
Chromothripsis as an on-target consequence of
CRISPR-Cas9 genome editing

Mitchell L. Leibowitz1,2,3†, Stamatis Papathanasiou2,3†, Phillip A. Doerfler4‡, Logan J. Blaine2,3‡, Yu Yao4, Cheng-Zhong
Zhang5,6, Mitchell J. Weiss4, and David Pellman1,2,3�

1Howard Hughes Medical Institute, Chevy Chase, MD, USA
2Department of Cell Biology, Blavatnik Institute, Harvard Medical School, Boston, MA, USA

3Department of Pediatric Oncology, Dana-Farber Cancer Institute, Boston, MA, USA
4Department of Hematology, St. Jude Children’s Research Hospital, Memphis, TN

5Department of Biomedical Informatics, Harvard Medical School, Boston, MA, USA
6Department of Data Sciences, Dana-Farber Cancer Institute, Boston, MA, USA

†,‡ These authors contributed equally

Genome editing has promising therapeutic potential for genetic
diseases and cancer (1, 2). However, the most practicable cur-
rent approaches rely on the generation of DNA double-strand
breaks (DSBs), which can give rise to a poorly characterized
spectrum of structural chromosomal abnormalities. Here, we
show that a catastrophic mutational process called chromoth-
ripsis is a previously unappreciated consequence of CRISPR-
Cas9-mediated DSBs. Chromothripsis is extensive chromosome
rearrangement restricted to one or a few chromosomes that can
cause human congenital disease and cancer (3–6). Using model
cell systems and a genome editing protocol similar to ones in
clinical trials (7) (NCT03655678, NCT03745287) we show that
CRISPR-Cas9-mediated DNA breaks generate abnormal nu-
clear structures—micronuclei and chromosome bridges—that
trigger chromothripsis. Chromothripsis is an on-target toxicity
that may be minimized by cell manipulation protocols or screen-
ing but cannot be completely avoided in many genome editing
applications.
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Introduction

CRISPR-Cas9 is directed to its target-site by a guide RNA
(gRNA), creating specific DNA double-strand breaks (DSBs)
almost anywhere in the genome (1, 2). Error-prone DNA
repair by non-homologous end joining (NHEJ) of Cas9-
generated DSBs can create small insertions and deletions,
which can be exploited therapeutically by disrupting pro-
tein coding or DNA regulatory sequences. A particu-
larly promising application of this approach is for autol-
ogous hematopoietic stem cell (HSC) therapy of common
β-hemoglobinopathies including sickle cell disease and β-
thalassemia. Specifically, NHEJ-mediated disruption of non-
coding DNA regions that repress γ-globin gene (HBG1
and HBG2) transcription can induce fetal hemoglobin (HbF,
α2γ2) expression in red blood cell progeny to alleviate the
symptoms of sickle cell disease or β-thalassemia (7–9). Cas9
can also be used to initiate precise nucleotide substitutions
by homology-directed repair (HDR) for correction of mono-
genic diseases, including reversion of the mutant sickle cell
disease codon (1, 2, 10–13). Several promising CRISPR-
based strategies that do not involve the generation of DSBs

have been described, but these methods are at an earlier stage
of development and have not yet been advanced to clinical
trials (14–16).

Because of the clinical potential, it is important to un-
derstand the toxicities associated with CRISPR-Cas9 genome
editing. Much attention has been paid to unintended, “off-
target” DSBs (17). Although well-documented, this outcome
can be addressed by the design of more specific gRNAs,
novel gene editing strategies, and the development of high-
specificity Cas-nucleases (17). Less is known about potential
detrimental consequences that arise from on-target genome
editing nuclease-mediated DSBs. On-target DNA breakage
can induce the TP53 tumor suppressor and potentially cre-
ate selective pressure for TP53 loss followed by tumorigen-
esis (18–21). Additionally, there have been recent reports of
local DNA rearrangements and deletions up to several kilo-
bases in length (22–25), as well as regional megabase-scale
deletions telomeric to the on-target DSB (26–28). How-
ever, the mechanisms leading to these DNA alterations re-
main poorly defined, in part because of the lack of high-depth
whole genome sequencing. Finally, genome editing proto-
cols involving multiple on-target CRISPR-Cas9 DNA break-
age events can lead to incorrect DNA end-joining and recip-
rocal chromosome translocations that can persist at low levels
for months in treated patients (29).

Here, using a variety of approaches including the combi-
nation of imaging and single-cell genome sequencing (Look-
Seq) (30, 31), we report that chromothripsis is a previously
unrecognized consequence of on-target Cas9-mediated DNA
breakage. This occurs because in actively dividing cells,
genome editing with Cas9 causes up to a 28-fold increase
in the formation of micronuclei and/or chromosome bridges,
aberrant nuclear structures that initiate chromothripsis. In
addition to causing rare human congenital disease (5, 32),
chromothripsis is common in cancer, where it is well estab-
lished to generate tumor suppressor loss, fusion oncogenes,
or oncogene amplification through the formation of circular
double minute chromosomes (3, 6, 33–35). Our findings re-
veal that initial errors from on-target genome editing can be
amplified into far more extensive chromosome alterations in
subsequent cell cycles via the generation of aberrant nuclear
structures.
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Results
Cas9 generates a DSB that cleaves the targeted chromosome
into two segments: one with the centromere region (“cen-
tric”) and one without (“acentric”). It seemed likely that if
the DSB was not repaired prior to cell division, the acentric
fragment lacking a functional centromere would missegre-
gate, forming a micronucleus (Fig. 1a) (4, 36, 37).

We first evaluated this possibility in genetically stable
human retinal pigment epithelial cells (hTERT-RPE-1). To
estimate the rate of micronucleation in a single cell cycle,
we synchronized cells with a serum starvation-block and re-
lease protocol followed by transfection with a Cas9/gRNA ri-
bonucleoprotein (RNP) complex shortly before the next cell
division (22 hours after release, approximately during S/G2
[Supplementary Fig. S1a]). We used single guide RNAs (gR-
NAs), each targeting unique genomic sites on four different
chromosomes (Fig. 1b and Supplementary Table S1). All
gRNAs targeted intergenic sequences, except one that dis-
rupts the erythroid-specific enhancer of the BCL11A gene on
chromosome 2 (“chr2p”), similar to strategies that are cur-
rently in clinical trials for β-thalassemia and sickle cell dis-
ease (7, 38) (NCT03655678, NCT03745287). The BCL11A
gene encodes a transcriptional repressor protein that silences
γ-globin expression postnatally in red blood cells. CRISPR-
Cas9 cutting at individual target sites induced micronucle-
ation at frequencies of 2.1–6.6%, 8.6- to 27.5-fold higher
than controls (hereafter “CRISPR-MN”, [Fig. 1c]). Simi-
lar results were obtained using cells that constitutively ex-
press the gRNA targeting chr5q and a fifth gRNA targeting
chr6q, where Cas9 was conditionally expressed from a third-
generation doxycycline-inducible promoter (Fig. 1b,d and
Supplementary Fig. S1a,b) (39).

Fluorescence in situ hybridization (FISH) established
that 77–92% of CRISPR-MN contained the chromosome arm
targeted by the specific gRNAs (Fig. 1e,f and Supplemen-
tary Fig. S1c). Most micronuclei contained two copies of
the targeted chromosome segment, which could result from
either cleavage of both homologous chromosomes in a G1
cell, or from cleavage of both sister chromatids of one ho-
molog in a G2 phase cell (Fig. 1f and Supplementary Fig.
S1c). Co-staining with centromere-specific FISH probes con-
firmed that CRISPR-MN are mostly acentric chromosome
fragments (Fig. 1f). Similar results for micronucleus for-
mation and chromosome arm copy number alterations were
also obtained in BJ foreskin fibroblasts (Supplementary Fig.
S1d,e).

