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Recombinant adeno-associated virus (rAAV) vectors have the
unique ability to promote targeted integration of transgenes
via homologous recombination at specified genomic sites,
reaching frequencies of 0.1%–1%. We studied genomic param-
eters that influence targeting efficiencies on a large scale. To do
this, we generated more than 1,000 engineered, doxycycline-
inducible target sites in the human HAP1 cell line and infected
this polyclonal population with a library of AAV-DJ targeting
vectors, with each carrying a unique barcode. The heterogene-
ity of barcode integration at each target site provided an assess-
ment of targeting efficiency at that locus. We compared
targeting efficiency with and without target site transcription
for identical chromosomal positions. Targeting efficiency was
enhanced by target site transcription, while chromatin accessi-
bility was associated with an increased likelihood of targeting.
ChromHMM chromatin states characterizing transcription
and enhancers in wild-type K562 cells were also associated
with increased AAV-HR efficiency with and without target
site transcription, respectively. Furthermore, the amenability
of a site to targeting was influenced by the endogenous tran-
scriptional level of intersecting genes. These results define
important parameters that may not only assist in designing
optimal targeting vectors for genome editing, but also provide
new insights into the mechanism of AAV-mediated homolo-
gous recombination.

INTRODUCTION
Site-specific gene targeting is a burgeoning field in gene therapy and
genome engineering, providing the ability to readily generate models
of gene disruption and gene introduction. While most recombinant
adeno-associated virus (rAAV) transduction events are episomal,
we have previously used the vector’s ability to induce homologous
recombination (HR) for targeted integration of transgenes into the
host genome downstream of an endogenous promoter. Targeted
integration is achieved in the absence of a site-specific break induced
by a nuclease such as transcription activator-like effector nucleases
(TALENs) or CRISPR-Cas9 using expression-incompetent vectors
(AAV-HR).1 Not only do nuclease-free targeting systems reduce
the potential for toxicity associated with induced DNA breaks,2–4

but a vector lacking a promoter reduces the chance for oncogene acti-
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vation from off-target vector integration.5,6 This simple system re-
quires chromosomal homology arms as short as 750 bp7 flanking a
coding sequence, and it easily meets the limited 4.7-kb packaging ca-
pacity of rAAV for many coding sequences. AAV-HR has previously
been used both for targeted integration of whole transgenes as well as
targeted correction of insertions and deletions, achieving a targeting
rate up to 1% of cells.1,7–16

Exactly what processes govern AAV-HR are still under investigation.
Gene targeting with rAAV vectors occurs at rates several orders of
magnitude higher than with plasmid DNA, and there is evidence to
suggest that the AAV inverted terminal repeats (ITRs) are recombi-
nogenic.17–20 Studies to elucidate host factors that mediate AAV-
HR demonstrate that it occurs via the HR pathway. For example,
there is an improvement in AAV-HR after knocking down the
non-homologous end joining (NHEJ) protein KU70,16,21 which com-
petes with HR proteins for repair.20–22 Additionally, knocking down
the HR proteins RAD54L, RAD54B, and XRCC3 reduces or abolishes
stable integration via AAV-HR,18 evidence that AAV-HR requires the
Rad51/Rad54 pathway of HR.

Transcription has long been known to increase HR23 and gene target-
ing24 in mammalian cells.

Studies in S. cerevisiae have made the connection between transcrip-
tion and recombination, called “transcription-associated recombina-
tion” (TAR)25,26 and enumerated among its causes the formation of
co-transcriptional RNA:DNA hybrids, or R loops,25,27 that can both
stall movement of replication forks and expose single-stranded
DNA to damage and recombination proteins. Consistent with these
findings, we recently showed that knocking down the FANCM
gene, which helps to maintain genome stability by reconciling
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transcription-replication conflicts,28,29 increased rates of AAV-HR up
to 9-fold.30 A previous study of AAV-HR genome wide at engineered
target sites demonstrated a preference for targeting at sites of conver-
gent transcription and replication,31 where stalling and fork collapse
can stimulate TAR.26,32

Recent literature has suggested that a “histone code” may be respon-
sible for determining which repair proteins (HR or NHEJ) are re-
cruited at DNA damage sites. H3K36me3, a mark of transcription
elongation, is involved in recruiting CtIP and RAD51 to transcrip-
tionally active loci,33 while histone H4 acetylation in cis to
H4K20me1/2 diminishes recruitment of 53BP1, a protein important
for promoting NHEJ.34 HR is also the preferred repair method within
heterochromatin during the G2 phase.

