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DNA transposon-based gene delivery vectors represent a prom-
ising new branch of randomly integrating vector development
for gene therapy. For the side-by-side evaluation of the
piggyBac and Sleeping Beauty systems—the only DNA transpo-
sons currently employed in clinical trials—during therapeutic
intervention, we treated the mouse model of tyrosinemia type
I with liver-targeted gene delivery using both transposon vec-
tors. For genome-wide mapping of transposon insertion sites
we developed a new next-generation sequencing procedure
called streptavidin-based enrichment sequencing, which allowed
us to identify approximately one million integration sites for
both systems. We revealed that a high proportion of piggyBac
integrations are clustered in hot regions and found that they
are frequently recurring at the same genomic positions among
treated animals, indicating that the genome-wide distribution
of Sleeping Beauty-generated integrations is closer to random.
We also revealed that the piggyBac transposase protein exhibits
prolonged activity, which predicts the risk of oncogenesis by
generating chromosomal double-strand breaks. Safety concerns
associated with prolonged transpositional activity draw atten-
tion to the importance of squeezing the active state of the trans-
posase enzymes into a narrower time window.

INTRODUCTION

The successful introduction of therapeutic genes into target cells is a
prerequisite for classical gene therapy. For achieving long-term gene
expression and clinical benefit, integration of these therapeutic genes
to the chromosomal DNA of the target cells is also required. From the
early stages of gene therapy, viral vectors have represented the major-
ity of vehicles for transferring genes to human cells. This is due to

their high transduction rate and the ability to stably integrate their
cargo into the host genome. Most of the integrating viral vectors
used for gene therapy originate from vy-retroviruses and more
recently from lentiviruses (according to the database of the Journal
of Gene Medicine, http://www.abedia.com/wiley/).

Insertional mutagenesis is a natural outcome of random vector inte-
grations. As a consequence, during the first decade of the 2000s, inser-
tional oncogenesis has emerged as a major limitation in retrovirus-
based gene therapy protocols treating primary immunodeficiencies.'
In addition to the potential disruption of host genetic elements, an
even more dangerous phenomenon, the transcriptional deregulation
of genes near the sites of vector integrations has been shown to
contribute greatly to insertional oncogenesis. This phenomenon is
caused by genetic elements present on the vector or on the cargo
DNA. Virus-specific transcriptional enhancers within the retroviral
long terminal repeats have been identified as one of the major deter-
minants of nearby host gene activation.” Thus, two factors, biased
genomic vector integration and the potential of the vector to tran-
scriptionally deregulate nearby genes, collectively increase the likeli-
hood of insertional oncogenesis. Interestingly, the AAV-based vectors
that are presently blooming in popularity may also be affected by
insertional oncogenesis. When using rAAV vectors, even though
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they are non-integrating by design, chromosomal integration of the
vector occurs at significant frequencies producing the long-term
expression of transgenes.” Thus, similarly to other integrating vectors,
insertional oncogenesis is a concern with rAAV, as illustrated by
studies where gene therapy treatments were associated with tumori-
genesis in mice resulting from the integration of rAAV vectors.*”

To increase vector safety, researchers started to develop new types of
randomly integrating vectors. DNA transposon-based gene delivery
vectors represent a promising new branch of randomly integrating
vector development for gene therapy. Recently, we and others have
been able to increase the gene transfer efficiency of two DNA trans-
poson systems, the Sleeping Beauty (SB)° and the piggyBac (PB)’ to
the viral range. Thus, these two systems may be used as substitutes
for viral vectors in most current clinical protocols.” Immunogenicity
problems are much less pronounced for transposon vectors due to the
lack of viral capsid. Chromosomal gene transfer requires only the
presence of a single protein, the transposase helper. Since transposon
inverted terminal repeat (ITR) sequences, especially those of the SB
system do not have a significant effect on the genes in their vicin-
ity, 211
the risk of insertional oncogenesis.

the use of transposon-based vectors is also expected to reduce

It has long been known that the genome-wide integration pattern of
randomly integrating vectors cannot be considered completely
random.'” Biased genomic vector integration patterns occur because
viruses and transposons from which those gene delivery vectors of
gene therapy are derived have certain preferences for their sites of
integration in the host genome. The driving force behind such pref-
erences is to ensure the proper expression of the newly integrated vi-
rus or transposon copy. These preferences in whole or in part are
transmitted to the derivative gene delivery vectors as well. The sup-
portive or inhibitory nature, regarding expression, of a given chromo-
somal locus is determined by a variety of chromatin resident factors
such as transcriptional regulators and histone modifications.

In this study, to better understand DNA transposon-mediated thera-
peutic gene delivery and to assess its risks we carried out a high-res-
olution analysis of the PB and SB transposon integration sites during
the gene therapeutic treatment of the mouse model of tyrosinemia
type I (TT1)."” We applied the SB1006 and hyperPB7 transposases,
as they provide hyperactive gene delivery systems that may replace
viral vectors in the majority of clinical protocols. A prerequisite for
conducting the analysis at the appropriate depth was the development
of a new next-generation sequencing (NGS) procedure that is well
suited to locate vector integration sites from very heterogeneous sam-
ples. Using this procedure, we were able to detect up to 120,000 trans-
poson integration events from a single gene therapy-treated organ.
We identified and examined approximately one million integration
sites for both systems. We explored several interesting and hitherto
unknown features of the mode of action of the PB and SB systems
in mouse hepatocytes such as hot regions affected by a high frequency
of vector integration and the clustering of integrations in larger
genomic regions, indicating the occurrence of "local hopping.""*
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From the analysis of the genome-wide distribution of vector integra-
tion sites, it was clear that the integration pattern of the SB system is
much closer to random.

Comparing the supporting NGS read numbers of vector integrations
in the short- and long-term monitored groups of PB- and SB-
treated experimental animals we revealed no signs of insertional
oncogenesis using either transposon system. However, using time-
shifted delivery experiments of the transposase and transposon
components we also proved that, upon introduction to the mouse
liver, the PB system exhibits prolonged transpositional activity as
compared with SB. This feature of the PB system represents a po-
tential new risk factor for DNA transposons, the underlying hazards
of which are not yet fully recognized. This work offers a potential
mechanism to explain the adverse events seen in the clinical trial
of first-in-human administration of PB-modified chimeric antigen
receptor (CAR) T cells.'>"°

RESULTS

Hyperactive transposon-based in vivo gene therapeutic
treatment of TT1 mice

For the side-by-side evaluation of the two hyperactive DNA trans-
poson systems potentially applicable in gene therapy, we chose to
treat the preclinical mouse model of the human TT1 disease'” using
both types of vectors. TT1 is a fatal inherited disease with progressive
liver dysfunction, which in humans is caused by germline mutations
in the fumarylacetoacetate hydrolase (FAH) gene. The FAH gene
product is the last enzyme of the tyrosine degradation pathway, and
in its absence hepatocytes are killed due to the accumulation of suc-
cinylacetone and other harmful metabolites arising from the blocked
tyrosine catabolism (supplemental material 1: Figure S1A). Fah-defi-
cient mice, if left untreated, also die neonatally due to liver dysfunc-
tion. The fatal liver phenotype of the TT1 disease can be cured by a
drug called nitisinone (NTBC). NTBC blocks tyrosine catabolism up-
stream of Fah and thereby prevents the buildup of hepatotoxic metab-
%19 (supplemental material 1: Figure S1A). We created a Fah
gene knockout (KO) mouse strain that carries a deletion spanning
over exons 2 to 5, and exhibits a TT1 phenotype similar to that of
the original KO strain'’ (supplemental material 1: Figures S1B
and S1C).