CRISPR-MN exhibited defects in nuclear function ob-
served previously in micronuclei, including spontaneous nu-
clear envelope rupture (Supplementary Fig. S1f), defective
DNA replication (Supplementary Fig. S1g), and the accu-
mulation of DNA damage (Supplementary Fig. S1h-j) (40–
47). Therefore, CRISPR-Cas9 genome editing can generate
micronuclei containing the acentric fragment of the targeted
chromosome, which is then subject to extensive DNA dam-
age.

These findings suggested that chromothripsis might
be an unrecognized, on-target consequence of CRISPR-

Cas9 genome editing. To directly test this hypothesis, we
used “Look-Seq”, a procedure combining long-term live-
cell imaging with single-cell whole-genome sequencing of
the imaged cells (30, 31). CRISPR-MN were generated
in daughter cells as above. Because Cas9 genome editing
can be limited by p53 induction (18–21), we transiently de-
pleted p53 by siRNA-mediated knockdown prior to inducing
CRISPR-MN. Micronucleated daughter cells were allowed
to divide, and their progeny (granddaughter cells) were then
isolated for single-cell sequencing.

In total, we sequenced 18 granddaughter pairs derived
from micronucleated daughter cells (Fig. 2a); we tested
three different guides, including the chr2p guide targeting the
erythroid-specific BCL11A enhancer (7, 38). The micronu-
cleated acentric chromosome segments exhibited several pat-
terns of copy number alterations, which can be explained as
follows. Cas9 can cleave one or both homologous chromo-
somes and one or both sister chromatids (the gRNAs in this
study were not designed to be allele-specific); acentric frag-
ments can be distributed in any combination to granddaughter
cells; and/or the micronuclear DNA can be severely under-
replicated (in most cases, DNA replication in micronuclei is
highly inefficient) (4, 44, 46). As shown in Fig. 2a, we ob-
served examples consistent with each of the above scenarios,
as well as additional factors discussed below.

Haplotype-specific copy number analysis showed that
in 15 of 18 granddaughter pairs, the acentric arm from one
homologous chromosome was missegregated, whereas both
homologs were missegregated in the remaining 3 pairs (Fig.
2a). In one notable example, missegregation of both ho-
mologs to opposite daughters led to copy-neutral loss-of-
heterozygosity (LOH; i.e., uniparental disomy for the acen-
tric fragment in both granddaughter cells, sample 5.1 in Sup-
plementary Fig. S2, data in Fig. 3b). Copy-neutral LOH
is common in cancer and can result in tumor suppressor
inactivation (48). Our findings therefore provide a clear
mechanistic explanation for similar patterns that had been
noted, but not explained, after CRISPR-Cas9 genome editing
(28, 49, 50). In summary, on-target Cas9 genome editing can
generate micronuclei, which in turn can induce large-scale
DNA copy number alterations as well as copy-number neu-
tral LOH.

Chromothripsis is extensive chromosomal rearrange-
ments that are clustered on one or a few chromosomes or
chromosome arms, and are commonly accompanied by os-
cillations between two or three DNA copy number levels
(4, 6, 51). We identified the characteristic clustering of re-
arrangements on the acentric segment of the Cas9-targeted
chromosome arm in 13 of 18 granddaughter pairs sequenced
(Fig. 2a,b and Supplementary Figs. S2-S3, P ≤ 10−7, one-
sided Poisson test). The most striking example was a tar-
geted chr6q arm in which we detected 646 intrachromosomal
breakpoints distributed between the two granddaughter cells
(Supplementary Figs. S2-S3, sample 6.1).

Haplotype copy number analysis also demonstrated
fragmentation of the targeted acentric chromosome fragment.
If a chromosome from a micronucleus is fragmented, and the
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Fig. 1. Micronucleation is an on-target consequence of CRISPR-Cas9 genome editing. (a) Schematic of how Cas9 DNA cleavage of a chromosome arm can generate
micronuclei. In the shown example DNA cleavage of one sister chromatid occurs in a G2 cell. The centric fragment segregates properly into a daughter nucleus whereas the
acentric fragment that cannot be segregated by the spindle is partitioned into a micronucleus. Variations on this outcome include DNA cleavage in G1, cleavage of both sisters
in a G2 cell, and cleavage of both homologous chromosomes (not shown). (b) Chromosome locations of the gRNAs and FISH probes used in this study. Magenta arrowheads
and numerical coordinates indicate the cut site for specific gRNAs. Green dot: acentric fragment FISH probe locations; red dot: centric fragment FISH probe locations. (c) The
frequency of micronucleation after CRISPR-Cas9 RNP transfection. Left, editing efficiency after Cas9/gRNA RNP transfection, 46 h after release of RPE-1 cells from a G1
block. Right, frequency of micronucleation for these RNP transfections. (n = 3 experiments with 4007, 4227, 3930, 3325, 3988 cells scored for micronucleation, left to right).
Error bars: mean ± SEM, P < 0.0001, two-tailed Fisher’s exact test. (d) As in panel C, but for doxycycline-inducible CRISPR-Cas9 with constitutively expressed gRNA. p53
siRNA treatment was performed prior to doxycycline treatment. (n = 3 experiments with 1265, 1261, 1244, 1239 cells scored for micronucleation, left to right). Error bars:
mean ± SEM, P < 0.0001, two-tailed Fisher’s exact test. (e) Percentage of MN containing the targeted chromosome arm. Left, RNP transfection (n = 2 experiments with
64 and 96 cells scored for chr2p, chrXq, respectively, n = 3 experiments with 83 and 116 cells scored for chr4q, chr5q, respectively). Right, RPE-1 cells with inducible-Cas9
and constitutively expressed gRNA (n = 3 experiments with 168 cells scored for each). (f) Example images of FISH analysis after Cas9/gRNA RNP transfection (single plane
from a confocal imaging stack). Red channel: centric fragment probe; green channel: acentric fragment probe; blue channel: Hoechst stain (DNA); white arrows: micronuclei;
dashed white line: outline of Hoechst (DNA) label. Scale bar 5 µm.

fragments are distributed randomly between the granddaugh-
ter cells, the granddaughter cells will display a mirror im-
age DNA copy number pattern that oscillates between two
levels (31). In the simplest case, one homolog is replicated
and segregated normally. However, the fragmentation of the
other homolog can generate oscillations between zero copies
and one copy in each daughter. The regions with one copy
of the fragmented homolog will retain heterozygosity, lead-
ing to islands of heterozygosity interspersed within regions
of LOH, one criterion for chromothripsis (51). In five of
18 pairs we observed fragmentation based on haplotype copy
number analysis (Fig. 2a and samples 5.1, 5.7, 5.9, 6.1, 6.3
in Supplementary Fig. S2 and data in Fig. 3b). In eight of
18 pairs, there were clustered rearrangements on the targeted
arm without detectable copy number oscillations, producing
copy-neutral chromothripsis. In the copy-neutral cases, the
acentric segment was fragmented but most fragments were
inherited by only one granddaughter. Copy-neutral chro-
mothripsis is frequently observed in human congenital dis-
eases, an observation that is likely explained by the strong
selection against gene copy number imbalance during human
development (32).

Micronuclei that spontaneously lose their nuclear enve-

lope integrity demonstrate defects in nuclear functions, such
as transcription and DNA replication (41, 44). Accordingly,
we and others previously hypothesized that the DNA liga-
tion required to generate chromothripsis would only occur
after mitosis and upon reincorporation of the micronuclear
chromosome into a nucleus with functional DNA end-joining
(31, 45, 52). However, in many cases, micronuclear chromo-
somes fail to reincorporate into a primary nucleus and are
again partitioned into micronuclei (37, 40). Furthermore, mi-
cronuclei that lack kinetochores, like CRISPR-MN, are rarely
reincorporated (37, 52).