35–37 H3K6me3 is a feature of
facultative and constitutive heterochromatin,38,39 not precluding a
similar mechanism of recruitment. However, HR in heterochromatin
is slower and requires unique factors compared to euchromatin,40,41

presumably due to the degree of chromatin compaction.36,41

H3K36me3 and H4K20me1 marks are both features of a transcribed
chromatin state, while other combinations of marks such as
H3K4me1, H3K27ac, and H3K9ac, as well as DNase I hypersensitiv-
ity, typically mark more accessible chromatin such as regulatory ele-
ments.42 Homologous recombination is also a characteristic feature of
transposable elements such as long interspersed nuclear elements
(LINEs) and short interspersed nuclear elements (SINEs).43

Dispersed repetitive elements can undergo allelic and non-allelic
HR, resulting in deletions or duplications that contribute to genetic
instability.43–45

Previous studies of AAV-HR have asked whether it is also subject to
position effects. The first studies investigating the role of position ef-
fects on AAV-HR from nearby or intersecting chromosomal features
did not find a significant correlation between transcription and target-
ing rate.10,12 A subsequent large-scale, genome-wide investigation re-
ported an enrichment for targeting transcription units, although it
could not solely be attributed to transcription due to the fact that the
engineered target site contained its own promoter and expressed at a
level sufficient for selective drug resistance.12,31 What these systems
lacked was the ability to understand the impact of position effects on
AAV-HR while controlling for transcription at the target site itself.
In this study, we describe a high-throughput system to map and quan-
tify precision AAV-HR genome wide that allows for decomposition of
the complex role of transcription on AAV-HR by exploiting an engi-
neered, drug-inducible locus and rAAV vectors that are designed to
integrate unique barcodes. By associating multiple barcodes with a sin-
gle locus as a measure of the AAV-HR efficiency at that site and con-
trolling for sequence variation at the target site, our system adds a novel
dimension that could not be tested by the design of earlier studies.

RESULTS
In order to investigate genomic AAV-HR events, we used a dual Tet-
On lentiviral vector system to introduce target sites into the near-
haploid human HAP146 cell line (Figure 1A). HAP1 cells infected
with lentivirus particles were selected as a blasticidin-resistant,
EGFP-positive polyclonal population (Figure 1B; Figures S1 and
S4). The experiment was divided into two treatment groups, with
half of the population exposed to doxycycline upon transduction
with the rAAV-DJ barcoded library. Doxycycline, a tetracycline-fam-
ily antibiotic, has been shown to affect mitochondrial biogenesis and
downregulate DNA-dependent protein kinase (DNA-PK) at concen-
trations of 25 mM or higher.47 Inhibition of DNA-PK can lead to
upregulation of the HR repair pathway.48 However, at the low con-
centrations of doxycycline used in inducible expression systems, typi-
cally 1 mg/mL (1.95 mM) or lower, there is evidence to suggest that
doxycycline does not affect DNA-PK expression (Table S149), and
our study used a doxycycline concentration 10-fold lower. We chose
to use the AAV-DJ capsid for packaging the pAAV-Luc-P2A-mScar-
let-GFP construct given its high efficiency in transducing cells
in vitro.50 The population was subsequently enriched for correctly
targeted cells (mScarlet+/EGFP�) over two rounds of fluorescence-
activated cell sorting (FACS) (Figures S2–S4).

In order to map lentiviral provirus sites in the blasticidin-selected/
EGFP-sorted polyclonal population, genomic DNA was subjected
to ligation-mediated PCR followed by next-generation sequencing
(NGS)51 (Figure 1C). 1,474 unique sites were recovered in passaging
phase samples (Table S2), with approximately 80%–90% of those
sites intersecting between any two biological replicates, regardless
of doxycycline treatment. There was a strong correlation between
the abundance of a given site when compared between all pairwise
combinations of biological replicates (R2 = 0.85, Figure S5A), giving
confidence that clones were consistently represented between
the different samples. Furthermore, the pairwise abundance of
clones recovered from the polyclonal population just prior to
rAAV transduction and during the passaging phase was well corre-
lated (+doxycycline sites R2 = 0.67, �doxycycline sites R2 = 0.72,
Figures S5B and S5C), suggesting that clones were minimally influ-
enced by uneven clonal expansion.

Lentivirus/HIV-1 preferentially integrates within transcription
units.52,53 Schröder et al.54 previously identified an enrichment for
HIV-1 integration sites at transcription units as well as at Alu ele-
ments, which are known to be enriched in gene-rich regions,52,55 as
well as an underrepresentation at long terminal repeat (LTR) and
mammalian-wide interspersed repeat (MIR) elements.54 Consistent
with this paradigm, we identified a significant enrichment for our
provirus sites relative to a set of random sites at GENCODE genes
(p < 0.001) and at Alu elements (p < 0.001), and an underrepresenta-
tion at LTR (p < 0.001) and MIR elements (p < 0.05) (Figure S6A).
Provirus sites were also underrepresented at LINE-1 elements (p <
0.001), which may be consistent with their enrichment in gene-
poor regions.56 Furthermore, using a permutation test, we found
that a previously identified set of recurrent integration genes (RIGs)
that are known lentivirus/HIV-1 hotspots55 were enriched at our pro-
virus sites (Figure S6B).