olites’

In vivo transposon-based gene therapy was applied to treat Fah KO
mice using either the PB or the SB vector system. In both cases, the
Fah therapeutic gene was inserted between the transposon ITRs and
the hyperactive transposase helper was administered as a separate
plasmid. We treated 12 mice using each type of vector, of which
6 animals were sacrificed at 2 months after treatment (short-term
monitoring) and the remaining 6 animals at 7 months after treat-
ment (long-term monitoring) (supplemental material 1: Table S1).
The transposon and the transposase plasmid components of both
systems were hydrodynamically delivered into the liver of Fah KO
mice, then NTBC was withdrawn (Figure 1A). Control mice hydro-
dynamically injected only with transposon plasmids died after
NTBC withdrawal, whereas those injected with either of the
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Figure 1. In vivo transposon-based gene therapeutic
treatment of TT1 mice

(A) Schematic diagram of animal treatment. (B) Fah im-
munostaining of liver sections 2 months after NTBC
withdrawal. (C) Alanine aminotransferase (ALT) levels
measured in blood samples.

NTBC withdrawal

of vector-genome joint sequences using strep-
tavidin-coated paramagnetic beads (supple-

1500 mental material 1: Figure S3). The efficiency
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vector insertion sites mapping to unique

0 genomic positions in a single treated organ in
&° & both cases (Figure 2B), and a total of approxi-
QQ)\" %Q)\" mately one million sites were identified for the

transposon/transposase cocktails started to regain weight after a
short period of weight loss, and soon reached the weight of healthy
controls (supplemental material 1: Figure S1D). Hydrodynamic
plasmid delivery primarily targets hepatocytes by the enhancement
of their membrane permeability.”’ In those hepatocytes where hy-
drodynamic transfection was successful, the hyperactive transposase
helper enzymes could catalyze the “cut and paste” transposition re-
actions”' (supplemental material 1: Figure S2); the excision of the
transposon followed by its integration into the host chromosomes.
Already after 2 months, most hepatocytes were Fah-positive because
Fah KO livers exerted selection pressure for genetically corrected
Fah-expressing hepatocytes®® (Figure 1B). Serum levels of alanine
aminotransferase (ALT) also confirmed the healthy state of liver tis-
sue in treated animals (Figure 1C). Remarkably, we saw no sign of
tumorigenesis in the course of either short- or long-term moni-
toring of the experimental animals.

NGS identification of vector integration sites revealed that the
genome-wide distribution of SB integration events is closer to
random

At the end of the monitoring periods, genomic DNA was isolated
from the 12 PB- and the 12 SB-treated livers. Next, using a qPCR
method, we identified the average therapeutic gene dose in the organs
as 1, 2 and 1,83 copies per diploid genome for the PB and for the SB
systems, respectively (Figure 2A).

To more accurately assess the genome-wide consequences of thera-
peutic gene delivery mediated by hyperactive transposon systems,
we identified vector insertion sites from the 12 PB- and the 12
SB-treated livers. For this purpose, we developed a novel NGS
approach designated as streptavidin-based enrichment sequencing
(SBE-seq), the key element of which was the efficient enrichment
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PB and for the SB transposon systems as well
(Table S3). We focused our analysis only on
uniquely mapped integrations and performed additional filtering
(see materials and methods for details) to avoid possible artifacts,
even due to errors or imperfections in the mouse reference genome.

Strikingly, we found 138,587 and 18,496 PB and SB vector integration
sites in the mouse genome, respectively, which occurred more than
once in the 12 PB- and 12 SB-treated animals. These unique genomic
positions resulted in 411,712 and 37,923 recurrent vector integration
events identified in the 12 PB- and 12 SB-treated animals, corre-
sponding to 37.19% and 4.01% of all identified PB and SB integration
events, respectively (supplemental material 1: Figure S4C). The one
order of magnitude fewer recurrent integrations observed for the
SB system suggests that the genome-wide distribution of vector inte-
gration sites upon gene delivery with this system is closer to random.
The number of recurrent integrations and their number of repetitions
are listed in Table S3. A single vector integration site was identified
that reached the maximum detectable repetition number of 24. This
means that we found vector integrations in both orientations at this
genomic position in all 12 animals treated with the given gene delivery
system. This integration site was identified for the PB system on Chr6
at position 71170422-71170426, approximately 6 kb upstream of the
fatty acid binding protein 1 (Fabp1) gene, which is highly expressed in
the liver and intestine.

Of the approximately one million vector integration sites identified
per gene delivery system, we found 4.61% and 1.99% non-canonical
integration sites for the PB and SB systems (Table S3), respectively,
which corresponds approximately to the literature data published
so far.”! Non-canonical integrations refer to transposon integrations
into target sequences other than the canonical TTAA (PB) and TA
(SB) target sites. The sequence composition of non-canonical target
sites of the PB and SB systems are illustrated by sequence logo type
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Figure 2. NGS identification of vector integration sites in the liver revealed deep features of transposon-based gene delivery

(A) Copy number of the therapeutic gene in the livers of PB- and SB-treated animals. Liver DNA samples were tested using a Fah therapeutic gene-specific gqPCR assay.
Results were normalized to measurements of the olfactory receptor 16 (O/fr16) gene as an input control, and values are presented relative to one diploid genome. (B) Number
of vector integrations identified in the livers of PB- and SB-treated animals. (C) Sequence logo type representation of the sequence composition of non-canonical PB
integration sites. (D) Sequence logo type representation of the sequence composition of non-canonical SB integration sites. (E) Fraction of vector integrations found in genes.
Here, the gene body was defined as the entire gene from the transcription start site to the end of the transcript. Control values were determined from the distribution of all
potential TTAA (PB) and TA (SB) target sites in the mouse genome. (F) Fraction of vector integrations found in promoters. Control values were determined from the distribution

(legend continued on next page)
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representations (Figures 2C and 2D). The position weight matrices
for which the sequence logos were plotted are provided in Table S3.
We also detected the presence of 7.47% and 1.75% of recurrent
non-canonical integration events of all non-canonical integration
events identified in 12 PB- and 12 SB-treated animals, respectively
(Table S3). For both systems, this is significantly lower than the recur-
rence rate observed in the entire population of identified integration
events.

We observed specific regions in the murine hepatocyte genome that
were often targeted by transpositions. To refine this picture, we
defined a so-called hot region as a region with an insertion density
of greater than one per kilobase, with at least five insertions in total,
and a less than 1 kb maximum distance between the adjacent inser-
tions. These criteria had to be independently met in at least two ani-
mals in the given experimental panel over the same genomic region.
We identified 1,438 and 8 such hot regions for the PB and for the SB
transposon systems, respectively (Table S3) and 0.07% of the PB and
12.5% of the SB hot regions were shared (overlapping) with the other
system. Of all identified integrations, 5.32% and 0.03% fell into these
hot regions for the PB and for the SB systems, respectively. The much
less hot regions identified for the SB system is further supporting that
the genome-wide distribution of vector integration sites upon gene
delivery with this system is closer to random. We filtered the gene an-
notations overlapping hot regions (+ 5 kb) using the Catalogue of So-
matic Mutation in Cancer (COSMIC) Cancer Gene Census (CGC)
database®” currently containing over 700 genes with a documented
role in cancer. Among the genes overlapping with hot regions, we
found CGC annotations of 72 genes for the PB system and 1 for
the SB system (Table S3).

