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ABSTRACT
The CRISPR/Cas9 system is widely used to permanently delete genomic regions by inducing
double-strand breaks via dual guide RNAs. However, on-target consequences of Cas9 deletion
events have yet to be fully investigated. To characterize Cas9-induced genotypic abnormalities
in human cells, we utilized an innovative droplet-based target enrichment approach followed
by long-read sequencing and coupled it to a customized de novo sequence assembly. This
approach enabled us to dissect the sequence content at kilobase scale within an on-target
genomic locus. We here describe extensive genomic disruptions by Cas9, involving a genomic
duplication and inversion of the target region as well as integrations of exogenous DNA and
interchromosomal DNA fragment rearrangements at the double-strand break sites often at the
same time. Although these events altered the genomic composition of the on-target region, we
found that the aberrant DNA fragments are still functional, marked by active histones and
bound by RNA polymerase III. In HAP1 cells, the integration of the target-derived fragments
accelerated cell proliferation in deletion clones. Our findings broaden the consequential
spectrum of the Cas9 deletion system, reinforce the necessity of meticulous genomic
validations and rationalize extra caution when interpreting results from a deletion event.
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INTRODUCTION
The CRISPR/Cas9 system has revolutionized genome engineering approaches. Various
toolsets have been developed, which allow loss-of-function perturbations of functional
genomic elements in a simple and efficient manner. To modify the genome, the components of
the CRISPR/Cas9 system are exogenously introduced into human cells (1–3). In the presence
of a guide RNA (gRNA) that is complementary to the target site and next to a protospacer
adjacent motif (PAM), the expressed Cas9 endonuclease induces a double-strand break (DSB)
at a specific genomic site. If an exogenous homologous DNA template is supplied, the DSB is
repaired by the homology-directed repair to introduce specific mutations or insertions of
desired sequences (4). Alternatively, microhomology-mediated end joining (MMEJ) can be
triggered by short (5 to 25 bp) overlapping sequences that allow for recombination at the DSB
(5). In contrast, in the absence of a homologous template, the cell uses non-homologous end
joining (NHEJ) to resolve the DSB. This usually results in small deletions or insertions of a
few nucleotides (1). Instead of introducing single nucleotide or short sequence deletions, longer
DNA regions can be excised from the genome by using dual gRNAs that flank the target region
and guide Cas9 to induce two DSBs (6, 7). Through this approach, a target region of about 1
Mb could successfully be removed from the genome in mouse cells (8). In addition, a variety
of genomic regions have been modified using the dual gRNA system. For example, the
genomic manipulation of enhancers (9, 10), chromatin loop anchors (11, 12), protein-coding
genes (7, 13) and noncoding genes (14) revealed disease-associated functional elements and
genes. Although a broad range of functional sequences has been successfully deleted from the
genome, transfer RNA (tRNA) genes have not been targeted by using the dual gRNA system
in human cells.
Nuclear encoded tRNA genes are transcribed by RNA polymerase III (Pol III) through
the recognition of internal promoter binding motifs (15, 16). Pol III occupancy of tRNA genes
is widely used to quantify tRNA gene usage (17–24). In addition, Pol III-bound tRNA genes
reside in euchromatic genomic regions, which are marked by active histones, such as histone
3 lysine 4 trimethylation (H3K4me3) (15, 21, 22, 25, 26). tRNAs represent one of the most
abundant RNA types. These circa 73 nt long RNA molecules act as physical adapter molecules
during translation, in which the anticodon region of a tRNA molecule recognizes the
complementary codon of a messenger RNA and adds an amino acid to the growing polypeptide
chain. tRNAs have a wide spectrum of additional functions. For example, a tRNA molecule
can be cleaved into tRNA halves or fragments, which impair gene regulation transcriptionally
or post-transcriptionally and contribute to diseases, such as cancers and neurodegenerative
disorders (16, 27–32). Furthermore, in some instances, the tRNA gene locus itself functions in
genome organization by acting as an insulator (33, 34).
In order to investigate tRNA gene usage, we deleted two tRNA genes from the genomes
of human near-haploid chronic myeloid leukemia (HAP1) and hyperploid hepatocellular
carcinoma (HepG2) cells using the CRISPR/Cas9 system with dual gRNAs. By applying an
advanced droplet-based target enrichment method (Xdrop) (35) followed by Oxford Nanopore
Technology (ONT) long-read sequencing (LRS) (36) enabled us to uncover several unexpected
genomic alterations at the target site. Although Cas9 induced genomic cuts, and our target
region was successfully excised, we found complex genomic aberrations, including duplication
and inversion of the target region, as well as integration of exogenous and interchromosomal
DNA fragments. Despite our initial attempt to delete tRNA genes to impair their expression,
the aberrant genomic modifications at the original locus resulted in actively transcribed tRNA
genes in HAP1 and HepG2 cells. This highlights that CRISPR/Cas9-based genomic
engineering can cause undesired on-target effects. Our work also underscores the complexity
of human DNA repair mechanisms in the presence of the powerful prokaryotic Cas9 nuclease
and raises serious concerns when studying the functionality of modified genomes. We therefore
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recommend examining modified cells to a greater extent through long-read sequencing of the
on-target locus since several unintended genomic alterations may occur at the same time and
could be missed by standard Sanger sequencing and PCR verification methods.
RESULTS
The target region remained detectable and functional in Cas9 deletion clones
To test the effectiveness of CRISPR/Cas9 for deleting tRNA genes, we focused on a pair that
is closely located on the human chromosome 17 (Fig. 1A). Since tRNA genes belong to one of
the largest multi-copy gene families (25), in which individual gene family members are
identical in sequence composition, we designed gRNAs mapping to the unique 5’ and 3’
flanking regions. That enabled Cas9 to excise an 870 bp long genomic fragment containing the
two tRNA genes (Δt) (Fig. 1B). We transfected HAP1 and HepG2 cells with two Cas9 plasmids
carrying one of the two gRNAs and a small size plasmid to enhance transfection efficiency
(Material and Methods, Fig. S1A). Since the CRISPR/Cas9 vector contains the puromycin
resistance gene, we used antibiotic selection to identify positively transfected cells and
propagated further single cell-derived clones. To validate the clonal deletion of the target
region, we performed a PCR with flanking region-specific primers. The size of the PCR
product was indicative of a successful deletion when inspected by agarose gel electrophoresis
and its sequence content was verified by Sanger sequencing (Fig. 1B, Fig. S1A). Overall, 94
HAP1 and 90 HepG2 single cell-derived clones were generated. Among them, 5 HAP1 and 17
HepG2 clones contained a deletion (Fig. S1B-D). We focused our subsequent analysis on two
validated deletion clones, referred to as HAP1 Δt72 and HepG2 Δt15 (Fig. S1B-D).