In order to enumerate AAV-HR events at each provirus site, we quan-
tified the number of unique barcodes integrated at each site, where
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Figure 1. Vector Design and Experimental Scheme

(A) The rAAV-DJ vector (rAAV) encodes an mScarlet coding sequence followed by a stop codon, barcode of 12 degenerate nucleotides (BC), and an additional 38 bp to

introduce a frameshift after HR. These are flanked by 1.6-kb homology arms comprising a (50) partial firefly luciferase (F Luc) coding sequence followed by 2A-peptide

sequence and (30) EGFP coding sequence and partial mouse albumin 30 UTR (mAlb 30 UTR). The target site (provirus), generated by integration of a lentivirus vector, encodes

firefly luciferase and EGFP coding sequences linked by a 2A-peptide and followed by the mouse albumin 30 UTR, under the control of a TRE3Gs tetracycline-responsive

promoter (pTRE). It also encodes a Tet-On 3G transactivator (Tet3G)-IRES-blasticidin resistance gene (BlastR) cassette under control of the human ubiquitin C (hUbC)

promoter. Stop codons are excluded from coding sequences that immediately precede 2A-peptides, and start codons are excluded from coding sequences that imme-

diately follow 2A-peptides. After integration by HR, firefly luciferase and mScarlet+barcode are fused at the DNA and RNA levels, but two separate proteins are produced as

the result of ribosomal skipping. The stop codon and frameshift introduced by HR abolish EGFP expression. (B) A polyclonal population of >1,000 clones was generated by

infecting wild-type HAP1 cells with the lentiviral vector at an MOI of <0.1. Clones were selected by blasticidin resistance and FACS. The polyclonal population was plated in

two biological replicates for each experimental arm (+doxycycline and �doxycycline), then transduced with the barcoded rAAV-DJ library under the indicated doxycycline

exposure. After several weeks, both experimental arms were exposed to doxycycline for sorting targeted cells (mScarlet+/EGFP�). Similarly, DNA and RNA were harvested

after doxycycline exposure. (C) (1) Lentiviral provirus integration sites were sequenced from the 30 LTR by LM-PCR, including a locked nucleic acid (blocking LNA) to inhibit

PCR amplification into the provirus sequence.51 (2) For mapping barcodes, DNA was digested with the complementary overhang restriction enzymes AseI (cleaving just

downstream of the barcode) and NdeI and then self-circularized. Fragments from circularized DNA were PCR amplified across the barcode and ligated adjacent genomic

DNA, as well as into genomic DNA from the 50 LTR. Genomic loci that overlapped in LM-PCR and iPCR were considered “targeted sites.” (3) Number of unique barcodes

mapped to each genomic locus is referred to as “barcode heterogeneity.” Barcodes were amplified from cDNA, and counts were normalized to corresponding barcode

counts from genomic DNA to measure targeted site expression.
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Figure 2. Effect of Target Site Transcriptional Induction on AAV-HR

Efficiency

Following FACS enrichment of cells with AAV-HR events, the number of unique

barcodes mapped to each site (barcode heterogeneity) and average expression

were quantified at targeted provirus sites, using the set of barcodes recovered in

both iPCR and DNA barcode sequencing samples (see Materials and Methods).

Here, measurements are compared only for those provirus sites targeted in both

doxycycline- and non-doxycycline-treated samples. (A and B) Barcode heteroge-

neity (A) and expression (B) at targeted sites, measured at all pairwise targeted sites

between treatment groups (concatenated biological replicates). Spearman’s rank

correlation coefficient r is shown. p values were determined by a one-sided Wil-

coxon signed-rank test (H0 = +doxycycline is not greater than �doxycycline) for

barcode heterogeneity and a two-sided Wilcoxon signed-rank test for expression

(n = 194). (C) Frequency histogram of log2 fold change in barcode heterogeneity and

site expression for each pair of sites plotted in (A) and (B), respectively. For

expression, RNA was extracted after administering doxycycline to both groups

regardless of doxycycline exposure at the time of rAAV transduction.
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each unique barcode represents a distinct rAAV vector that targeted
the site. To estimate the influence of transcription on AAV-HR while
controlling for position effects, we compared barcode heterogeneity
from the populations of cells transduced in the presence or absence
of doxycycline. The details of this analysis are described below.

In order to map integrated barcodes to each provirus site, genomic
DNA from the enriched population of cells was harvested and sub-
jected to inverse PCR (iPCR) followed by NGS57 (Figure 1C). To
quantify barcode expression as a proxy for the transcriptional activity
of the provirus site promoter, we prepared DNA and cDNA derived
from RNA transcripts from the enriched population of cells for NGS
of just the barcodes57 (Figure 1C). We refer to the number of unique
barcodes mapped to each provirus site (Table S2) as the barcode
heterogeneity, which is a measure of the AAV-HR efficiency at a given
site.

