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ABSTRACT

Most cancer-related chromosomal translocations ap-
pear to be cell type specific. It is currently unknown
why different chromosomal translocations occur in
different cells. This can be due to either the oc-
currence of particular translocations in specific cell
types or adaptive survival advantage conferred by
translocations only in specific cells. We experimen-
tally addressed this question by double-strand break
(DSB) induction at MYC, IGH, AML and ETOloci in the
same cell to generate chromosomal translocations
in different cell lineages. Our results show that any
translocation can potentially arise in any cell type.
We have analyzed different factors that could affect
the frequency of the translocations, and only the spa-
tial proximity between gene loci after the DSB induc-
tion correlated with the resulting translocation fre-
quency, supporting the ‘breakage-first’ model. Fur-
thermore, upon long-term culture of cells with the
generated chromosomal translocations, only onco-
genic MYC-IGH and AML-ETO translocations per-
sisted over a 60-day period. Overall, the results sug-
gest that chromosomal translocation can be gen-
erated after DSB induction in any type of cell, but
whether the cell with the translocation would persist
in a cell population depends on the cell type-specific
selective survival advantage that the chromosomal
translocation confers to the cell.
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INTRODUCTION

Chromosomal translocations are hallmarks of many can-
cers (1). More than 50% of leukemias and almost all lym-
phomas exhibit or are directly caused by chromosomal
translocations (2-5). Functional consequences of chromo-
somal translocations include aberrant expression of other-
wise normal genes, expression of fusion genes and/or large-
scale changes in the nuclear organization (6-9).

Many of the known chromosomal translocations appear
to be cell type specific (3). For example, the MYC-IGH
translocation has only been observed in B cells and not in
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other cell types. Why do different chromosomal transloca-
tions occur in different cells? Is this due to the fact that
some translocations are more likely to occur in specific cell
types due to cell-specific characteristics or do transloca-
tions occur in a similar manner in all cells, but they con-
fer a selective advantage in a specific cell type? The gen-
eration of chromosomal translocation involves two ma-
jor steps: the formation of specific double-strand breaks
(DSBs) and their erroneous repair via nonhomologous end
joining (NHEJ) (10). Cell-specific traits that may poten-
tially affect translocation formation include preferential oc-
currence of DSBs at specific loci in specific cell types [e.g.
due to chromatin state or the activity of intrinsic DNA-
cutting enzymes (9,11)] and/or predetermined factors that
affect DNA repair [e.g. transcriptional activity, loci spatial
proximity, the activity of specific repair factors or even cell-
specific expression of chromosomal aberrations stimulat-
ing long noncoding RNAs (IncRNAs) (12)]. While previ-
ous studies have extensively explored the occurrence of cell-
specific DSBs, less is known about the risk factors that inter-
fere with translocation-prone DSB repair once they are al-
ready formed in a particular cell type. Chromatin state, DSB
movement and DNA damage sensing and repair mecha-
nisms influence the generation of chromosomal transloca-
tions at this step (9). The presence of specific transcripts [e.g.
IncRNAs that share homology regions for two different loci
(12,13)] or certain drugs (14) can also affect the formation
of chromosomal rearrangements. Understanding these risk
factors is crucial for developing targeted interventions to
prevent the occurrence of translocations and the develop-
ment of related diseases such as cancer.

Studying randomly induced and/or naturally occurring
chromosomal translocations poses challenges and serious
limitations. First, translocations are rare events, for certain
types of translocations literally a single event occurs in the
whole organism, and cells with translocations can survive
and proliferate only if translocation provides a prolifera-
tive advantage in a cell population. Second, the localiza-
tion of breakpoints in naturally occurring translocations
varies from kilobases to hundreds of kilobases, which re-
quires sophisticated techniques to detect them [e.g. long-
range polymerase chain reaction (PCR), fluorescence in situ
hybridization (FISH), deep sequencing, etc.] (15,16). With
the advancement of gene-editing tools that can produce
DSBs at specific loci, the generation of cell lines with spe-
cific chromosomal translocations became possible (14,17-
22). The CRISPR/Cas9 tool generates DSBs in both eu-
chromatin and heterochromatin regions (23-27), which fa-
cilitates the study of factors that affect the formation of
translocations across different cell types. Here, we devised
a CRISPR/Cas9-based experimental strategy to induce
DSBs in one cell within several specific loci that are com-
monly involved in oncogenic chromosomal rearrangements
(MYC,IGH, AML, ETO) with the aim to stimulate the for-
mation of chromosomal translocations between these loci.
Using this strategy, we investigated different factors associ-
ated with the frequency of generated chromosomal translo-
cations in human cells of different developmental origins.
We analyzed the translocation frequencies with respect to
the transcription activity, nuclear radial position and spa-
tial proximity of the gene loci targeted by CRISPR /Cas9

and demonstrated that in all of the considered cell types the
most prominent factor affecting the chromosomal translo-
cations was the spatial proximity between the potential
partner loci after the DSB induction. The colocalization of
potential partner loci after the DSB induction was depen-
dent on DNA-dependent protein kinase (DNA-Pk) activity.
Our results demonstrated that virtually any type of chro-
mosomal translocation can arise in any cell type after the
induction of DSBs, but the persistence of cells with these
translocations is dependent on the specific survival advan-
tage conferred by the translocation in that cell type. This
highlights the complexity of chromosomal translocations in
cancer cells and underscores the importance of considering
the selective survival advantage of chromosomal transloca-
tions in different cell types, adding a new dimension to our
understanding of the process.

