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ABSTRACT

Large-scale chromosomal deletions are a prevalent
and defining feature of cancer. A high degree of
tumor-type and subtype specific recurrencies sug-
gest a selective oncogenic advantage. However, due
to their large size it has been difficult to pinpoint the
oncogenic drivers that confer this advantage. Suit-
able functional genomics approaches to study the
oncogenic driving capacity of large-scale deletions
are limited. Here, we present an effective technique to
engineer large-scale deletions by CRISPR-Cas9 and
create isogenic cell line models. We simultaneously
induce double-strand breaks (DSBs) at two ends of a
chromosomal arm and select the cells that have lost
the intermittent region. Using this technique, we in-
duced large-scale deletions on chromosome 11q (65
Mb) and chromosome 6q (53 Mb) in neuroblastoma
cell lines. A high frequency of successful deletions
(up to 30% of selected clones) and increased colony
forming capacity in the 11q deleted lines suggest an
oncogenic advantage of these deletions. Such iso-
genic models enable further research on the role
of large-scale deletions in tumor development and
growth, and their possible therapeutic potential.

INTRODUCTION

Somatic genetic alterations, like mutations, translocations
and copy number changes, are the driving force of cancer,
involved in not only oncogenesis but also tumor evolution
and progression, therapy sensitivity and resistance (1). Ge-
netic alterations are tumor type and even subtype specific

and determine their malignant potential. Functional ge-
nomics is a mainstay to comprehensively study the role of
the genetic alterations to explain tumor development and
growth.

Gene specific mutations have given a lot of insight into
the oncogenic processes driving certain cancer types. For
a variety of such mutations these studies have led to clin-
ically effective treatment modalities that directly inhibit the
function of the mutant proteins, such as the use of spe-
cific BRAF inhibitors in tumors with BRAF mutations (2).
Translocations that recurrently affect particular genes are
relatively easily modeled and have therefore been extensively
studied. For several translocations this has also led to pre-
cision medication that targets the fusion protein, like Ima-
tinib for tumors that harbor the BCR-ABL oncogene (3).
Copy number changes come in a large size range from focal
events, affecting small regions of up to 3 MB with one or few
genes, to entire chromosomes, chromosomal arms or large
parts thereof, affecting hundreds to thousands of genes (4).
For recurrent focal chromosomal copy number aberrations
the driving genes are also relatively easily identified, expos-
ing strong driving oncogenes and tumor suppressor genes
(5), and also in some cases other functional elements like
microRNAs (6). Several of these can also be targeted by spe-
cific inhibitors, leading to significant clinical benefit, like for
the use of Herceptin for HER2 amplified cancers (7). For
most recurrent large-scale chromosomal aberrations, how-
ever, the large number of genes and regulatory elements af-
fected complicates the elucidation of the underlying onco-
genic processes. Subsequently, no targeted medicine is avail-
able yet that targets large-scale copy number aberrations.

Large-scale chromosomal copy number aberrations can
be highly recurrent, with the most frequent events, like 8p
loss, 17p loss and 8q gain, occurring in >30% of solid malig-
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nancies (8). Large-scale events affect a vastly larger number
of genes than other genomic changes (mutations, transloca-
tion, focal events), but each gene to a much smaller extent.
This observation, combined with the paucity of clear driv-
ing genes or regulatory elements behind these large-scale
changes, has led to the suggestion that large-scale aberra-
tions could possibly promote tumor growth not by affecting
the function of a single driver, but by concerted regulation
of multiple genes and regulatory elements located on the in-
volved region (9,10)

The molecular function of most established oncogenes
and tumor suppressor genes has been extensively studied
through the use of functional genetic experiments in rele-
vant model systems (knockdown, knockout, overexpression
etc.). However, very little is known about the functional ef-
fects of large-scale chromosomal copy number aberrations,
since it is difficult to study the effects of subtle changes in the
expression of multiple genes by conventional molecular bi-
ology approaches. The few studies that have addressed this
subject have shown counterintuitive results, demonstrating
that gain of single chromosomes is associated with a tumor-
suppressive rather than tumor-promoting effect (11,12).

