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Adeno-associated virus (AAV) is a widely used vehicle for gene
delivery, lending interest to developing methods for enhancing
AAV transduction and transgene expression. Here, we profile
the function of several topoisomerase poisons, which are small
molecules that stabilize topoisomerase enzymatic intermedi-
ates, where topoisomerase enzymes are covalently bound at
chromosomal DNA breaks. As previously observed, we found
that the topoisomerase poisons camptothecin (CPT), doxoru-
bicin (DOX), and etoposide (ETO) increased AAV transduc-
tion in cultured cell models. DOX and ETO, small molecules
that specifically inhibit type II topoisomerases and so stabilize
double-strand breaks, were found to boost integration of AAV
DNA into the host cell chromosome. Analysis of integration
site distributions showed that integration targeting was altered,
so that integration in the presence of DOX or ETO was favored
near actively transcribed regions. Locations of topoisomerase II
binding sites were inferred from genomic data using a novel
machine learning platform, and integration in the presence
of DOX or ETO was found to be selectively favored near in-
ferred topoisomerase II binding sites. These data help guide
development of improved transduction protocols using these
reagents and establish that DOX and ETO can control AAV
integration targeting.

INTRODUCTION
Adeno-associated virus (AAV) vectors are a promising but
sometimes inefficient transgene delivery system, motivating the
development of methods to improve efficiency and reduce vector
dose. Previously, small-molecule modulators of DNA repair pathways
have been identified that can augment AAV transduction.1–5 How-
ever, the impact of modulators on AAV integration is understudied.
Because integration of AAV can promote vector persistence in
dividing cells,6 but may also increase risk of genotoxicity,7,8 it is
important to understand the mechanisms and consequences in detail.

One category of small-molecule modulators is topoisomerase
poisons. Topoisomerases relax supercoiling in DNA in a reaction
involving cleaving DNA while remaining covalently associated at
the broken DNA ends. This allows relaxation of super helical tension
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in DNA. The reaction cycle is completed with DNA rejoining and
release of the topoisomerase protein.9 Topoisomerase I enzymes act
via generating single-stranded DNA nicks, while topoisomerase II en-
zymes act by generating DNA double-strand breaks. Topoisomerase
poisons stabilize topoisomerase complexes following DNA cleavage,
thereby freezing the topoisomerase protein covalently bound to free
DNA ends. Poisons of topoisomerase I enzymes such as camptothe-
cin (CPT) stabilize single-strand DNA breaks, while poisons of topo-
isomerase II enzymes such as doxorubicin (DOX)/adriamycin or
etoposide (ETO) stabilize double-strand DNA breaks10–12 Thus,
CPT, ETO, and DOX induce DNA damage.13,14

These topoisomerase poisons have been reported to be enhancers of
AAV transduction. CPT was reported to enhance AAV transduction
in cultured human fibroblast cells and mouse cardiac tissue.15,16 DOX
was reported to enhance AAV transduction17 in several different tis-
sues and animal models.18,19 ETO was reported to increase AAV
transduction in human fibroblast cells, primary human airway cells,
human hepatocellular carcinomas, and in mouse and rat hepatocellu-
lar carcinomas.15,20 ETO was reported to be ineffective at increasing
transduction in rabbit airways.21 Topoisomerase poisons have also
been reported to increase AAV DNA synthesis.

ETO was also previously reported to increase AAV integration into
cellular chromosomes. Assays tracked the stable incorporation of a
selectable marker in cells following ETO treatment. Integration by
this assay was also detectably increased by induction of DNA dou-
ble-strand breaks by other means, including gamma-irradiation and
cleavage with a targeted nuclease.22

Here, we evaluated the effects of topoisomerase poisons targeting
topoisomerase I (CPT) and topoisomerase II (DOX and ETO) on
AAV transduction systematically. We compared several cell models
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Figure 1. CPT, DOX, and ETO increase AAV transduction in HeLa cells

HeLa cells were treated overnight with either medium only (no drug control, green

circles), 62.5 nM of CPT (blue squares), 50 nM DOX (maroon upward triangles), or

3.13 mM of ETO (pink downward triangles) before drug washout. Treated cells were

transduced with AAV-GFP and subsequently cultured in the absence of topo-

isomerase poisons. GFP fluorescence was measured to track AAV gene expres-

sion. (A) Over the first 96 h post transduction, phase and green fluorescence live cell

images were taken every 12 h using the Incucyte S3 and 25 images were taken per

well. The Incucyte analysis software was used to quantify GFP-positive foci, with the

reported count taking an average across the 25 images. Data displayed are the

mean value and standard deviation of quadruplicate biological replicates (n = 4) per

group. Highlighted time points (24, 36, 48, 60, 72, and 84 h) were analyzed using

one-way ANOVA with Dunnett’s multiple comparison test of each drug against the

control cells. (B and C) As cells were further passaged, harvested HeLa cells were

stained with LIVE/DEAD dye, fixed and run on a flow cytometer to determine the

percentage of cell population expressingGFP expression. Cells were analyzed at (B)

6 days post transduction and (C) 19 days post transduction. Data displayed are the

percent GFP-positive values for each biological replicate with themean displayed as

a horizontal bar. (B) n = 4 and (C) n = 8. Data were analyzed using one-way ANOVA

with Dunnett’s multiple comparison test of each drug against the control cells. In all

graphs, significance is displayed as such (ns, no significance; *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001).
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and demonstrated increased integration in the presence of DOX and
ETO using qPCR. We quantified integration site distributions and
compared results with locations of topoisomerase II binding sites in-
ferred from a new machine learning model, revealing an association
selectively in the presence of DOX or ETO. These results provide
background and guidance for the use of topoisomerase poisons to
optimize AAV transduction.