To study the consequences of tRNA gene deletions, we utilized published Pol III ChIPseq data in HepG2 unmodified cells (23) and profiled the genome-wide binding of H3K4me3
and Pol III in both deletion and non-targeting control (ctrl) clones (Fig. 1C). We only
considered reads with high mapping quality (Material and Methods). Surprisingly, we observed
binding of H3K4me3 and Pol III to DNA sequences within the target region in HAP1 and
HepG2 deletion clones, although at a lower magnitude, when compared to their respective
control clones (Fig. 1C). To explain this observation, we considered several possibilities that
can lead to imperfect genomic Cas9 deletions in cells. Previous reports described genomic
aberrations when using the Cas9 dual gRNA system. For example, (I) the application could
lead to heterozygous deletion clones (8) whereby one allele carries the deletion and the other
allele is unmodified, (II) mutations could occur at the PAM sequences (54, 55) preventing the
recruitment of Cas9 and its cutting activity at the gene locus, (III) the Cas9 cleavage might be
unsynchronized at the two DSB sites (56), in which one DSB would have been repaired before
the induction of the second DSB or the target sequence could have been excised and then either
(IV) inverted or (V) duplicated (8, 13, 57–59). However, to our knowledge a combination of a
simultaneously occurring inversion and duplication has not been described. Scenarios I to IV
can be excluded since we would have detected a PCR product corresponding to the size of the
unmodified allele (circa 1,200 bp) (Fig. S1C-D). We also excluded scenario V since we found
ChIP-seq reads spanning the excision site in the control but not in the deletion clones (Fig. 1D).
This prompted us to consider alternative consequences occurring as a result of Cas9 genome
engineering.
Applying Xdrop in deletion clones confirmed the genomic remodeling of the target region
The Xdrop technology has recently been applied to validate CRISPR/Cas9 genome
modifications (35, 48). To investigate the on-target editing outcomes in our Cas9 deletion
clones, we applied the Xdrop approach to enrich for sequences containing our CRISPR/Cas9targeted genomic region in the HAP1 Δt72 and HepG2 Δt15 deletion clones. Subsequently, we
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identified the sequence content of the Xdrop-enriched molecules by ONT LRS (Xdrop-LRS).
On average, we obtained 217,000, and 179,000 reads of a median size of 4,600 and 5,200 bp
in the HAP1 Δt72 and HepG2 Δt15 deletion clones, respectively. Read coverage at the target
locus in each cell clone indicated sufficient enrichment (Fig. S2A-B). By aligning both
corrected and raw reads to the human reference genome, we observed sharp declines in
coverage at the two DSB sites and no read spanned the two DSB sites in these two deletion
clones (Fig. S2A). This supported our conclusion drawn from our ChIP-seq data that the target
region was altered in the HAP1 Δt72 and HepG2 Δt15 deletion clones.
A de novo assembly-based approach revealed a duplication, inversion and local insertion
of the target region in the HAP1 deletion clone Δt72.
To decipher the underlying alterations that caused a rearrangement of the CRISPR/Cas9targeted region, we employed a customized de novo sequence assembly approach (Fig. S2C).
For this, we assembled contigs containing the target region and connected them with sequences
of the respective flanking regions for each of the two deletion clones.
In our HAP1 Δt72 deletion clone, we identified contigs with three distinct breakpoints
that deviated from the human reference genome composition (Fig. 2A). One breakpoint (BP2)
connected two units of our deleted target region in tandem orientation. This finding is
indicative of a duplication event of our original target fragment. The other two breakpoints
(BP1 and BP3) connected the duplicated fragments with the 5’ and 3’ flanking region of our
original target region in inverse orientation. This suggested an unexpected event in which the
deleted fragment of our target region got duplicated, inverted and inserted at the original gene
locus (Fig. 2A). To eliminate any confounding effects from our approach, we inspected both
raw and corrected read alignment tracks. We found multiple long reads spanning the contig
and several additional reads covering the individual breakpoints confirming on-target genomic
alteration events (Fig. 2A).
Since it has been shown that the multiple displacement amplification in droplets
(dMDA) can lead to false positive calls of duplication and inversion events (60), we aligned
our Illumina ChIP-seq data to the assembled contig. Without allowing soft-clipped reads, we
still found multiple H3K4me3 and Pol III ChIP-seq reads mapping to the three BPs and thereby
confirmed our detected duplication and inversion events (Fig. 2A). In addition, we performed
an independent validation of our de novo sequence assembly by designing three sets of primers
specific for the flanking and/or target region (Fig. 2B, Table S1). The different primer
combinations and size of PCR products enabled us to discern the genomic composition of our
target locus in our unmodified, expected and actually observed deletion clones (Fig. 2B). This
PCR-based result supported our Xdrop-LRS findings and our conclusion that the target region
got duplicated, inverted and inserted in the HAP1 Δt72 deletion clone.
The target sequence got duplicated, inverted and co-integrated with exogenous DNA
fragments in the HepG2 deletion clone Δt15
Similar to the HAP1 Δt72 deletion clone, we employed our customized de novo sequence
assembly approach to investigate potential genomic aberrations of the target region in the
HepG2 Δt15 deletion clone. The assembly of our Xdrop-LRS reads revealed four breakpoints
(Fig. 3A). We found that a duplication of our target region occurred in the HepG2 Δt15 deletion
clone. Breakpoint 2 (BP2) connected these two units of the target sequence but in divergent
orientation. This suggested that only one of the two units got inverted, which was further
confirmed by BP1 which linked the 5’ flanking region of the target to the duplicated target
region itself. Resolving the events at the 3’ cut site revealed that exogenous DNA fragments
were integrated at the DSB site. We searched for high sequence similarity of these fragments
(Material and Methods) and found that an approximately 200 bp long fragment aligned
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perfectly to a part of the ribonuclease R (rnr) gene in the E. coli genome (Fig. 3A). BP3 joined
this 200 bp E. coli genome fragment and the duplicated target region. In addition, we observed
a more than 6,000 bp long fragment mapping to the CRISPR/Cas9 vector that we used for
cellular transfections. BP4 connected the E. coli fragment to the CRISPR/Cas9 vector sequence.
Reads mapping to the CRISPR/Cas9 vector included sequences of the U6 promoter, the gRNA
cloning site, the gRNA scaffold, the chicken β-actin promoter and the first half of the Cas9
gene (Fig. 3B). Remarkably, we found reads carrying the sequence of gRNA-Δt-1, which we
synthesized to induce the DSB at the 5’ flanking region. However, there were no reads
containing the sequence of gRNA-Δt-2, suggesting that the gRNA and the scaffold part of the
CRISPR/Cas9-gRNA-Δt-1 but not -2 vector got integrated. At a lower coverage, we also noted
reads mapping to sequences of the poly(A) signal, the f1 origin of replication (f1 ori), the
ampicillin resistance gene and the second ori (Fig. 3B). In addition to the raw and corrected
Xdrop-LRS reads, we found that H3K4me3 and Pol III ChIP-seq reads mapped to the BPs.
Furthermore, our PCR results using primers annealing to different components of the contig
supported an accurate contig assembly (Fig. 3A and C). Surprisingly, the integrated exogenous
DNA fragments originating from the E. coli genome and the CRISPR/Cas9 vector were marked
by H3K4me3, which indicated active sequence usage (Fig. 3A).
Since we co-transfected the CRISPR/Cas9 and the pBlueScript vector to increase cell
transfection efficiency (3), we inspected whether sequences of the pBlueScript vector could
have integrated. We aligned the Xdrop-LRS data to the pBlueScript vector and found reads
mapping to sequences encoding the f1 ori, the ampicillin resistance gene and the second ori
(Fig. S2D). This part of the pBlueScript vector serves as backbone in many commonly used
plasmids. It is therefore not surprising that vector sequences were in part identical. Since we
did not detect any reads mapping to the pBlueScript-specific region located between the f1 ori
and the second ori, we concluded that the vector sequence that integrated into the HepG2 target
region originated from the CRISPR/Cas9 and not from the pBlueScript vector.