Here, we present a technique to induce large chromoso-
mal deletions using CRISPR/Cas9 by simultaneously intro-
ducing double strand breaks (DSBs) at two locations within
one chromosomal arm and a synthetic single-stranded
DNA (ssDNA) template that spans the created gap for re-
pair. Using this protocol, large-scale deletions that are ob-
served in patients and are associated with poor prognosis
are introduced in neuroblastoma cell lines. Neuroblastoma
tumors contain relatively few mutations (13), while they do
show highly recurrent chromosomal aberrations, some of
which are strongly associated with poor prognosis (14,15).
This suggests that these chromosomal aberrations have a tu-
mor driving role and that neuroblastoma cells are a suitable
model system to study the underlying mechanisms. Termi-
nal deletions on chromosome 11q (65Mb) and 6q (53 Mb),
were modeled by making double strand breaks and induc-
ing translocations between sites where deletions were re-
currently observed in patients, and the telomere of the tar-
geted chromosome, with up to 30% of clones containing
the desired deletion. With this technique, we offer a method
for the generation of isogenic model systems of large-scale
chromosomal deletions.

MATERIALS AND METHODS

Cell culture

Cell lines were cultured in DMEM supplemented with 10%
FCS, 20 mM L-glutamine, 10 U/ml penicillin and 10 �g/ml
streptomycin and maintained at 37◦C under 5% CO2. Cell
line identities were regularly confirmed by short tandem
repeat (STR) profiling using the PowerPlex16 system and
GeneMapper software (Promega) (16). Cell lines were reg-
ularly screened for mycoplasma.

Colony formation assay

Single cell suspensions of deletion-positive and deletion-
negative clones were seeded into six-well plates (2 × 104

cells/well). At the endpoints of colony formation assays,

Table 1A. cRNAs used in this study

11q Centromeric GGTCAAACTTGGTACAGTTG
11q Telomeric CGATAACCAAGTGGCAGACG
6q Centromeric CATTGGTGCCCCAACTGTTA
6q Telomeric ATCTGAATTAACACCATACC

Table 1B. Primers used in this study

11Q A GGAAAGATGCCACACAGTCCT
11Q B GGAGATAATGCTTGGGCTGTC
11Q C AAGGAAGGCAATTCACGGAAG
11Q D GGATTCAGGGTCTCTCCTTGC
11Q E GCCTCAGAGCAGGAACAGTACA
6Q A GCCCTTAAATGCTGTCACAA
6Q B GCTGCATCTTCCTCTTCTGC
6Q C GTCTTCTGCACTTGGCAAAC

cells were fixed, stained with crystal violet and scanned. All
clones of each cell line were fixed at the same time. Scans of
all wells were quantified using ImageJ software (17).

RNP complexes and transfection

Custom crRNA’s, tracrRNA and recombinant Cas9 pro-
tein were acquired from Integrated DNA Technologies.
The sequences for the crRNA’s are shown in Table 1A.
Custom crRNA’s and tracrRNA’s were combined accord-
ing to the manufacturers’ protocol. RNP complexes were
made according to the manufacturer’s protocol in a 6:1 ra-
tio (gRNA:Cas9 protein). Electroporation was performed
on 4 × 105 cells using the Neon transfection system
(Thermo Fisher Scientific) with the protocol for SH-Y5Y
cells (1200 V, 20 ms pulse, three times).

Clone selection

Transfected cells were seeded with 1000–2500 cells in a
10/15 cm Ø tissue culture plate to form colonies. When
colonies reached a size of approximately 5 mm, medium
was aspirated and colonies were covered with 8 mm cloning
cylinders (Dow Corning) coated in sterile 976V silicone
high vacuum grease (Dow Corning) to seal it to the plate.
Colonies were subsequently trypsinized and transferred to
96-well plates and grown for further characterization and
experiments.

DNA isolation and PCR characterization

DNA was isolated using QuickExtract DNA extract so-
lution (Lucigen) for PCR grade DNA or the QIAamp
DNA mini kit (Qiagen) for WGS grade DNA according
to the manufacturers’ protocols. PCR was performed using
Platinum™ II Hot-Start Green PCR Master Mix (Thermo
Fisher Scientific). Primers are specified In Table 1B. Sanger
sequencing was performed by Macrogen Europe with the
same primers used for amplification.