RESULTS
Enhancement of AAV transduction by CPT, DOX, and ETO

Short-term tests of AAV transduction in the presence of the topo-
isomerase poisons CPT, DOX, and ETO have demonstrated an in-
crease in vector transduction.15,16,20,21,23 These drugs and their deriv-
atives are used clinically as chemotherapeutic agents to treat cancer,
and so have been evaluated extensively for use in humans.24 We
thus sought to better understand mechanisms and to optimize their
use for increasing AAV transduction.

We carried out initial tests in a HeLa cell model. We surveyed the
viability of HeLa cells in response to short-term exposure to CPT,
DOX, and ETO and identified the highest dose of each compound
that did not induce significant cell death (62.5 nM CPT, 50 nM
DOX, and 3.13 mM ETO). To measure the influence of these com-
pounds on transduction, cells were transduced with an ssAAV8 vec-
tor expressing a GFP reporter.

HeLa cells treated with all three drugs (Figure 1A) showedmore GFP-
positive cells by 84 h post transduction than were seen in untreated
controls (p < 0.0001 for all three drugs, one-way ANOVA, corrected
for multiple comparisons, n = 4). Transduction in both ETO- and
DOX-treated cells were increased over the control by 48 h post trans-
duction (p = 0.3792 for CPT, p = 0.0007 for DOX, and p = 0.0002 for
ETO, n = 4), but CPT-treated cells did not show an increase until 60 h
er 2024



Figure 2. CPT, DOX, and ETO augment AAV transduction in IMR90 cells

Contact-inhibited IMR90 cells were treated overnight with either medium (no drug

control, green circles), 0.1 mM CPT (blue squares), 300 mM DOX (maroon upward

triangles), or 100 mM of ETO (pink downward triangles) before drug washout.

Treated cells were transduced with AAV-GFP and cultured in the absence of

topoisomerase drugs. Over the first 120 h post transduction, phase and green

fluorescence live cell images were taken every 12 h using the Incucyte S3 and 25

images were taken per well. The Incucyte analysis software was used to quantify

GFP-positive foci, with the reported count taking an average across the 25 images.

Data displayed are the values for each biological replicate (n = 4) at 96 h post

transduction with the mean displayed as a horizontal bar. Fold changes were

calculated by comparing the means of each drug condition. Data were analyzed

using one-way ANOVA with Dunnett’s multiple comparison test for each drug

against the control cells. ns, no significance; *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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post transduction (p = 0.0492 for CPT, n = 4). These kinetics were
reproducible in another experimental replicate (Figure S1).

After the initial drug treatment at the time of AAV transduction,
HeLa cells were tracked over multiple passages in the absence of
drug. HeLa cells double every �24 h. At each passage, we used flow
cytometry to quantify the percentage of GFP-positive cells in each
sample. In Figure 1B, all three drug conditions show higher percent-
age of GFP-positive cells at 6 days post transduction (p = 0.0086 for
CPT, p = 0.0003 for DOX, and p = 0.0001 for ETO, one-way
ANOVA, multiple comparisons, n = 4). The increase in the presence
of the drugs was lost as cells were passaged further, possibly due to
loss of episomal AAV vector DNA over time. By day 19, the GFP
signal stabilized (Figure S2), with cells treated with the type II topo-
isomerase drugs DOX and ETO showing higher GFP signal compared
with control cells. Cells treated with the type I topoisomerase poison
CPT returned to control GFP expression levels by day 19 (Figure 1C,
p = 0.7951 for CPT, p < 0.0001 for DOX, and p = 0.0062 for ETO, one-
way ANOVA, corrected for multiple comparisons, n = 8). The data
are consistent with increased frequencies of AAV vector DNA inte-
gration selectively in the presence of DOX and ETO.

We next tested the ability of CPT, DOX, and ETO to enhance AAV
transduction in primary IMR90 fibroblasts (Figure 2). Non-dividing
fibroblasts are more responsive to AAV boosting by topoisomerase
Molecular T
drugs and can tolerate higher topoisomerase poison concentrations
than HeLa cells.15,25 IMR90 fibroblasts undergo cell-cycle arrest
when contact inhibited and return to dividing state when no longer
inhibited.26,27 IMR90 cells were grown to 100% confluency before
treatment with CPT, DOX, ETO, and AAV transduction. Multiple
doses of each drug were tested, supporting previous findings of higher
drug tolerability in stationary fibroblast cells (Figures S3A–S3C).
All three drugs increased transduction above controls by 96 h
(0.1 mM CPT p < 0.0001, 3 mM DOX p < 0.0001, and 300 mM ETO
p = 0.0007, one-way ANOVA, corrected for multiple comparisons,
n = 4). Compared with HeLa cells, the IMR90 response to CPT was
higher, which is consistent with previous studies in human fibro-
blasts.15 ETO-treated cells showed enhancement starting around
42 h post transduction, reaching significance at 60 h (300 mM ETO
p < 0.0001, n = 4). CPT- and DOX-treated cells showed signal above
the control GFP signal as early as 12 h post transduction, reaching
significance at 18 h (0.3 mM CPT p = 0.0008, 3 mM DOX
p < 0.0001, n = 4, one-way ANOVA, corrected for multiple compar-
isons) (Figure S3D). For unknown reasons, enhancement by DOX
was greater than enhancement by ETO in this model (12- versus
�8-fold), even when compared over multiple concentrations of
each (Figures S3B and S3C).