MATERIALS AND METHODS
Cell culture

All cells were handled in aseptic techniques and were kept
in a humidified incubator at 37°C with 5% CO, until use.
They were maintained in their respective cell culture growth
medium and were passed at least once a week. For the
recipes of the growth medium, see Supplementary Data.
Cell treatments are listed in Supplementary Table S1.

gRNA design, cloning and testing

All guide RNA (gRNA) binding sites were generated from
CRISPOR gRNA design online tool (http://crispor.tefor.
net/) (28) and were inserted into the phU6 gRNA plasmids
(Addgene #53188). gRNA and Cas9 plasmids (Addgene
#57818) were transformed into DHS« competent cells via
heat shock and were then subsequently clonally expanded
for plasmid extraction (Machery-Nagel NucleoBond Xtra
Midi or Maxi kit). gRNA efficiency was tested following the
procedures provided in TIDE (29) and ENIT (30) protocols.
For the sequences of the gRNA binding sites, see Supple-
mentary Table S2.

Electrotransfection

Cells were electrotransfected following the protocol for
hard-to-transfect cells in (31). Briefly, 4-8 x 10° cells were
electrotransfected with 50 pg total plasmid, 60% of which
is Cas9 and the remaining 40% consists of gRNA plasmids.
After 2 days, electrotransfection efficiency was checked us-
ing Accuri™ C6 Flow Cytometer (BD Biosciences). De-
pending on the intended number of electrotransfected cells,
the electrotransfection reactions were scaled up.

Western blot

Western blot analysis was performed following the protocol
in (32) using the following antibodies: Cas9 antibody (7A9-
3A3) (anti-mouse, Santa Cruz Biotechnology, sc-517386),
GAPDH (anti-mouse, Cell Signaling Technology, 2118)
and anti-mouse peroxidase-conjugated secondary antibod-
ies (Jackson ImmunoResearch, 315035003).


http://crispor.tefor.net/

PCR and qPCR

Total DNA was extracted using NucleoSpin Tissue DNA
purification kit (Macherey-Nagel) following the man-
ufacturer’s protocol. Total RNA was extracted using
NucleoSpin RNA II purification kit (Macherey-Nagel) and
was then converted to complementary DNA (cDNA) using
Maxima H Minus cDNA Synthesis Master Mix (Thermo
Fisher Scientific) following the manufacturer’s protocol.
PCR amplification was performed using PowerUp SYBR
Green Master Mix (Thermo Scientific) following the man-
ufacturer’s protocol. For the PCR primers used, see Supple-
mentary Tables S3 and S4.

Translocation frequency was calculated using the Pfaffl
method (33) to correct for the observed varying amplifica-
tion efficiencies of each primer pair (Supplementary Fig-
ure S2F). The calculated frequencies were then adjusted to
the respective transfection efficiencies measured 2 days af-
ter electrotransfection, right before cell collection, using the
Accuri™ C6 Flow Cytometer (BD Biosciences).

3D-FISH

3D-FISH was performed following the protocols in (18) us-
ing the following probes: AML (Empire Genomics, RP11-
1056016 blue), ETO (Empire Genomics, RP11-643011 or-
ange), MYC (Empire Genomics, RP11-440N18 red) and
IGH (Empire Genomics, RP11-346120 green). For image
acquisition and analysis, see Supplementary Data.

Statistical analysis

All experiments were performed with at least two bio-
logical replicates and two technical replicates. Statistical
analyses were performed using GraphPad Prism 9.1.0.221
and R Studio. For comparisons between the two groups,
an unpaired #-test was done. For comparisons involv-
ing more than two groups, one-way analysis of variance
(ANOVA) and Tukey’s honest significant difference as the
post-hoc test were performed. For the correlation analy-
sis, the Spearman correlation between the translocation fre-
quency and the predictors (gene expression/loci proximity
before DSB/loci proximity after DSB) was performed.

RESULTS

Experimental strategy for analysis of CRISPR/Cas9-
induced chromosomal translocations

With the aim to identify factors affecting the generation
of chromosomal translocations across cell types, we de-
veloped a CRISPR/Cas9-based strategy to induce DSBs
in one cell within several chromosomes. This would po-
tentially generate several different chromosomal translo-
cations upon erroneous repair of these DSBs via NHEJ
(Figure 1A and Supplementary Figure S1A). The frequen-
cies of induced chromosomal translocations were measured
by quantitative PCR (qPCR) and compared in one cell
type and between different cell types. We selected four loci
for DSB induction: the RUNXITI (formerly known as
ETO) gene on chromosome 8q21, the upstream region of
the M YC gene on chromosome 8q24, the immunoglobulin
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heavy chain (/GH) gene locus on chromosome 14q32 and
the RUNXI (formerly known as AML) gene on chromo-
some 21q22. These gene loci are involved in clinically rel-
evant oncogenic translocations: t(8;21) between 4 ML and
ETO in acute myeloid leukemia and t(8;14) between M YC
and /GH in Burkitt’s lymphoma.