We tested whether bulk chromosome reincorporation is
required to generate chromothripsis by sequencing grand-
daughter cells with micronuclear chromosomes present in the
cytoplasm. Surprisingly, of the 12 CRISPR-generated grand-
daughter pairs with a persistent micronucleus, eight showed
chromothripsis involving the targeted chromosome arm (Fig.
2a,c, Supplementary Fig. S2 and Supplementary Videos 1,2).
Chromothripsis in these samples could either be due to end-
joining of chromosome fragments in the cytoplasm, aberrant
mitotic DNA synthesis (30, 53), or ligation of a subset of
chromosome fragments that might have been incorporated
into the granddaughter nucleus after the division of a mi-
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Fig. 2. CRISPR-Cas9 genome editing can cause chromothripsis. (a) Summary of genomic outcomes after the division of 18 micronucleated cells. Left, schematic
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S3). Cells are on the left and chromosomes are depicted on the right. In the first generation, both sisters from one homolog were cleaved in a G2 cell (horizontal dashed line)
that divides to generate a micronucleated daughter (left) and a non-micronucleated daughter (right, faded cell not subsequently followed). DNA in the micronucleus is poorly
replicated. In the second cell division, the micronuclear chromosome is reincorporated into a granddaughter cell’s primary nucleus. Lightning bolt: DNA damage. Right,
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Bottom: copy number plot (1 Mb bins). CEN: centromere. (c) Chromothripsis after the bulk of a micronuclear chromosome fails to be reincorporated into a granddaughter
cell primary nucleus for sample 6.3 (Supplementary Fig. S3). Cartoon (left) and SV and copy number plots (right) as in (b). In this example, the two arms from cleaved sister
chromatids are fragmented, generating chromothripsis in both daughters. TP53
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cronucleated cell. It was recently reported that spontaneously
arising micronuclei in mouse embryonic cells often fail to be
reincorporated, which was hypothesized to reflect a mecha-
nism to prevent chromothripsis during embryo development
(52). However, our data establish that chromothripsis can
occur even without visible reincorporation of micronuclear
chromosomes.

These results provide an important validation of our pre-
vious single-cell analysis showing that micronuclei can cause
chromothripsis. In this prior work, we used random mitotic
errors to generate micronuclei and then inferred the identity

of the micronuclear chromosome based on it being the only
underreplicated chromosome (31). The current results, in
which the identity of the micronuclear chromosome is known
a priori, confirm that the micronuclear chromosome is the one
that undergoes chromothripsis. Moreover, in 11 of the 13
samples with chromothripsis, haplotype-resolved DNA copy
number analysis demonstrated that the micronuclear chromo-
some showed little detectable replication, again confirming
our prior work (31). Together with other recent work examin-
ing clonal cell populations after the induction of micronuclei,
it is now clear that these structures generate chromothripsis
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homolog 1 were fragmented. Bottom: copy number and rearrangement plots of cells shown above, as in Fig. 2.
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at remarkably high rates (34, 43, 45).
In addition to the formation of micronuclei, Cas9-

generated DNA breaks can lead to dicentric chromosome
bridge formation due to ligation of the centric fragments of
Cas9-cleaved sister chromatids (30, 54). We recently delin-
eated a series of mechanistic steps through which chromo-
some bridges, like micronuclei, induce chromothripsis (30).

In eight out of 18 pairs derived from CRISPR-MN cells,
we identified signatures of bridge formation, which added
complexity to the copy number patterns resulting from the
missegregation of acentric fragments as described above. All
of these samples involve two cell divisions during which
bridges could form (Supplementary Fig. S4): the first divi-
sion, when the micronucleus is generated; and the second di-
vision, when the micronucleated daughter cell divides. If the
bridge forms and breaks in the first cell division, the grand-
daughters will exhibit shared segmental gains or losses on
the centromeric side of the Cas9 cut, as seen in six of 18
granddaughter pairs (Fig. 3a and Supplementary Fig. S4a).
If the bridge forms and breaks in the second cell division,
the cells will display reciprocal gain and loss of DNA se-
quence on the centromeric side of the cut site, as observed in
two of 18 granddaughter pairs (Fig. 3b and Supplementary
Fig. S4b). Note that the megabase-scale copy number loss on
the centromeric side of the cut, which we attribute to bridge
breakage, cannot be explained by DNA resection from the cut
site because resection is generally limited to several kilobases
(55). Moreover, resection cannot explain copy number gains
on the centromeric side of the breaks. Instead, segmental
gains are a sequence signature of the chromosome breakage-
fusion-bridge cycle, a common mutational process in cancer
that generates gene amplification (30, 56–59). Finally, the
chromosome that was inferred to form a bridge shared the
same haplotype as the micronuclear chromosome. This is
in agreement with the expectation that dicentric bridges and
acentric micronuclei can arise simultaneously from the same
Cas9 cut.

Support for chromosome bridge formation also came
from fluorescence imaging, which showed that 10.7% of cell
divisions that formed micronuclei after CRISPR-Cas9 cutting
also formed visibly detectable chromosome bridges (Supple-
mentary Fig. S4c). Micronucleation physically separates the
centric and acentric fragments, preventing the acentric frag-
ment from being used as a ligation partner for the centric
fragment of the broken chromosome. We reasoned that the
presence of a micronucleus would be expected to create a bias
for ligation of the centric fragments of the broken chromo-
some, leading to elevated rates of dicentric bridge formation
in the granddaughters. Consistent with this, the frequency
of bridge formation was higher still after the division of mi-
cronucleated cells (27.2% of divisions [Supplementary Fig.
S4c]). Thus, CRISPR-Cas9 genome editing is accompanied
by chromosome bridge formation in addition to micronucle-
ation, both of which can trigger ongoing cycles of genome
instability.

Lastly, we tested the applicability of our findings
to a protocol being investigated for the treatment of β-
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Fig. 4. Hallmark cytological features of chromothripsis after a genome editing
protocol for the treatment of sickle cell disease. Human CD34+ HSPCs were
electroporated with Cas9/gRNA RNP targeting the erythroid-specific enhancer of
BCL11A. Microscopic analysis of micronucleation was performed 24 h post elec-
troporation. (a) Editing efficiency of BCL11A determined from amplicon sequenc-
ing. Error bars: mean ± SEM, P < 0.0001, two-tailed unpaired t-test). (b) Fetal
hemoglobin (HbF) levels were measured by HPLC in erythroid-differentiated CD34+
HSPCs as a functional readout of successful editing of BCL11A 10 days after RNP
electroporation. Error bars: mean ± SEM, test P < 0.0001, two-tailed unpaired
t-test). (c) Percent of cells with a micronucleus (n = 3 experiments with 7827 and
6480 cells counted, left to right). Error bars: mean ± SEM, P < 0.0001, two-tailed
Fisher’s exact test. (d) Percent of cells with aberrant 2p copy number assayed by
FISH (n = 2 experiments with 1957, 1926, 74, cells counted, left to right). Error bars:
mean ± SEM, P < 0.0001, two-tailed Fisher’s exact test. (e) Representative FISH
image for data in (d). Cut site is represented by a pink arrow; DNA is blue; telomere
proximal probe is red; centromere proximal probe is green. Shown is a micronucle-
ated cell with 3 copies of the cut arm, two of which are in the micronucleus. Scale
bar 5 µm. (f) Chr2p breaks present 24 hours after electroporation in metaphase vi-
sualized by SKY (n = 2 experiments, 400 spreads per condition). Error bars: mean
± SEM, P < 0.0001, two-tailed Fisher’s exact test. (g) Sample SKY image from (F).
(h) Percent of CD34+ CRISPR-MN with extensive DNA damage covering the DNA
present in the micronucleus by γH2AX-labeling (n = 3 experiments, 135 micronuclei
scored) (i) Representative image of data in (h). Scale bar 5 µm.
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hemoglobinopathies (7–9). We electroporated human CD34+
hematopoietic stem and progenitor cells (HSPCs) with a
Cas9/gRNA RNP complex targeting the erythroid-specific
BCL11A enhancer on chromosome 2p (7, 38). We con-
firmed successful editing and concomitant increase of HbF
expression in erythroid progeny (Fig. 4a,b). Similar to our
observations in cell lines, the frequency of micronucleation
increased 16-fold by 24 hours after RNP transfection into
CD34+ HSPCs (Fig. 4c). Using FISH probes surrounding
the Cas9 cut, we found that over 80% of cells containing
micronuclei exhibited copy number alterations affecting the
acentric fragment of the targeted chromosome (Fig. 4d,e).
Moreover, 7.3% of cells without micronuclei exhibited ab-
normal numbers of this chromosome arm, indicating cutting
that is followed by missegregation of the acentric fragment
to the primary nucleus (Fig. 4d,e). Some of these TP53-
intact cells were capable of entering mitosis with an unre-
paired DNA break, as 3.25% of cells analyzed had breaks
in chr2p detected by spectral karyotyping (SKY) 24 h af-
ter Cas9 treatment (Fig. 4f,g). We also detected high-level
phosphorylation of histone H2AX in 12.9% of micronuclei
(Fig. 4h,i), indicating extensive DNA damage. Although it
is not feasible to apply Look-Seq single-cell sequencing to
non-adherent cells such as HSPCs, our results establish that
these cells acquire hallmark cytological features associated
with chromothripsis following CRISPR-Cas9 genome edit-
ing.