Shallow WGS and bioinformatic analysis

Shallow WGS was performed as described previously (18).
In short, library preparation was carried out, comprising
fragmentation of DNA by sonication, repair of DNA ends,
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3 prime adenylation, adapter ligation, purification, PCR
amplification of the fragments with adapters and, lastly,
again purification. The Illumina Next Generation Sequenc-
ing platform was used for shallow WGS. The sequencing
data was analyzed using the QDNAseq R-package (v1.26.0)
with default settings and 100 kbp bins (18). Correction for
sequence mappability and GC content was carried out, as
well as filtering of problematic genomic regions. The R2
bioinformatics platform (R2.amc.nl) and R-Studio (v4.0.2)
were used for analysis and visualization.

Karyotyping

Cells were transferred onto Lab-Tek chamber slides
(Thermo Fisher Scientific) and grown for 24 h, the last two
hours in the presence of colcemid (Thermo Fisher Scien-
tific). After standard cytogenetic harvesting and Giemsa-
Trypsin-Giemsa banding 20 metaphase cells were analyzed
from the stimulated culture. The karyotypes were described
according to ISCN 2016 (19).

RESULTS

Engineering an 11q deletion in neuroblastoma SKNSH cells

Terminal deletions affecting a large part of chromosome
11q are frequently observed in neuroblastoma tumors (14).
They occur in 20–40% of patients and are strongly asso-
ciated with poor survival (Supplementary Figure S1) (20).
Loss of 11q is largely mutually exclusive with amplification
of the MYCN oncogene, the most well-established onco-
genic driver in neuroblastoma (21). The high degree of re-
currence and link to poor prognosis suggest an oncogenic
effect; however, the underlying molecular pathways that
drive this effect remain to be elucidated. No recurrently mu-
tated genes have been identified on the remaining copy of
11q, making it unlikely that it serves as the first hit in com-
plete inactivation of a tumor suppressor. Haploinsufficiency
of several genes in this region, like CADM1 and ATM
(22,23), or microRNAs like the LET-7 microRNA cluster
(24), has been suggested as an oncogenic driver of 11q loss.
However, this has not led to a consensus on the molecular
driving mechanism, let alone therapeutic options to specif-
ically target neuroblastoma tumors with an 11q deletion.
Therefore, we aimed to establish an isogenic model of such
a deletion in the neuroblastoma cell line SKNSH, which is
diploid with two intact copies of chromosome 11 and with-
out MYCN amplification (25). We hypothesized that DSBs
at two locations, one at chromosome band 11q13.4 and the
other at chromosome band 11q25 near the telomere, could
lead to joining of the two ends with deletion of the interme-
diate region. Guide RNAs were designed to induce DSBs
within 100 bp of the 11q breakpoint from the neuroblas-
toma cell line GIMEN, which has lost the terminal regions
of 11q through a der(11)t(11;17) (26), and near the telomere
on 11q (Figure 1A,B). Joining of these DSBs would induce
the same loss of 11q in the cell line SKNSH as observed in
the GIMEN cell line, apart from the 11q telomeric region
that would remain in SKNSH.

CRISPR and translocation detection. Complexes consist-
ing of Cas9-protein and synthetic gRNA’s (Ribo Nucleo

Protein, RNP complexes) were introduced into cells using
electroporation. Single RNP complexes have a 60–70% edit-
ing efficiency as determined by Inference of CRISPR Edits
(ICE) analysis (Synthego Performance Analysis, ICE Anal-
ysis. 2019. v2.0. Synthego, Supplementary Figure S2). To
facilitate joining of the two DSBs a 100 bp ssDNA molecule
consisting of 50 bp stretches of homology to the regions
surrounding the DSBs was added to the reaction. To de-
termine whether the desired end-joining took place, PCR
was performed on DNA isolated from the bulk transfected
cells using primers spanning the expected translocation re-
gions (Figure 2A and Supplementary Figure S3). Gel elec-
trophoresis of the PCR reaction shows bands at the ex-
pected size, indicating the presence of a fusion product,
while Sanger sequencing confirmed the specificity of the
PCR product. Control primers located in close chromo-
somal proximity confirmed the integrity of the DNA and
showed that one wild-type copy of chromosome 11 was still
present. Interestingly, the translocation PCR product was
not observed when the homologous ssDNA was omitted,
indicating that it aids in joining the two DSBs with loss of
the intermittent region.