The gRNAs were designed (Supplementary Table S2) to
target the above loci and cloned into phU6 plasmids. gRNA
efficiency was tested by TIDE (29) as described in the ‘Mate-
rials and Methods’ section and gRNAs with similar efficien-
cies were chosen to avoid a bias of different CRISPR /Cas9
cutting efficiencies (Supplementary Figure S2A). The cells
were then electrotransfected with the Cas9-expressing plas-
mid to determine the Cas9 expression kinetics. The Cas9
expression started to peak 48 h after the electrotransfection
(Supplementary Figure S2B). We then tested the cell sur-
vival and apoptosis after electrotransfection (Supplemen-
tary Figure S2C and D).

We designed PCR primers (Supplementary Tables S3
and S4) to detect resulting translocations. Supplementary
Figure S2E shows a representative image of an agarose
gel electrophoresis of PCR-amplified M YC-IGH translo-
cations after electrotransfection with Cas9 and gRNAs tar-
geting the MYC and IGH, AML—-ETO translocations af-
ter electrotransfection with Cas9 and gRNAs targeting the
AML and ETO, IGH-ETO translocations after electro-
transfection with Cas9 and gRNAs targeting the /GH and
ETO, and AML-IGH translocations after electrotransfec-
tion with Cas9 and gRNAs targeting the AML and IGH.
The amplification efficiencies of each primer pair (Supple-
mentary Figure S2F) were taken into account when cal-
culating the translocation frequency (see the ‘Materials
and Methods’ section). The translocation frequency started
peaking 48 h post-transfection (Supplementary Figure S3);
therefore, we selected the 48 h post-electrotransfection as
the collection time point for the next experiments to avoid
the effect of positive or negative selection of translocations
upon subsequent cell divisions.

We used inhibitors of specific repair pathways to deter-
mine the pathway of the translocation formation in our
model. We added the inhibitors of either MRE11 involved
in both classical and alternative NHEJ (mirin) or DNA-
Pk involved in the canonical NHEJ pathway (NU7026). We
observed that treatment with NU7026 led to a 2.4-fold in-
crease (P = 0.0056) in the translocation rate (Figure 1B),
suggesting that translocations are mainly due to the alter-
native NHEJ repair as already proposed by others (34).

Simultaneous induction of DSBs results in cell type-specific
translocation frequencies

To analyze the appearance of chromosomal transloca-
tions in different cell types, we induced DSBs in cell lines
of different developmental origin and ploidy: RPMI8866
(lymphoid, B cell, diploid with three to four copies of
chromosome 8), Jurkat (lymphoid, T cell, diploid), K562
[myeloid, nearly triploid (35)], MRCS5 (lung fibroblast,
diploid) and Hek-293 (embryonic kidney, epithelial, hy-
potriploid). These cell lines were electrotransfected with
plasmids encoding for Cas9 and gRNA combinations tar-
geting two sets of gene loci: M YC, IGH and AML (MIA) or
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Figure 1. Translocations generated in different cells after the simultaneous induction of three DSBs on chromosomes 8, 14 and 21. (A) Positions of
sites targeted by gRNA in the E70 (8q21.3), MYC (8q24.12), IGH (14q32.33) and AML (21q22.12) gene loci (left panel) and the resulting potential
unicentric chromosomal translocations after targeting M YC, IGH and AML loci (MIA) or AML, ETO and IGH loci (AEI) (right panel). (B) MYC-
IGH translocation frequency after inhibition of NHEJ repair components. Six hours after electrotransfection with gRNA and Cas9 plasmids, cells were
treated with either mirin (an inhibitor of MRE11) or NU7026 (an inhibitor of DNA-Pk). The number of biological replicates n = 4-5. (C) Ratio of
the combined translocation frequencies of the two monocentric derivative chromosomes with respect to the combined translocation frequencies of the
dicentric and acentric derivative chromosomes. The data are shown on a logjg scale. Translocations were induced in RPMI8866, Jurkat, K562, MRCS5 and
Hek-293 cells via electrotransfection with gRNA and Cas9 plasmids, targeting M YC, IGH and AML loci or AML, ETO and IGH loci and the resulting
translocation frequencies were measured 2 days later by qPCR with a subset of primers that target monocentric (two pairs for each translocation), dicentric
or acentric derivative chromosomes. Then, the frequencies of monocentric chromosomes were added and divided by the sum of frequencies of the dicentric
and acentric derivative chromosomes, providing the resulting ratio. In almost all cases, the ratio was > 1, indicating that the generation of monocentric
derivative chromosomes was favored over dicentric and acentric ones. The number of biological replicates n = 2-7. (D, E) Frequencies of translocations
induced by DSBs. RPM18866, Jurkat, K562, MRCS and Hek-293 cells were electrotransfected with gRNA and Cas9 plasmids, targeting MIA (D) or AEI
(E). After 2 days, electrotransfected cells were collected for DNA extraction and translocations were detected using qPCR with translocation-specific PCR
primers. The translocation frequencies were calculated as described in the ‘Materials and Methods’ section. Only the unicentric derivative chromosomes
with the highest frequency compared to their reciprocal counterparts are shown in the graphs. Means =+ standard errors of the mean (SEMs) of at least two
biological and two technical replicates are shown. One-way ANOVA with Tukey’s honest significant difference post-hoc test was performed to compare
the translocation frequencies within each cell type: **P < 0.01, ***P < 0.001 and ****P < 0.0001.