In sum, in the HepG2 Δt15 deletion clone, we observed a duplication of the target
region, inversion of one copy and on-target integration together with sequences from the E.
coli genome and the CRISPR/Cas9 vector.
On-target genomic alterations occurred frequently
To estimate the approximate frequency of Cas9-induced genomic alterations, we tested
whether on-target insertion events occurred in our other HAP1 and HepG2 Δt clones expected
to carry the deletion. Since our Xdrop-LRS contig suggested an integration of genomic
sequences larger than 7,900 bp, we could not quantify the frequency of on-target events by
PCR using primers spanning the 5’ and 3’ flanking regions due to the very long amplicon
length. We therefore designed a pair of primers annealing inside the target region (Fig. S1EF). For HAP1, we inspected five HAP1 clones of which three contained the expected
homozygous deletion because no target region-specific PCR product was detected (Fig. 3D,
Fig. S1C and E). The HAP1 Δt72 deletion clone showed two bands (~340 bp and ~1,200 bp)
indicative for a target region duplication (Fig. S1E). In addition to the HAP1 Δt72 deletion
clone, a PCR product with a length around 340 bp was detected in the HAP1 Δt19 deletion
clone (Fig. S1E), suggesting a potential on-target genomic alteration.
In HepG2 cells, we tested the HepG2 Δt15 and 16 additional deletion clones in which
the target region was deleted (Fig. S1D). Although we had validated the deletion in these 16
HepG2 clones by PCR, we still detected the target region in seven deletion clones (Fig. 3D,
Fig. S1F). In sum, aberrant genomic changes at the on-target locus occurred frequently in
HAP1 (40%) and HepG2 (47%) validated deletion clones (Fig. 3D).
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DNA fragments deriving from the CRISPR/Cas9 vector but also from other
chromosomes can integrate at the inverted deleted target site in HepG2 deletion clone
Δt8.
Among the clones suspected to harbor on-target rearrangements detected by PCR, we further
characterized the HepG2 Δt8 deletion clone by Xdrop-LRS. As in the HAP1 Δt72 and HepG2
Δt15 deletion clones, the alignment of Xdrop-LRS data to the human reference genome showed
a decent coverage at the target locus (Fig. S2B) and a similar pattern of read discontinuity at
DSB sites (Fig. S2A). By applying our customized de novo assembly-based approach, we
obtained two contigs.
Contig 1 contained four break points (BPs) (Fig. 4A). BP1 connected the integrated
CRISPR/Cas9 vector and an inverted target region-derived fragment, followed by inverted
DNA fragments of 967 bp and 348 bp from chromosome 21 and 8 (BP2 and BP3), respectively.
BP4 linked these fragments to the 3’ flanking region on chromosome 17. The fragment of
chromosome 21 was derived from the gene body of lincRNA TCONS_I2_00017505 and the
fragment of chromosome 8 contained sequences mapping to truncated LINE1 element
sequences. Contig 2 consisted of three break points (Fig. 4B). BP2 connected the inverted
target region to the CRISPR/Cas9 vector fragment. BP1 and BP3 linked them to the 5’ and 3’
flanking regions, respectively. Alignment of both raw and corrected Xdrop-LRS reads to these
contigs supported the on-target altered genomic content in the HepG2 Δt8 deletion clone (Fig.
4A-B). Detailed inspection of the integrated fragments of CRISPR/Cas9 vector revealed
differences between two contigs. In contig 1, the vector-derived fragment contained DNA
sequences ranging from the puromycin resistance gene to the ampicillin resistance gene. While
in contig 2, DNA sequences ranging from the U6 promoter to the chicken ß-actin promoter
were integrated. Similar to the HepG2 Δt15 deletion clone, we only found reads carrying the
sequence of gRNA-Δt-1 but not gRNA-Δt-2 (Fig. 4C).
In sum, in the HepG2 Δt8 deletion clone, we observed an inversion of the target region
and its on-target integration together with sequences from the chromosome 21 and 8 as well as
the CRISPR/Cas9 vector.
The occurrence of adverse on-target effects was independent of the sequence content of
the deletion target region
To investigate whether the sequence similarity of the two tRNA-Cys-GCA genes caused the
observed on-target genomic alterations, we repeated our dual gRNAs CRISPR/Cas9 approach
in HAP1 and HepG2 cells using dual gRNAs that target the intergenic region (Δi) between our
two target tRNA genes (Fig. 5A-B). This intergenic region consists of unique DNA sequences
without any gene annotation. Its deletion still allows transcription of the neighboring tRNA
genes since the sequence motifs (A- and B-box) recognized by the Pol III promoter (A- and Bbox) are located within the tRNA gene body (15, 16). For each Δi clone generated, we used
primers flanking the intergenic region to validate a successful deletion event and internal
primers to inspect potential genomic alterations (Fig. 5B). We validated 7 HAP1 and 8 HepG2
Δi deletion clones, of those 1 (14%) HAP1 and 4 (50%) HepG2 Δi deletion clones carried the
genomic alterations (Fig. 5C, Fig. S3). Based on this frequency, we concluded that the
sequence content of the deleted region did not cause the observed adverse on-target effects.
To better understand the on-target rearrangements, we performed Xdrop-LRS on the
HepG2 Δi50 deletion clone (Fig. S3B) by sequence enrichment of the deleted intergenic region
(Fig. S2B). We obtained high read coverage over the target region (Fig. S2A). The alignment
of the raw reads to the human reference genome suggested a 331 bp deletion at the 3’ end of
the target region (Fig. 5D). This large deletion removed the binding site of the reverse primer
used for identifying deletion clones, leading to a failure in detecting this genomic alteration by
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PCR. Notably, the deletion was located downstream of the second DSB site. Therefore, the
target region itself remained still genomically intact.
On-target genomic alterations led to functional DNA with biological consequences
We investigated potential biological consequences of the on-target genomic alterations by
using several molecular and cellular assays.
First, we quantified tRNA gene usage across the different genotypes based on Pol III
occupancy by ChIP-seq. Pol III ChIP-seq read counting is widely used for measuring tRNA
gene usage (17–24). Unlike RNA-based methods, Pol III ChIP-seq provides tRNA genespecific information and prevents inaccurate measurements caused by the complex tRNA
structure and numerous modifications that block reverse transcription (61). After we
normalized and applied a baseline cutoff, we counted Pol III ChIP-seq reads over the two target
tRNA genes in the HAP1 Δt72 and HepG2 Δt15 deletion clones. Compared to the unmodified
control clones, we found a 51% and 57% reduction in tRNA gene usage in the deletion clones
HAP1 Δt72 and HepG2 Δt15, respectively (Fig. 6A). This result confirms our previous
observations that the deleted tRNA genes were integrated into the genomic on-target locus and
can still be transcribed by Pol III. Although, the deleted region was duplicated in both the
HAP1 Δt72 and HepG2 Δt15 deletion clones, we did not observe doubling of tRNA gene usage
(Fig. S1C-D). Therefore, the different alleles (with and without a duplicated tRNA gene region)
could counterbalance each other’s contributions to the tRNA-Cys-GCA transcript pool, which
resulted in an intermediate transcriptional phenotype.