Discussion
Here we demonstrate that on-target CRISPR-Cas9 genome
editing can induce the formation of micronuclei and chro-
mosome bridges in dividing cells, leading to copy number
alterations of large chromosomal segments and chromothrip-
sis. These findings may, in part, explain the mechanisms un-
derlying recently observed large chromosomal deletions or
loss of heterozygosity surrounding on-target DSBs following
genome editing in embryos (26, 50, 60–62). Moreover, they
raise a new potential concern for therapeutic genome editing
strategies that require DSB formation, because chromothrip-
sis can drive the rapid acquisition of multiple cancer-causing
mutations simultaneously (4, 6, 33).

In quantitative terms, the risk of chromothripsis after
therapeutic genome editing in human subjects remains un-
clear. Most chromothripsis events should compromise cell
fitness, leading to senescence or cell death. To date, ma-
lignant transformation or clonal cell expansion following
genome editing has not been observed in animal studies, in-
cluding non-human primate models (63–65), nor in human
subjects who have participated in clinical trials (29). Al-
though the survival of cells with chromothripsis is likely pro-
moted by TP53 loss, it is clear that chromothripsis can oc-
cur and persist in TP53 proficient cells (32, 33, 35). Patients
with congenital disease caused by chromothripsis do not have
loss of TP53 (32), and it has even been reported that chro-
mothripsis can revert a dominant genetic disease, enabling
hematopoietic stem cell proliferation (66). Similarly, clonal
expansion of malignant cells with chromothripsis is common.

However, even across human cancers, the incidence of chro-
mothripsis is only enriched 1.5-fold in TP53 mutant tumors
(33).

Our results have a number of practical implications.
Efficient Cas9-mediated HDR requires cells to be actively
dividing whereas NHEJ does not. Therefore, therapeutic
genome editing via NHEJ in non-dividing cells, such as
retinal photoreceptors (67), should not produce micronuclei.
Conversely, efforts to specifically edit dividing cells in or-
der to enhance HDR rates, for example, by using a modified
Cas9 with reduced activity in non-dividing cells (68), may
enhance micronucleation and its downstream consequences,
including chromothripsis. Accordingly, we suggest that for
NHEJ-dependent strategies for therapeutic editing of HSCs,
it may be beneficial to maintain HSC quiescence. Some
CD34+ HSPC editing protocols appear to favor quiescent
or G1 HSCs, whereas other protocols cause a higher fre-
quency of editing in cycling or G2 HSCs (7, 11, 65, 68–
70). Additionally, we suggest that for NHEJ applications,
fusion of Cas9 to a G1-specific Cdt1 segment could be em-
ployed to restrict editing to G1 cells (68, 71), thereby min-
imizing the probability of micronucleus formation, chromo-
some segment missegregation during mitosis, and chromoth-
ripsis. Screening for micronucleation and/or chromothripsis
in clinical protocols should also be considered. Such screen-
ing is expected to become more feasible as high-throughput
and low-cost methods for single-cell genome sequencing are
developed (72). Finally, our study further motivates the de-
velopment of genome editing strategies that do not generate
double-stranded DNA breaks (1, 14–16, 73), which should in
principle minimize the potential for inducing chromothripsis.
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Methods
Cell culture and generation of cell lines. Cells were
cultured at 37 ºC in 5% CO2. Telomerase-immortalized
RPE-1 retinal pigment epithelium and BJ foreskin fibrob-
lasts from ATCC were grown in Delbucco’s Modified Ea-
gle Medium/F12 (1:1) (Gibco) with 10% FBS, 100 IU/ml
penicillin and 100 µg/ml streptomycin. RPE-1 cells express-
ing Cas9 under a doxycycline-inducible promoter (gift from
I. Cheeseman (39)) were grown using tetracycline-free FBS
(X&Y Cell Culture). Mobilized peripheral blood CD34+
cells were obtained from three de-identified healthy donors
(Key Biologics, Lifeblood) and enriched by immunomag-
netic bead selection using an AutoMACS instrument (Mil-
tenyi Biotec). Cryopreserved CD34+ cells were thawed
and pre-stimulated for 48 h in StemSpan SFEM (StemCell
Technologies) supplemented with 100 ng/mL SCF, FLT3-
L, and TPO (R&D Systems). CD34+ cells were main-
tained in complete SFEM post-electroporation for 1-5 days
or subject to erythroid differentiation. Erythroid differen-
tiation was induced using a two-phase protocol. Phase 1
(days 0-5): IMDM (Thermo) supplemented with 20% FBS,
1% penicillin/streptomycin, 20 ng/mL SCF, 1 ng/mL IL-
3 (R&D Systems), and 2 U/mL EPO (Amgen). Phase 2
(days 5-10): IMDM supplemented with 20% FBS, 1% peni-
cillin/streptomycin, 2 U/mL EPO, and 0.2 mg/mL holo-
transferrin (Millipore Sigma).

RPE-1 cells expressing H2B-eGFP, TDRFP-NLS, and
eGFP-BAF were created by transduction of lentivirus or
retrovirus vectors containing the genes of interest. Virus was
generated by transfection of HEK293FT cells with appropri-
ate packaging plasmids (Lentivirus: pMD2.G and psPAX2;
Retrovirus: pUMVC and pVSV-G) with Lipofectamine 2000
(Life Technologies) according to the manufacturer’s instruc-
tions. Cells were virally transduced for 16 h in the presence
of 10 µg/ml polybrene and populations of transduced cells
were selected by fluorescence activated cell sorting 7 days
later.

Cas9 RNP transfection in immortalized cell lines. sgR-
NAs were synthesized with the Trueguide Synthetic gRNA
platform (Thermo Fisher Scientific) as chemically modified
custom oligos, where the final 3 bases on both the 5′ and 3′

end of the sgRNA are 2′-O-Methyl bases and the linkages be-
tween them are phosphorothioates, in order to increase edit-
ing efficiency and protect from nuclease degradation. Their
sequences are listed in Supplementary Table S1.