AML, ETO and IGH (AEI). DNA was collected 48 h later
and all possible resulting translocations were quantified us-
ing qPCR as described in the ‘Materials and Methods’ sec-
tion. In theory, each chromosome pair can form three types
of translocations: unicentric (with one centromere; most
cancer-related translocations are unicentric), dicentric (with
two centromeres) and acentric (without centromeres). The
latter two types of translocations are usually lost in the
course of cell divisions; therefore, we concentrated on uni-
centric translocations.

In almost all translocations in all cell types, the com-
bined translocation frequencies of the monocentric deriva-
tive chromosomes were higher compared to the com-
bined dicentric and acentric derivative chromosomes af-
ter induction of three DSBs (Figure 1C), suggesting that
the formation of monocentric derivative chromosomes is
already favored early on. The MYC-IGH translocation
had the highest frequency after MIA DSB induction (2—
5 x 1073 translocations/cell) compared to the M YC-AML
and AML-IGH translocations (1-2 x 1072 and 0.01-
0.2 x 1073 translocations/cell, respectively) (Figure 1D
and Supplementary Figure S4A-E). After AEI DSB induc-
tion, the ETO-IGH translocation had the highest frequency
(0.4-1 x 1073 translocations/cell) compared to the A ML~
IGH and AML-ETO translocations (0.01-0.2 x 10~3 and
0.008-0.1 x 1073 translocations/cell, respectively) (Figure
1E and Supplementary Figure S4F-J). Of the five cell types,
Jurkat exhibited the highest translocation frequencies af-
ter induction of either MIA or AEI DSBs. The oncogenic
MYC-IGH translocation had the highest frequency after
MIA DSB induction (Figure 1D), while another onco-
genic AML—~ETO translocation had the lowest frequency
after AEI DSB induction (Figure 1E), although it was rela-
tively high in the myeloid K562 and epithelial Hek-293 cells
(0.01 x 1072 and 0.1 x 1073, respectively). Interestingly,
the translocation frequencies involving the M YC locus were
two to four times higher than those of the other transloca-
tions in all cell types. Another important conclusion is that
while the studied cell lines had different ploidies, relative fre-
quencies of translocations were similar across the cell lines
with few exceptions.

Transcriptional activity and nuclear radial distribution of
gene loci do not correlate with the translocation formation
after DSB induction

We next tried to identify factors that could account for
the observed translocation frequencies. Actively transcribed
loci, loci with an open chromatin configuration or loci lo-
cated close to each other may have higher propensities to
form translocations (36-39). MYC-IGH and AML-ETO
translocations will now serve as examples of our results, but
all the described analyses were performed for all possible
translocations.

We first correlated the frequencies of the M YC-IGH and
AMIL—ETO translocations in different cell types (Figure 2A
and B) with the transcriptional activity of the involved genes
determined by quantitative reverse transcription PCR (Fig-
ure 2C) and no positive correlation was observed (R; = 0.24,
Figure 2D). Higher transcriptional activity did not always
mean higher translocation rate. For example, both MYC
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and /IGH were actively transcribed in the RPMI8866 cells,
and /GH was minimally or not transcribed in other cell
types, but this did not affect the frequency of the M YC-
IGH translocation that remained high. On the contrary, the
AMI—ETO translocation was generated at a very low fre-
quency in K562 cells (Figure 2B) even though the AML
and ETO genes were actively transcribed (Figure 2C). The
ETO-IGH translocation in Jurkat was still generated (Fig-
ure 1E) though neither E7T0O nor IGH was actively tran-
scribed (Figure 2C).

Radial positions reflect the localization of gene loci
within the nucleus. Peripheral regions of the nucleus are
often heterochromatin-rich and transcriptionally repressed,
while central regions are transcriptionally active. We deter-
mined the nuclear radial positions of the four gene loci be-
fore the DSB induction using 3D-FISH. The MYC, IGH,
AML and ETO loci were positioned near the center of the
nucleus and had a roughly similar radial distribution before
(Figure 2E) and after DSB induction (Figure 2F). Thus,
this factor could not solely account for the variability of
translocation frequencies between different gene loci across
the studied cell lines in our system.