In order to investigate the effect of transcription alone on AAV-HR,
we controlled for position effects by comparing barcode heterogeneity
between paired (shared) sites from different doxycycline/non-doxy-
cycline treatment groups. Notably, barcode heterogeneity was
significantly greater at paired sites in doxycycline- versus non-doxy-
cycline-treated samples (p = 0.0021, Figure 2A), which is also shown
by the right shift of the frequency histogram of log2 fold change be-
tween doxycycline- and non-doxycycline-treated samples in Fig-
ure 2C, left panel.

There was no significant difference in the distribution of targeted site
expression between paired sites from different doxycycline treatment
groups when the RNA was extracted after administering doxycycline
to both groups (p = 0.12, Figures 2B and 2C, right panel), confirming
that we get similar expression from a site once it is targeted, regardless
of the condition (+doxycycline or �doxycycline) in which it was
transduced with the rAAV library.

Notably, the likelihood of AAV-HR with doxycycline exposure was
1.24-fold that without doxycycline exposure (relative risk ratio, 95%
confidence interval 1.002–1.533, Figures 3A and 3B), indicating that
a broader range of sites was amenable to targeting when target sites
were transcriptionally induced. Thus, there are two main effects of
target site transcription: increased AAV-HR efficiency as well as
an increase in the number of unique sites targeted. We reasoned
that provirus sites targeted in only one treatment group while still
being present in the polyclonal population transduced under both
conditions would represent sites at which targeting was truly depen-
dent on target site transcription. Among these sites, the likelihood of
AAV-HR with doxycycline exposure was 2.54-fold that without
doxycycline exposure (relative risk ratio, 95% confidence interval
1.707–3.783, Figure 3A), confirming our observation that target
site transcription makes a broader range of sites amenable to
AAV-HR.

To identify other factors such as nearby genes, repeat elements, or
marks of chromatin accessibility that associate with AAV-HR when
the polyclonal population is transduced in the presence or absence
of doxycycline, we sought to identify genomic features correlated
with either the number of unique barcodes integrated at each site
or the amenability of a site to targeting. We hypothesized that prox-
imal chromosomal features may be responsible for making some pro-
virus sites more or less amenable to targeting in the context of target
site transcription. First, we focused on features similar to those exam-
ined by other groups studying AAV-HR: genes; LTR, Alu, MIR, and
LINE-1 elements; low-complexity and simple repeats; and DNase I
hypersensitive sites (Figure S7). We calculated the relative risk ratio
that a provirus site was targeted, given that it intersected the given
feature (Figure 4A). Importantly, note that, given our data, we were
unable to determine whether the provirus site itself disrupted the ac-
tivity of any of these features.
Molecular Therapy Vol. 29 No 3 March 2021 1031
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Figure 3. Effect of Target Site Transcriptional

Induction on Number of Unique Sites Targeted

(A) Relative risk ratio of a site having at least one integrated

barcode in a doxycycline-treated sample compared to a

non-doxycycline-treated sample. Sites from biological du-

plicates were assembled into a 2 � 2 contingency table for

which the exposure is +doxycycline/�doxycycline and the

outcome is targeted/not targeted. 95% confidence in-

tervals are shown. We consider the relative risk ratio sta-

tistically significant when the 95% confidence interval does

not overlap 1, shown by white circles. All sites, all targeted

sites (considered out of n = 3,901 provirus sites across all

samples); Group-specific, sites targeted in one treatment

group and not the other. For group-specific sites, the set of

provirus sites was first filtered to sites present in the poly-

clonal population transduced in both treatment groups but

targeted exclusively in one treatment group or the other (n =

277). There were no zero values in the tables. (B) Ideogram

of all provirus sites considered for targeting (1,246 sites;

black bars, overlay), showing targeted sites below each

chromosome in +doxycycline samples (gray bars, first row)

and targeted sites in �doxycycline samples (black bars,

second row), generated using the NCBI Genome Decora-

tion Page (https://www.ncbi.nlm.nih.gov/genome/tools/

gdp/).
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GENCODE genes were associated with a non-significant increase in
the likelihood of AAV-HR (+doxycycline relative risk ratio = 1.30
and 95% confidence interval 0.80–2.10, �doxycycline relative risk
ratio = 1.50 and 95% confidence interval 0.84–2.67, Figure 4A).
However, DNase I hypersensitive sites were associated with a signif-
icant increase in the likelihood of AAV-HR in both treatment groups
(+doxycycline relative risk ratio = 2.82 and 95% confidence interval
1.19–6.67,�doxycycline relative risk ratio = 4.17 and 95% confidence
interval 1.96–8.87). DNase I hypersensitive sites are a widely recog-
nized surrogate marker of accessible chromatin that are useful for
mapping regulatory elements such as promoters and enhancers.58