Derivation and characterization of single cell clones. To ob-
tain a homogenous population with the engineered chro-
mosomal loss, after four passages cells were seeded at low
density (2000 cells per 10 cm Ø plate) to derive single clones.
DNA was subsequently isolated from these clones, and the
presence of a translocation product was screened using the
previously described PCR strategy. The four first clones
that reached a cell density that allowed us to isolate suffi-
cient DNA, all contained a translocation PCR product and
Sanger sequencing showed the same sequence for all clones
(Figure 2B). However, the sequenced PCR products did not
completely match the ssDNA template sequence that would
have been expected if the template had been instrumen-
tal in the DSB repair. All four clones contained the same
15 bp deletion compared to the anticipated template se-
quence. Since these cells were cultured for a few passages af-
ter electroporation, we concluded that these clones are most
likely derived from a common ancestor and are not indepen-
dent. To determine the reproducibility of the procedure and
establish the frequency at which these translocations oc-
cur, the 11q deletion engineering experiment was performed
again with a new passage of the SKNSH cell line. However,
to prevent early outgrowth of positive clones due to possi-
ble selective advantages, cells were seeded at lower density
(1000 cells per 15 cm Ø plate) 72 h post-electroporation.
PCR products spanning the intended fusion were detected
in two out of nine clones (Supplementary Figure S4). One
of the two positive clones (clone 7) showed a ∼350 bp dupli-
cation of the 11q13.4 region adjacent to the gRNA recog-
nition site, while the other positive clone (clone 10) showed
a 23bp insertion (data not shown), which shows they are
of independent origin. Figure 2C shows the PCR verifica-
tion of the two independent positive clones from this ex-
periment and the positive clone from the previous experi-
ment with two independent primer pairs (A+B and C+D).
A third primer pair (A+E) that amplifies a continuous ge-
nomic region on chromosome 11 was used as a positive con-
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Figure 1. The concept of CRISPR-induced chromosomal deletions. (A) Schematic overview of chromosome 11. Scissors represent the gRNA locations
and green and red colors the regions adjacent to the gRNAs. DSBs could lead to joining of the green and red region with loss of the intermittent region. (B)
Copy number profile of chromosome 11q of the neuroblastoma cell line GIMEN. Data was generated by WGS and visualized using the R2 bioinformatics
platform. Black dots represent values for bins and red dots represent segmented values. The red arrows represent the gRNA location at chromosome
11q13.4and near the telomere at 11q25. Ideograms representing the chromosomal location and banding pattern (centromeres are represented in yellow)
are shown above the profile.

trol for the integrity of the wild type DNA and to show that
the deletion was heterozygous.

Copy number profiling of clones. To determine if the
elected CRISPR-Cas9 approach leads to an 11q deletion
of 65 Mb, we used two techniques: (i) karyotyping, which
has the power to not only visualize numerical copy num-
ber changes genome-wide but also copy number neutral
translocations with a resolution of 5–10 Mb and (ii) shal-
low whole genome sequencing that determines genome-
wide copy number aberrations and breakpoints to a reso-
lution of 100 kb. The three clones with a translocation PCR
product were analyzed for genome-wide copy number aber-