The breakage-first model accounts for translocation forma-
tion after DSB induction

As translocations are produced by NHEJ, a proximity-
based mechanism (40), we next studied whether the loci in-
volved in the translocations were proximal in the cell nuclei.
We have measured the distance between fluorescent signals
corresponding to the studied loci. As each 3D-FISH sig-
nal was ~1 pm in diameter, two signals were considered to
be proximal (colocalized) when the distance between their
centers was no more than 1 pm, since at this distance, spots
partially or completely overlapped. The spatial proximity
between the gene loci was expressed as the percentage of
cells where the two loci were colocalized. Surprisingly, be-
fore the occurrence of DSB, we did not observe a positive
correlation between gene proximity and translocation rate
(Rs =0.32; P =0.0331) (Figure 3C). As DSBs are known to
induce mobility of the damaged gene loci [reviewed in (41)],
we also measured gene proximity after the DSB induction.
We observed a significant increase of gene loci proximity af-
ter DSB induction in the case of M YC-IGH and ETO-IGH
pairs in all considered cell types (Figure 3A and D, and Sup-
plementary Figure SSA-F) and the translocations between
these very gene loci were also the most frequent (Figure 3B
and E). A representative image shows the positions of M YC
and /GH loci before and after the DSB induction (Figure
3G). It is noteworthy that colocalization of gene loci was a
predisposing factor for their translocation but did not nec-
essarily mean that they were translocated (e.g. AML-ETO
were colocalized in 4.4 £+ 0.3% of RPMI8866 cells after
DSBs, but no translocations between these loci were ob-
served; Figure 3D and E). Overall, we observe colocaliza-
tion between loci at a much higher rate than translocations;
this shows that colocalization alone is not sufficient to in-
duce translocations. The inverse is also true, as in the case
of MYC-AMYL translocation, where the loci were not found
to colocalize at a detectable rate and yet the translocation
was still formed (Figure 3A and B). When we took into
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Figure 2. Transcriptional activity and nuclear radial position of gene loci do not correlate with their translocation frequency. Frequencies of the M YC—
IGH (A) and AML-ETO (B) translocations across the cell lines. RPMI18866, Jurkat, K562 and MRCS cells were electrotransfected with gRNAs and
Cas9 plasmids targeting MIA (A) or AEI (B). Forty-eight hours after electrotransfection, cells were collected for DNA extraction and translocations were
detected using qPCR with translocation-specific PCR primers. The translocation frequencies were calculated. Means & SEMs are shown representing the
results of two to four biological and two technical replicates. (C) Transcriptional activity of the M YC, IGH, AML and ETO genes in the studied cell lines.
RNA was extracted from cells and relative fold gene expression with respect to the housekeeping gene GAPDH was calculated from Ct values obtained from
the qPCR results as described in the ‘Materials and Methods’ section. Means + SEMs of two to three biological and two technical replicates are shown. (D)
Correlation plot for the gene expression and observed translocation frequencies. The Spearman correlation coefficient (Ry = 0.24) and its corresponding P-
value (0.003878) are shown. The green line represents the linear regression fit and the gray area represents the 95% confidence intervals. (E) Radial position
of the gene loci in the nuclear space of RPMI8866, Jurkat, K562 and MRCS5 cells analyzed by 3D-FISH. (F) Radial position in the nuclear space of M YC,
IGH, AML and ETO before and after DSB induction in RPMI8866. For the nuclear radial position before DSB induction, non-electrotransfected cells
were collected and processed for 3D-FISH. For the nuclear radial position after DSB induction, RPMI8866 (16 x 10° cells) were electrotransfected with
Cas9 and gRNA-expressing plasmids targeting either MIA or AEL Two days after electrotransfection, cells were sorted for GFP, as the electrotransfected
Cas9 plasmid also codes for GFP. The sorted cells were then processed for 3D-FISH. The images were acquired using a confocal microscope and analyzed
using the Bitplane Imaris software. Each gene locus was mapped within the nucleus with respect to the 10 concentric compartments with the equal volume
numbered from the center to the periphery of the nucleus. Data are presented as means = SEMs of three to four biological replicates. For each technical
replicate, at least 100 cells were analyzed.

consideration all detected translocations in all studied cell inhibitor of DNA-Pk), L67 (a DNA ligase I and III in-
types, we could reveal a positive correlation (Ry = 0.55; hibitor) and KU-55933 (ATM inhibitor). We found that loci
P = 0.0001) between the proximity after the DSB and proximity after the DSB induction increased significantly in
the translocation frequency (Figure 3F), indicating that the presence of NU7026 (Figure 3H), which indicates that
translocation formation was affected by the spatial prox- DNA-Pk-dependent signaling prevents loci relocation upon
imity between gene loci after the DSB induction. In mul- DSB.
tiple linear regression of different factors that could af-
fect translocation frequency, which also took into account
the cell type, only the proximity after the DSB showed
a significant association with the translocation frequency
(P =0.012, Table 1). Our results show that any translocation can potentially
To identify factors that affected loci movement after arise in all types of cells; at the same time, the major-
DSB induction, we used several inhibitors: NU7026 (an ity of described cancer-related chromosomal translocations