RNP complexes were prepared following a modified
version of the suggested manufacturer’s protocol. Briefly,
gRNA/Cas9 complexes were formed by incubating 250 ng of
the gRNA with 1 µg of purified Cas9 protein (TrueCut Cas9
Protein v2, Invitrogen) in OptiMEM (Invitrogen). Cells were
seeded on 12-well dishes, #1.5 glass coverslips (fixed imag-
ing experiments), or 35-mm gridded ibiTreat dishes (ibidi)
(Look-Seq), were synchronized by serum starvation in 0.1%

FBS-containing media for 24 h and subjected to Cas9 RNP
transfection 22 h upon release from the block. Transfection
of ribonucleoprotein complexes was performed using Lipo-
fectamine CRISPRMAX Reagent (Invitrogen), following the
manufacturer’s protocol. Cells were fixed 46 h after release
from block to measure the percentage of cells with micronu-
clei and ~35 h after release for the FISH experiments.

Editing of CD34+ HSPCs. Purified recombinant Cas9 pro-
tein was obtained from Berkeley Macrolabs. Chemically
modified single guide RNAs (sgRNA) were synthesized by
Synthego with 2′-O-methyl 3′-phosphorothioate modifica-
tions between the 3 terminal nucleotides at both the 5′

and 3′ ends. Ribonucleoprotein complexes (RNPs) were
formed by incubating Cas9 (32 pmol/100,000 cells) with
sgRNAs at a 1:2 molar ratio. CD34+ cells were washed
in PBS, resuspended in the manufacturer provided buffer
for primary cells, mixed with RNPs, and electroporated us-
ing program 24 of a Neon Transfection System (Thermo
Fisher Scientific). Editing efficiency was determined as
described previously (69, 74) using forward primer 5′-
GATACAGGGCTGGCTCTATGC-3′ and reverse primer 5′-
CAAGAGAGCCTTCCGAAAGAGG-3′.

Doxycycline-inducible Cas9 treatments. Cas9 expres-
sion in the doxycycline-inducible system was validated by
Western Blotting with an antibody against Cas9 (Cell Sig-
naling Technology #14697S, 1:1000) and α-Tubulin loading
control (Sigma #T9026, 1:10000). Cells were trypsinized,
pelleted, washed with PBS, and lysed at 4 ºC in RIPA Buffer
(Boston Bioproducts) supplemented with cOmplete mini pro-
tease inhibitor (Millipore Sigma), PhosSTOP protease in-
hibitor (Roche), 1 mM DTT, and 1 mM PMSF. Samples were
centrifuged at 17,000 × g for 30 min at 4 ºC and the super-
natant was run on a 10% Mini-PROTEAN TGX precast poly-
acrylamide gel (BioRad). Protein was transferred to a PVDF
membrane using the iBlot 2 (Life Technologies). The mem-
brane was blocked with 5% milk in TBST for 1 h at room
temperature, followed by incubation with primary antibodies
overnight at 4 ºC. Three washes were performed with TBST
followed by 1 h incubation with secondary antibody (ECL,
HRP linked, GE Healthcare) and another series of washes.
Membranes were imaged using an ImageQuant LAS 4000
(GE Healthcare).

sgRNAs (Supplementary Table S1) were cloned into
pLenti-Guide-Puro (Addgene) and delivered to hTERT-
immortalized RPE-1 cells carrying a tetracycline-inducible
promoter by lentiviral transduction, as above. Starting 24
h after transduction the population of cells was selected for
one week in 12 µg/ml puromycin. For all experiments us-
ing the doxycycline-inducible system, cells were treated with
40 nM ON-TARGETplus siRNA SMARTpool L-003329-00-
0050 (Dharmacon) to deplete p53 and prevent cell cycle ar-
rest caused by Cas9 treatment or micronucleation. siRNA
was transfected using Lipofectamine 3000 (Life Technolo-
gies) according to manufacturer’s instructions. 6 h after
siRNA treatment cells were synchronized by serum starva-
tion in 0.1% FBS-containing media. 24 h later, cells were
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released from this block into complete medium containing
0.5 µg/ml doxycycline, which was washed out 15 h later by 5
washes. When MPS1 inhibitor (1 µM NMS-P715, EMD Mil-
lipore) was used to produce micronuclei from mitotic errors,
cells were instead released without doxycycline, and MPS1
inhibitor was added ~18 h after release, before the next cell
division. MPS1 inhibitor was then washed out by 5 washes
with complete medium 20 h later. Cells were then transferred
to coverslips or dishes for immunofluorescence or FISH ex-
periments, live-imaging experiments, or plated for Look-Seq.

Measurement of editing efficiency. DNA was isolated
48 h after RNP transfection or doxycycline washout using
the PureLink Genomic DNA kit (Invitrogen) according to
manufacturer’s instructions. PCR (50 µl reactions) was
performed using Q5 High-Fidelity DNA Polymerase for
40 cycles after an initial 30 s denaturation step at 98 ºC
[5 s 98 ºC, 10 s 60 ºC, 15 s 72 ºC] and a 2 min final
extension at 72 ºC with 2.5 mM dNTP, 10 µM forward
and reverse primers, 10 µL Q5 Reaction Buffer, and at
least 20 ng of genomic DNA. 2% agarose gels were run
in TAE buffer on an aliquot of PCR product to ensure
production of a unique PCR product of the appropriate
size (211–363 bp). Primer pairs utilized were as follows:
Chr2p (5′-CAAACGGCCACCGATGGAGAGGTCT-
3′; 5′- CCCAGGTGTGCATAAGTAAGAGCAG-3′);
Chr4q (5′-GTGTATATAGTATATATAAATGGGC-
3′; 5′-CCCCTTCCTACCTCTATCAACACAG-
3′); Chr5q (5′-GCTTCAGCAATCCTCTCGTC-
3′; 5′-CATATCACCCATCCCCTTTG-3′); Chr6q
(5′-GAAGTAGGGCATTTTTCTGATG-3′; 5′-
GAAGATTGATAAGCCATTTTGG-3′); ChrXq
(5′-TGTCATTTGCACTTGCTGAATCCAC-3′; 5′-
AGCATAGGTAAGGTAGTGACAAATA-3′). PCR products
were purified using the QIAquick PCR purification kit
(QIAGEN) and diluted to 20 ng/µL, as measured by Qubit
dsDNA HS Assay Kit (Invitrogen). Samples were then
submitted to Genewiz for Amplicon-EZ sequencing or to
the Center for Computational and Integrative Biology DNA
core facility of Massachusetts General Hospital for amplicon
next generation sequencing. Analysis of the raw data for
detecting CRISPR variants from NGS reads was performed
with the algorithms from Genewiz Amplicon-EZ service or
the MGH core and meta-analysis to estimate the percentage
of editing efficiency was performed manually by the users.

Fluorescence in situ hybridization of immortalized cell
lines. FISH probes utilized in this study were as follows:
Chr2p Subtelomere (Cytocell, LPT 02PG-A); Chr2 Cen-
tromere (Cytocell, LPE 002R-A); Chr4q Subtelomere (Cyto-
cell, LPT 04QG-A); Chr4 Centromere (Cytocell, LPE 004R-
A); Chr5q Subtelomere (Cytocell, LPT 05QG/R-A); Chr5
Centromere (Cytocell, LPE 005R-A); Chr6q Subtelomere
(Cytocell LPT 06QR-A); ChrXq Subtelomere (Cytocell, LPT
XYQG-A); ChrXq Centromere (Cytocell LPE 0XR-A)