Since we confirmed that the target region-derived fragments in the HAP1 Δt72 and
HepG2 Δt15 deletion clones were transcriptionally active, we next studied the cellular
responses. We measured cell proliferation in the HAP1 and HepG2 Δt and Δi deletion clones
with and without a detectable genomic on-target effect by using the crystal violet assay (Fig.
6B). The HAP1 Δt72 and Δt19 deletion clones with on-target genomic alterations grew
significantly faster than the bona fide HAP1 deletion clones Δt3 and Δt59. In contrast, the cell
proliferation rate was nearly identical in the HAP1 Δi as well as in the HepG2 Δt and HepG2
Δi deletion clones. The observation that some cell clones gained a proliferative advantage could
explain why frequencies of detectable target regions varied in the HAP1 Δt (2/5) and Δi (1/7)
but not in the HepG2 Δt (8/17) and Δi (4/8) deletion clones (Fig. 3D, Fig. 5C).
Lastly, we inspected the impact of the integrated sequences of the CRISPR/Cas9 vector.
In the HepG2 Δt15 deletion clone, we found that the CRISPR/Cas9 vector was fragmented
(Fig. 6C). The integrated vector corresponded to three fragments. The first fragment started
from the U6 promoter to the middle of Cas9 gene, and integrated into the HepG2 genome in
inverse orientation, the second started from the ampicillin resistance gene to the ori element
and also integrated in inverse orientation, and the third was composed of the gRNA-Δt-1
scaffold, the CMV enhancer and the chicken ß-actin promoter and integrated in the original
orientation (Fig. 6C). It would be expected that these exogenous sequences get silenced by the
cell through heterochromatization, as it has been shown for other foreign sequences (62–64).
To assess this, we inspected our H3K4me3 and Pol III ChIP-seq data and found that the
plasmid-derived sequences were actively used in our deletion clone (Fig. 6C, H3K4me3 ChIPseq track). Additionally, Pol III-binding to the U6 promoter gave rise to gRNA-Δt-1 (Fig. 6,
Pol III ChIP-seq track). To quantify the expression of the integrated components, we performed
a qPCR in the HepG2 Δt15 and Δt8 deletion clones using HepG2 non-targeting and nontransfected cells as baseline and negative controls, respectively. We detected expression of the
Cas9 and puromycin resistance gene as well as of the gRNA-Δt-1 and its scaffold sequence in
the HepG2 Δt15 deletion clone. In the HepG2 Δt8 deletion clone, only the gRNA-Δt-1 and its
scaffold sequence were expressed, since the Cas9 and puromycin resistance genes were not
integrated into the HepG2 genome according to our Xdrop-LRS data (Fig. 4C). Our qPCR
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results confirmed that the integrated exogenous fragments were not silenced but instead
actively transcribed.
In conclusion, local genomic rearrangements can lead to unwanted activation of gene
expression and changes in cellular behavior, which can compromise the reliability of cell
growth-dependent readouts commonly used in large-scale Cas9 screening. Our data therefore
underscore the necessity to investigate potential on-target effects of Cas9-mediated deletion.
DISCUSSION
We confirmed genomic on-target alterations in HAP1 and HepG2 cell clones after
CRISPR/Cas9 induced cleavage by applying Xdrop-based enrichment for our target region
followed by long-read sequencing and de novo sequence assembly. Although our genomic
region of interest was cleaved by Cas9, we showed that the genomic fragment deriving from
the target region was not eliminated from the nucleus. Instead, the cleaved fragment was
duplicated, inverted and locally inserted into the genomes of HAP1 and HepG2 cells. In
addition, we detected an integration of exogenous and endogenous DNA fragments as well as
a large deletion downstream of the target region.
Based on our results, we reasoned that the HAP1 Δt72 deletion clone was heterogenous
for the on-target genomic alterations (Fig. S4A). HAP1 is a near-haploid cell line but the
haploid state is unstable and cells can rapidly become diploid (65). Although the exact
chronologic order of events that occurred in this cell clone cannot be reconstructed, the
observed genotype can be explained if the HAP1 Δt72 deletion clone derived from a diploid
HAP1 cell. We speculate that after transfection of the CRISPR/Cas9 vector, Cas9 and the two
gRNAs were efficiently expressed in the mother cell. Cas9 was directed via the dual gRNAs
to cut the target-derived fragment from each of the two alleles in the diploid HAP1 mother cell.
If the resulting DSB is not repaired before cell division, the cleaved fragments could be
distributed randomly (66). In the case of the HAP1 Δt72 deletion clone, one daughter cell (DC1)
could have used NHEJ to repair the DSBs resulting in a deletion. In contrast, the second
daughter cell (DC2) would have employed MMEJ leading to the ligation and inversion of the
two fragments at the original cut site during the repair process (58, 67). We postulate that the
orientation of the fragment insertion was stochastic and can occur in either tandem (as in the
HAP1 Δt72 deletion clone) or divergent (as in the HepG2 Δt15 deletion clone) orientation (Fig.
S4A-B). Cells arising from DC1 and DC2 formed a heterogenous cell population, which also
explains why, despite the duplication, ChIP-seq signals of Pol III and H3K4me3 over the target
region were lower in cells deriving from the HAP1 Δt72 deletion clone when compared to the
control clone (Fig. 1C).
Similar to our model for the HAP1 deletion clone, we consider that the HepG2 Δt15
deletion clone was heterogenous (Fig. S4B). HepG2 has a hyperploid karyotype with trisomy
of chromosome 17 (68). Therefore, we speculate that two of the target-derived fragments were
inserted into one of the three alleles in one daughter cell. We found that a large part of the
integrated fragments of the CRISPR/Cas9 transfection vector included the gRNA sequence
targeting the genomic region of interest and active promoters. Interestingly, a fragment
originating from the E. coli genome was also inserted into the genome of the HepG2 Δt15
deletion clone. Since we used E. coli to produce large amounts of plasmid DNA, it is possible
that bacterial over-lysis during plasmid preparation caused a release of E. coli genomic DNA,
which got fragmented during plasmid purification. Small E. coli fragments can still bind to the
purification column that selectively captures DNA of smaller size and get co-eluted with the
plasmid DNA. We tested for any DNA contamination in our purified plasmid preparation by
agarose gel electrophoreses. Although we were unable to visualize any DNA indicative of
contamination (Fig. S2E), we cannot rule out that very low amounts of fragmented E. coli
genomic DNA remained undetected.