rations using shallow Whole Genome Sequencing (shallow
WGS), together with the wild-type cell line and the three
clones that that did not show a translocation PCR prod-
uct. All three clones with a translocation product showed a
clear loss of one copy of the intended region of chromosome
11q, while the other three clones and the wild-type did not
show this large-scale loss (Figure 3A and Supplementary
Figure S5). Across the entire genome, no additional chro-
mosomal copy number differences were observed for the
three PCR positive clones, compared to the PCR negative
clones or the parental cell line. Shallow WGS offers a high
resolution to detect copy number aberrations, yet translo-
cations cannot be detected. To determine whether no addi-
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Figure 2. PCR analysis indicates the presence of a translocation between 11q13.4 and 11q.25. (A) Schematic overview of chromosome 11, with green
and red regions representing the regions adjacent to the gRNA recognition sites and letters representing primers used for analysis. (Table 1A) (B) Sanger
sequencing electropherogram results of the translocation product from SKNSH 11q clone 4. Color coded tracks above and below the trace represent the
sequence (C = blue, T = red, G = gray, A = green) genomic coordinates (HG19) and chromosomal location of the centromeric and telomeric region of
the translocation, respectively. Ideograms representing the chromosomal location (shown in red), banding pattern (centromeres are represented in yellow).
The gene located in the affected regions, i.e. the SHANK2 gene on the centromeric end, is shown above the profile. (C) Agarose gel electrophoresis of the
PCR reaction of the wild-type (WT) and the three clones (1, 2 and 3) from two experiments that were positive for the presence of a translocation. The first
lane contains Generuler 1 kb DNA ladder (Thermo Fisher Scientific). Primer combinations are shown below the bands and refer to the primers shown in
(A).
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Figure 3. CRISPR induced 11q deletions lead to increased clonogenic capacity in SKNSH. (A) Copy number profiles of wild type SKNSH
cells and chromosome 11q deletion clone 7 (one of the clones that was positive for the translocation PCR product). The x-axis shows the
genomic location and the y-axis shows median-normalized log2-transformed copy number, with black dots representing bins and red lines
representing segmented copy numbers. (B) Karyotypes of the wild type cells and chromosome 11q deletion clone 7 cells. Red circles indi-
cate the chromosome 11 pair. Karyotype of the wild-type cell line: 47,X,add(X)(p21.2),+7,add(9)(q34.1),add(22)(q13). Karyotype of the clone:
47,X,add(X)(p21.2),+7,?add(8)(p23),add(9)(q34.1),del(11)(q13),add(22)(q13) (C) Crystal violet staining of colony forming assays of three clones with
11q deletion and three clones without. (D) Quantification of the experiment shown in (C). Error bars represent the standard deviation of the three wells
for each line. Pairwise t-test analysis shows significant differences between all chromosome 11q deletion clones and all negative clones.

tional, copy number neutral, translocations occurred due to
the CRISPR editing, classical karyotyping was performed
for the wild-type parental cell line and PCR positive clone
7. A terminal deletion of chromosome 11 with breakpoint
at 11q13 was the only karyotypical difference between this
clone and the wild-type (Figure 3B). We conclude that the
CRISPR-Cas9 genome editing has indeed caused a translo-
cation between the two regions where DSBs were induced
with concomitant deletion of the interstitial region. This cell
line, together with the wild-type, represent an isogenic cell
line pair that can serve as a model to study the effects of 11q
loss in neuroblastoma.

Clonogenic assays. SKNSH clones with chromosome 11q
deletions were observed at a high frequency (2/9, 22%)
without the use of selection. This led us to hypothesize that

chromosome 11q deletion, observed in 34% of neuroblas-
toma tumors (14), might give a selective advantage. The
SKNSH clones with the translocation were among the first
colonies to reach sufficient cells to be harvested for DNA
isolation in both experiments (data not shown), suggesting
that loss of the long arm of chromosome 11 might cause an
increased colony forming capacity. To determine whether
this is the case, the same six clones that were character-
ized by shallow WGS were plated at low density and were
stained with crystal violet after 14 days. Clones with 11q
deletions showed significantly higher colony forming ca-
pacity, as determined by the mean image intensity of the
stained wells, than clones that underwent the same proce-
dure but did not show a deletion (Figure 3C, D), suggest-
ing that 11q loss indeed provides an advantage in clonal
outgrowth.
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Engineering a 6q deletion in neuroblastoma NMB cells