We investigated the genome-wide distribution of the identified vector
insertion sites, and found that 69.86% of the PB and 60.59% of the SB
integrations fell into genes, which, in both cases, but especially for the
PB system, is higher than the expected random distribution (Fig-
ure 2E). When looking at the subregions within genes, the most strik-
ing difference between the two gene delivery systems studied ap-
peared to be the proportion of vector integrations falling in
promoter regions. Of all PB integrations, 11.60% landed in promoter
sequences and this was not due to enrichment of potential TTAA
target sites in promoter sequences, while SB integrations did not
show significant enrichment in the latter regions (Figure 2F). By con-
ducting a more detailed analysis of the distribution of integration
events in the vicinity of promoter regions we confirmed the strong
positive correlation of PB integrations to this element (Figure 2G).
However, the previously published bimodal distribution of PB inte-
gration events around transcription start sites (TSSs)*” is, according

to our study, largely due to the primary distribution of potential
TTAA target sites around the TSS as the phenomenon is only seen
in the absence of correction with a random TTAA control sample
(Figure 2H; supplemental material 1: Figure S5A).

We also compared our integration datasets with the data of seven avail-
able ChIP-seq experiments performed on healthy mouse liver
(Table S4) to determine coincidence with different histone modifica-
tions occurring in the promoter and transcribed regions of active or
repressed genes. We found a strong positive correlation of PB trans-
poson integrations with H3K27Ac and H3K4Me3 modifications
(Figures 2I and 2J) accumulating in the promoter region of active
genes.”>*> The other forms of H3K4 methylations, H3K4Me2 and
H3K4Mel, occur in the promoter and transcribed regions of active
genes.”” Both modifications, especially H3K4Me2, correlated positively
with the integrations of the PB system (Figure 2K; supplemental mate-
rial 1: Figure S5B). Interestingly, we were also able to show a negative
correlation of the H3K36Me3 modifications accumulating in the tran-
scribed regions of active genes®® with PB integrations (Figure 2L).
Finally, we investigated the H3K27Me3 and H3K9Me3 modifications
that occur in the promoter and transcribed regions of repressed
genes,” where H3K9Me3 directs DNA methylation and heterochro-

6 We found no correlation with these modifications

matin formation.
in the vicinity of integrations of either one of the gene delivery systems

examined (Figure 2M; supplemental material 1: Figure S5B).

To better assess the potential risk of insertional oncogenesis’s associ-
ation with the application of the hyperactive PB and SB transposon
systems, we also compared the supporting NGS read numbers of vec-
tor integrations in the short- and long-term monitored experimental
groups for both transposon systems. We looked for genes (+ 5 kb) in
the region of which the supporting read number of vector integrations
were significantly increased in the long-term monitored group
compared with the short-term monitored one. Such a situation would
suggest a steady growth of hepatocyte colonies carrying integrations
within those genes. For the SB system only four genes were found
where vector integrations had more than five times higher average
supportive read numbers in the group of animals monitored on the
long-term and at least one individual integration had a supportive
read count above 300 (Table S3). None of these genes are recorded
in the CGC database. No genes meeting these criteria were found
for the PB system.

Delayed transposon introduction proved the prolonged activity
of the PB system

It is well known that transposons remobilized from chromosomal po-
sitions tend to land into cis-linked sites in the vicinity of the donor

of all potential TTAA (PB) and TA (SB) target sites in the mouse genome. (G) Distribution of promoter elements in the £5 kb environment of integration sites. From (G-M) the
values at each point were divided by the in silico control values to obtain the fold change. Control values were determined by examining randomly selected sets of potential PB
and SB target sites of similar size. (H) Distribution of TSS elements in the +5 kb environment of integration sites. (I) Distribution of H3K27Ac histone modifications in the +5 kb
environment of integration sites. (J) Distribution of H3K4Me3 histone modifications in the +5 kb environment of integration sites. (K) Distribution of H3K4Me2 histone
modifications in the +5 kb environment of integration sites. (L) Distribution of H3K36Me3 histone modifications in the +5 kb environment of integration sites. (M) Distribution of

H3K27Me3 histone modifications in the +5 kb environment of integration sites.
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locus. This phenomenon is called “local hopping” and is common to
both the PB*” and the SB*® transposons. Although during in vivo ther-
apeutic gene delivery transpositions primarily start from the trans-
poson donor plasmids, the presence of local hopping may indicate
differences in the timing of transpositions between the two systems.
Therefore, we investigated vector insertion density in 0.5 Mb win-
dows starting from each integration event, and identified those in
which the density of integrations was significantly greater than pre-
dicted by binomial test. This procedure was used to test the extent
of potential clustering of integration sites in chromosomal regions
much larger than the hot regions defined in the previous section.
The first and last integrations of the overlapping windows, for which
this condition was met, gave the 5 and 3’ endpoints of the given re-
gion showing integration clustering. To get rid of the distortion effect
of hot regions, the number of integrations in the areas of the previ-
ously defined hot regions was artificially reduced to one in each ani-
mal. To control the potential effect of the strong positive correlation
of PB integrations with some histone modifications, we used a histone
modification-biased control dataset when evaluating clustering of PB
integration sites (see materials and methods for details).

Strikingly, the number of genomic regions showing clustering of vec-
tor integrations was about 4-fold higher in the real PB and SB integra-
tion sets defined per experimental animal than in their corresponding
controls (Figure 3A). Apparently, PB-treated animals had the highest
clustering of identified integrations, and this was predominantly not
due to the correlation of PB insertions with histone modifications
(Figure 3A). The average size of regions positive for integration clus-
tering were 407,853 and 489,407 bp for PB and SB systems, respec-
tively. When the size distribution of the identified regions was exam-
ined in more detail, an increase in the number of regions was observed
for both transposon systems in the 0-2 Mbp interval in real samples
compared with controls (supplemental material 1: Figure S6). Thus,
the integrations of the gene delivery systems used here are clustered
in large regions of similar size to the local hopping windows, which
may indicate, among other things, their long-lasting transposition
activity.

To prove this, first we compared the amount of transposon excision
products over time for both vector systems in gene therapeutically
treated mice. Excision is the first step of transposition during which
the transposon is removed from the donor plasmid by the transposase
enzyme (supplemental material 1: Figure S2). Donor plasmids that
have lost the transposon carry a double-strand break (DSB), which is
repaired predominantly by the non-homologous end-joining (NHE])
DNA repair pathway. The amount of such NHE] repair products
can be quantified using a specific QPCR assay (Figure 3B). We exam-
ined three time points after treatment and found a striking difference
in the behavior of the two gene delivery systems, with the amount of
excision products generated by the PB transposase significantly
increasing from day 3 to day 7 (Figure 3C). This finding supported
the theory that the PB system has a prolonged transpositional activity.
Since both transposase proteins were expressed from the same type of
plasmid, there is little chance that the differences observed in the
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timing of excision would be due to differences in transposase expres-
sion. Nevertheless, the expression of transposases was monitored at
the RNA and protein levels as well. Expression of both transposases
showed a similar declining tendency from day 3 at both RNA and pro-
tein levels (Figures 3E-3G). At day 7, both proteins were readily detect-
able and the amount of SB100 was slightly higher than that of hyperPB,
while by day 14 they became barely detectable (Figure 3G). Thus, both
transposase proteins are readily available 7 days after treatment, and
differences in their expression cannot explain the observed differences
in their excision characteristics.