Increased AAV transduction is associated with an increase in

vector copy number

We next evaluated whether the loss of GFP expression seen after AAV
transduction of HeLa cells (Figures 1B and 1C) correlated with loss of
the AAV vector DNA in cells (Figure 3), and whether higher expres-
sion was associated with higher copy number. We extracted gDNA
from culture subsamples and quantified copy number using qPCR
targeting the eGFP transgene. Copy numbers for all samples fell
over time, consistent with dilution of unintegrated forms during
cell division. At day 6 post transduction, CPT-treated cells had vector
copy numbers similar to control cells, DOX-treated cells were 2.6-fold
higher and ETO-treated cells were 1.5-fold higher than control
cells (Figure 3A, p = 0.9976 for CPT, p = 0.0008 for DOX, and p =
0.2848 for ETO, one-way ANOVA, corrected for multiple compari-
sons, n = 4). By day 19, CPT-treated cells still had similar VCN to con-
trol, and DOX- and ETO-treated cells had higher vector copies than
the control, 4- and 2-fold, respectively (Figure 3B, p = 0.4994 for CPT,
p < 0.0001 for DOX, and p = 0.0117 for ETO, one-way ANOVA, cor-
rected for multiple comparisons, n = 4).

Assessing integration frequency and targeting using ligation-

mediated PCR

The elevated AAV vector copy numbers in DOX- and ETO-treated
cells even after �19 passages indicated that some of the AAV ge-
nomes were likely integrated into the host cell genome. If true, this
raised the question of how treatment with the topoisomerase drugs
affected frequency of integration and selection of integration target
sites.

We thus investigated integration frequency and targeting by charac-
terizing AAV-host junctions using ligation-mediated PCR, Illumina
herapy: Methods & Clinical Development Vol. 32 December 2024 3
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A B Figure 3. CPT, DOX, and ETOhave different effects on

AAV vector copy numbers in HeLa cells

HeLa cells were harvested during each passage, genomic

DNA was extracted and subjected to vector copy number

analysis using GFP-targeted primers with three technical

replicates per sample. Vector copy number was quantified

from cells harvested at (A) 6 days post transduction and (B)

19 days post transduction. Data displayed are the values

for each biological replicate (n = 4) with the mean displayed

as a horizontal bar. Medium only (no drug control, green

circles), 62.5 nM of CPT (blue squares), 50 nM DOX

(maroon upward triangles), or 3.13 mM of ETO (pink

downward triangles). Fold changes were calculated by

comparing the means of each drug condition. Data were

analyzed using one-way ANOVA with Dunnett’s multiple

comparison test of each drug against the control cells. ns,

no significance; *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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paired-end DNA sequencing, and alignment to the human
genome.28–35 We analyzed integration sites from the control, CPT-,
DOX-, and ETO-treated cells 6 days after transduction (n = 4 repli-
cates per condition). Counts of recovered integration sites showed
that CPT-treated cells yielded similar numbers of integration sites
as the control cells, but cells treated with both DOX and ETO showed
an increase of approximately 2.4- to 2.8-fold over controls (Figure 4A,
p = 0.0588 for CPT, p < 0.0001 for DOX, and p < 0.0001 for ETO, one-
way ANOVA, corrected for multiple comparisons, n = 4). No single-
cell clones were notably expanded in any condition (Figure S4).

Each ligation-mediated PCR assay captures only a portion of the in-
tegrated vectors present in a sample.36 Minimum population sizes of
cell clones harboring AAV can be estimated using the Chao1
method,37,38 which models a minimum population size based on
the abundance of recovered subsamples. Chao1 estimates for each
sample type supported the conclusions that CPT-treated cells have
similar integration frequencies as control cells, and that DOX- and
ETO-treated cells have higher integration frequencies, approximately
1.5- to 1.7-fold over controls (Figure 4B, p = 0.9331 for CPT, p =
0.0018 for DOX, and p = 0.0055 for ETO, one-way ANOVA, cor-
rected for multiple comparisons, n = 4).

Integration targeting in the presence of CPT, DOX, and ETO

We next investigated whether the topoisomerase drug treatments
altered the selection of AAV integration target sites. Previous studies
of AAV integration target site selection have shown profiles similar to
randomly selected positions, sometimes with modest favoring of tran-
scription units (TUs) and associated features such as CpG islands and
transcription start sites (TSSs).28,39–43 Integration site selection may
influence AAV transgene expression or genotoxicity,6,7,44,45 and so
was studied here in detail.

We first compared the frequency of integration within TUs in the
presence of the three drugs or in untreated controls (Figure 5A). Inte-
gration in the presence of all three drugs was increased in TUs
compared with the control. Previous work has suggested that topo-
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
isomerase binding sites in the human chromosomes are enriched
near TUs,46–50 consistent with our results. The favoring of integration
in TUs was stronger in DOX- and ETO-treated cells than in CPT-
treated cells (p = 0.0102 for CPT, p <0.0001 for DOX, and p =
0.0001 for ETO, one-way ANOVA, corrected for multiple compari-
sons, n = 4).

We next assessed integration site favoring near TUs and associated
features (Figure 5B), and sites of histone modifications (Figure 5C),
comparing with a distribution of randomly selected genomic loca-
tions over multiple genomic window sizes. The strength of each asso-
ciation was displayed by the color on the heatmap (Figures 5B and
5C), and the significance of the association is marked with asterisks
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Integration in the no drug control showed a slight disfavoring of inte-
gration in TUs, integration in the presence of CPT was close to
random, and integration in the presence of DOX and ETO favored
integration in TUs. Integration in the presence of DOX and ETO
was also favored in or near TU-associated features including CpG
islands and TSSs (Figure 5B). For many of the histone post-transla-
tional modifications associated with transcriptional activity, integra-
tion distributions were weakly negatively associated in the untreated
control and were positively associated in the samples treated with
CPT, DOX, and ETO. An exception was the heterochromatic mark
H3K27me3, where associations were negative for both the untreated
control and drug-treated cells (Figure 5C).51–54

Thus, over a variety of measures, integration in the presence of the
topoisomerase poisons was more favored in regions associated with
active transcription, and the effect was typically stronger for DOX
and ETO.

