintained similar levels of cell death at
baseline, but when treated with tunicamycin, a chemothera-
peutic which blocks N-linked glycosylation and induces death
via the unfolded protein response, significant heterogeneity in
cell death sensitivity was observed between all clonal lines.
Viability varied between 12—-77% for non-edited parental, 17—
88% for scrambled, and 8-52% for NLRP1-edited MOLT-4
clones (Fig. 1d).

The sensitivity or resistance of clonal cell lines to
chemotherapeutics was maintained across multiple experi-
ments (Fig. 2a, b). Overall, these data indicate considerable
phenotypic heterogeneity between single-cell clones from the
Jurkat and MOLT-4 human T-cell lines following exposure to
cytotoxic chemotherapeutic agents.

Shared and unique mutations in single-cell clones

We hypothesized that genetic aberrations might underlie the
wide variation in cell death responses to cytotoxic chemother-
apeutics between clones. To investigate the contribution of
genetic changes to cell death stimuli, we conducted whole
genome sequencing at a depth of 30x on two MOLT-4 NLRP1-
edited clones, and the original MOLT-4 parental cell line that
had not undergone electroporation and was not derived from
a single cell cloning process. Structural variants, which in-
clude duplications, deletions, inversions, and translocations
unique to the clonal NLRP1-edited cell lines were analyzed.
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Fig. 1 Wide range in viability of Jurkat and MOLT-4 clonal cell lines after treatment with chemotherapeutics. Representative plots
showing percent viability of non-edited parental, scrambled, or NLRP1-edited Jurkat clones after treatment for 48 h with either 0.1%
DMSO or A) 200nM doxorubicin or B) 500 nM paclitaxel. C) Percent viability of the non-clonal parental Jurkat cell line after 48 h of
treatment with either 0.1% DMSO, 200nM doxorubicin or 500 nM paclitaxel. D) Representative plot showing percent viability of the
non-edited parental, scrambled, or NLRP1-edited MOLT-4 clones after treatment with either 0.1% DMSO or 1 ug/mL tunicamycin for

48 h. Each dot or bar represents the average of duplicate samples. Cell death was assessed using Pl staining and flow cytometry, with
viable cells classified as Pl negative.
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Fig. 2 Clonal cell lines maintained their phenotypic response across experiments. Linear regression lines displaying the viability
of the non-edited parental, scrambled, or NLRP1-edited clonal cell lines in two experiments after treatment for 48 h with A) 200nM
doxorubicin or B) 500 nM paclitaxel. Each circle represents a single clone across two experiments. The y-axis represents the viability
of the clone in experiment 1 and the x-axis represents the viability of the clone in experiment 2. The% viability of each clone represents

the average of duplicate samples for each experiment. Cell death was assessed using PI staining and flow cytometry, with viable cells
classified as Pl negative.
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Fig. 3 Shared and unique variants and translocations in single-cell clones. A) Circos plot depicting the common (thick black strikes)
and unique (thin strikes) structural variants in NLRP1-edited clone 1 (thin blue strike) and clone 2 (thin orange strike) as compared
to the MOLT-4 parental cell line. The lines in the interior circle represent chromosomal translocations. B) Venn diagram depicting the
number of unique and shared structural variants (inversions, duplications, and deletions) between NLRP1-edited clone 1 and clone 2
as compared to the non-edited parental cell line. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Several shared and unique translocation events were iden-
tified among the NLRP1-edited clonal lines, along with 29
structural variants shared between clone 1 and clone 2, 17
structural variants unique to clone 1, and 16 structural variants
unique to clone 2 (Fig. 3a and b). To determine if the struc-
tural variants were predicted sites of off-target CRISPR/Cas9
editing, Cas-OFFinder [14] was used to search the genome
for potential off-target sites in a user-defined sequence. No
evidence of off-target editing was identified that could explain
the structural variants seen in the whole genome sequencing
data of the two NLRP1-edited clones. These data suggest that
unique variants may reflect the genetic instability of MOLT-4 T-
cells, whereas shared variants either reflect common ancestry
in the MOLT-4 population or off-target sites not predicted by
current prediction algorithms for CRISPR-Cas9 editing.

A number of structural variants unique to the clonal lines
were identified in genes responsible for both cell survival and
metabolism of chemotherapeutic agents, which could help ex-
plain the variability in cell death response between clones
(Table 1). Variants shared between the two NLRP7-edited
clones included: CDK®6, which promotes the G1/S cell cy-
cle transition [17]; MYB, which acts as a tumor suppressor
[18]; MIR137, which is implicated as a tumor suppressor [19];
FGF12, which modulates voltage gated sodium channels and
has an anti-apoptotic effect [20]; and RANGAP1, which is in-
volved in glucuronidation and drug resistance [21]. Additional
unique structural variants identified in Clone 1 were located at
the locus for: HINT1, which acts as a tumor suppressor [22];
POLE2, which is an accessory subunit of DNA polymerase
epsilon 2 with anti-tumor activity [23]; and UGT2B17, which is
involved in glucuronidation [24]. Clone 2 had unique variants
in: TERB2, which is involved in meiotic telomere attachment
to the nuclear inner membrane [13]; and CYP2A6, which is
a member of the cytochrome P450 superfamily and can cat-
alyze the metabolism of anti-cancer drugs [25]. The genetic
heterogeneity of human T-cell populations and corresponding
stable cell death phenotypes of single-cell clones may serve
as a useful screening tool to identify novel genetic variants
that could contribute to differential responses to chemothera-
peutics in cell types more tractable to CRISPR-Cas9 genome
editing and experimental validation.