We might expect that, in non-doxycycline-treated samples, the acces-
sible chromatin state may have a greater effect on AAV-HR in the
absence of the stimulatory effect of target site transcription. Consis-
tent with studies of lentivirus integration,53 it is noteworthy that
only a few percent of our provirus sites intersect DNase I hypersensi-
tive sites, while more than 80% of provirus sites intersect genes (Fig-
ure S6A). Interestingly, in non-doxycycline-treated samples, Alu ele-
ments were associated with a decreased likelihood of AAV-HR
(relative risk ratio = 0.50, 95% confidence interval 0.30–0.83), and
LINE-1 elements were associated with an increased likelihood
of AAV-HR (relative risk ratio = 1.64, 95% confidence interval
1032 Molecular Therapy Vol. 29 No 3 March 2021
1.11–2.42) (Figure 4A). However, there was no
significant difference in the likelihood of a tar-
geted site intersecting one of these features with
doxycycline exposure than without (Figure 4B),
indicating no significant difference between the
treatment groups. The reason for significance in
the one treatment group is unclear. However,
when filtering to sites that were targeted exclu-
sively in one treatment group or the other, the
likelihood of intersecting a LINE-1 element with doxycycline expo-
sure was only 0.22-fold that without doxycycline exposure (relative
risk ratio, 95% confidence interval 0.07–0.70, Figure 4C). It remains
to be further explored how target site transcription influences the
relative preference of targeting provirus sites that intersect LINE-1
elements. Our results also indicated that the relative risk of targeting
in doxycycline- and non-doxycycline-treated samples was not influ-
enced by whether a provirus was integrated into an LTR, MIR
element, or simple repeat (Figure 4A).

To further examine the relationship of targeted provirus sites with
nearby chromosomal features, we checked whether there were spatial
correlations between targeted sites and these features using the distri-
bution of relative distances59 rather than the intersections between
them (Figure S8). This analysis showed that targeted provirus sites
tend to be found closer to genes and farther from Alu elements,
regardless of doxycycline treatment, a pattern that seems to carry
over from the findings for direct intersections (Figure 4A). Impor-
tantly, no significant difference in spatial correlation between the
two treatment groups was observed for any of the tested features
(paired sample Kolmogorov-Smirnov test), suggesting that any differ-
ences we saw were independent of target site transcription.
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Figure 4. Association of Targeted Sites with

Chromosomal Features

(A) Relative risk ratio of a site having at least one integrated

barcode, given that the site intersects the feature indicated

above the plot. Sites were assembled into a 2 � 2 contin-

gency table for which the exposure is intersection/no

intersection and the outcome is targeted/not targeted.

There were no 0 values in the tables. +doxycycline, n =

2,013; �doxycycline, n = 1,888. 95% confidence intervals

are shown. We consider the relative risk ratio statistically

significant when the 95% confidence interval does not

overlap 1, shown by white circles. DNase I hypersensitive

sites were obtained by intersecting provirus sites with

DNase I-seq called peaks (see Materials and Methods).

Low-complexity repeats were excluded due to large confi-

dence intervals. (B andC) Relative risk ratio of a targeted site

intersecting the feature indicated, given that it was targeted

in a doxycycline-treated sample, for (B) all sites (-

+doxycycline, n = 181; �doxycycline, n = 137) or (C) sites

targeted in only one treatment group (+doxycycline, n = 64;

�doxycycline, n = 25). For (C), provirus sites were initially

filtered to sites present in both treatment groups and tar-

geted exclusively in one treatment group, as in Figure 3

(Group-specific). For (B) and (C), only targeted sites were

assembled into a 2 � 2 contingency table for which the

exposure is +doxycycline/�doxycycline and the outcome is

intersection/no intersection. 0.5 was added to all cells for

tables with a 0 value, as was the case for DNase I hyper-

sensitive sites in (C). DHS, DNase I hypersensitive site.
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Although we did not identify an increased likelihood for AAV-HR at
provirus sites intersecting genes, we reasoned that wemight see differ-
ences in targeting preference if we stratified the genes by expression
level, as was previously observed.31 We took advantage of publicly
available, transcriptome-wide RNA sequencing in wild-type HAP1
cells.60We found that targeted sites in both treatment groups were en-
riched at genes with higher expression levels and more scarce at genes
with lower expression levels (Figure 5, left, +doxycycline p = 2.6e�02,
�doxycycline p = 3.6e�04), and there was no significant difference
between treatment groups (Cochran-Armitage trend test, p = 0.19).
Additionally, for non-doxycycline-treated samples, barcode heteroge-
neity was consistently greater at sites in the “high” expression bin
compared to the “low” or “medium” bins (one-sided Mann-Whitney
U test, p = 0.02 and p = 0.01, respectively; for +doxycycline p = 0.06
and p = 0.004), suggesting that AAV-HR target site preference is
influenced by the expression level of intersecting genes and, in the
absence of target site transcription, AAV-HR efficiency is as well.
Mo
It was previously shown that a preference to
target highly transcribed genes could largely be
explained by the orientation of target site tran-
scription relative to the gene in which it was
embedded, with a preference for genes tran-
scribed in the opposite direction to the target
site.31 We also investigated whether this was
the case for our data, keeping in mind that the
target site cassette is not expressed in non-doxy-
cycline-treated samples. Surprisingly, in our system, the preference
for the most highly expressed genes held for genes transcribed in
the same direction as the target site (Figure 5, right, +doxycycline
p = 3.5e�02, �doxycycline p = 3.4e�03), but not for those tran-
scribed in the opposite direction (Figure 5, center), regardless of
doxycycline treatment. The discrepancy with the previous study
could be due to our smaller relative sample size and the distribution
of where the target sites are positioned within the genes, an absence
of 30-to-50 transcriptional read-through of the provirus, or the colli-
sion of convergent RNA polymerase IIs (RNA Pol IIs) at the Tet-On
transactivator/blasticidin resistance cassette downstream of the
target site rather than at the target site itself. The Tet-On transacti-
vator/blasticidin resistance cassette is ubiquitously expressed down-
stream of the target site (Figure 1A). The transient accumulation of
negatively supercoiled DNA behind RNA Pol II on either proviral
expression cassette could generate a recombinogenic block to
RNA Pol II procession from a co-directionally transcribed gene,
lecular Therapy Vol. 29 No 3 March 2021 1033
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Figure 5. Association of Targeted Sites with GENCODE Genes by Expression Level