Different survival outcomes of cells with chromosomal
translocations
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Figure 3. Spatial proximity between gene loci before and after DSB induction in RPMI8866. Spatial proximity between gene loci before and after DSB
induction in MIA (A) and AEI (D) in RPMI8866. Non-electrotransfected cells (1-2 x 10°) (before DSB) and sorted cells (after DSB) (1-2 x 10%) that
were electrotransfected with gRNAs and Cas9 plasmids 2 days prior were collected and processed for 3D-FISH. The slides were scanned using a confocal
microscope and 3D-FISH images were analyzed in Bitplane Imaris software. The percentage of cells with the target gene loci pair located at 1 pm or less
(colocalized) was calculated. The number of replicates n = 2-8. Translocation frequencies after DSB induction in MIA (B) and AEI (E) in RPMI8866.
Only the unicentric derivative chromosomes with the highest frequency are shown. The number of replicates n = 3. Scatter plots of translocation frequency
versus before DSB proximity (C) and after DSB proximity (F). The Spearman correlation coefficient (Rs) and its corresponding P-value are shown. (G)
Representative 3D-FISH image of RPMI8866 cells before (left column) and after DSB induction (right column). The nuclei were stained with To-Pro-3
and are represented in the images as gray. Meanwhile, the M YC and IGH loci were stained with specific fluorescent probes and are represented in red and
green, respectively. Colocalization between M YC and IGH is pointed out in the merged image by a white arrow. Scale bar = 3 pm. (H) Spatial proximity
between gene loci before and after DSB induction in M YC and IGH (MI) in RPMI8866; cells were treated with NU7026 (an inhibitor of DNA-Pk), L67
(a DNA ligase I and III inhibitor), KU-55933 (ATM inhibitor) or left untreated (control). The number of replicates n = 3-7. For each replicate, at least
100 cells were analyzed. For all plotted values of each graph, one-way ANOVA was performed. For each comparison, the statistical significance is shown:
**P <0.01 and ****P < 0.0001.
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Table 1. Multiple linear regression of different factors involved in
translocation formation. P-value < 0.05 is denoted in bold

Translocation frequency

Predictors Estimates 95% CI P-value
Cell type
Jurkat —0.00 —0.07 to 0.06 0.968
K562 —0.03 —0.10 to 0.04 0.385
MRCS 0.00 —0.05 to 0.06 0.869
RPMI8866 —0.01 —0.06 to 0.04 0.620
Loci proximity before DSB 0.00 —0.01 to 0.02 0.586
Loci proximity after DSB 0.01 0.00-0.01 0.012
Gene | expression 0.33 —0.24t0 0.89 0.251
Gene 2 expression 0.89 —0.36t0 2.14 0.156

Number of observations = 44; Rz/Rfdj“Swd =0.621/0.537; genes 1 and

2, genes involved in chromosomal translocation; 95% CI, 95% confidence
intervals.

are cell type specific (3,42). This may be due to the se-
lective advantage the translocation provides to only spe-
cific types of cells. To test this, we analyzed how the gener-
ated chromosomal translocations would be retained in dif-
ferent cell lines upon long-term culture. Cells transfected
with CRISPR /Cas9 and gRNAs were cultured for 60 days
with regular weekly passages. Translocation persistence was
different in different cell types (Figure 4A-E and Supple-
mentary Figure S6A-J). The proportion of cells bearing
MYC-IGH translocation increased >50 times on Day 60
and attained over 10% of the total cell population as com-
pared to Day 2 in RPMI8866 cells suggesting that M YC-
IGH translocation could be a subject of positive selection
in RPMI8866 cells. In other cell lines, M YC-IGH translo-
cation either did not increase significantly or eventually de-
creased by Day 60. It should be noted that /GH is actively
transcribed only in B cells and its translocation with M YC
can lead to MYC overexpression in B cells (43). In addi-
tion, M YC expression was much lower in RPMI8866 cells
prior to translocations as compared to other cell types (Fig-
ure 2C). On the other hand, the AML-ETO translocation
was found to persist after long-term culture in MRCS cells
only (Supplementary Figure S6F-J) although still at a low
frequency. These results point out that the generated chro-
mosomal translocations either confer cell type-dependent
survival advantages or are progressively eliminated from the
cell population.

DISCUSSION

Why are certain chromosomal translocations observed in
specific cell types? Several studies addressed this question
before. They found that genes that are proximally posi-
tioned in the nuclear space, have a higher transcriptional
activity or have an accessible chromatin configuration tend
to have a higher propensity to form translocations in a spe-
cific cell type (22,44-52). Initial studies on chromosomal
translocation formation utilized naturally occurring chro-
mosomal translocations, as in the case of B-cell lymphomas,
and then correlated their formation with the nuclear spa-
tial position and transcription activity of the involved genes
in normal cells (44,45). Naturally occurring chromoso-
mal translocations are, however, significantly dependent on

DSBs that occur in specific gene loci in these cells. More re-
cently, stimulated chromosomal translocations were inves-
tigated after experimental induction of DSBs, either by pro-
grammed nucleases or by ionizing radiation. The resulting
chromosomal translocations were tracked using live cell mi-
croscopy to characterize the spatial and dynamic properties
of translocation formation (46). Variants of massively par-
allel sequencing (47,48) in combination with chromosome
capture techniques (4C or Hi-C) (49-52) were also used to
detect the generated translocations genome-wide to demon-
strate the role of spatial proximity between gene loci and
DSBs, gene transcription activity, chromatin configuration
and nuclear organization in translocation formation. From
these studies, the factors that appear to contribute signif-
icantly to translocation formation are the spatial proxim-
ity between the gene loci and their transcription activity
(46-49,51). Translocation breakpoints were also found to
be close to the transcription start sites (47-49).