To demonstrate that hyperPB still has transpositional activity at day 7
post-treatment, while SB100 does not, we performed an experiment
in which the transposon plasmid carrying the therapeutic gene was
introduced into the liver of experimental animals only on the seventh
day after transposase delivery. With such an experimental setup, suc-
cessful TT1 treatment can only be expected if the given transposase
protein is still capable of carrying out transpositions on day 7
following its introduction. Ten TT1 mice were treated with both vec-
tor systems accordingly. The treatment of five mice was successful in
the transposon-delayed PB panel, whereas only one animal survived
in the SB panel. We identified vector insertion sites from the corre-
sponding five PB- and one SB-treated livers using SBE-seq. We found
on average ~25,000 vector insertion sites in the PB-treated livers,
whereas only 4,893 integrations were identified in the liver of the sin-
gle surviving SB-treated animal (Figure 3H). The depth of sequencing
was again very similar for the two transposon systems, as data were
generated at very similar supporting read numbers per integration
(supplemental material 1: Figure S4B). Our results clearly demon-
strated that the PB system exhibits prolonged transpositional activity
relative to SB. This increases the likelihood of PB transpositions start-
ing from transposon donors of already chromosomal location. Such
transpositions lead to the formation of chromosomal DSBs,”® which,
if incorrectly repaired, can result in chromosomal deletions.

DISCUSSION

Even in TT1, gene therapy is an important treatment option, although
NTBC medication is possible. NTBC treatment can improve prog-
nosis and quality of life of TT1 patients, but many late complications
persist.’” In rodent models, the fatal liver phenotype of the disease can
be managed with gene therapy interventions that rely on hydrody-
namic nucleic acid delivery and primarily target the liver.”' >
When choosing a preclinical model, we also kept in mind that in
this rodent model, the Fah therapeutic gene is under positive selection
pressure and that extensive liver regeneration is initiated from Fah-
corrected cells (Figures 1A and 1B). As a result, the number of cells
carrying the original gene delivery events is multiplied by cell divi-
sions, which facilitates the detection of vector integrations. In addi-
tion, it may even allow the tracking of the translocation of the original
integration events in the progeny cells, such as the detection of local

hopping.

Among gene therapy procedures involving effective randomly inte-
grating vectors, the transposon-based technology is a promising
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Figure 3. The PB system exhibits prolonged transposition activity compared with SB

(A) The number of genomic regions showing vector integration clustering in treated livers. Control values were determined by examining randomly selected sets of potential
PB and SB target sites of similar size. Of elements of the histone modification-biased PB control set, 29% were collected from genomic regions harboring the histone
modifications preferred by the PB system. Individual data points were plotted on a box diagram (see Table S5 for individual data values and statistics). (B) Schematic
representation of plasmid constructs and primers used for gPCR assays. Red arrows, promoters; black arrows, transposon ITRs; TPase, CDS of transposase helper
proteins. (C) Kinetics of PB transposon excision following in vivo gene delivery. Liver DNA samples at 3, 7, and 14 days post-treatment were tested using PB excision product
specific gPCR assay. Results were normalized to measurements of the olfactory marker protein (Omp) gene as input control and data are presented as the mean + SD (n = 3)
of relative values compared with the value of day 3 (see Table S5 for individual data values and statistics). (D) Kinetics of SB transposon excision following in vivo gene delivery.
Liver DNA samples at 3, 7, and 14 days post-treatment were tested using SB excision product specific g°PCR assay. Results were normalized to measurements of the
olfactory marker protein (Omp) gene as input control and data are presented as the mean + SD (n = 3) of relative values compared with the value of day 3 (see Table S5 for
individual data values and statistics). (E) Decay kinetics of PB transposase mRNA following in vivo gene delivery. Liver RNA samples at 3, 7, and 14 days post-treatment were
tested using PB transposase-specific gRT-PCR assay. Results were normalized to measurements of the ribosomal protein L27 (Rp/27) transcript as input control and data
are presented as the mean + SD (n = 3) of relative values compared with the value of day 3 (see Table S5 for individual data values and statistics). (F) Decay kinetics of SB
transposase mMRNA following in vivo gene delivery. Liver RNA samples at 3, 7, and 14 days post-treatment were tested using SB transposase-specific gqRT-PCR assay.
Results were normalized to measurements of the ribosomal protein L27 (Rpl27) transcript as input control and data are presented as the mean + SD (n = 3) of relative values
compared with the value of day 3 (see Table S5 for individual data values and statistics). (G) Decay kinetics of transposase proteins following in vivo gene delivery. Liver
extracts prepared at 3, 7, and 14 days post-treatment were tested by western blot assay for the presence of either HA-tagged PB or HA-tagged SB transposase proteins.
Transposase proteins were identified based on their anti-HA reactivity. GAPDH served as a loading control. (H) Number of vector integrations identified in the livers of mice
treated with delayed transposon introduction (see Table S5 for individual data values and statistics).

option as it is expected to reduce the risk of insertional oncogenesis.
Therefore, we carried out side-by-side comparison of PB and SB
transposon-based gene therapeutic treatment of TT1 mice. Based
on our detailed molecular biology and bioinformatics analysis, we as-
sessed the consequences and potential risk factors of the hyperactive
transposon-mediated gene delivery. Our conclusions will be appli-
cable to other transposon-based gene therapy protocols.

Central to our approach was that we performed high resolution anal-
ysis of vector integration sites to assess stable chromosomal gene de-
livery properties of the applied SB1006 and hyperPB7 hyperactive
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transposases. Mass identification of vector integration sites following
hyperactive transposon-mediated gene therapy in the TT1 model is
challenging due to the multi-colonial structure of the liver. At the
end of the regeneration period, about 2 months after therapeutic
gene delivery, a treated organ is made up of 50-100,000 Fah-corrected
hepatocyte colonies (Figure 1B), each consisting of 1-2,000 cells,
yielding the entire murine hepatocyte population made of approxi-
mately 100,000,000 cells.*** The 50-100,000 hepatocyte colonies
each carry distinct—but not necessarily unique—vector integration
events. As a result, the prevalence of an individual vector integration
event in the liver DNA samples is approximately 100,000 times lower
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than the prevalence of any unique endogenous locus. Therefore,
although similar techniques have already been described for the anal-
ysis of less heterogeneous tumor samples,’® we had to set up a new
technology to be able to examine the regenerated liver samples at suf-
ficient depth. Our NGS procedure, SBE-seq, is designed to efficiently
locate vector integration sites in highly heterogeneous samples, and
can be used with small modifications to mass determine integration
sites of any randomly integrating vector, whether from preclinical
models or clinical specimens. This is indicated by the fact that similar
NGS read numbers were generated when similar high numbers of in-
tegrations of the two transposon systems were determined in parallel
(supplemental material 1: Figure S4A).

We identified approximately one million integration sites for both
systems and by their bioinformatics analysis we uncovered funda-
mental aspects of therapeutic gene delivery, addressing a number of
factors that directly affect the safety of gene therapy. Strikingly, we
found that 37.19% and 4.01% of all identified vector integration
events occurred more than once in the 12 PB- and 12 SB-treated an-
imals, respectively (supplemental material 1: Figure S4C). In a given
sample from a given animal, we can only distinguish two recurrent
vector integrations for an individual target site, these are integrations
in opposite orientations on the + and — DNA strands. This allows the
unequivocal detection of a maximum of 24 (2 x 12) recurrent integra-
tion events for the same genomic target site in the 12 animals treated
with the same gene delivery system (Table S3). Repetitions above this
number can only be assumed if the integration sites are supported
with above-average numbers of NGS reads.