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In the HepG2 Δt8 deletion clone, the two obtained contigs indicated different on-target
events with integration of different CRISPR/Cas9 vector sequences (Fig. 4C). The two alleles
that represent these two contigs could either reside in the same daughter cell (DC2, scenario 1)
or both daughter cells (DC1 and DC2, scenario 2) (Fig. S4C). In both scenarios, at least one
allele carries a genuine deletion and was detectable initially through PCR validation, whereas
the two other alleles with the inverted and integrated target derived-fragments were not
captured by PCR due to their increased amplicon length (Fig. S1D). It is notable that
endogenous fragments from other chromosomes were found at the target site. We ruled out that
these rearrangements were caused by translocations induced by Cas9 off-targeting at different
chromosomal regions (69) because our gRNAs had very high on-target sequence specificity,
and no sequence similarity between the gRNA and the chromosomal break sites were found. It
is therefore unlikely that our dual gRNAs direct Cas9 in an off-target manner to cleave short
fragments from chromosome 21 and 8, which would subsequently get integrated at the ontarget region on chromosome 17. Instead, we suspected that this contig was the result of
chromothripsis. A recent study showed that the Cas9 sgRNA system can trigger chromothripsis
(66). Chromothripsis, also known as chromosome shattering, refers to extensive
rearrangements within one or several chromosomes. Upon chromothripsis, chromosomes are
fragmented and then configured in a random order mediated by NHEJ (70, 71). Therefore, we
reasoned that chromothripsis occurred in the HepG2 Δt8 deletion clone when using our dual
gRNA-Cas9 system, which lead to interchromosomal rearrangements at the target site.
In the HepG2 Δi50 deletion clone, we detected a large genomic deletion. Such
deletions are the consequence of the Cas9 systems and can occur at different genomic loci and
in many cell lines with various frequency (69, 72–74). Since the size of the large deletion is
atypical for the NHEJ repair machinery (75, 76), other repair mechanisms such as MMEJ could
play a role (69, 77, 78). However, we did not find evidence for sequence microhomology at
the deletion breakpoint junction necessary for MMEJ (Fig. S4D). Our findings demonstrate the
complexity of DNA damage repair mechanism after Cas9-induced DSBs and limitations of
predicting and validating genomic editing outcomes.
Additionally, the adverse on-target effect identified in our deletion clones revealed
remarkable biological consequences. The integrated tRNA target region and exogenous
fragments were bound by Pol III and H3K4me3 and resulted in increased cell proliferation in
HAP1 cells. This adverse effect can hamper Cas9 screening approaches which often rely on
cell growth as a readout.
Latest CRISPR engineering efforts have been focused on preventing potential on- or
off-target effects. For example, restricting Cas9-induced DSB to G1 cells could minimize the
formation of micronuclei and chromothripsis (66). Furthermore, the observed on-target effects
described in this study may be mitigated by using Cas9-directed proteasomal degradation. That
would limit the residence time of the Cas9 protein at the cut site and therefore enable
accessibility of the DNA repair machinery and faster DSB repair (79, 80). Alternatively,
suppressing MMEJ pathway may also reduce the frequency of the on-target rearrangements.
Xdrop technology combined with de novo long-read sequence assembly revealed
unexpected complex genomic alterations that accompanied CRISPR/Cas9 deletions. Other
methods could detect global Cas9 editing outcomes (69, 81–83). However, only few of them
can reveal sequence aberrations in greater detail and with sufficient sequence length. For
example, an integration at the region of interest can be detected with commonly available
methods but those methods cannot find several large size integrations that occurred at the same
time. Additionally, without performing a de novo assembly approach, it remains challenging
to correctly decipher the fragmentation pattern of integrated DNA sequences. This is relevant
since these fragments could have biological consequences. The workflow we introduced here
is an enabling tool to study on-target outcomes of Cas9 deletion in single cell-derived clones.
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Our approach revealed that Cas9 can induce duplications, inversions and local insertions of
target-derived functional fragments as well as integration of exogenous and endogenous DNA
fragments, possibly triggered by chromothripsis. Although it has been reported that a genomic
region of interest can be either duplicated (58) or inverted (67) when using the dual gRNA
system, our study provided direct evidence that the combination of a duplication and an
inversion, along with an integration of exogenous DNA fragments and clustered
interchromosomal rearrangements, can occur at the same time. Furthermore, we also
demonstrated for the first time that despite these alterations, the target-derived fragments were
still functional and can confound mechanistic interpretations. In conclusion, these findings
present a new instance of unintended CRISPR/Cas9 editing events that can be easily
overlooked and profoundly affect conclusions drawn from experimental read-outs.
MATERIAL AND METHODS
Cell culture
HAP1 cells were obtained from Horizon Discovery and grown in Iscove Modified Dulbecco
Medium (Hyclone) supplemented with 10% Fetal Bovine Serum (Hyclone) and 1% PenicillinStreptomycin (Sigma). HepG2 cells were obtained from American Type Culture Collection
(ATCC, Rockville, MD) and grown in Dulbecco Modified Eagle Medium (Sigma)
supplemented with 10% FBS and 1% Penicillin-Streptomycin. Cells were cultured in T75
flasks at 37°C and 5% atmospheric CO2. HAP1 and HepG2 cells were propagated by splitting
1/10 every two days and 1/4 every three days, respectively. Upon splitting, after the medium
was aspirated, cells were washed with phosphate buffered saline (Sigma) and detached with
2mL of a trypsin-EDTA solution (Sigma). Trypsin was subsequently inactivated with a
minimum of 3-fold surplus of culture medium before a cell fraction was passaged. Both cell
lines have a certified genotype.
Plasmid construction
gRNAs were designed and assessed using the design tool from the Zhang lab
(https://zlab.bio/guide-design-resources). Each gRNA (Table S1) was separately cloned into
the two BbsI restriction sites of pSpCas9(BB)-2A-Puro (px459) (2).
Transfection and generation of single cell-derived clones
To enhance transfection efficiency, the short-size pBlueScript vector was co-transfected with
large-size CRISPR/Cas9 vectors (3). For generating HAP1 and HepG2 deletion clones, two
CRISPR/Cas9 vectors (Cas9-gRNA-1 and -2) were used. For creating non-targeting control
clones (ctrl), no gRNA sequence was cloned into the CRISPR/Cas9 vector. Non-transfected
(nt) cells served as additional control. About 160,000 HAP1 cells per well were plated in a 6well plate and on the next day transfected using TurboFectin 8.0 (OriGene) according to the
manufacturer’s instructions. Roughly 100,000 HepG2 cells were electroporated using the
NEON electroporation system (Invitrogen) as previously described (3). After 24 h (HAP1) to
48 h (HepG2), cells were then selected by adding 2 µg/mL puromycin to the cell culture
medium for two days. Afterwards, cells were allowed to recover in normal medium. Singlecell clones were hand-picked, grown and expanded.
Genomic DNA extraction
HAP1 and HepG2 cells were lysed in 400 µL lysis buffer (0.5% SDS, 0.1M NaCl, 0.05M
EDTA, 0.01M Tris HCl, 200 µg/mL proteinase K) and incubated at 55ºC overnight. After
which 200 µL of 5M NaCl were added, and the samples were vortexed and incubated on ice
for 10min. After centrifugation (15,000×g, 4ºC, 10 min), 400 µL of the supernatant were
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transferred to a new tube, mixed with 800 µL of 100% EtOH and incubated on ice for at least
10 min. Genomic DNA was pelleted by centrifugation (18,000×g, 4ºC, 15 min), subsequently
washed once with 70% EtOH and resuspended in nuclease-free water.