To determine whether this experimental setup is also effec-
tive for other chromosomal deletions in other cell lines we
aimed to introduce a 6q deletion in the neuroblastoma cell
line NMB. Distal 6q loss is observed in ∼6% of neuroblas-
toma patients and is associated with extremely poor prog-
nosis (27) (Supplementary Figure S6). Similar to the 11q
experiments, guide RNAs were designed at two locations
on chromosome 6q; one at 6q22.1 in close proximity to a
relapse specific 6q deletion (26) (Supplementary Figure S7)
and the other at 6q27 close to the telomere. Since the ss-
DNA used in the 11q experiment was possibly not used for
repair, as determined by Sanger sequencing, we omitted a
ssDNA template from the experimental setup for chromo-
some 6q. Cells were transfected with the RNP and DNA
was isolated from part of the transfected cells. A transloca-
tion PCR product was already observed in these bulk trans-
fected cells (Supplementary Figure S8), and single cell clone
selection yielded three out of the nine clones positive for
such a product (Supplementary Figure S9). Shallow WGS
showed a deletion in two of these clones, while one clone
with a translocation PCR product and three clones with-
out a translocation product did not show loss of this region
(Figure 4A and Supplementary Figure S10). Three clones
that did not show a translocation PCR product did not
show loss of chromosome 6q. In general, it becomes clear
that the clones, both with- and without a 6q deletion, have
a very different chromosomal make-up. They show major
differences in copy numbers of chromosomes other than 6q
and even apparent ploidy changes (Figure 4B and Supple-
mentary Figure S11). Whether this genomic instability is the
result of the CRISPR-Cas9 editing or is inherent to the cell
line used remains to be determined. Notwithstanding, the
described CRISPR procedure allows for a fast and efficient
targeted deletion, also for chromosome 6q.

In conclusion, we have successfully developed a proce-
dure to efficiently induce large chromosomal deletions in
neuroblastoma cell lines using CRISPR-Cas9. It is reason-
able to assume that this method will be applicable to other
cancer types and other chromosomes which would enable
the rapid generation of isogenic cell models that would al-
low the study of molecular mechanisms that drive clinically
relevant chromosomal deletions.

DISCUSSION

Recurrent large-scale chromosomal copy number aberra-
tions are observed in almost all cancer types and are often
associated with poor prognosis (28,29). Despite the obser-
vation that the most recurrent events occur at similar fre-
quencies as the most frequently mutated gene, TP53 (30),
and more frequently than the most frequent focal copy
number aberrations (1), their molecular effects have been
far less studied and consequently less understood. There-
fore, we devised a strategy to induce large-scale chromoso-
mal deletions using CRISPR-Cas9 by introducing DSBs at
known breakpoints and telomeric regions and providing a
ssDNA template for repair. The presented method is easy
and fast, and we observed high frequencies with >30% of
clones with the intended chromosomal deletion.

Recently, three alternative methods have been described
that also enable the modelling of large chromosomal rear-
rangements. CRISPR-Cas9 has already been employed to
fuse two DSBs on two different chromosomes together for
the generation of a fusion gene. However, here a selectable
marker was used to select cells with the designed fusion
and no copy number aberrations were involved (31). In an-
other study, TALENs were used to engineer a chromosome
8p deletion in breast cancer cells (32). This approach was
very similar to ours, apart from the use of TALENs instead
of CRISPR-Cas9 technology. Finally, CRISPR-Cas9 was
used to delete chromosome 3p in lung cells; however, here
DSBs were induced near the centromere, but combined with
an artificial telomere plasmid with a selectable marker (8).
The advantage of our method is that no molecular cloning
is involved, since all reagents can be designed in silico and
readily ordered, making it cheaper and faster than the alter-
native methods. Moreover, no exogenous DNA sequences
are introduced into the genome of these cells, which makes
it a more isogenic model system.

We observe clones positive for the intended chromoso-
mal deletions at high frequency (over 30%), although these
frequencies may be imprecise due to the low amount of an-
alyzed clones. Even though the editing efficiencies of the
single gRNAs observed were as high as 60%, we would re-
gard these frequencies as improbable without a positive se-
lective effect of the induced deletions on the growth and se-
lection of these colonies for PCR evaluation. In line with
this, for chromosome 11q loss in the neuroblastoma cell line
SKNSH we observe an increase in colony forming capac-
ity in the 11q deletion clones compared to clones without
the 11q deletion. This also explains why the first colonies
that had grown to sufficient cell numbers for PCR evalua-
tion contained the intended deletions. This positive effect
on the growth of this cell line is contrary to earlier results
where chromosomal deletions were induced (8,32), where
no or little positive effect on proliferation was observed.
One key difference is, however, that we use established can-
cer cells while in these studies karyotypically normal cells
were used. It is conceivable that cancer cells already fulfill
some of the requirements, i.e. reduced genome maintenance
or other hallmarks of cancer (28), that allow the positive ef-
fect of these deletions to manifest itself. If no strong growth
advantage of the projected deletion is expected a selectable
marker could be added to the ssDNA, or plasmid DNA
with homology arms and a selection marker could be used
as a repair template. However, it remains to be determined
whether it is possible to induce these large-scale deletions
in nontransformed models such as human primary cells or
mouse models, since they are generally much less tolerant to
aneuploidy (33). Moreover, we hypothesize that a suitable
genetic background, i.e. taking into account mutual exclu-
sivity, cell subtype etc., is also a prerequisite for the efficient
induction of these large-scale deletions.