We also demonstrated that hot regions are of great importance, since
some gene delivery systems, such as the PB transposon, integrates into
them extremely often (Table S3). A small fraction of the identified hot
regions is shared between the two transposon systems studied here,
but we found two orders of magnitude more hot regions of the PB sys-
tem. For the PB system, hot regions have already been described by
others, but with much lower resolution and not in gene therapeuti-
cally relevant cell types.”” We assume that the expression of host
genes may be altered by close vector integrations. Therefore, the large
number of integrations found in the hot regions justified the need to
assess whether the altered expression of genes found in these regions
could pose the risk of cancer development in hepatocytes. Compared
with the CGC database, PB hot regions identified in the mouse liver
indicate a minor risk of carcinogenesis (Table S3). We believe that
it would be advisable to subject all gene therapy protocols relying
on randomly integrating vectors to similar investigations.

Both the one order of magnitude more recurrent integrations and the
two orders of magnitude more hot regions observed in the case of the
PB gene delivery system indicate that SB integrations are more evenly
distributed on the genomic scale.

We found that the genome-wide integration spectrum of the PB sys-
tem shows a stronger bias toward genes when compared with SB (Fig-
ure 2E), which is attributed to the frequent integrations of the PB
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transposon into the 5’ regulatory regions of genes (Figure 2F). The
bias of the PB system toward promoters is similar to that often
observed for viral gene delivery and has been established previ-
ously.'>*"** Although we confirmed that PB system-generated inte-
grations are attracted toward promoters, we could not verify the pre-
viously reported bimodal distribution of PB integration events
around TSSs.”” According to our results, this phenomenon is largely
due to the primary distribution of potential TTAA target sites around
the TSSs as it is only seen in the absence of correction with a random
TTAA control sample (Figure 2H; supplemental material 1: Fig-
ure S5A). Yoshida et al. also applied such a correction,” but it was
not effective enough because the number of elements in both the
group of integrations included in the analysis and the control group
of randomly collected TTAA motifs was smaller than necessary. In
our case, the number of elements in these groups was orders of
magnitude larger, allowing us to draw a clear conclusion. It is also
of note that the number of PB integrations landing around the
TSSs does not increase significantly when comparing the promoter
dataset (mus_musculus. GRCm39.Regulatory_Build.regulatory_fea-
tures.20201021.gff, containing 25,131 elements) to the TSS dataset
(5" starting positions of genes from the dataset mus_muscu-
lus. GRCm39.GRCm39.104.gtf, containing 55,416 elements) with
twice the number of elements (supplemental material 1: Figure S5A).
Considering the overlap between the promoter and TSS datasets, and
the fact that the TSS dataset contains a large number of predictions, it
can be concluded that a significant proportion of the predicted TSSs
do not attract PB integrations, which questions the validity of the TSS
predictions.

We found a significant positive correlation of PB transposon integra-
tions with histone marks of the promoter region of actively tran-
scribed genes (Figures 2I-2K; supplemental material 1: Figure S5B)
and a negative correlation with the H3K36Me3 modification accumu-
lating in the transcribed regions of such genes (Figure 2L). This dem-
onstrates that, although PB integrations are biased toward genes,
most of the gene body is less attractive to them, while the 5 regulatory
regions are strongly favored. These preferences of the PB system,
similarly to our findings, appeared in the studies of others.”"”>**
No correlation with any histone modification was confirmed for the
SB system, which also suggests that the distribution of SB integrations
is more random on the genomic scale.

Our analyses showed that increasing the monitoring period from 2 to
7 months did not substantially increase the number of reads support-
ing vector integrations in the vicinity of any gene in the case of any of
the transposon systems tested. Notably, for the PB system, no signif-
icant read number increase in the long-term monitored group was
observed even for those 72 genes that overlapped with identified PB
hot regions and had a CGC record. Only for the SB system could
we identify 4 genes—none is recorded in the CGC database—in the
vicinity of which we detected a moderate NGS read number increase.
For all 4 genes, we identified 1 integration with a read support of
barely over 300 reads in the group of long-term monitored animals
(Table S3). These were only 6-8 times higher values than the average
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of about 50 reads/integration experienced across the SBE-seq libraries
(supplemental material 1: Figure S4A; Table S3). In the presence of a
malignantly transformed hepatocyte colony, we would presumably
need to find much higher read counts. These results indicate that
the genomic integration patterns of none of the transposon systems
investigated result in insertional oncogenesis during the current study
period despite the intense cell division characteristic of the treatment
of TT1 mice. Detection of insertional oncogenesis in mice is presum-
ably problematic due to the short lifespan of the species. Nevertheless,
if any of the transposon systems used here had integration hotspots
near aggressive liver-specific proto-oncogenes—similar to those
observed for retroviral vectors in the hematological compart-
ment' —the phenomenon would presumably be detectable. This is
also supported by the fact that direct delivery of aggressive drivers
to the liver, such as the RasG12V variant, causes very rapid tumor
development within 1-2 months.”>*°

Previously it was shown that, upon NTBC withdrawal, a subpopula-
tion of Fah KO hepatocytes can escape the selection process by acti-
vating the survival Akt pathway."' Presumably, this phenomenon is
responsible for the emergence of tumors from non-corrected Fah-
deficient cells reported during retroviral gene therapy treatment of
TT1 mice.*” The fact that we did not experience the appearance of
these background tumors may be due to two possible reasons. On
the one hand, the monitoring time was shorter in our case (here
age 2-7 months versus up to 1 year*?). On the other hand, we used
hyperactive transposase helpers providing very robust gene delivery,
which may result in faster elimination of non-corrected hepatocytes
from the treated livers.

We also revealed that PB and SB transposon integrations are about
four times more frequently clustered in large regions than their cor-
responding controls and that PB integrations showed the highest
rate of such clustering (Figure 3A). Surplus genomic regions with
integration clustering emerging in real samples fall in the 0-2 Mbp
size range, comparable with local hopping windows (supplemental
material 1: Figure S6). The region increment observed in the real sam-
ples compared with the controls shows an exponentially decreasing
tendency with length (supplemental material 1: Figure S6), which
may correspond to the availability of chromosomal target sites acces-
sible to the locally generated transposition complex during genomic
transposon remobilization. This suggests that the main determinant
of the size of the local hopping window is the availability of local chro-
matin in the vicinity of transposon donor sites, and that it may exhibit
weak transposon system specificity with respect to window size.

The clustering of integration sites measured by our bioinformatics
method is presumably not due to local hopping alone. Other undis-
covered features of the transposon systems may lead to similar clus-
terization. However, local hopping is certainly part of the explanation,
as confirmed by the still significant activity of PB transposase at day
7 post-injection. In the case of SB transposase, the activity at day 7
post-injection may no longer be sufficient to induce significant local
hopping. However, it is possible that the local hopping component is

significant for the SB system as well, but it occurs in the period before
the time point tested in our experiments, i.e., during the first few days
following hydrodynamic injection. Further experimental work will be
needed to confirm this.

Prolonged transpositional activity increases the likelihood of remobi-
lization of genomic transposon copies, which leads, on the one hand,
to the clustered distribution of transposons43 and, on the other hand,
to the formation of chromosomal DSBs with small overhangs derived
from the element’s ITRs.** DSBs are particularly toxic DNA lesions
that must be repaired to preserve chromosomal integrity, but at-
tempts by cells to repair them can sometimes lead to extensive rear-
rangements. Potentially, the main source of large chromosomal dele-
tions at the sites of DSBs is the action of the single-strand-annealing
DNA repair pathway, but occasionally other pathways may also
contribute to the formation of similar rearrangements.45 Therefore,
alternative DNA repair events may result in an excision site structure
that is different from the expected transposon footprint generated by
the dominant NHE] DNA repair pathway (supplemental material 1:
Figure S2)."° For evaluating side effect profiles it is also important to
keep in mind that the microstructure of DSBs generated by the two
gene delivery systems used here is different and that they might not
trigger the same proportion of distinct DNA repair events, causing
or not causing genome rearrangements.