Cells were seeded on #1.5 glass coverslips and were
transfected with Cas9 RNP, as described. Cells were fixed
~30 hours after release from starvation media, in the first

interphase where the cells have formed micronuclei. Prior
to fixation the coverslips were swelled in pre-warmed 75
mM KCl and incubated at 37 ºC for 20 min. Fixation was
performed by dropwise addition of 0.5 volume of -20 ºC
Carnoy’s solution (3:1 methanol:acetic acid). After 5 min-
utes, the solution was exchanged for fresh -20 ºC Carnoy’s
solution twice more. Coverslips were then air dried for 48
h. Coverslips were warmed in 2X SSC + 0.5% NP-40 at 37
ºC for 30 min, and then dehydrated in ice cold solutions of
70, 85, and 100% ethanol for 2 minutes each. Subtelomere-
specifc or centromeric probes were diluted 1:5–1:10 in hy-
bridization buffer B (Cytocell, purchased by Rainbow Scien-
tific # HB1000L) and applied to the samples after air dry-
ing. Coverslips were then sealed onto glass slides with rub-
ber cement, denatured at 73 ºC for 2 min, and hybridized in
a humidified chamber at 37 ºC for two days. After hybridiza-
tion, coverslips were floated from the slides in a PBD solu-
tion composed of 0.1 M Na2HPO4, 0.1 M NaH2PO4, and
0.1% NP-40 for 3 min at RT. Samples were washed in 72 ºC
0.5 × 2X SSC + 0.5% NP-40 for 5 min, and then transferred
to 2.5 µg/ml Hoechst 33342 (Life Technologies) dissolved in
PBD solution for 10 min. Coverslips were then air dried and
mounted on clean glass coverslips using ProLong Gold an-
tifade (Life Technologies) or Vectashield Antifade Mounting
Medium with DAPI (H-1200, Vector laboratories). Denatu-
ration and wash steps were performed using a HybEZ II Hy-
bridization system (ACD). Samples were imaged by confocal
microscopy, as described below.

Fluorescence in situ hybridization of CD34+ HSPCs.
For detection of chr2 abnormalities, two BAC clones were
used as probes, one located distal to the BCL11A locus
(2p21) as the telomeric marker and a clone from 2q11.2 as
the centromeric marker. The telomeric BAC DNA (hg19
chr2:47612794 - 47782780) was labeled with a red-dUTP
(AF594, Molecular Probes) by nick translation and the cen-
tromeric BAC DNA (hg19 chr2:99969552 - 100200667) was
labeled with a green-dUTP (AF488, Molecular Probes). Both
labeled probes were combined with sheared human DNA and
hybridized in a solution containing 50% formamide, 10%
dextran sulfate, and 2X SSC. The cells were then stained
with 4,6-diamidino-2-phenylindole (DAPI) and imaged using
a Nikon Eclipse 80i with a 100×/1.40 NA Plan Apo objective
and Cytovision version 7.7 (Leica Biosystems).

SKY of CD34+ HSPCs. Day 1 post-electroporation, CD34+
cells were harvested by routine cytogenetic methods after a 4
h colcemid incubation. Commercially prepared SKY probes
and protocols from Applied Spectral Imaging (Carlsbad, CA)
were used for the hybridization and detection steps. Mitotic
spreads were analyzed and breaks of chr2p were quantified.

Indirect immunofluorescence microscopy. Immunoflu-
orescence was performed as described with minor modifica-
tions (31, 44). Cells were seeded on #1.5 glass coverslips.
For experiments measuring DNA replication by EdU incor-
poration, 10 µM EdU was added to complete medium 5 h
before fixation. Cells were washed once with PBS and then
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fixed with 4% paraformaldehyde for 20 min. Fixed samples
were washed 3 times with PBS, and permeabilized by PBS
+ 0.5% Triton X-100 for 5–10 min at room temperature and
washed again with PBS. Samples were then blocked in PBS +
3% BSA for one hour. EdU staining was performed follow-
ing instructions from the Click-iT Plus EdU Cell Prolifera-
tion Kit for Imaging (Invitrogen). Samples were incubated
with primary antibody for one hour, washed three times with
PBS + 0.05% Triton X-100, and incubated with secondary
antibody for 45 min, followed by another series of 3 washes
in PBS + 0.05% Triton X-100. Next, samples were incubated
in PBS + 2.5 µg/ml Hoechst 33342 (Life Technologies) for
10 minutes, followed by two washes in PBS. Finally cov-
erslips were mounted on glass slides using ProLong Gold
antifade (Life Technologies). Primary antibodies: γH2AX
(1:400-500, MilliporeSigma, 05-636-I, LBR (1:100, Abcam,
ab32535). Secondary antibodies: Alexa Fluor, 488, 568 and
647 (1:1000, Life Technologies).

Confocal images were collected using a Nikon Ti-E in-
verted microscope with a Yokogawa CSU-22 spinning disk
head with the Borealis modification. Z-stacks were collected
for 9 images at 0.4-0.6 µm spacing using a CoolSnap HQ2
CCD camera (Photometrics) and a 60×/1.40 NA Plan Apo
oil immersion objective (Nikon). Alternatively, a Ti2 in-
verted microscope fitted with a CSU-W1 spinning disk sys-
tem (Nikon) was used. Z-stacks were collected to cover the
whole volume of cells at 0.4-0.6 µm spacing using a Zyla 4.2
sCMOS camera (Andor) and a 60×/1.40 NA Plan Apo λ oil
objective.

Indirect immunofluorescence microscopy of CD34+
HSPCs. 1.5 × 105 CD34+ cells were deposited on glass
slides by centrifugation using a Cytospin™ 4 cytocentrifuge
(Thermo Scientific) for 5 min at 800 rpm. Fixation and indi-
rect immunofluorescence were performed as above. Images
were acquired with single-plane widefield illumination on
a Nikon Eclipse Ni microscope using Nikon NIS-Elements
software and a 40×/0.75 Plan Fluor objective. Antibodies
were the same as those listed above.

HbF Quantification. Fetal hemoglobin quantification by
ion-exchange high-performance liquid chromatography was
performed as previously described (69). Erythroid differen-
tiated CD34+ cells were lysed with hemolysate reagent (He-
lena Laboratories) and analyzed using ion-exchange columns
on a Prominence HPLC System (Shimadzu Corporation).
Proteins eluted from the column were identified at 220 nm
and 415 nm with a diode array detector. The relative amounts
were calculated from the area under the 415 nm peak and
normalized based on the DMSO control. Hemoglobin peaks
were identified using commercially available standards (He-
lena Laboratories).

Live-cell imaging. Live-cell imaging was performed as de-
scribed previously with minor modifications (31, 44). For
live-cell imaging experiments to investigate bridge forma-
tion, doxycycline-inducible Cas9 expressing RPE-1 cells ex-
pressing eGFP-BAF and the guide targeting chr5q were

plated on ibiTreat 24-well µ-Plates (ibidi) and placed on a
Nikon inverted microscope (Ti-E or Ti2) with Perfect Fo-
cus for widefield microscopy. The microscope was equipped
with an environmental chamber to maintain cells at 37 ºC and
with humidified 5% CO2. Imaging was performed in 20 min
intervals using a 20×/0.75 NA Plan Apochromat Lambda ob-
jective (Nikon) and Z-stacks of three images with a 2 µm step
size. Images were acquired using a Zyla 4.2 sCMOS camera
(Andor) for up to ~50 h.

Image analysis. NIS-Elements (Nikon) was used to analyze
live-cell imaging videos, and ImageJ was used to create an-
notated videos. Quantitative image analysis for fixed-cell ex-
periments was performed using ImageJ. Briefly, nuclear seg-
mentation was performed on maximum intensity projections
based on Hoechst staining. This segmentation was used as
a mask, and, if necessary, the mask was manually refined
by the “Watershed”, “Erode”, or “Draw” functions. These
masks were then applied to maximum intensity projections
of other channels to measure the mean fluorescence inten-
sity of channel. Background subtraction was performed by
measuring the mean fluorescence intensity of a square region
near the primary nucleus and micronucleus. Analysis of mi-
cronucleus formation and DNA damage in CD34+ HSPCs
was performed qualitatively by sample-blinded individuals
for the presence or absence of a single large focus of γH2AX
signal covering most of the micronucleus.