Integration targeting near inferred topoisomerase II DNA

binding sites

Next, we investigated whether the increased integration near TUs
occurring in the DOX and ETO cells was associated with integration
er 2024



A B Figure 4. Effects of CPT, DOX, and ETO on AAV

integration frequency in HeLa cells

HeLa DNA harvested 6 days post vector transduction was

subject to integration site sequencing. (A) Unique integra-

tion sites recovered from each biological replicate, quanti-

fied using the AAVengeR pipeline. Integration sites were

filtered to exclude sites supported by fewer than three

reads. (B) Abundance measures were used to estimate the

minimum population size of integrations in each biological

replicate (Chao1). Data displayed are the values for each

biological replicate (n = 4) with the mean displayed as a

horizontal bar. Medium only (no drug control, green circles),

62.5 nM of CPT (blue squares), 50 nM DOX (maroon

upward triangles), or 3.13 mM of ETO (pink downward

triangles). Fold changes were calculated by comparing the means of each drug condition. Data were analyzed using one-way ANOVA with Dunnett’s multiple comparison

test of each drug against the control cells. ns, no significance; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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near topoisomerase binding sites. Previous work has identified topo-
isomerase II binding sites in human cells by ChIP-seq. Following this,
a machine learning-based model was developed to annotate topo-
isomerase II binding sites based on experimentally mapped binding
sites for CTCF, RAD21, and DNAseI cleavage sites.55 We generated
such a model based on HeLa-S3 CTCF, RAD21, and DNAseI tracks
from ENCODE.56–58

We then assessed integration site distributions in our samples near in-
ferred topoisomerase II binding sites compared with a random distri-
bution of integrations (Figure 6). We found that integration near in-
ferred topoisomerase II binding sites was selectively favored in the
presence of ETO and DOX, but modestly disfavored in the presence
of CPT or in the mock-treated controls. Favoring was seen over mul-
tiple window sizes used for comparison (Figure 6A). A comparison of
percentage of integration sites associated with the inferred topoisom-
erase II binding sites between the experimental measures and 1,000
random distribution also shows favoring by the topoisomerase II
drug (Figure 6B, CPT 30.0%, DOX 32.4%, ETO 34.3%). We thus
conclude that treatment with ETO and DOX favors AAV integration
in or near topoisomerase II binding sites.

Vector rearrangement is not detectably altered in the presence

of CPT, ETO, or DOX

Lastly, we asked whether treatment with the topoisomerase drugs
might affect transduction via a different mechanism, specifically by
modulating the frequency of AAV vector DNA rearrangements.
We and others have reported previously that AAV genomes are
commonly rearranged after transduction in cells, and integrated ge-
nomes may be particularly affected.40–43,59–65 In addition, DNA dam-
age responses may influence rearrangement, and all three topoisom-
erase drugs are known to induce DNA damage.13,14 We used the
integration site sequence data to quantify rearrangement frequency
at the inverted terminal repeat (ITR)-genomic junction and to ask
whether AAV DNA rearrangement character or frequency was
different in the presence of CPT, ETO, or DOX.

For this, we analyzed the AAV DNA recovered from ligation-medi-
ated PCR reactions for break points within the AAV DNA prior to
Molecular T
reaching junctions with cellular DNA (Figure 7). Each integration
site was scored for whether there were additional AAV DNA frag-
ments between the ITR and host DNA, and how many different
AAV DNA segments were identifiable. The percentage of rearranged
DNAs was scored for each condition. Each condition was tested in
four independent biological replicates. We found that the percentage
of rearranged DNAs was not significantly different across drug con-
ditions (Figure 7A, p = 0.9986 for CPT, p = 0.9247 for DOX, and
p = 0.6906 for ETO, n = 4). Maps of ITR remnant structures (Fig-
ure 7B) also did not show large variations in rearrangement fre-
quencies. For all conditions, breakpoint hotspots were seen near
ITR positions 71 and 95, which correspond to the tips of the folded
DNA “dumbbells” in the ITRs (annotated by the dashed lines). These
locations have been reported previously to be hotspots for ITR
breakage and genomic junctions.62,66 Thus, we conclude that available
data do not support the hypothesis that differences in rearrangement
frequencies in the presence of CPT, DOX, or ETO mediated the
observed differences in transduction frequencies.

DISCUSSION
Here, we investigate the mechanism of action of topoisomerase poi-
sons in enhancing AAV transduction. Several previous reports have
investigated the effects of these drugs, revealing increased AAV trans-
duction asmeasured by AAV gene expression.13,15,16,20,21,23,67 Prelim-
inary mechanistic studies have proposed a mechanism of increased
second-strand synthesis due to topoisomerase poison treatment16,20;
however, other studies using self-complimentary vectors that bypass
second-strand synthesis also showed increases, and so support addi-
tional mechanisms of action.13,68 Previous studies of the topoisomer-
ase II poison ETO supported an increase in AAV integration as
measured by transduction of an antibiotic resistance marker.22

Here, we report increased AAV transduction in transformed and pri-
mary cells in the presence of CPT, ETO, and DOX. We found that
these drugs behaved differently early after transduction, with drug-
dependent and cell line-dependent kinetic variations, although
CPT, ETO, and DOX all boosted in our assays. Using the HeLa cell
model, we show that AAV transduction is increased in all three drugs,
yet ETO and DOX achieve boosting at an earlier time point. As
herapy: Methods & Clinical Development Vol. 32 December 2024 5
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topoisomerase II drugs stabilize double-stranded DNA breaks, there
may be an impact on the type of damage on early transduction. How-
ever, this is still speculative, and these kinetics were not seen in IMR90
cells, indicating a potential effect of cell type.

The two poisons show different enhancement at longer times after
transduction. For all conditions, the percent transduction dropped
with time, likely reflecting the dilution of episomal AAV genomes
with cell growth. Transduced cells showed higher transduction fre-
quencies at late times in the presence of DOX and ETO, consistent
with higher integration frequencies. These results are also consistent
with expected differences in the cellular responses to damage from
type I (ssDNA breaks) and type II (dsDNA breaks) topoisomerase
poisons. We compared integration site distributions generated in
the presence of CPT, ETO, and DOX to untreated control transduc-
tions, and showed that integration targeting was measurably different
in the presence of all three of the topoisomerase drugs, with greater
favoring of integration in TUs and associated features.