PCR for genotyping
PCR was performed with Taq polymerase PCR (New England Biolabs) according to the
manufacturer’s instructions. Briefly, 100 to 1000 ng of genomic DNA were used as template
DNA. The 25 µL PCR reaction consisted of 1× standard Taq reaction buffer, 200 µM dNTPs,
0.2 µM primers (Table S1), and 1U Taq DNA polymerase. After thorough mixing of the PCR
reaction, the subsequent PCR was performed using an initial denaturation step of 5 min at 95°C
followed by 35 cycles of 30 sec at 95°C, 30 sec at 55 to 60°C, 60 sec per 1 kb at 68°C and a
final extension step of 5 min at 68°C in a thermocycler (Applied Biosystems) with preheated
lids. All PCR reactions were held at 4°C. PCR products were assessed by gel electrophoresis
on a 1.2% agarose gel.
Primer design
Primers (Table S1) were designed using NCBI Primer-BLAST (37) with default parameters
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome).
To
ensure primer sequence specificity, we chose “Genomes for selected organisms” and “Homo
Sapiens”. Primers with the highest specificity and GC-content of 40 to 60% were selected.
Sanger sequencing
The PCR band indicative for the homozygous deletion (320 bp) was excised from the agarose
gel and purified using Zymoclean Gel DNA Recovery Kit (Zymo Research) according to the
manufacturer’s instructions. The purified DNA (75-150 ng) and the flanking sequence-specific
primers (Supplemental Table 1) were sent for Sanger sequencing (Eurofins, Mix2Seq).
RNA extraction and DNase-treatment
Cells were harvested at 80% to 90% confluency in 6 cm dishes. Cells were put on ice and 700
µL Qiazol (QIAGEN) were directly added onto the cells. Cells were scraped, mixed properly
with Qiazol and collected in 1.5 ml tubes (Eppendorf). Afterwards, 140 µL chloroform were
added. The mixture was shaken for 30 sec and incubated for 2.5 min at room temperature,
before centrifugation at 9,000×g for 5 min at 4°C. After phase separation by centrifugation, the
upper aqueous phase was carefully transferred in a new tube and mixed with 1 volume
isopropanol. The tubes were inverted 5 times, followed by 10 min incubation at room
temperature. The RNA was pelleted by centrifugation at 9,000×g for 10 min at 4°C. The pellet
was washed carefully once using 700 µL ice-cold 70 % ethanol. The RNA was resuspended in
30-50 µL nuclease-free water. RNA concentration and purity were determined by nanodrop
(Nanodrop 2000c). Afterwards, 6 µg RNA were mixed with 5 µL 10×TurboDNase buffer
(Invitrogen), 1 µL TurboDNase (Invitrogen), 1 µL RNase Inhibitor (RiboLock, Invitrogen),
and water was added to a total volume of 50 µL and subsequently incubated at 37°C for 30
min. DNase-treated RNA was purified with the Zymo RNA Clean & Concentrator Kit (Zymo
Research) and eluted in 13 µL nuclease-free water. The concentration was determined by
nanodrop.
cDNA synthesis and qPCR
5 µg of purified total RNA were mixed with 1 µL random primers (250 ng/µL) and 1 µL dNTP
Mix (10 mM each, Thermo Scientific) to a final volume of 12 µL. The mixture was incubated
in a thermocycler for 5 min at 65°C and then quickly chilled on ice. Afterwards, 1 µL RNaseInhibitor (RiboLock, Invitrogen), 4 µL 5x First-Strand Buffer (Invitrogen) and 2 µL 0.1 M
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DTT (Invitrogen) were added. After incubation for 2 min at 25°C, 1 µL SuperScript II reverse
transcriptase (Invitrogen) was added. Samples were incubated in the thermocycler for 10 min
at 25°C, 50 min at 42°C, 15 min at 70°C and held at 4°C.
After cDNA synthesis, 0.4 µL of E. coli RNase H (2 units) were used for digestion and
incubated at 37°C for 20 min. Zymo DNA Clean & Concentrator Kit (Zymo Research) was
used to purify cDNA.
The cDNA for qPCR was diluted to 1 ng/µL with nuclease-free water. The qPCR was
conducted in 384-well plate with 10 µL system, containing 5 µL SYBR-Green Mix (PowerUp),
1 µL of primer, 1 µL of template and 3 µL of nuclease-free water. The qPCR was run on RealTime-PCR machine (QuantStudio 5). The following parameters were set: initial heating steps
of 2 min at 50°C followed by 2 min at 95°C. 40 cycles of 15 sec at 95°C and 1 min at 60°C.
Melting curve: 15 sec at 5°C, 1 min at 60°C with ramp rate 1.6°C/sec and 15 sec at 95°C with
ramp rate 0.075°C/sec. Gene expression levels of each target were normalized to the expression
of GAPDH. Three technical replicates were used for each sample per target, and three
biological replicates were included to calculate the mean and standard derivation.
Crystal Violet assay
About 1,000 HAP1 or 5,000 HepG2 cells were seeded into 96-well plates in six technical
replicates. Cells were assayed daily from day 1 to day 4. For the measurement, the medium
was aspirated and carefully washed with 1×PBS twice. For staining, 100 µL of 0.5 % crystal
violet solution (1% aqueous solution, diluted with water) (Sigma-Aldrich) were added to each
well. After 1 min incubation at room temperature, the staining solution was removed. Each
well was carefully washed 4 to 6 times with water to completely remove the unbound staining
solution. After the wash, 100 µL of 10% acetic acid diluted in water (Fisher Scientific, AR
grade) were used to dissolve the stain. The mixture was transferred to a new 96-well plate, and
the absorption at 570 nm was measured on a plate reader (Spectramax i3x, Molecular Devices).
Wells without cells were included in the assay as blank control. Background values were
subtracted from the obtained values of optical density (OD). Three biological replicates were
included to calculate the mean and standard deviation.
Chromatin immunoprecipitation followed by sequencing (ChIP-seq)
ChIP-seq experiments were performed as previously described (23). Briefly, HAP1 and HepG2
cells were fixed in 1% formaldehyde, lysed, sonicated and then incubated with Pol III
antibodies recognizing antigen POLR3A (21) or H3K4me3 antibodies (05-1339, Millipore).
Immunoprecipitated DNA was used to generate sequencing libraries using the Takara
SMARTer ThruPLEX DNA-seq Kit according to the manufacture’s protocol. Library size
distribution and quality were assessed by an Agilent Bioanalyzer instrument using highsensitivity DNA chips. The KAPA-SYBR FAST qPCR kit (Roche) was used to quantify the
libraries. The sequencing run was performed with the NextSeq 500/550 High Output v2 kit
(Illumina) for 81 cycles, single-end on an Illumina Nextseq500 platform.
ChIP-seq data analysis
The qualities of reads were assessed using FastQC (38). Reads were aligned to the human
reference genome hg38 using BWA (39). PCR duplicates and reads mapping to the ENCODE
blacklist (https://sites.google.com/site/anshulkundaje/projects/blacklists) were removed using
SAMtools (40) and NGSUtils (41). Bedgraph files were generated using deepTools (42).
UCSC (http://genome.ucsc.edu) (43) or IGV (44) was used for visualization of the genomic
loci or bam and bedgraph files. To avoid multi-mapping issues, we only considered reads with
a mapping quality higher than 30 when inspecting peaks located at the target region. For
aligning reads to the assembled contigs or the plasmids, BWA (39) was used for read mapping,
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followed by extraction of non-soft clipped reads with SAMtools (40). To count the number of
Pol III reads, BEDTools (45) was used. Bed files containing tRNA gene location were obtained
from GtRNAdb (46, 47).