Chromosomal translocations are products of erroncous
repair of DSBs (9,53). The error-prone NHEJ repair path-
way illegitimately joins two broken chromosomal ends
from nonhomologous chromosomes (54). As NHEJ is a
proximity-based repair, the physical proximity of the part-
ner loci is a prerequisite to translocation formation (37). In
this context, two models are proposed to explain the for-
mation of chromosomal translocations (55). The ‘contact-
first’ model proposes that the broken chromosomal ends are
immobile or have limited movement in the nuclear space
and that translocation occurs to those that are initially
close to each other (colocalize prior to and at the time of
DSB) (55). This is supported by the occurrence of chromo-
somal translocations involving gene loci that were already
proximal, such as RET and H4 (56), ABL and BCR (57),
and PML and RARA (58) loci, or gene loci that have moved
closer to each other before the chromosomal breakage oc-
curred, e.g. MYC and IGH loci upon B-lymphocyte acti-
vation (18,22,44,45,59). The ‘breakage-first’ model postu-
lates that broken chromosomal ends can freely move around
the nuclear space and that the meeting of the two ends may
lead to translocation formation. In this scenario, there is a
higher likelihood for translocation to occur if DSB move-
ment and colocalization increase. This DSB movement can
be directed, stochastic or both [reviewed in (41)]. DSB mo-
bility was observed in the case of multiple DSBs induced by
alpha particles or ionizing radiation (60,61).

To experimentally test these conclusions, we induced sev-
eral DSBs in specific loci of one cell and compared the fre-
quency of resulting chromosomal translocations between
these loci in different cell types using the CRISPR/Cas9
system (Figure 1). The advantage of this system is that
CRISPR/Cas9 induces DSBs in both euchromatin and
heterochromatin regions (although Cas9 can be less effi-
cient in heterochromatin regions) (23,24,26,27). Addition-
ally, the repair of DSBs after Cas9 cleavage is error-prone,
which prevents recutting of the same locus (62). The ob-
served translocations were likely produced by the alter-
native NHEJ pathway as inhibition of DNA-Pk, an im-
portant component of the canonical NHEJ, resulted in
a significant increase of translocation frequency (Figure
I1B). This result is in agreement with previous studies
that reported that in rodent and human cells chromosome
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and two technical replicates.

translocations are mainly formed by the alternative NHEJ
pathway (46,63-67). Nonetheless, a subset of chromoso-
mal translocations may be generated through the canonical
NHEJ pathway (68,69). The increased frequency of translo-
cations when canonical NHEJ is abrogated can be explained
by the slow kinetics of DNA repair via alternative NHEJ,
which is ~10-fold slower than canonical NHEJ; this per-
mits the free movement of unrepaired DNA ends, increasing
the chance to meet their translocation partner in the nuclear
space (70). Likewise, we observed that inhibiting DNA-Pk
increased M YC-IGH colocalization after the DSB (Figure
3H). The accumulation of DSB clustering upon DNA-Pk
inhibition was also recently described by Zagelbaum et al.
(68).

Interestingly, all possible combinations of translocations
can be generated in almost any cell type, albeit with differ-
ent frequencies (Supplementary Figure S4A-J), although
the generation of monocentric derivative chromosomes
was favored over dicentric and acentric ones (Figure 1C).
The mechanism of this preferential formation of unicen-
tric derivative chromosomes early after DNA repair de-
serves a separate study. It can be noted that MYC-IGH
translocation frequency was higher compared to the M YC-

AMCL translocation frequency in all cell lines (Figure 1D),
while the ratio of monocentric versus dicentric and acentric
chromosomes was much lower for M YC-IGH compared to
MYC-AML in these cells (Figure 1C). From these data,
it seems that pro-oncogenic MYC and IGH breaks tend
to be ‘incorrectly’ repaired to a greater extent than oth-
ers, i.e. more often form translocated and dicentric/acentric
derivatives. We hypothesize that the DSB in /GH loci, lo-
cated in the subtelomeric region of chromosome 14, pro-
duces a relatively small and motile chromosomal fragment
of 1 Mb that can migrate larger distances more readily to
meet its translocation partner compared to a larger AML
fragment (12 Mb): both M YC-IGH (t8;14) and ETO-IGH
(t8;14) translocation frequencies are higher than MYC-
AML (t8;21) and ETO-AML (t8;21) translocation frequen-
cies (Figure 1D and Supplementary Figure S1E).