Live-cell imaging followed by single cell isolation and
single cell whole genome sequencing. Look-Seq was
performed as previously described (30, 31). Briefly, sin-
gle cells were seeded by flow sorting in 384-well µClear
plates (Greiner), or were seeded in bulk on a 35-mm grid-
ded ibiTreat dish (ibidi) and eGFP-H2B and TDRFP-NLS
were imaged by widefield fluorescence imaging in intervals
of 10–15 min, as above. After allowing sufficient time for
micronucleus-containing cells to divide daughter cells of in-
terest were separated (~40 h after micronucleus formation).
Cells were considered to have reincorporated their micronu-
clei if no fragments of GFP-H2B were detected in the cy-
toplasm after division. For cells in 384-well plates, sepa-
ration was performed by trypsinization followed by limited
dilution of daughters into a new 384-well plate (31). For
cells on ibiTreat dishes, the dish was transferred to another
Nikon inverted microscope that was equipped with a CellEc-
tor single-cell isolation system (Molecular Machines and In-
dustries) and cell adhesion was loosened by exchanging the
culture medium with a PBS-based non-enzymatic dissocia-
tion reagent (Sigma). Within ~30 min of applying dissoci-
ation reagent, cells of interest from live-cell imaging were
identified and directly picked from the imaging dish using
a robotically controlled glass capillary with an inner diame-
ter of 40 µm that aspirated 80 nL of volume (Molecular Ma-
chines & Industries). This volume containing the cell was
then deposited into a 5 µL droplet of PBS contained in a PCR-
tube cap. Whole genome amplification was performed us-
ing the REPLI-g Single Cell kit (QIAGEN), with initial lysis
steps being performed in the PCR-tube lids, and amplification
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terminated after 80 min. Amplified DNA was then purified
and sheared by sonication (Covaris) into ~500 bp fragments.
Sheared DNA was then processed by a Library Preparation
Kit (KAPA) to prepare for multiplexed next-generation se-
quencing as previously described (31).

Quality assessment of sequencing libraries. Library
quality assessment was performed as described previously
(30, 31). Briefly, before deep-sequencing libraries were sub-
jected to low-pass sequencing (~0.1× genome coverage) by
the MiSeq platform (Illumina). From this we visually as-
sessed library quality by the uniformity of whole-genome
amplification in 10 Mb bins. Furthermore, low-pass sequenc-
ing was used to assess haplotype-specific DNA copy number
in order to identify cells with missegregation of the targeted
chromosome. Libraries that passed quality checks were then
subjected to deep sequencing (8-47× genome coverage; 19×
mean coverage, 11× median coverage) by HiSeq 2500 (Illu-
mina) or NovaSeq 6000 platforms (Illumina).

Sequencing data processing and haplotype-specific
DNA copy-number calculation. Sequencing data process-
ing and haplotype-specific DNA copy-number analysis were
carried out using the same bioinformatics pipeline and com-
putational workflow as described previously (30, 31).

Structural variant (SV) detection in single-cell
genomes. Structural variants were detected using our previ-
ously described pipeline (30, 31). As the Phi29 polymerase
produces artificial chimeras between loci within close prox-
imity due to template switching, we excluded short-range
intra-chromosomal discordant reads (distance between frag-
ments < 10 kb). Because of this limitation, we do not detect
short-range SV events, including insertion/deletion events
at the CRISPR cut sites and local fold-back events that are
expected to be generated between fused sister chromatids.
We previously reported that false structural variants due
to chimeric DNA generated by single-cell whole-genome
amplification are enriched between loci separated by ≤
150 kb (31). By contrast, most de novo rearrangements
resulting from DNA damage from micronuclei are formed
between loci separated by 1 Mb. To exclude false SV events
due to artificial chimeras with a stringent threshold, we
only considered long-range intrachromosomal SVs with
breakpoints separated by ≥ 1 Mb in this study.

In addition to the above described short-range chimeric
DNA fragments occurring within amplicons, whole-genome
amplification also generates random chimeric fragments be-
tween amplified DNA. As such chimeras are generated be-
tween random amplified DNA rather than from the original
DNA template, the allele fraction of random chimeric frag-
ments should be lower than the allele fraction of reads sup-
porting true structural variants. Due to variation in the se-
quence coverage, we filtered low allele fraction variants using
sample-specific read-depth cutoffs determined from the aver-
age allelic coverage. The average allelic coverage at different
read-depth cutoffs was determined from the allelic depths at
heterozygous sites in the parental RPE-1 line (31). In each

sample, we determined the allelic depth at which the aver-
age allelic coverage (detection sensitivity for a genetic vari-
ant on a single chromosome) is approximately 50% and used
this value as the minimum read-depth cutoff if it is above
three. The requirement of at least three supporting reads is
necessary for excluding random chimeras generated during
library construction. For interchromosomal events, we re-
quired at least one of the three supporting reads to be a split
alignment and one to be a discordant read pair mapping. We
note that the conclusions regarding statistical enrichment of
structural variants within each sample are not dependent on
the read-depth cutoff, but the choice of sample-specific read-
depth cutoffs allows consistent estimation and comparison of
the frequency of DNA breaks across different samples with
varying uniformity and sequencing depth.

Poisson test for breakpoint enrichment, and defini-
tion of fragmentation. We performed two-sample one-
sided Poisson tests to determine whether SVs are enriched on
the CRISPR-targeted segment compared to the background
rate of SVs across the genome. We calculated this statis-
tic relative to the depth of sequencing coverage in the tar-
geted region, as follows. For each pair of granddaughter cells
(a,b), we calculated the fraction of reads (ra,rb) mapping
to the genomic interval telomeric to the CRISPR cut in each
sample. The null hypothesis is that breakpoints are drawn
according to a Poisson process with Poisson parameter λ =
total number of breakpoints observed in the pair. We com-
puted the probability of the observed number of breakpoints
on the targeted segment occurring equal to t = (ra + rb)/2,
conditioned on the total number of breakpoints. The test
is implemented as a one-sided, one-sample binomial test
P (X ≥ k) where n = total breakpoints observed across the
pair, P = (ra+ rb)/2, and k = breakpoints observed on the
targeted segment.

Segments were considered fragmented by visual inspec-
tion of copy number plots for the presence stretches of allele-
specific reciprocal copy number change between daughter
cells or many rearrangements on the targeted arm in both
daughters. For Fig. 2, individual cells were marked as hav-
ing ’clustered rearrangements’ if there was significant enrich-
ment by the Poisson test, the daughter did not lose the mis-
segregated allele, and there was at least one rearrangement
found in the cell in cases of fragmentation.
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Supplementary Figures
Table S1. Summary of gRNAs. Table of gRNA sequences and coordinates used in this study. * For RNP treatments, modified 2′-O-Methyl bases with phosphorothioate
linkages. ˆ From Wu et al., 2019