We took advantage of novel machine learning-based methods to
identify type II topoisomerase binding sites and compared them
with AAV integration site distributions generated in the presence of
the three drugs. Previous work has shown that experimentally map-
ped topoisomerase II binding sites identified by ChIP-seq correlate
with several other forms of genomic annotation that are more widely
available.55 These include open sites mapped by DNAse I cleavage,
and binding sites for the proteins CTCF and RAD21, which together
with topoisomerase IIB are found at topology-associated domain
(TAD) boundaries.69,70 These three types of annotation were available
for HeLa cells, thereby making possible the machine learning-based
annotation of likely topoisomerase II binding sites. Integration was
selectively favored at these predicted sites in the presence of the topo-
isomerase II drugs ETO or DOX, but not in the presence of the topo-
isomerase I poison CPT or controls. These data thus support a model
in which ETO and DOX stabilize dsDNA breaks generated by stalled
topoisomerase II catalytic intermediates, and these breaks are then
able to host AAV integration. The fact that cells treated with ETO
and DOX showed preferential integration near topoisomerase II sites,
but not cells treated with CPT or mock treated, also helps validate the
results from the machine learning approach.

These data imply that integration by AAV in the presence of ETO and
DOX is favored at TAD boundaries. TAD boundaries are commonly
shared between cell types69 and define the higher-order looping struc-
Figure 5. CPT-, DOX-, and ETO-treated HeLa cells have different patterns of A

(A) The percentage of integration sites in transcription units was calculated for each biolo

the mean displayed as a horizontal bar. Medium only (no drug control, green circles), 62

ETO (pink downward triangles). Data were analyzed using one-way ANOVAwith Dunnett

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B and C) Distribution of the AAV vect

number of sites as each experimental measure). Tracks are grouped by (B) genomic feat

by treatment condition, and associations were calculated versus random distributions us

associated, (B) blue or (C) aqua) and 0.6 (positively associated, (B) yellow or (C) red). Si

****p < 0.0001).
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ture in chromosomes. In published work, ETO-induced double-
stranded breaks were reported to co-localize to sites of CTCF occu-
pancy in B and T cells, neurons, and embryonic fibroblasts, and
many of the break locations were conserved across cell types.55,71

These data suggest that the integration preferences reported here
for HeLa cells may often be shared with other cell types, although
further work will be useful on this point.

While increased integration at stalled topoisomerase intermediates
largely explains our results, we note that other mechanisms may also
be involved in the enhancement of AAV transduction. Vector gene
expression was elevated for CPT-, ETO-, andDOX-treated cells at early
times (up to 6 days post transduction) suggesting that increased inte-
grationmay not have been solely responsible, especially as CPT-treated
cells did not demonstrate increased integration relative to transgene
expression. It is possible that the topoisomerase drugs induced cellular
DNA damage responses that increased vector DNA synthesis. An alter-
native model, that CPT, ETO, and DOX altered the frequency of rear-
rangement of AAV vector DNA, was not supported by the data.

Our study has several limitations. While CPT, DOX, and ETO target
topoisomerases, these drugs may induce damage and enhance AAV
transduction by other mechanisms. One such example is that DOX
has effects on the proteasome and vector nuclear transport.23,68,72

We only studied two human cells lines; others have shown increased
transduction with CPT, DOX, and ETO in murine, rat, and other an-
imalmodels.More extensive testing in preclinical animalmodels would
be valuable. For example, a previous report demonstrated increased
second-strand synthesis in CPT-treated mouse hearts 2 weeks post
transduction, yet our methods did not detect an impact of CPT on vec-
tor copy number.16 Machine learning was effective in identifying topo-
isomerase II binding sites, but more direct experimental work could
clarify binding sites more fully and specify local bound proteins at inte-
gration sites. For translation, although CPT, ETO, and DOX are used
clinically to treat cancer, they are toxic, and it is unknown whether
low doses could be used safely in human subjects to increase AAV
transduction and improve stability with integration.

If sufficiently safe, augmenting AAV vector transduction with CPT,
ETO, and DOX could be valuable in clinical applications. In one im-
plementation, Spirovant Sciences has begun recruitment for a phase
1/2 trial which will assess an inhaled combination of AAV and
DOX.73 Augmenting AAV integration with topoisomerase poisons
also could be beneficial for long-term gene therapy outcomes. For
AV integration relative to genomic features

gical replicate. Data displayed are the values for each biological replicate (n = 4) with

.5 nM of CPT (blue squares), 50 nM DOX (maroon upward triangles), or 3.13 mM of

’smultiple comparison test of each drug against the control cells. ns, no significance;

or integration sites in the human genome relative to random controls (three times the

ures or (C) histone markers/chromatin features. All biological replicates are collapsed

ing the ROC area method.35 Values of the ROCwere scaled between 0.4 (negatively

gnificance was calculated by the ROC method (*p < 0.05, **p < 0.01, ***p < 0.001,
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A B Figure 6. AAV favors integration near inferred

topoisomerase IIB binding sites selectively in the

presence of the topoisomerase II poisons DOX

and ETO

TOP2B binding sites were predicted by machine learning

methods55 for HeLa cells. (A) Distribution of the AAV vector

integration sites in the human genome relative to random

controls (three times the number of sites as each experi-

mental measure). TOP2B binding sites were predicted by

machine learning. All biological replicates are collapsed by

treatment condition, and associations were calculated us-

ing the ROCareamethod.35 Values of the ROCwere scaled

between 0.4 (negatively associated, green) and 0.6 (posi-

tively associated, purple). Significance was calculated by

the ROC method (*p < 0.05, **p < 0.01, ***p < 0.001). (B)

Percentage of integration sites within 10,000 bp windows

of inferred TOP2B binding sites. Random simulations are

depicted in black and were generated from 1 million

bootstraps of 1,000 randomly selected integration sites.