Xdrop
High-molecular-weight genomic DNA from the HAP1 Δt72 as well as HepG2 Δt15, Δt8 and
Δi50 deletion clone was extracted using Quick-DNA kit (Zymo Research) and shipped to
Samplix Services (Denmark) for Xdrop® DNA enrichment followed by Oxford Nanopore
Technology (ONT) long-read sequencing (LRS) (35, 48). Briefly, the Xdrop target enrichment
workflow allows to capture and to enrich for a region of interest of up to 100 kb by targeting a
short detection sequence. For the enrichment of the specific target region, detection primers
were designed using the online primer design tool from Samplix to target a 120 bp detection
sequence approximately mid-way between the Cas9 cut sites. At Samplix services, DNA
quality was checked using the TapestationTM System (Agilent Technologies Inc.) using
Genomic DNA ScreenTape according to the manufacturer’s instructions. DNA was further
purified using HighPrep™ PCR Clean-up Bead System according to the manufacturer’s
instructions (MAGBIO Genomics) with the following changes: Bead-to-sample ratios were 1:1
(v:v) and elution was performed by heating the sample in the elution buffer for 3 min at 55°C
before separation on the magnet. The samples were eluted in 20 µL 10 mM Tris-HCl (pH 8).
Purified DNA samples were quantified by Quantus (Promega Inc.) FluorometerTM, according
to the manufacturer’s instructions. PCR reagents, primers, as well as 4 -10 ng purified DNA of
each sample, were partitioned in droplets and subjected to droplet PCR (dPCR) using the
detection primers (see above). The dPCR droplets were then sorted by fluorescence-activated
cell sorting (FACS). The isolated droplets were broken, and DNA was again partitioned in
droplets and amplified by multiple displacement amplification in droplets (dMDA) reactions.
After amplification, DNA was isolated and quantified. The MinION sequencing platform from
ONT was used to generate LRS data from the dMDA samples as described by the
manufacturer’s instructions (Premium whole genome amplification protocol (SQK-LSK109)
with the Native Barcoding Expansion 1-12 (EXP-NBD104) and 13-24 (EXP-NBD114)). In
short, 1.5µg amplified DNA of each sample was treated with T7 Endonuclease I, followed by
size selection, end repair, barcoding, and adaptor ligation. After library generation, the samples
were loaded onto a MinIon flow cell 9.4.1 (20fmol) and run for 16h under standard conditions
as recommended by the manufacturer (Oxford Nanopore Inc.). Generated raw data (FAST5)
was subjected to base-calling using Guppy v. 3.4.5 with high accuracy and quality filtering to
generate FASTQ sequencing data.
Xdrop data analysis
FASTQ reads were first corrected using Canu (49), followed by SACRA (50) to further identify
and split chimeric reads. Reads were aligned to either the human reference genome (hg38) or
the region of interest with minimap2 (51). For the de novo sequence assembly-based approach
(Fig. S2C), the sequences of mapped reads were extracted from FASTQ files based on the
mapped read IDs with SAMtools and SeqKit (52). The de novo sequence assembly was
performed with these mapped reads using Canu or Raven (53). The output contigs were
compared
and
assessed
by
pairwise
alignment
with
Needle
(https://www.ebi.ac.uk/Tools/psa/emboss_needle/), MegaBLAST against NCBI standard
database of nucleotide collection (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and manual
inspection of the read alignment quality and coverage to the assembled contigs. If the flanking
sequence of the target region needed to be extended, reads mapping to the 5’ or 3’ end of the
contig were used for the second round of a de novo sequence assembly. If the read coverage
was lower than the requirement of the assemblers, a manual extension was required. To do so,
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the soft clipped sequences of the reads mapping to the 5’ or 3’ end of the contig were visualized
in the Integrative Genomics Viewer (IGV), manually compared and summarized. After the
contig was successfully assembled, both corrected reads (using Canu and SACRA corrections)
and raw reads were aligned to the contig. If there were more than one contig assembled for one
sample, the contigs were merged into one de novo genomic reference to enhance the accuracy
of the alignment. The contigs were assessed by visualization of aligned reads supporting
breakpoints of the contig using IGV. ChIP-seq reads aligning to the contigs were used to assess
and polish the contig.
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FIGURES & FIGURES LEGENDS

Fig 1. The target region remained functional in deletion clones. (A) The hg38 genome
browser view shows the genomic location of our target locus (red). Arrows denote
directionality of gene transcription. (B) Illustration of the design strategy of Cas9 dual gRNA
deletion strategy. Cas9 cut sites (red horizontal lines and scissors) and primers for validation
(green arrows) are indicated. The target region (orange) containing two target tRNA genes
(black) is around 870 bp. The size of the PCR product in control clones is around 1,200 bp. (C)
The hg38 genome browser view demonstrates normalized ChIP-seq reads for H3K4me3 and
Pol III covering the target loci (highlighted in red) in the HAP1 control (ctrl) and Δt72 as well
as HepG2 ctrl and Δt15 clones. (D) Alignment tracks show individual H3K4me3 ChIP-seq
reads of the deleted and surrounding region as in (C). DSB sites (red lines and scissors) and
tRNA gene locations (black) are indicated. Examples of reads spanning (top) or not spanning
(bottom) DSB site are illustrated (yellow box).
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Fig 2. A duplication, inversion and local insertion of target-derived fragments occurred
in the HAP1 Δt72 deletion clone. (A) The hg38 genome browser view shows Xdrop-LRS
(top, corrected and raw reads) and ChIP-seq (bottom, H3K4me3 and Pol III) reads aligned
against the assembled contig. Arrows (top) show genomic orientation and approximate size of
the flanking (5’ light and 3’ dark blue) and target (orange) regions within the contig.
Representative aligned reads for cluster I, II and III support three different breakpoints (BP13, blue vertical lines) within the contig. (B) Schematic illustration of the primer design strategy
to validate contigs by PCR and the expected amplicon length (top) representing scenarios in an
unmodified control, expected and observed deletion event. Agarose gel (bottom) confirms the
size of the obtained PCR products. Marker bands specify DNA size in bp.
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Fig 3. A duplication, inversion of target-derived fragments and integration of exogenous
DNA fragment arose in the HepG2 Δt15 deletion clone. (A) The hg38 genome browser view
shows Xdrop-LRS (top, corrected and raw reads) and ChIP-seq (bottom, H3K4me3 and Pol
III) reads aligned against the assembled contig supporting four different breakpoints (BP1-4,
blue vertical lines) within the contig. Arrows (top) show genomic orientation and approximate
size of the flanking (blue) and target (orange) regions as well as sequences of the E. coli
genome (green) and the CRISPR/Cas9-gRNA-Δt-1 transfection vector (yellow) present within
the contig. (B) Coverage tracks display Xdrop-LRS corrected and raw reads aligning to the
CRISPR/Cas9 vector (top). Sequence annotations and directions of gene transcription are
labelled in accordance to the CRISPR/Cas9 vector map. The gRNA-Δt-1 cloning site and reads
mapping to this region are highlighted (purple horizontal line) and magnified (bottom). (C)
Schematic illustration of the strategy to validate the contig and the expected PCR product
length (top) in an unmodified control, expected and the HepG2 Δt15 deletion clone. Agarose
gel electrophoresis (bottom) visualizes the size of the PCR products. Marker bands specify
DNA size in bp. (D) Stacked bar plot indicates the frequency of on-target genomic alterations
in the validated HAP1 (n=5) and HepG2 (n=17) Δt deletion clones.