Name Guide Sequence Target Sequence PAM Genome Coordinate (hg38)
Chr2pˆ C*U*A*ACAGUUGCUUUUAUCAC CTAACAGTTGCTTTTATCAC AGG chr2:60722396-60722418
Chr4q A*C*A*GUGUAUGACAAAAGCAG ACAGTGTATGACAAAAGCAG AGG chr4:73780598-73780620
Chr5q G*U*U*GGCCUCCCAAACCACUA GTTGGCCTCCCAAACCACTA GGG chr5:66304328-66304350
Chr6q GUGAGCAAGAUCAGUAAGCGG GTGAGCAAGATCAGTAAGCGG AGG chr6:80777306-80777325
ChrXq U*G*U*GUUAGGAGAGUACGGGA TGTGTTAGGAGAGTACGGGA AGG chrX:64447933-64447955
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Fig. S1. Micronucleus formation and DNA damage after CRISPR-Cas9 genome editing in several cell lines. (a) Scheme of the RNP transfection and inducible Cas9
expression genome-editing experiments. Top, RNP transfection experimental scheme. Bottom, inducible Cas9 expression with constitutive expression of gRNAs (RPE-1
cells) experimental scheme; G0 cell cycle block was by serum starvation. Dividing cell cartoon represents approximate time of cell division. (b) Representative Western blot
to detect Cas9 levels at the indicated intervals before and after induction. 1st division is 24 hours after serum starve release, and 2nd division is 48 hours after release. Dox is
doxycycline. n = 3 experiments. (c) Number of cleaved chromosome arms contained within micronuclei for the indicated gRNAs and Cas9 expression strategies (RPE-1 cells).
Arm number was determined by FISH to detect the centromere (RNP Cas9) and/or subtelomere of the targeted chromosome (RNP Cas9 and Dox-inducible Cas9). RNP
Cas9: for 2p: n = 2 experiments with 64 micronuclei counted, 4q: n = 2 experiments with 58 micronuclei counted, 5q: n= 3 experiments with116 micronuclei counted, Xq: n = 2
experiments with 96 micronuclei counted; (Dox) Doxycycline-inducible Cas9; n = 3 experiments; 186 micronuclei counted per condition. (d) Frequency of micronucleation in
synchronized BJ fibroblasts after RNP transfection; (n = 3 experiments with 2378, 2487, 2423, 2714 cells, left to right). Error bars: mean ± SEM, P < 0.0001, two-tailed
Fisher’s exact test. (e) Left, percentage of MN containing the targeted chromosome arm for the chr5q-targeting gRNA, as counted using subtelomeric FISH probes. Right,
pie chart of the number of chr5q chromosome arms per micronucleus in BJ cells, as determined from centromere-specific and subtelomere-specific FISH probes. (n = 2
experiments counting 109 micronuclei) Error bars: mean ± SEM. (f) Nuclear envelope rupture frequency for CRISPR-MN as compared to spindle checkpoint inhibitor-induced
micronuclei (MPS1 inhibition, primarily containing whole chromosomes). Rupture was identified by heavy accumulation of the inner nuclear envelope protein lamin B receptor
(LBR)44, which is measured from the fluorescence intensity of LBR labeling in micronuclei relative to the intensity in primary nuclei. Rupture was operationally defined as an
MN:PN ratio > 3 (n = 3 experiments with 201 and 167 micronuclei analyzed for chr5q, p = 0.2216 and 165 and 152 micronuclei counted for chr6q, p = 0.2034). Error bars:
mean ± SEM, two-tailed Fisher’s exact test. (g) DNA replication defect of CRISPR-MN. EdU fluorescence intensity was measured after a 5-hour pulse. Only cells that had
entered S-phase were scored (operationally defined as > 150 a.u. EdU signal in primary nucleus). Dotted red line is normal levels of DNA replication in the micronucleus
relative to the primary nucleus (n = 3 experiments with 109 and 97 micronucleated cells analyzed for chr5q, p = 0.1698 and 65 and 73 micronucleated cells analyzed for chr6q,
P = 0.6948). Error bars: mean ± SEM; two-tailed Mann-Whitney U-test. (h) CRISPR-MN acquire DNA damage. Shown is the frequency of γH2AX positive micronuclei (> 3
standard deviations above the average signal in primary nuclei) for the indicated gRNAs using the inducible Cas9 system (n = 3 experiments with 203 and 184 micronucleated
cells analyzed for chr5q, P = 0.6870 and 175 and 169 cells analyzed for chr6q, P = 0.8053). Error bars: mean ± SEM, two-tailed Fisher’s exact test. (i) CRISPR-MN acquire
DNA damage. Shown is the frequency of γH2AX positive micronuclei (> 3 standard deviations above the average signal in primary nuclei) for the indicated gRNAs using the
RNP Cas9 system (n = 2 experiments with 56, 46, 82, and 50 micronucleated cells analyzed, left to right). Error bars: mean ± SEM. (j) Example images showing γH2AX
labeling (RNP lipofected RPE-1 cells). White arrows: micronuclei. Scale bars, 5 µm. The γH2AX focus in the primary nucleus likely decorates the centric portion of the broken
chromosome. Alternatively, or additionally, it may label a DNA break on the homologue.
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Fig. S2. Haplotype copy number and SVs for the targeted chromosome for each sample in the paper. Haplotype-resolved copy number and structural variant analysis
for the targeted chromosome for each granddaughter pair. Red and blue dots represent 1 Mb copy number bins for each homolog, and curved lines represent structural
variants of ≥ 1 Mb that could be on either homolog. Top, ‘granddaughter a’; middle, ‘granddaughter b’; bottom, sum copy number for each homolog for the pair of cells. Note
that in most cases there should be a total of two red and two blue copies per granddaughter pair, and deviation from this represents certain missegregation or events, such
as first-generation bridge formation. Text: inferred most likely explanation for each copy number and rearrangement profile. Note that alternative explanations exist for many
samples, such as a G1 cut followed by replication of the cut chromosome.
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Fig. S3. Clustering of DNA breakpoints, indicative of chromothripsis, to the telomeric side of the CRISPR-Cas9-targeted chromosome arm. Breakpoint density
for each daughter pair telomeric of the cut-site (red), relative to the rest of the genome (gray), normalized by read depth. Significance is derived from a one-sided Poisson
test (Zhang et al., 2015). P values are rounded to the nearest exponent, except for those < 10−30. Bolded P values denote significance after Bonferroni correction.
Bonferroni-corrected α = 0.0028.

Leibowitz, Papathanasiou, et al. | Chromothripsis as an on-target consequence of CRISPR-Cas9 genome editing bioRχiv | 19

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 13, 2020. ; https://doi.org/10.1101/2020.07.13.200998doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.13.200998


Cas9

Bridge in the second cell division - reciprocal copy number change

reciprocal loss and gain

0

10

20

30

40

%
 o

f C
el

l D
ivi

sio
ns

 th
at

 fo
rm

 a
 B

rid
ge

Division 1 Division 2

**

****

* n.s.

MN + MN - MN + MN -

Bridge in the first cell division - shared eventa

b

c

Mother cell

Daughter cells

Granddaughter cells

Mother cell

Daughter cells

Granddaughter cells

shared loss shared gain

or

Cas9

or

Division 1

Division 2

Division 1

Division 2

Bridge formation

Fig. S4. Chromosome bridge formation after CRISPR-Cas9 genome editing. a) A bridge formed during the first cell division after Cas9 addition will yield shared losses
(left granddaughter pair) or gains (right granddaughter pair) depending upon how the bridge breaks. Note that this copy number alteration will be on the centromeric side of the
CRISPR-Cas9 break. Cells and chromosomes are depicted as in Fig. 2. To focus on the fate of the progeny of the micronucleated daughter, the non-micronucleated daughter
cell is faded and not followed. In this example, the micronuclear chromosome from the first division is not reincorporated becomes a micronucleus in one granddaughter. b)
A bridge formed in the second cell division will yield reciprocal copy number gains and losses on the centromeric side of the break (comparing the granddaughters). To focus
on the fate of the micronucleated daughter, the non-micronucleated daughter cell is faded and not followed. c) The frequency of detectable chromosome bridges by live-cell
imaging after CRISPR-Cas9 genome editing in RPE-1 cells expressing a fluorescence reporter that marks chromosome bridges efficiently (GFP-BAF). DNA breaks were
induced with the Chr5q-targeting inducible Cas9 system. Chromosome bridges frequently arise when a micronucleus forms in at least one daughter cell in the first division
(MN+), whereas when a micronucleus is not formed, bridge formation is uncommon (MN-). In the second division, micronucleated cells are more prone to bridge formation
(MN+) as compared to non-micronucleated cells (MN-). Additionally, bridge formation is more frequent in the second division, which may be explained by isolation of the
acentric arm from the centric fragment of the chromosome (n = 3 experiments with 96 and 97 cell divisions imaged [division 1] and 67 and 76 divisions imaged [division 2]).
Error bars: mean ± SEM, ** P = 0.0015; **** P < 0.0001; * P = 0.0104, n.s. P = 0.1916, two-tailed Fisher’s exact test.
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