We hypothesized that the numerous unique and shared
mutations between the two clonal lines may represent the ge-
netic heterogeneity present in the parental population, the ge-
netic instability of human leukemic cell lines, and/or off target
CRISPR-Cas9 effects not predicted by current algorithms. To
address this, we recalled 12 of the structural variants found in
the clones, including variants unique to and shared between
clone 1 and clone 2, in the parental line and visualized read
support. The majority of variants present in the two clones
were not identified in reads from WGS of the parental line.
Some variants, including MYB and TPM3P9 — were present
at low abundance in the parental line with 1 or 2 reads.

Discussion

In this study we characterize the cell death response of clonal
human T-cell lines to chemotherapeutics following CRISPR-
Cas9 genetic editing and single-cell cloning. Single cell clones
were derived from the parental T-cell population in two ways:
(1) following single cell cloning without electroporation; or (2)
following electroporation with a scrambled sgRNA RNP or
NLRP1-targeted sgRNA RNP. All clonal populations demon-
strated a wide range in sensitivity to chemotherapeutics, but
maintained a stable profile of responses across multiple ex-
periments.

The enduring phenotypic differences observed in this
study may be attributed to mutations that arose early in
the cloning process or were already sub-clones in the
parental population before cloning commenced. Interestingly,
the cloning process did not select only for cells that were more
resistant to death. Instead, many clonal cell lines were more
sensitive to death than the parental non-clonal cell line, de-
spite similar viability at baseline. Numerous variants identi-
fied in pathways related to cell death and metabolism likely
explain the phenotypic spectrum of the single-cell clones. A
few structural variants found in the clones showed a small
amount of read support in the parental line, however the
majority of genetic variants in the clonal lines were not found
in any reads from the parental line. We conclude that while
some of the structural variants may have been sub-clones
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Table 1 Genetic variants unique to two single-cell clones include multiple genes involved in drug metabolism, cell division, and cell
death. Size (base pairs), position, type of mutation, and function of the genetic variants unique to either or both NLRP1-edited clone
1 and clone 2 as compared to the parental cell line. Chr., Chromosome; NA, Not Applicable (the mutation is not found in the clone);
—, no primary literature was found on the gene of interest by the authors, ensemble was then searched to confirm the gene function

is unknown.
Gene Mutation Chr. Position Position Size Clone 1 Size Clone 2 Gene Function
Clone 1 Clone 2

HNRNPCL Duplication 1 NA 209111023 NA 54775 -

HNRNPCL3 Duplication 1 NA 12894968 NA 54786 -

PRAMEF2 Duplication 1 NA 12894968 NA 54786 -

PRAMEF4 Duplication 1 NA 12894968 NA 54786 -

HNRNPCLA1 Duplication 1 NA 12894968 NA 54786 -

SMYD3 Deletion 1 246065672 246065672 69676 69676 Methyltransferase;
oncogene [26]

MIR137 Duplication 1 98428838 98428838 121893 121893 Implicated in tumor
suppression [27]

MIR137HG Duplication 1 98428838 98428838 121893 121893 Implicated in schizophrenia
(28]

MIR2682 Duplication 1 98428838 98428838 121893 121893 Implicated in schizophrenia
[29]

RP5- Duplication 1 NA 209111023 NA 54775 -

1051D14.1

RPS7P4 Deletion 1 68712878 68712878 51 51 Pseudogene

PTMAPS8 Deletion 3 116742232 116742232 102963 102963 Pseudogene

RP11- Duplication 3 181799895 181799872 110163 110186 -

416018.2

FGF12 Duplication 3 191834767 191834767 62222 62222 Pro-survival [20]

C4orf29 Duplication 4 128962761 NA 17910 NA -

RP11- Inversion 4 NA 133560780 NA 304899 -

149A7.2&

RP11-40417.2

UGT2B17 Duplication 4 69374436 NA 117321 NA Glucuronidation [24]

TXK Inversion 4 48111843 48111843 137 137 Th1-cell development &
IFNy regulation [30]

LARP1B Duplication 4 128962761 NA 17910 NA Function unknown [31]

RP11-44503.1 Duplication 5 4474094 4474094 102974 102974 LncRNA, function unknown
[32]

HINT1 Duplication 5 130473349 NA 27629 NA Tumor suppressor [22]

RAPGEF6 Deletion 5 130804190 NA 87 NA Guanine exchange factor
[33]

AHIH Duplication 6 135474112 135474112 328110 328110 Vesicle trafficking [34]

MYB Duplication 6 135474112 135474112 328110 328110 Proto-oncogene [18]

CDK6 Inversion 7 92197467 92197467 87795 87795 Cell cycle regulation [17]