Such so-called imprecise excision events of the PB transposon were
already shown to be able to generate deletions in Drosophila mela-
nogaster.” Accordingly, this potentially carcinogenic side effect
may also occur in gene therapy protocols when PB transposon-based
gene delivery is applied. There is no direct evidence of this yet, but
clinical trials of first-in-human administration of CAR T cells pro-
duced by the PB transposon system have reported the development
of CAR T cell lymphomas.'>'® In-depth genetic studies of these prod-
uct-derived lymphomas showed high transgene copy number, but no
insertions into typical oncogenes. Altered gene copy numbers unre-
lated to the vector insertion sites were also revealed and global
changes in transcription correlated with such alterations.'® Given
these findings, insertional oncogenesis has not been confirmed as a
mode of tumor induction. From the findings so far, it has been
concluded that the over-dosing of components of the PB system
might be dangerous as it can lead to very high therapeutic gene
copy numbers, but further work is needed to understand the exact tu-
mor induction mechanism at work.'*® It is important to note that
CAR T cell malignancy has not previously been documented
following administration of CAR T cells produced using SB trans-
poson vector in a very similar clinical trial setting.**>

The mechanism we propose here may potentially explain both the
observed genetic changes and tumor induction during the first clinical
trial of PB-based CAR T cell administration.'® The observed copy-
number losses may simply be the result of generated deletions. The
occurrence of copy-number gains could possibly be explained by pro-
longed PB transposase activity as well if the possibility of “hybrid
element transposition”" is taken into account. During this process
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the transposon ITRs may come from separate elements into the trans-
position reaction rather than from a single element (the 5' ITR of one
element pairs with the 3’ ITR of another one from a different genomic
position). This may result in different chromosomal rearrangements
and, with the involvement of the appropriate DNA repair pathways,
copy-number gains may also be generated. Subsequently, events
with driver properties could be selected and propagated during
tumorigenesis.

The period of active transpositions may be reduced by administration
of the transposase helper in protein form. This has recently become
possible with both transposon systems used here.”>”> However, our
qPCR data demonstrate that transposase expression was rapidly
shut down in the liver, and the observed prolonged transpositional ac-
tivity is due to the intrinsic properties of the PB transposase protein
itself. Similar rapidly declining kinetics of transposase expression
was also found by others during in vivo liver gene delivery experi-
ments.”* According to our results, the transposase protein is detect-
able in both cases for more than 1 week, but SB is rapidly inactivated.
The difference in the enzymatically active time windows may be ex-
plained by the different inactivation mechanisms, which is also indi-
cated by the different nuclear distribution patterns that occur during
overexpression of the two transposases.”” During the first clinical trial
of PB-based CAR T cells, the transposase helper was provided as an
mRNA to avoid unwanted genomic insertions of the transposase
CDS.'® Presumably, the mRNA-based transposase administration
used could not sufficiently alleviate the issue of prolonged transposase
activity that we have highlighted here. This also suggests that this phe-
nomenon may be related to an intrinsic property of the PB transpo-
sase protein, which cannot be resolved by mRNA administration.

Prolonged activity of the transposase helper represents a potential
new risk factor for DNA transposons, the underlying hazards of
which are not yet fully recognized. Although carcinogenic side effects
have not been observed here, perhaps due to the short generation time
of the mouse model used, they are more likely to occur—even as a
consequence of the generated chromosomal rearrangements—during
human gene therapy interventions, as this may have been the case
during the clinical trial of PB-based CAR T cells.'® This draws atten-
tion to the importance of squeezing the gene delivery activity of the
transposon systems into a narrower time window.

MATERIALS AND METHODS

Creation of the Fah KO mutant strain

For blastocyst injection C57BL/6N ESC clones with a reporter-tagged
deletion allele of Fah were provided by NorCOMM. Host blastocysts
were produced by superovulation of BALB/cCrl females by intraper-
itoneal injection with 5.0 IU of equine chorionic gonadotropin (Fol-
ligon; Intervet) and, 48 h later, with 5.0 IU of human chorionic gonad-
otropin (Chorulon; Intervet) followed by mating with males of the
same strain. Morula stages were harvested from isolated oviducts at
day 2.5 dpc and cultured in M16 medium overnight in an incubator
at 37°C and 5% CO, to produce host blastocysts. About 10-15 ESCs
were injected per blastocyst. The injected embryos were cultured for
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2-3 h to recover and then transferred into the right uterus horn of 2.5
dpc pseudopregnant RjOrl:Swiss surrogate mothers as described
earlier in detail.’>*” The offspring were selected based on their
chimeric coat color. High-percentage male chimeras (>80%) were
bred with C57BL/6NCrl females and the offspring were selected by
coat color and genotyped by PCR for the $-Geo selection marker us-
ing the primers given (supplemental material 1: Table S2) and by
Southern analysis. Mutant mice were designated as C57BL/6N-
Fah!™I(NCOMMfge/Biat 4 the line is archived in the European Mouse
Mutant Archive under EM:10787.

Animal care and maintenance

Mice were bred and maintained in the Central Animal House at the
Biological Research Center (Szeged, Hungary). The specific path-
ogen-free status was confirmed quarterly according to FELASA
(Federation for Laboratory Animal Science Associations) recommen-
dations.”® All animal experiments were conducted according to the
protocols approved by the Institutional Animal Care and Use Com-
mittee at the Biological Research Center. Fah™'~ mice were treated
with 8 mg/L Orfadin (NTBC) (Swedish Orphan Biovitrum, Stock-
holm, Sweden) in drinking water. After hydrodynamic injection
with therapeutic constructs NTBC was withdrawn. C57BL/6NTac
wild-type mice were obtained from Taconic Biosciences (Ejby,
Denmark). Animal experimental procedures related to the creation
of the C57BL/6N-Fah'™ (NCOMME/Biat pytant line were discussed
and approved in the Institute of Laboratory Animal Science, Univer-
sity of Veterinary Medicine (Vienna, Austria) by the institutional
ethics committee and granted by the national authority under license
number BMWEF-68.205/0258-11/3b/2011. All other animal experi-
ments were approved and performed in accordance with the guide-
lines of the Institutional Animal Care and Use Committee at the
Biological Research Center (Szeged, Hungary) under the supervision
of the Governmental Office for Csongrad County, Directorate of
Food Chain Safety and Animal Health. The approval number is
XV1./801/2018.

Southern blot

The probe for Southern blot was amplified from mouse genomic
DNA using the primers given (supplemental material 1: Table S2).
*2p_Labeled probes were generated using the DecaLabel DNA Label-
ing kit (Thermo Fisher Scientific). Genomic DNA was extracted from
tail biopsies and 20 pg was digested with Sspl, electrophoresed
through 0.8% agarose gel, and transferred to a HybondN membrane
(GE Healthcare, Amersham, UK). After UV crosslinking, the mem-
brane was hybridized overnight with **P-labeled probes at 65°C in
20x salt sodium citrate hybridization buffer. The membrane was
exposed to a phosphorimager screen overnight.