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Fig 4. Clustered interchromosomal rearrangements, inversion of target-derived
fragments and vector integration were identified in the HepG2 Δt8 deletion clone. (A-B)
The hg38 genome browser view displays the Xdrop-LRS corrected (top) and raw (bottom)
reads aligned to the de novo assembled contig 1 (A) and contig 2 (B) supporting different
breakpoints (blue vertical lines) within the contig. Arrows (top) show genomic orientation and
approximate size of the flanking (blue) and target (dark orange) regions as well as fragments
deriving from the chromosome 21 (light green), the chromosome 8 (dark green) and the
CRISPR/Cas9 transfection vector (light orange) present within the contig. (C) Coverage tracks
show Xdrop-LRS corrected and raw reads aligning to the CRISPR/Cas9 vector (top). The
vector fragments that were detectable in contig 1 (amber) and contig 2 (grey) are highlighted.
The gRNA-Δt-1 cloning site and reads mapping to this region are highlighted (purple
horizontal line) and magnified (bottom).
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Fig 5. On-target genomic rearrangements were detected in intergenic region deletion
clones. (A) The hg38 genome browser view shows the genomic location of the target locus
(red) for intergenic region deletion (Δi). Arrows denote directionality of gene transcription. (B)
Illustration of the design strategy for generating Δi clones. The cut sites of Cas9 (red horizontal
lines and scissors), primers for validating the deletion (flanking primers, green arrows) and for
detecting clones with genomic alterations (internal primers, light orange arrows) are indicated.
The target region (orange) between two target tRNA genes (black) is around 630 bp. The size
of the PCR product with flanking or internal primers in control clones is around 1,200 bp or
341 bp, respectively. (C) Stacked bar plot indicates the frequency of on-target genomic
alterations in the validated HAP1 (n=7) and HepG2 (n=8) Δi deletion clones. (D) The hg38
genome browser view displays the alignment of the Xdrop-LRS raw reads to the human
reference genome (hg38) at the target locus. The large deletion is indicated in the grey crossed
box. The annealing sites of the flanking primers for the validation PCR experiment are
displayed with green arrows.
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Fig 6. Adverse on-target genomic alteration affected cell growth and promoted active
transcription. (A) Bar plots display the sum of Pol III ChIP-seq read counts covering the two
target tRNA genes (tRNA-Cys-GCA-2-3 and tRNA-Cys-GCA-2-4) after normalization in the
control clones and observed Δt (Δt72 and Δt15) deletion clones in HAP1 and HepG2 cell lines.
The read counts are indicated at the top of the bar. (B) Line graphs show the relative number
of cells (measured by optical density, OD) cultured over four days after seeding and measured
by the crystal violet assay (n=3, mean +/- SD). Statistics: one-way ANOVA followed by Tukey
HSD test. Significance code: p<0.001(***, when compared to the HAP1 Δt3 deletion clone
and ###, when compared to the HAP1 Δt59 deletion clone); ns, not significant. (C) Illustration
of the different CRISPR/Cas9 vector sequences (fragment 1-3, top) that integrated in the
HepG2 Δt15 deletion clone (middle). The orientation of integration is shown. Coverage tracks
(bottom) show mapping of H3K4me3 and Pol III ChIP-seq data to the integrated CRISPR/Cas9
vector sequences. (D) Bar graphs display expression levels of genes that integrated in the
HepG2 Δt15 and Δt8 deletion clones. HepG2 non-targeting clones (ctrl) as well as nontransfected (nt) cells were used as controls. Expression levels were normalized to GAPDH gene
expression and determined by qPCR (n=3, mean +/- SD). Statistics: one-way ANOVA,
followed by Tukey HSD test. Significance codes: *p<0.05, **p<0.01, ns: not significant.
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SUPPLEMENTAL MATERIAL

Fig S1. Validation of the tRNA gene locus deletion in HAP1 and HepG2. (A) Schematic
illustration of the workflow to obtain single cell-derived deletion clones. (B) Chromatograms
confirm deletions in the HAP1 Δt72 and HepG2 Δt15 deletion clones. DSB sites induced by
CRISPR/Cas9 are shown by red lines and scissors. (C-D) Agarose gels confirm the size of the
obtained PCR products to validate deletion events (320 bp) using primers annealing to the
flanking regions of the target sites (Fig. 1B) in the HAP1 (C) and HepG2 (D) clones. In C, the
HAP1 clone with duplicated target regions is bolded. (E-F) Schematic illustration of additional
primers designed to distinguish unmodified control, expected and observed deletion events are
used in HAP1 (E) and HepG2 (F). Deletion clones confirmed in C and D with a reinserted
target region (340 bp, if duplication: 340 bp and 1,200 bp) are indicated in red. Marker bands
specify DNA size in bp.
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Fig S2. Complex on-target genomic alterations were revealed by Xdrop-LRS. (A)
Alignment tracks display Xdrop-LRS corrected and raw reads at the target loci in HAP1 Δt72
(top), HepG2 Δt15 (middle) and HepG2 Δt8 (bottom) deletion clones. DSB sites (red triangles)
and tRNA genes (black) are shown. (B) Line graphs show coverage when aligning raw reads
obtained for the HAP1 Δt72 (top), HepG2 Δt15 (upper middle), HepG2 Δt8 (lower middle)
and HepG2 Δi50 (bottom) deletion clones to the human reference genome (hg38). The position
was defined by the coordinates from the human reference genome (hg38). Red lines and
triangles highlight the location and dashed lines indicate the number of reads covering the
target regions. (C) De novo assembly-based analysis workflow. (D) Coverage tracks display
HepG2 Δt15 deletion clone Xdrop-LRS corrected and raw reads aligning to the pBlueScript
vector. (E) Agarose gel confirms the size of the CRISPR/Cas9-gRNA-Δt-1 and -2 vectors
(around 9,170 bp) after plasmid purification.
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Fig S3. Validation of the intergenic region deletion in HAP1 and HepG2. (A-B) Agarose
gels display the size of the obtained PCR products using flanking primer (left) to validate
deletion events and the internal primer (right) to check for genomic alterations (Fig. 5B) in
HAP1 (A) and HepG2 (B) clones. Clones with genomic alterations are indicated in red.
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Fig S4. Hypothetical model of on-target genomic alterations in HAP1 and HepG2. (A-C)
CRISPR/Cas9-mediated DSBs cleaving of the target region from the genome in the mother
cell. Fragments were inverted and reinserted in one daughter cell (DC) in both the HAP1 (A)
and the HepG2 (B-C) deletion clones. Additionally, the duplication (A-B) and the exogenous
DNA sequences integration (B-C) as well as endogenous interchromosomal DNA integration
(C) were observed. In the HepG2 Δt8 deletion clone (C), the two scenarios of the distribution
of the two alleles with on-target genomic alterations are indicated with labels and dashed
squares. (D) The sequence of the large deletion breakpoint junctions in the HepG2 Δi50
deletion clone is shown. The grey box indicates the deletion.
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