Percent of sites in TOP2B tracks are presented as colored

lines. No drug control (green), 62.5 nM of CPT (blue), 50 nM

DOX (maroon), or 3.13 mM of ETO (pink).
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example, in any tissue where dividing cells are targeted, stability of
transgene production could potentially be increased with integration.
Of course, the toxicity of CPT, ETO, and DOX, and possible genotox-
icity of integration, would need to be carefully monitored, but clinical
application may be justified in treatment of severe disorders lacking
effective alternative therapies.

MATERIALS AND METHODS
Cell culture

HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (HI-FBS) and 1% penicillin-streptomycin. IMR90 cells were
cultured in minimum essential medium (MEM) supplemented with
10% HI-FBS and 1% penicillin-streptomycin.

AAV vector preparation

AAV8-GFP was produced from AAV trans, cis, and helper plasmids
procured from Addgene, pAAV-GFP74 was a gift from John T.
Gray (Addgene, Watertown, MA, plasmid no. 32395; http://n2t.net/
addgene:32395; Addgene, 32395). pAAV2/8 (Addgene, plasmid
no. 112864; http://n2t.net/addgene:112864; Addgene, 112864) and
pAdDeltaF6 (Addgene, plasmid no. 112867; http://n2t.net/addgene:
112867; Addgene, 112867) were a gift from James M. Wilson. Plas-
mids were validated through whole-plasmid sequencing, which was
performed by Plasmidsaurus using Oxford Nanopore technology
with custom analysis and pLannotate annotation. AAV-GFP vectors
were prepared as described below.

The AAV8-GFP vectors were generated by triple transfection of 293T
cells. Cells were plated in DMEM 10% HI-FBS medium 24 h before
transfection. AAV trans plasmid (pAAV-GFP), AAV cis plasmid
(pAAV2/8), and helper plasmid (pAdDeltaF6) were complexed
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
with PEI in serum free Opti-MEM medium. The AAV genome in
pAAV-GFP produces a single-stranded AAV with a CMV enhancer,
a CMV promoter, a b-globin intron, EGFP transgene, and a b-globin
poly(A) sequence.

Plasmid-PEI mixtures were spiked into the medium of plated 293T
cells and allowed to incubate for 24 h before basal medium was re-
placed with lower serum medium (DMEM, 5% HI-FBS, 1% peni-
cillin-streptomycin). Cells were grown in lower serum medium for
48 h. After 48 h, medium was collected, cells were washed, harvested,
and subjected to freeze-thaw cycles for lysis.

Lysed cell supernatant was mixed with cell medium and subjected to
chloroform extraction and overnight polyethylene glycol precipita-
tion. Preparations were centrifuged and resuspended in DPBS con-
taining calcium and potassium. They were then DNaseI and RNaseI
treated in the presence of MgCl2 before a second chloroform extrac-
tion. Final vector stocks were stored at 4�C. During transduction,
AAV8-GFP was prepared to desired concentration with basal cell cul-
ture medium and added dropwise to cells.

Chemical treatments

HeLa cells were plated in quadruplicate 6 h before treatment in basal
medium (DMEM, 10% HI-FBS, 1% penicillin-streptomycin) at 80%
confluency (3.5 � 105 cells/mL in a 24-well plate). IMR90 cells
were plated in quadruplicate 6 h before treatment in basal medium
(MEM, 10%HI-FBS, 1% penicillin-streptomycin) at 100% confluency
to induce contact inhibition (4 � 105cells/mL). ETO, CPT, and DOX
stock solutions were prepared in dimethyl sulfoxide and stored at
�20�C. Solutions were thawed and diluted in basal DMEM medium
immediately before addition to cells. HeLa cells were incubated with
chemicals for 16–18 h and IMR90 cells were incubated with chemicals
er 2024

http://n2t.net/addgene:32395
http://n2t.net/addgene:32395
http://n2t.net/addgene:112864
http://n2t.net/addgene:112867
http://n2t.net/addgene:112867


A

B

(legend on next page)

www.moleculartherapy.org

Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024 9

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
for 24 h. Both cell types were washed twice with respective basal me-
dium. Vector was diluted in basal medium immediately before use
and added to cells after washing. Cultures were maintained in basal
medium without chemicals.

GFP expression

Early GFP expression post transduction was measured using the In-
cucyte live-cell imaging and analysis system (Incucyte S3 two-color
Green/Red, software v.2019 RevB, Sartorius). Fluorescent and phase
images of live cells were obtained every 6 h for the first 6 days post
transduction and GFP-positive cells were quantified using adherent
cell-by-cell scanning and Incucyte Basic Analysis methods; note
that this method does not yield a count of the untransduced cells.

After 6 days, HeLa cells were passaged twice a week upon reaching
confluency and a subset of cells was flash frozen in PBS for DNA
extraction. Once a week, an additional subset of the HeLa cells was
harvested for flow cytometry analysis. Cells were washed in PBS
and stained with LIVE/DEADAqua (Invitrogen) stain before fixation
with BD Cytofix. Cell samples were measured on a BD LSR II (BD
Biosciences) and analyzed using FlowJo v.10.9.0 software. GFP
BrightComp beads and ArC Amine reactive beads (Thermo Fisher
Scientific) with and without LIVE/DEAD Aqua staining were used
to calculate compensation. An FSC-A/SSC-A plot was used to gate
on epithelial cells and an FSC-A/FSC-H plot was used to gate on
single cells. The cell viability stain LIVE/DEAD Aqua was used to
distinguish live vs. dead cells using an FSC-H/Violet 515/20-A plot.
An FSC-H/Blue 515/20-A plot was used for GFP fluorescence and un-
transduced HeLa cells were used to gate on GFP+ cells (Figure S5);
both GFP+ and GFP� cells were quantified.