Genes intersecting provirus sites were split into equal-sized bins after ranking mean FPKM values for these genes from lowest to highest. Left y axis (bar chart) indicates the

number of targeted sites in each bin. Right y axis (boxplot) indicates the barcode heterogeneity for targeted sites in each bin. Boxplot whiskers extend the first and third

quartiles by 1.5� interquartile range (IQR) with outlying data points shown as circles. All genes intersecting provirus sites (targeted gene counts +doxycycline 46, 47, 71 and

�doxycycline 27, 36, 62), genes transcribed in the opposite direction relative to the doxycycline-inducible promoter (targeted gene counts +doxycycline 31, 23, 32 and

�doxycycline 21, 15, 28), and genes transcribed in the same direction relative to the doxycycline-inducible promoter (targeted gene counts +doxycycline 21, 26, 40 and

�doxycycline 12, 23, 35) are shown. p values shown for binned targeted sites were determined by a one-way chi-square test against the uniform distribution. A Cochran-

Armitage trend test was used to compare between treatment groups but no significant differences were detected. A chi-square test of independence was used to compare

gene counts at genes transcribed in the opposite versus same direction within each treatment group but no significant differences were detected. Median FPKM and in-

terquartile range of transcripts in each bin for all transcripts in the source study and the genes intersecting provirus sites are provided in Table S3.
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possibly explaining the preference in our study for co-directionally
transcribed genes.

Without binning by expression level, there was no significant differ-
ence in the number of targeted sites that intersected genes transcribed
in the opposite rather than same direction for either treatment group
(+doxycycline 87 versus 86,�doxycycline 60 versus 64, respectively).
Likewise, barcode heterogeneity at genes transcribed in the same di-
rection was not higher than genes transcribed in the opposite direc-
tion for either treatment group, without binning (Mann-Whitney U
test).

As mentioned previously, we have not evaluated how the provirus site
itself influences endogenous transcription, nor have we explored
other factors that could contribute to the observed preferences,
such as replication fork direction.

We also hypothesized that certain chromatin states would be more or
less conducive to AAV-HR. For example, without target site tran-
scription to stimulate AAV-HR, the degree of accessibility of the sur-
rounding chromatin or presence of proximal endogenous regulatory
elements may be a more potent predictor of AAV-HR efficiency. In
order to assess whether certain epigenetic features might influence
target site preference or AAV-HR efficiency, we used genomic anno-
tations derived from ChromHMM states learned across 127 reference
epigenomes for 25 states,42 sourced from the Roadmap Epigenomics
Project61 and ENCODE project,62 focusing specifically on the K562
chronic myeloid leukemia-derived cell line. Chromatin states are pre-
dicted by the combinatorial presence or absence of multiple types of
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epigenetic marks, such as histone modifications, histone variants, and
regions of open chromatin.63

In both treatment groups, chromatin states characterizing tran-
scription were associated with an increased likelihood of AAV-
HR (+doxycycline, transcribed and 30 preferential [Tx30], relative
risk ratio = 1.416, 95% confidence interval 1.02–1.966; -doxycy-
cline, transcribed and 50 preferential [Tx50,], relative risk ratio =
1.735, 95% confidence interval 1.177–2.558) (Figure 6A).
Furthermore, enhancer states were also associated with an
increased likelihood of AAV-HR (+doxycycline, active enhancer
2 [EnhA2], relative risk ratio = 3.227, 95% confidence interval
1.393–7.475; �doxycycline, weak enhancer 2 [EnhW2], relative
risk ratio = 2.796, 95% confidence interval 1.003–7.793). The
25-state ChromHMM model defines transcribed chromatin states
as being enriched in the histone marks H3K36me3, H4K20me1,
and H3K79me2, while enhancer states are enriched in the marks
H3K4me1, H3K27ac, H3K9ac, and H3K4me2/3, as well as
DNase I hypersensitivity and the histone variant H2A.Z. In or-
der to assess the relationship between AAV-HR efficiency and
certain epigenetic features, we fit independent models to predict
the presence of an overlapping feature in both K562
ChromHMM states and ENCODE annotations,64 using as our
predictor the barcode heterogeneity at each targeted site. In
doxycycline-treated samples, the odds of overlapping a tran-
scribed chromatin state (Tx, strong transcription) increased
with higher AAV-HR efficiency (p = 0.008), while in non-doxy-
cycline-treated samples, the odds of overlapping an active
enhancer state (EnhA2), as well as the active enhancer mark