In our initial experimental set-up for chromosome 11q,
we used a ssDNA template containing homology regions of
both locations where DSBs were induced, since it has been
suggested that such templates aid in driving repair through
homologous recombination (34) and a double strand DNA
template would be more prone to lead to off-target in-
sertions or cytotoxic side effects in the transfected cells
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Figure 4. Chromosome 6q deletion and genomic heterogeneity in the cell line NMB. (A) Copy number profiles of chromosome 6 of the three clones that
were positive for a translocation PCR product. The x-axis shows the genomic location, and the y-axis shows median-normalized log2-transformed copy
number, with black dots representing bins and red lines representing segmented copy numbers. Clone 24 and 3 show a deletion on 6q, while this is not
observed in clone 7. (B) Whole genome overview of the copy numbers of the three clones that were positive for a translocation PCR product. The x-axis
shows the genomic location, and the y-axis shows median-normalized log2-transformed copy number, with black dots representing bins and red lines
representing segmented copy numbers.

(35). We did observe PCR products suggestive of success-
ful translocations in the cells where a ssDNA template was
added, while these were not observed in cells without this
template. However, Sanger sequencing analysis of single cell
clones that showed such a product (and later showed to have
acquired the 11q loss) yielded sequences that showed dele-
tions or duplications compared to the ssDNA sequence. It is
thought that ssDNA aids in the repair of DSBs through ho-
mologous recombination, which is generally considered to
be an error-free process (36), although this concept has been
challenged (37). The ssDNA templates were omitted in ex-
periments where 6q loss was induced; however, we also ob-
served relatively high frequencies of the intended transloca-
tion in these experiments, suggesting that ssDNA templates
are not absolutely necessary to join the two DSBs. More re-
search is necessary to determine whether ssDNA templates
contribute to successful generation of these deletions and to
what extent.

Although CRISPR-Cas9 can be used to induce DSBs at
specific locations, it has been known to also produce un-
intended effects on chromosomal make-up (38,39). In the

11q CRISPR clones of the cell line SKNSH, we do not
observe additional large chromosomal changes, apart from
the intended 11q deletion. There could be small structural
changes or single nucleotide variants that we were unable
to detect; however, it seems unlikely that these play a role in
the observed increase in clonogenic capacity, since indepen-
dently derived clones showed the same phenotype. For the
cell line NMB, we see a very different pattern with a lot of
chromosomal changes besides the intended 6q. It has been
established that CRISPR-Cas9 can also cause unintended
chromosomal rearrangements and overall changes in ploidy
and chromosome number (39). The observed chromosomal
changes could reflect the genetic heterogeneity of the NMB
cell line, which may be amplified by the clonal selection step
in the procedure; however, they could also be unintended
side-effects of CRISPR-Cas9 treatment.

In conclusion, we show that it is feasible to engineer large-
scale chromosomal deletions in a fast and efficient fashion
while maintaining the original telomere and without the in-
troduction of exogenous DNA sequences. For the deletion
of 11q in the neuroblastoma cell line SKNSH an effect on
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colony formation was readily observed, which could sug-
gest activation of specific oncogenic pathways. Many stud-
ies have addressed potential target genes that confer the
oncogenic effect of 11q loss in neuroblastoma (40); how-
ever, this approach has largely failed to elucidate the under-
lying mechanism or to identify treatment options. Creating
isogenic cell lines for chromosomal deletions will obviate
this gene-by-gene approach and enable researchers to di-
rectly study molecular effects and possible associated thera-
pies with a chromosomal rather than just gene-oriented ap-
proach.
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