Vector copy number

DNA was extracted from frozen pellets using the QIAGEN DNeasy
Blood and Tissue kit and resuspended in AE buffer. DNA mass was
quantified using the Quant-iT PicoGreen dsDNA assay kit and read
on a Synergy LX plate reader (BioTek). Quantitative PCR (qPCR)
was carried out on a QuantStudio 5 (Thermo Fisher Scientific) with
the TaqMan Fast Universal PCR Master mix (Applied Biosystems).
GFP-targeted qPCR primers were as follows (also in Table S3).

Forward primer: 50-GAACCGCATCFAFCTGAA-3ʹ.

Reverse primer 50-TGCTTGTCGGCCATGATATAG-3ʹ.

Probe 50-56-FAM/ATCGACTTC/ZEN/AAGGAGGACGGCAAC/3ʹ.
Figure 7. CPT, DOX, and ETO do not alter AAV ITR-genome junction rearrange

(A) Percentage of integration sites with at least one rearrangement in the ITR remnant w

62.5 nM of CPT (blue squares), 50 nM DOX (maroon upward triangles), or 3.13 mM of E

replicate (n = 4) with the mean displayed as a horizontal bar. Data were analyzed using

control cells. ns, no significance; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (

condition. Integration sites aremapped by the terminal ITR position of the ITR remnant (x

rearrangements were colored green and sites containing rearrangements were colored

maroon). The dashed lines indicate the tips of the ITR dumbbells.
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qPCR reactions were prepared in 10 mL reaction volume with 300 mM
forward primer, 300 mM reverse primer, 0.0825 mM probe, 1�
TaqMan Fast Universal PCR with 2 mL of gDNA. Thermocycling pa-
rameters were as follows: initial denaturation at 95�C for 5 min, fol-
lowed by 40 cycles of denaturation at 95�C for 3 s and elongation at
60�C for 30 s. The standard curve was created with pAAV-GFP
plasmid and diluted to an appropriate range for primer efficiency
to estimate vector copies per reaction. Genome copies per reaction
were calculated from DNA mass in 2 mL using a conversion factor
of 7 pg per genome copy of human DNA. Vector copies per cell
were calculated as a ratio of vector copies to genome copies per reac-
tion. All reactions were carried out with four biological replicates per
drug condition and three technical replicates per biological replicate.

Integration site sequencing

Integration analysis was performed as described previously34 using
ligation-mediated PCR and the sonic abundance method. A positive
control was freshly prepared by spiking an equimolar amount of six
plasmids each with variable length ITRs fused to different segments
of the yeast genome into human gDNA. All samples and positive con-
trol were sheared to a size of �1,000 bp with a Covaris M220 ultra-
sonicator with the following conditions (peak power 50 W, duty fac-
tor 2%, 200 cycles for 95 s). After sonication, samples were subjected
to bead purification with AMPureXP beads (Beckman Coulter) and a
water-only negative control was added. Samples were subjected to end
repair and dA tailing with the NEBNext Ultra II End Repair/
dA-Tailing Module. Adaptors with unique sample-specific linkers
were ligated to repaired DNA using the NEBNext Ultra II Ligation
Module. Adaptor-ligated gDNA was then subjected to nested PCRs
under stringent conditions to enrich for integration sites. Nested
PCR reactions with primers landing near the inner edge of ITR se-
quences and primers specific to the linker selectively amplified
genomic fragments containing ITR/DNA junction sequences
(Table S3). All PCRs were carried out in quadruplicate to account
for PCR jackpotting with unique barcodes for each PCR replicate.

The first PCR reaction (PCR1) was performed with a total volume of
25 mL per reaction, 300 nM PCR1 linker primer, 300 nM ITR primer
1, 1� Clontech Advantage 2 PCR Buffer (Takara Bio), 200 mM
dNTPs, and 1� Clontech Advantage 2 Polymerase Mix (Takara
Bio). PCR1 thermocycling parameters were as follows: initial denatur-
ation for 1 min at 95�C, 5 linear amplification cycles of 95�C for 30 s,
80�C for 30 s (annealing), and 72�C for 1 min 30 s (extension), fol-
lowed by 20 exponential amplification cycles of 95�C for 30 s, 80�C
for 30 s (annealing), and 70�C for 1 min 30 s (extension), followed
ment in HeLa cells

ere calculated per biological replicate. Medium only (no drug control, green circles),

TO (pink downward triangles). The data displayed are the value for each biological

one-way ANOVA with Dunnett’s multiple comparison test for each drug against the

B) Composite visualization of ITR remnants of all biological replicates in each drug

axis) and sites sharing the same terminal position were summed (y axis). Sites with no

according to the number of breaks (1, light green; 2, yellow; 3, orange; 4, red; R5,
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by a final extension at 72�C for 4 min and an infinite hold at 4�C. Two
microliters of PCR1 product was diluted into the second PCR reaction
(PCR2), keeping samples in quadruplicate, with a total volume of
25 mL per reaction, 300 nM PCR2 linker primer, 300 nM ITR primer
2, 1� Clontech Advantage 2 PCR Buffer (Takara Bio), 200 mM
dNTPs, and 1� Clontech Advantage 2 Polymerase Mix (Takara
Bio). PCR2 thermocycling parameters were as follows: 1 min initial
denaturation at 95�C, 5 linear amplification cycles of 95�C for 30 s,
80�C for 30 s (annealing), and 72�C for 1 min 30 s (extension), fol-
lowed by 15 exponential amplification cycles of 95�C for 30 s, 80�C
for 30 s (annealing), at 70�C for 1 min 30 s (extension), followed by
a final extension at 72�C for 4 min and an infinite hold at 4�C.