Figure 6. Chromatin States and Epigenetic Measures Associated with AAV-HR

(A) Relative risk ratio of a site having at least one integrated barcode, given that it overlaps the indicated ChromHMM chromatin state segment, using chromatin state

predictions in K562 cells. Sites were assembled into a 2 � 2 contingency table for which the exposure is intersection/no intersection and the outcome is targeted/not

targeted. 95% confidence intervals are shown. We consider the relative risk ratio statistically significant when the 95% confidence interval does not overlap 1, shown by white

circles. States with large confidence intervals were excluded but are given in Tables S4 and S5. Where incidence for either group is 0, 0.5 was added to all cells prior to

computing relative risk ratio. (B) Predicting the presence of an overlapping ChromHMM or ENCODE feature peak in K562 cells from barcode heterogeneity at targeted sites

using independent logistic regression models, filtering out features with high standard deviation. Exp(log odds ratio) represents the change in odds of overlapping a given

feature for every unit increase in barcode heterogeneity. (C) Predicting barcode heterogeneity at targeted sites from the proportion of cell types assigned to a given

ChromHMM state or ENCODE feature peak in the region over that site using independent linear regression models, filtering out features with high standard deviation. The cell

types are a subset of seven cell types shared by both the Roadmap and ENCODE annotations (GM12878, H1-hESC, HSMM, HUVEC, K562, NHEK, and NHLF). Beta

represents the mean change in barcode heterogeneity given a one-unit change in the proportion of assigned cell types. For (B) and (C), data were centered and scaled to a

mean of 0 and standard deviation of 1 prior to model fitting. 95% confidence intervals are shown. A feature is considered predictive of targeting when the 95% confidence

interval does not overlap 0, shown by white circles. Estimates and standard errors for all states are provided in Tables S6 and S7. For regression analyses, sites with barcode

heterogeneity greater than the third quartile+3 � IQR of their respective treatment group were excluded.
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H3K27ac, increased with higher AAV-HR efficiency (p = 0.046
and p = 0.023, respectively) (Figure 6B).

In order to assess whether certain epigenetic features might influence
AAV-HR efficiency, we then fit independent models to predict AAV-
HR efficiency for each treatment group. In this study, we used as input
the proportion of cell types annotated as a given ChromHMM state or
ENCODE epigenetic measure at each targeted provirus site, for the
subset of cell types shared between the two annotation sets
(GM12878, H1-hESC, HSMM, HUVEC, K562, NHEK, NHLF). A
chromatin state characterizing transcribed chromatin (Tx, strong
transcription) was associated with increased AAV-HR efficiency for
doxycycline-treated samples (p = 0.008), while the H3K4me1
enhancer-associated mark was associated with decreased AAV-HR
efficiency (p = 0.024) (Figure 6C). Chromatin states characterizing
weak enhancers (weak enhancer 1 [EnhW1] and EnhW2) were asso-
ciated with increased AAV-HR efficiency for non-doxycycline-
treated samples (p = 0.016 and p = 0.025, respectively). We also fit
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similar linear regression models using as input the proportion of all
127 reference epigenomes annotated as a given ChromHMM state.
Consistent with the seven cell type model, state Tx was associated
with increased AAV-HR efficiency for doxycycline-treated samples
and state EnhW1 was associated with increased AAV-HR efficiency
for non-doxycycline-treated samples (Table S8).

These findings suggest that, based on features representing a single
related cell type or a composite of multiple diverse cell types, tran-
scribed chromatin and the potential for greater chromatin accessi-
bility at or activation in the vicinity of endogenous enhancers are
important for AAV-HR. No significant associations were observed
for promoter, repressed polycomb, or quiescent chromatin states.
While the annotations used in these models were not from HAP1
cells, our findings are informative in establishing a direction for
further investigation, suggesting that transcription and specific chro-
matin environments bothmay influence target site preference and the
efficiency of AAV-HR.