Northern blot

Total RNA from livers, kidneys, and spleens of wild-type and Fah™~
mice was isolated with TRIzol Reagent (Invitrogen). RNA (20 pg) was
separated on a 1% agarose-2.2 M formaldehyde gel, then blotted to
a Hybond-N membrane (GE Healthcare). Filters were hybridized
with *2P-labeled cDNA probe specific for Fah.
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Plasmid construction

The pT2HB-Fah and pXLBaclI-Fah therapeutic transposon plasmids
were constructed from the pT2HB (pT2/HB was a gift from Perry
Hackett [Addgene plasmid no. 26557; http://n2t.net/addgene:26557;
RRID:Addgene_26557]) and pXLBacII’® plasmids, respectively, by
inserting the PCR-amplified full-length mouse Fah CDS driven by
the SV40 promoter between the transposon’s ITRs. pcGlobin2-
SB100 was constructed as described.® pcGlobin2-hyPBase was gener-
ated by inserting CDS of the hyPBase’ into the pcGlobin2 plasmid.
The hyPBase CDS source plasmid, pCMV-hyPBase, was provided
by the Wellcome Trust Sanger Institute, Hinxton, Cambridge.
N-Terminally HA-tagged SB100 and hyPBase were generated by
standard PCR mutagenesis.

Nucleic acid isolation

For SBE-seq and transgene copy number assessment by qPCR, whole
livers of gene therapeutically treated animals were lysed in 150 mL
lysis buffer (100 mM Tris-HCl [pH 8], 5 mM EDTA [pH 8],
200 mM NaCl, 0.2% SDS) and incubated overnight at 50°C in the
presence of 300 pg/mL Proteinase K (VWR Chemicals). One milliliter
of the lysate was used for standard phenol/chloroform extraction.
DNA precipitation was done with three volumes of absolute ethanol
in the presence of 1/10 volume sodium acetate (3 M). Pelleted DNA
was washed with 70% ethanol, air-dried, and dissolved in nuclease-
free water (Sigma-Aldrich).

Genomic DNA from livers for the detection of transposase excision
products by qPCR was extracted using the NucleoSpin Tissue Kit
(Macherey-Nagel). The DNA concentration was determined by
Qubit 3.0 Fluorometer (Thermo Fisher Scientific).

Total RNA for qRT-PCR was isolated from the livers of gene thera-
peutically treated mice using the NucleoSpin RNA Mini Kit
(Macherey-Nagel).

Hydrodynamic tail vein injection

Plasmids for hydrodynamic tail vein injection were prepared using
the NucleoBond Xtra Maxi Plus EF Kit (Macherey-Nagel). Before in-
jection, we diluted plasmid DNA in Ringer’s solution. For hydrody-
namic injection, a volume equivalent to 10% of mouse body weight
was administered via the lateral tail vein in 5-8 s into 6- to 8-week-
old mice.””®" The amount of plasmid DNA was 50 pg for each of
the therapeutic constructs mixed with 4 pg of the appropriate trans-
posase helper plasmid. Gene therapeutically treated animals were
sacrificed 2 and 7 months post injection. For delayed transposon
introduction experiments only the plasmid encoding the transposase
was injected on day 0 and then the plasmid containing the therapeutic
construct was introduced on day 7.

ALT measurement from blood

Blood samples from wild-type, Fah™~, and gene therapeutically
treated Fah ™'~ mice were collected by cardiac puncture at the time
of sacrifice. After clot formation samples were centrifuged at
1,000 x gat 4°C for 10 min and 70 pL of the serum was immediately

used for ALT level measurement on a Samsung PT10V instrument
using the Liver Test11V cartridge (Samsung).

Transgene copy-number assessment, detection of transposase
excision products, and determination of transposase mRNA
level by gPCR

The assessment of Fah transgene copy number and the detection of
transposase excision products were done by qPCR using the primers
given (supplemental material 1: Table S2) with PerfeCTa SYBR Green
SuperMix (Quantabio) on a Rotor-Gene Q instrument (QIAGEN).
All reactions were carried out in triplicate using 30 ng gDNA for
copy number determination and 500 ng for excision product detec-
tion. Cycling conditions were 95°C for 7 min followed by 35 cycles
of 20 s at 95°C, 20 s at 64°C, and 20 s at 72°C. PCR efficiencies
were analyzed with Rotor-Gene Q software (QIAGEN). Results
were normalized to measurements of the Olfr16 gene for copy-num-
ber determination and to Omp for excision product detection.

For the determination of transposase mRNA level, 2 ng of total RNA
isolated from livers was treated with PerfeCTa DNase I (Quantabio)
and reverse transcribed using a RevertAid First Strand cDNA Synthe-
sis Kit (Thermo Scientific). qRT-PCR was performed with the
primers given (supplemental material 1: Table S2) under the condi-
tions described above and the amount of mRNA for each transposase
was normalized to that of Rpl27.

Immunoblotting

Age-matched C57BL/6Ntac mice were hydrodynamically injected
with 4 pg of either pHA-SB100 or pHA-hyPBase, sacrificed 3, 7, or
14 days post injection, and livers were removed. The median lobe
was dounce homogenized in 2 mL RIPA buffer supplemented with
PMSE. Cleared samples were sonicated and supplemented with equal
volumes of RIPA and stored at —80°C. Protein concentrations were
calculated using the Pierce BCA Protein Assay kit (Thermo Fisher
Scientific). A total of 80 pg of protein was separated on 8% (HA-
SB100 samples) or 10% (HA-hyPBase samples) SDS-PAGE gels.
The separated bands were transferred onto 0.2 pm nitrocellulose
(Amersham). Membranes were incubated with peroxidase conju-
gated anti-HA (Roche, 12013819001, 1:1,000) and peroxidase conju-
gated anti-GAPDH (Invitrogen, MA5-15738-HRP, 1:10,000) anti-
bodies. Filters were developed by using ECL Prime western blotting
Detection Reagent (Amersham).

Immunohistochemistry

Mice were sacrificed 2 months after gene therapeutic treatment.
Livers were removed and fixed in 4% formalin overnight and
embedded in paraffin. From fixed tissues, 5 pm sections were cut
and incubated at 56°C overnight. Immunohistochemistry was per-
formed using the EnVision FLEX Mini Kit (DAKO). Antigen retrieval
was done in a PT Link machine (DAKO). Primary antibody rabbit
polyclonal anti-FAH (Thermo Fisher Scientific, PA5-42049, 1:100)
was incubated for 120 min. Secondary antibody polyclonal goat
anti-rabbit-HRP (DAKO, P0448) was incubated for 30 min. Visuali-
zation was done using an EnVision FLEX DAB+ Chromogen System
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(DAKO, GV825). After hematoxylin counterstaining for 5 min, slides
were mounted and scanned with a Pannoramic Digital Slide Scanner
(3D Histech).