Technical replicates were pooled at the sample level, purified with
AMPureXP beads post-PCR and quantified using KAPA SYBR
qPCR (KapaBiosciences) run on a QuantStudio 5 (Thermo Fisher
Scientific). The normalized pooled library was quantified with
another KAPA SYBR qPCR and Tapestation (Agilent) to determine
library concentration. The library was denatured and diluted to 10
pM with a 40% PhiX v.3 (Illumina) spike-in due to low diversity
in common linker regions. Illumina R1, I1, and R2 primers were
spiked with custom sequencing primers (Table S3). The library
was sequenced with an Illumina MiSeq 600 cycle kit using an R1/
R2 split of 250–350 cycles due to R2 reads harboring the complex
ITR regions.

Integration site analysis

AAV genome integrations and ITR remnant structures were deter-
mined using the AAVengeR software pipeline (https://github.com/
helixscript/AAVengeR) v.2.1.0. Integration positions were identified
by aligning paired-end short-read sequences from sheared genomic
fragments containing the internal edge of ITR sequences to the hu-
man genome. Reads were aligned with the BLAT aligner software
and reads that aligned near one another with opposite orientations
were used to define genomic fragments where one end of fragments
contained the genomic juncture sequences and the other contained
sonically sheared genomic DNA sequences. Integration positions,
defined as the transition between ITR remnant sequences and
genomic DNA were defined for each fragment and fragment bound-
aries were standardized to correct for PCR, sequencing, and align-
ment errors. Genomic fragments were grouped by standardized inte-
gration positions and the number of unique sonic break positions
associated with each integration position was used as a proxy for
clonal abundance (SonicAbundance method34,75). Alignments be-
tween recovered ITR remnant sequences and the vector-plasmid
were used to determine ITR remnant rearrangements (Figure 7).

Due to the potential presence of episomal DNA and subsequent PCR
recombination, integration site data were filtered to require three
or more reads supporting an integration site, as determined by previ-
ous optimization with integration-negative controls (purified AAV
vector DNA spiked into purified genomes, data not shown). The
numbers of unique integration sites recovered from each sample
were counted. SonicAbundance cell estimates were used to infer min-
Molecular T
imum population size with Chao1. Transcription unit annotations
used by AAVengeR (Figure 5A) were downloaded from the UCSC
genome browser76 (http://genome.ucsc.edu/, hg38 RefSeq Curated,
2019).77–79 The percentage of sites in TUs was calculated over the
unique sites recovered for each sample.

Integration distribution heatmaps were generated using the
hotROCs package (https://github.com/BushmanLab/hotROCs).
Detailed methods for obtaining receiver operator characteristic
(ROC) curve areas and calculating p values have been reported pre-
viously.35 The random distribution datasets were produced with
three times the number of sites as the experimental datasets. ROC
values of each association are presented by color scales and p values
are represented as asterisks (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001). The percentage of integration sites for each sample,
feature, and window combination was calculated by taking the num-
ber of integration sites at each combination, dividing by the total
number of integration sites, and multiplying by 100. To generate
the random distribution of integration site percentages in each
feature, the above process was performed for 1 million bootstraps
of 1,000 randomly selected integration sites. To evaluate each
feature, we downloaded the call sets from the ENCODE portal56–58

(https://www.encodeproject.org/) with the following identifiers:
ENCFF162RSB (H3K4me1), ENCFF429OQI (H3K4me2), ENCFF
903JDG (H3K4me3), ENCFF021PYM (H3K9ac), ENCFF831XSS
(H3K27ac), ENCFF584RYA (H3K27me3), ENCFF406DAM (H4K2
0me1), ENCFF582MED (H3K36me3), ENCFF238XWI (H3K79me2),
ENCFF094MFL (H2AFZ). Transcription unit annotations in Fig-
ure 5B were downloaded from the UCSC genome browser76 (http://
genome.ucsc.edu/, hg38 RefSeq Curated, 2024).77–79 CpG island an-
notations were downloaded from the UCSC genome browser76

(http://genome.ucsc.edu) hg38 track.80

TOP2B binding sites were calculated using machine learning as
described previously55 using HeLa-S3 input tracks CTCF, RAD21,
and DNAseI hypersensitivity from ENCODE. We downloaded the
call sets from the ENCODE portal56–58 (https://www.encodeproject.
org/) with the following identifiers: ENCFF855ZMQ (DNase-seq),
ENCFF035SOZ (CTCF), ENCFF155UQU (RAD21), ENCFF089KHK
(CTCF input), and ENCFF232RQF (RAD21 input). Predicted
TOP2B sites were filtered to only include regionswith a prediction score
>0.8.

Statistics

GFP and vector copy number data are either presented as the mean of
four biological replicates ± standard deviation or with four biological
replicates as individual data points with a bar representing the mean.
GraphPad Prism v.10 was used to display data and calculate statistical
significance. Comparison among the four groups was made using one-
way ANOVA with correction for multiple comparisons, comparing
each drug condition to the no drug control.

Integration site data are presented per biological replicate, with each
as a composite of four technical replicates. Number of sites, percent in
herapy: Methods & Clinical Development Vol. 32 December 2024 11
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Tus, and percent rearrangement was plotted in GraphPad Prism v.10.
Comparison among the four groups was made using one-way
ANOVA with correction for multiple comparisons, comparing each
drug condition to the no drug control.

Integration site distributions are presented by treatment condition,
condensing the four biological replicates. Statistical significance of
the area under the curve (ROC) was as described previously,35 and
p values are represented as asterisks (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001, determined with Welch’s t test).

DATA AND CODE AVAILABILITY
All DNA sequence information generated in this study is available at the NCBI SRA
PRJNA1131384; samples are annotated in Table S1. The AAVengeR pipeline is available
at https://github.com/helixscript/AAVengeR. The code used to train machine learning
models and generate genome wide predictions is available at https://gitlab.com/
mgarciat/genome-wide-prediction-of-topoisomerase-iibeta-binding.
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