The cell lines that we used were diploid, except for K562
(nearly triploid) and Hek-293 (hypotriploid). Although the
cell lines had different numbers of induced DSBs, the re-
sulting translocation frequency profiles were similar among
them (Table 1), indicating that the ploidy did not play a sig-
nificant role in the pattern of chromosomal translocations
after simultaneous induction of DSBs.
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Once DSBs are formed, shared transcription factories
(71), as well as spatial positioning (72), are the potential
factors influencing DSB repair and thus they could affect
translocation frequency. In our system, however, the fre-
quency of translocations was not affected by the nuclear ra-
dial position or transcription activity of the participating
gene loci (Figure 2 and Table 1), but rather by their spa-
tial proximity after the DSB induction (Figure 3 and Ta-
ble 1). This favors the ‘breakage-first” hypothesis of translo-
cation formation. An increase in MYC-IGH and ETO-
IGH colocalization frequencies, but not in M YC-AML or
ETO-AML colocalization frequencies, after the respective
DSBs (Figure 3A and D) corroborates the higher motil-
ity of a shorter chromosomal fragment (/GH) proposed
above. Different loci, however, may behave differently re-
garding translocation frequency and colocalization after
DSB induction; e.g. colocalizing AML and ETO loci did
not translocate in RPMI8866 cells (Figure 3D and E), while
MYC and AML were not found to colocalize at a de-
tectable rate and yet the translocation was still formed (Fig-
ure 3A and B). The mobility of DSBs was previously de-
scribed (41,61,73), and it may serve either to facilitate the
search of a recombination partner (39,74) or to join com-
mon DNA repair centers (60,75). DSBs were found to clus-
ter in DNA damage repair foci in yeasts and mammalian
cells (60,75,76). However, in mammalian cells DSB cluster-
ing was mostly observed for multiple DSBs (67,68,75). An
increase in chromatin movement following DSBs can result
in chromosomal translocations (46).

Regarding the role of transcription, it is important to ac-
knowledge that while we observe no significant positive cor-
relation between basal transcriptional activity and translo-
cation frequency in between cell line comparisons, this may
not concern the changes in gene expression within one
cell line and their potential influence on translocation fre-
quency. Whether changes in gene transcriptional activity or
distance from DSB to transcription start sites might affect
translocation frequencies requires further exploration. Sim-
ilarly, while our data did not show a significant effect of
nuclear radial position on translocation frequency, we ac-
knowledge that this may be influenced by other factors and
may vary depending on the specific loci and cell types.

We next tested the persistence of the observed chromoso-
mal translocations upon long-term culture and found that it
was different in different cell types (Figure 4A—E and Sup-
plementary Figure S6A-J). Two months after DSB induc-
tion, the proportion of cells bearing M YC-IGH transloca-
tion continued to increase only in RPMI8866 cells (Fig-
ure 4A), while the AML—-ETO translocation was found to
persist after long-term culture in MRCS cells only (Sup-
plementary Figure S6I). These results point out that the
generated oncogenic chromosomal translocations confer
cell type-dependent survival advantages. The persistence of
chromosomal translocations may also depend on whether
both derivative chromosomes are present and no genetic
material is lost. That is what we supposedly observed in the
case of the MYC-IGH translocation in RPMI8866 cells,
where both derivative chromosomes were present (Figure
4A). A more precise evaluation of potential genetic mate-
rial loss during such selection requires further investigation.
This finding adds to the ongoing discussion on the role of

selection in the formation of cancer cells (77) and provides
new evidence for the importance of considering the selec-
tive survival advantage of chromosomal translocations in
different cell types.

We should also mention the limitations of our system,
which provides a valid approximation but does not fully re-
capitulate all aspects of natural carcinogenesis in primary
cells. With CRISPR/Cas9, we deliberately create several
simultaneous DSBs; however, ‘naturally occurring” DSBs
can arise spontaneously and not necessarily at the same
time, and their origins are diverse, encompassing exter-
nal factors, e.g. irradiation, and various cellular activities,
such as gene transcription, DNA replication and oxidative
metabolism (31). Certain chromosomal translocations are
caused by DNA-damaging enzymes (RAGs, AID, topoiso-
merases [ and IT). These enzymes are sensitive to chromatin
organization, transcription and/or DNA sequence. Other
chromosomal translocations are induced by random fac-
tors that are less strongly dependent on the chromatin con-
text. These include ionizing radiation, oxidative stress, etc.
As CRISPR/Cas9 is less sensitive to chromatin structure,
it better reproduces the latter situation, although this does
not invalidate our conclusions on translocation formation.
A potential contributor to the choice of repair pathway, and
thus translocation formation, is the cell cycle (78,79), which
was not directly addressed in the current study. Further use
of our experimental model will allow us to unravel other
patterns in the generation of chromosomal translocations.
The results on the persistence of the observed chromosomal
translocations upon long-term culture might be limited by
the fact that we used already proliferating cells; thus, the
potential survival or growth rate advantages of chromoso-
mal translocations on different cell types might not be fully
estimated.

To conclude, we devised an experimental system to
study the factors that drive the formation of chromosomal
translocations between four distinct gene loci and five cell
types; all the possible combinations of translocations can
be generated in almost any cell type, albeit with different
frequencies. The frequency of translocations correlates only
with the spatial proximity of the partner loci after the DSB
induction supporting the ‘breakage-first’ model for translo-
cation formation. Upon long-term culture, only oncogenic
MYC-IGH and AML-ETO chromosomal translocations
conferred cell type-dependent survival advantages.
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