HDAC9 Duplication 7 18827254 18827254 44648 44648 Histone deacetylase;
proliferation [35]

FAM133B Inversion 7 92197313 92197467 27948 87795 Fusion with CDK6 found in
ALL [36]

FRMD4A Deletion 10 14377265 NA 572 NA Regulation of epithelial cell
polarity [37]

PRB4 Duplication 12 11295165 11295165 51849 51849 Glycoprotein involved in
taste [38]

SMIM10L1 Duplication 12 11295165 11295165 51849 51849 -

PRH1-PRR4 Duplication 12 11295165 11295165 51849 51849 -

TAS2R42 Duplication 12 11295165 11295165 51849 51849 Taste receptor; thyroid
function [39]

ELF1 Duplication 13 41481543 41481543 53481 53481 Hematopoiesis transcription
factor

RN7SL761P Duplication 13 69153798 NA 133490 NA Pseudogene

RPL12P34 Duplication 13 69153798 NA 133490 NA -

RPS3AP52 Duplication 13 69153798 NA 133490 NA Pseudogene

(continued on next page)
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Table 1 (continued)

Gene Mutation Chr. Position Position Size Clone 1 Size Clone 2 Gene Function
Clone 1 Clone 2

SUGT1P3 Duplication 13 41481543 41481543 53481 53481 Pseudogene

TPTE2P5 Duplication 13 41481543 41481543 53481 53481 Pseudogene

KLHDC1 Duplication 14 50124869 NA 154659 NA -

KLHDC2 Duplication 14 50124869 NA 154659 NA Muscle cell migration and
differentiation [40]

NEMF Duplication 14 50124869 NA 154659 NA Ubiquitination [41]

POLE2 Duplication 14 50124869 NA 154659 NA DNA polymerase epsilon
[23]

RP11-279F6.3  Duplication 15 69869159 69869159 81066 81066 Tumor suppressor in
prostate cancer [6]

TERB2 Inversion 15 45131353 NA 222296 NA Telomere functione [42]

SORD Inversion 15 45131353 NA 222296 NA Sorbitol dehydrogenase [43]

BAIAP3 Duplication 16 NA 1389751 NA 653 Golgi trafficking [44]

NLRP1 Deletion 17 5461610 5461610 1855 1855 CRISPR/Cas9 Targeted
Protein

AC006273.4 Deletion 19 776189 776185 1479 1494 -

ACC006273.4  Duplication 19 777706 NA 404 NA -

CYP2A6 Duplication 19 NA 41346432 NA 30611 Drug metabolism [25]

ZNF761 Deletion 19 NA 53899801 NA 73521 -

ZNF765 Deletion 19 NA 53899801 NA 73521 -

ZNF813 Deletion 19 NA 53899801 NA 73521 -

TPM3P9 Deletion 19 NA 53899801 NA 73521 Pseudogene

GNG7 Deletion 19 2603957 NA 14633 NA Autophagy and cell division
[45]

AC006273.5 Duplication 19 777706 NA 404 NA LncRNA [46]

CTB-50L17.2 Inversion 19 NA 4611961 NA 5070 Pseudogene

SIRPB1 Deletion 20 NA 1557463 NA 33027 Tyrosine phosphorylation
[47]

CHODL Duplication 21 NA 19522067 NA 99874 -

ZC3H7B Duplication 22 41666977 41666977 80050 80050 Zinc finger protein

MPPED1 Duplication 22 43793951 43793951 88042 88042 -

RANGAP1 Duplication 22 41666977 41666977 80050 80050 Glucuronidation & drug
resistance [21]

HTR2C Duplication X NA 114146533 NA 26370 Serotonin Receptors®

present in the parental population at a very low percentage,
the majority of variants represent novel mutations introduced
during the cloning process due to genetic instability of human
T-cell lines, or alternatively, off-target CRISPR-Cas9 effects
not predicted by current algorithms. Future studies such as
sequencing of parental clones and scrambled clones, as well
as single cell sequencing, or deeper sequencing, of the non-
clonal parental line could help confirm this hypothesis.
These data demonstrate the variability of cell death re-
sponses between single-cell clones isolated from the same
population, and highlight these phenomena as a factor that
must be considered in assay design when death of cells
can influence genome-wide screens as well as in analysis of
single-cell clones to study gene function. In addition to gener-
ating an equivalent number of negative controls as test clones
to estimate the variation in phenotype between clones, we
suggest that rescue assays be considered to conclude a phe-
notype is due to a specific targeted perturbation. In addition,
effects should be evident in short-term bulk assays in which
the possibility to be misled by clonal variation is substantially
reduced. In terms of screens, appropriate screen design can
help mitigate this concern by ensuring adequate representa-

tion in terms of cells per individual perturbation, appropriate
positive and negative controls and biological replicates, and
appropriate statistical analysis. In addition, validation of find-
ings is critical not only in single-cell clones but in bulk popu-
lations. This is particularly important where cellular stresses
such as chemotherapeutics are used to interrogate biochem-
ical pathways. Overall, our study demonstrates the impor-
tance of considering cellular heterogeneity when designing
experiments that act at the level of single cells.
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