Sequencing of transposon insertion sites using SBE-seq
Genomic DNA (5 pg) from mouse liver was enzymatically frag-
mented, end-repaired, and dA-tailed using the QIAseq FX DNA Li-
brary Kit (QIAGEN). DNA was cleaned with AmpPure XP beads
following each step. Next, a linker with a special structure, disfavoring
the formation of linker-linker PCR products (supplemental material
1: Table S2), was ligated to the genomic DNA fragments. Then the
400-1,500 bp range of ligated fragments were selected using a Pippin
Prep instrument (Sage Science). Next, on this selected fragment pool
two nested PCRs were carried out, where one member of the PCR
primer pairs was transposon-specific and the other was linker specific.
The first PCR was performed for 16 cycles using a biotinylated trans-
poson-specific primer (supplemental material 1: Table S2). Then the
biotinylated PCR products were purified with streptavidin-coated
paramagnetic beads. The second PCR was performed on the purified
PCR products for another 16 cycles using transposon- and linker-spe-
cific primers carrying the Illumina indexing-specific paired-end
adapters to create the final NGS library (supplemental material 1:
Table S2). The libraries were cleaned with AmpPure XP beads.
Each step of creating the NGS libraries was verified by analyzing sam-
ple aliquots on a TapeStation4200 instrument (Agilent) using D1000
screen tapes. The final concentration of each library was determined
by a Qubit fluorometer, and libraries were spiked with 10% PhiX con-
trol library before proceeding with the Illumina run. On the Illumina
instruments, custom-made Read2 and Index Read primers were used
(supplemental material 1: Table S2) instead of the standard Illumina
primers.

Identification and bioinformatics analysis of vector integration
sites

The sequencing of SBE-seq libraries was performed using an Illumina
MiSeq instrument. Paired-end reads from Illumina FASTQ files were
assembled using PEAR®” and filtered for the presence of PB and SB
ITR sequences using the Smith-Watermann algorithm. Following
the trimming of Illumina adapters and ITR sequences using Cuta-
dapt,”” reads extending at least 15 bp were considered for further
analysis. We used the Burrows-Wheeler algorithm (BWA)®* to map
trimmed reads to the Mus musculus genome version GRCm39. To
assure the quality of mapping we utilized a custom method to identify
genomic regions where mismapped reads accumulate due to the im-
perfections of reference genome assemblies. We mapped reads from
two different whole-genome sequencing experiments (SRR7278720
and SRR7278736) using BWA applying the mem -a parameter.
Genomic regions with 100x the average read coverage were identi-
fied. Mapped reads from our experiments residing in these identified
high read coverage regions were excluded from further analysis. The
integration sites were determined as those genomic coordinates where
atleast three reads had their start point, and integration site sequences
were identified as the first two and four nucleotides for SB and PB
transposons, respectively.
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Using a custom script, hot regions were collected from each liver as
regions with an insertion density of greater than one per kilobase,
with at least five insertions in total, and a less than 1 kb maximum dis-
tance between the adjacent insertions. To accept a hot region, these
criteria had to be independently met in at least two animals in the
given experimental panel over the same genomic region. Using the
BEDTools” program we combined overlapping hot regions from
different samples and annotated them. Adjacent hot regions were
merged if a gap smaller than 1 kbp separated them. Regions overlap-
ping with the Sfil locus were removed due to the inaccuracy of the
reference genome here, as the actual copy number of $fil is higher
than the copy number 1 in the reference genome.*® Genes located
in the 5 kbp environment of the hot regions were also annotated ac-
cording to their involvement in cancer-related processes. Genes
implicated in cancer were identified by using the CGC (https://
cancer.sanger.ac.uk/census) section of the COSMIC database (version
91), which contains an expert-curated collection of genes causally
implicated in cancer. The transposon integration hotspot region list
entries were supplemented by the tier 1 and tier 2 classification infor-
mation of CGC.

To examine overlaps with genomic features we acquired gene annota-
tion (version 104) and regulatory feature data from Ensembl (http://
www.ensembl.org/Mus_musculus/Info/Index). TSSs were collected
from gene annotation data as the first genomic positions of gene
features. The ratio of transposon integrations overlapping genomic
features as well as the density of transposon integrations in the 5 kb
vicinity of TSSs and histone modifications were calculated using
BEDTools intersect. Density plots were drawn with R (version 4.1.1)
using the ggplot2 package (with geom_smooth function, version
3.3.5). The control dataset was generated by collecting all TA and
TTAA (canonical integration sites, for SB and PB, respectively)
genomic positions using a custom script and then randomly selecting
a control dataset with the same number of elements as the real vector
integration datasets under investigation using GNU Coreutils shuf
command.

For investigation of potential local hopping we used a custom script to
assess vector insertion density in 0.5 Mb windows starting from each
integration site. We identified those regions where the density of in-
tegrations was significantly greater than predicted by the binomial
model, taking into account the number of integrations on the given
chromosome and the length of the given region relative to the total
length of the chromosome. With a significance setting of 5%, only re-
gions with significantly more integration than expected were accepted
as local hopping-positive regions. The windows were placed in both
directions starting from all integrations. Integrations located in a local
hopping-positive region had to fulfill the test requirement continu-
ously. The first and last integrations from which overlapping windows
yet fulfilled the test criteria were defined as the 5" and 3’ endpoints of
the local hopping-positive region. We only accepted regions
where at least 5 consecutive integrations have met the criteria
without interruption. Each control sample consisted of 12 integration
site sets, similar to the real samples, corresponding to the 12-12
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transposon-treated animals. Each of the 12 sets contained a number
of randomly selected PB (TTAA) or SB (TA) integration sites exactly
equal to the number of integrations identified in the corresponding
PB- or SB-treated animals.

To get rid of the distortion effect of hot regions, the number of inte-
grations in the areas of the previously defined hot regions was artifi-
cially reduced to one in each animal; therefore, hot regions were virtu-
ally treated as a single extended integration site. During PB local
hopping analysis we used histone modification-biased control data,
meaning that we collected the same quantity (29%) of TTAA genomic
sequences as observed for true PB integrations randomly from
genomic regions that exhibited chromatin modifications showing a
strong correlation with the PB-generated integration events (merged
peaks of H3K27Ac and H3K4Mel-3 ChIP-seq experiments). All
applied custom scripts were written in Java (version 17) or Python
(version 3.7).

Analysis of ChlP-seq data

The National Center for Biotechnology Information (NCBI)
Sequence Read Archive served as the source of raw histone modifica-
tion ChIP-seq experiment data (Table S4). The primary analysis of
the downloaded raw data was carried out using an analysis pipeline
developed by the University of Debrecen.”” Read mapping was per-
formed using BWA to the reference genome version GRCm39. The
model-based analysis of ChIP-seq (MACS2)®® was used for peak call-
ing (applying the -broad parameter). Peaks overlapping ENCODE

blacklisted regions®® were excluded with the BEDTools program.

Data visualization and statistics

Statistical calculations were carried out in the Python and R (http://
www.R-project.org) environments. Statistics were calculated using
Fisher’s exact, Pearson’s chi-squared, and one-way ANOVA tests.
The threshold for significance was p < 0.05. Genome browser-
compatible files were made using BEDTools and makeUCSCfile.
We wused the GraphPad Prism version 8.4.3 for Windows,
GraphPad Software (San Diego, CA; www.graphpad.com) in the
data-visualization phases. For the creation of sequence logo represen-
tations, nucleotide sequences of all uniquely identified transposon
integration sites were collected with a custom script using the genome
version GRCm39. The probability matrices of non-canonical integra-
tion sites (not TA and TTAA, for SB and PB, respectively) were calcu-
lated using Biopython (version 1.76). Sequence logos were drawn with
Logomaker (version 0.8).

DATA AVAILABILITY

The datasets generated and analyzed during the current study are
available in the NCBI Sequence Read Archive (SRA) repository. PB
and SB transposon integration site data generated by SBE-seq were
deposited in the SRA database, under bioproject ID PRINA605684.
The processed bed files containing the identified unique and filtered
genomic vector integration sites per animal and in merged format
from 1 to 12 animals treated with either PB or SB vectors were depos-

ited in GEO database and are accessible through GEO Series accession
number GSE212895.
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