DISCUSSION
There is a need to improve the efficiency of AAV-HR in order tomake
the use of this safe and permanent gene-targeting technology viable
for a larger number of diseases and applications. Herein, we describe
a novel system for detecting and quantifying AAV-HR events
comprised of more than 1,000 engineered, drug-inducible provirus
sites that are infected by a library of barcoded rAAV vectors. This sys-
tem uniquely allows for decomposition of the effects of target site
transcription and other factors on AAV-HR. By modulating target
site transcription at the time of rAAV transduction, we were able to
evaluate its effect on AAV-HR efficiency and target site preference
while controlling for position effects, a heretofore unexplored dimen-
sion of large-scale rAAV-mediated gene targeting. Moreover, by
controlling for target site transcription, we began to identify chromo-
somal features that improve AAV-HR efficiency. While it is difficult
to compare AAV-HR rates between different studies due to differ-
ences in serotype, multiplicity of infection, homology arm length,
and target sequence,7,12,14 our system controlled for these variables
over multiple genomic loci by using an engineered target site and
rAAV vectors that differ only in a central barcode sequence.

Using this system, we found that AAV-HR efficiency was improved
by target site transcription and there was a positive effect on the
amenability of a site to targeting due to other factors such as the level
of endogenous transcription from intersecting genes and accessible
chromatin. The number of provirus sites amenable to AAV-HR
was reproducibly higher when the target site was transcribed, suggest-
ing that target site transcription might be able to compensate for sites
that are less prone to HR. Whether this effect is due to transcription
alone or to the interplay of transcription and other factors remains
unclear.

Consistent with our results and those of others supporting a model in
which transcription through the target site stimulates rAAV-medi-
ated targeting, we identified that a ChromHMM transcribed chro-
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matin state was associated with higher AAV-HR efficiency
(Figure 6B). Further investigation is needed to understand why this
is the case for doxycycline-treated samples only. We also found evi-
dence that a ChromHMM enhancer state was associated with higher
AAV-HR efficiency in the absence of target site transcriptional acti-
vation (Figure 6B). A recent study of HIV proviruses in Jurkat cells
showed that the expression of a provirus inserted in a gene showed
little correlation with the expression of the host gene, while the
expression level of proviruses associated with proximal endogenous
enhancers were significantly higher than average.65 This finding could
explain the association of AAV-HR efficiency with an enhancer state
in non-doxycycline-treated samples, as the enhancer may have a
compensatory effect on the target site promoter in the absence of
doxycycline and thereby influence AAV-HR efficiency. Importantly,
note that the use of these features assumes that provirus sites adopt
a chromatin conformation comparable to the average of the region
in which they integrate. Furthermore, if a particular chromatin state
or epigenetic measure is already favored for lentivirus integration,
such as the H3K36me3 histone modification,66 that feature might
not be as useful a predictor in our regression models.

Notably, the efficiency of AAV-HR at one provirus site in particular,
which intersects the co-directionally transcribed gene ENAH, was
reproducibly more than two orders of magnitude greater than the
median targeting rate (Figure 2A). Despite the comparatively high
targeting rate, the clonal abundance of this site varied only minimally
between the pre-transduction time point and passaging phase of the
experiment (+doxycycline pre-transduction = 30, post-transduction
by replicate = 21 and 19; �doxycycline pre-transduction = 29,
post-transduction by replicate = 23 and 21). Interestingly, this site
is only 68 bp from the nearest restriction site with the potential for
more efficient amplification during library preparation. However,
the number of unique, accepted barcodes integrated at all sites and
the distance to the nearest cut site show little correlation (Spearman
r = �0.07), and the depth of sequencing used here plus the use of
unique barcodes to mark individual AAV-HR events rather than
read count alone suggest that this phenomenon is not fully explained
by the short distance to the cut site. Future studies will provide an op-
portunity to explore the propensity of this site to AAV-HR.

TAR is a phenomenon that has been associated in eukaryotic cells
with transcription in general,25,67 convergent transcription,68–70 and
convergent transcription and replication.71 Target site transcription
alone or combined with transcriptional read-through from genes in-
tersecting the target site, or an opposing replication fork, could be
responsible for the enhanced AAV-HR efficiency we observe when
the polyclonal population is transduced in the presence of doxycy-
cline. However, we cannot exclude the broader effects that the provi-
rus has on the surrounding chromatin, including any effects of the
ubiquitous promoter driving expression of the Tet-On transactiva-
tor/blasticidin resistance cassette. In characterizing the epigenetic
consequences of rAAV-mediated gene targeting, Li et al.13 showed
that after insertion of an ubiquitous promoter at the target site, the
target site and surrounding chromatin up to 8.4 kb away were marked
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by an increase in the H3K27Ac histone mark, and the target site was
marked by a reduction in the H3K27me3 histone mark.

We also observed that a provirus site was less likely to be targeted if it
intersected Alu elements, and for non-doxycycline-treated samples
this difference was significant. Alu elements are mobile elements
belonging to the class of SINEs that make up 11% of the human
genome and are present in more than 1 million copies, associating
with more than three-quarters of genes.56,72 It has been suggested
that the high level of sequence divergence between Alu elements
can shift the reliance for repair of induced double-strand breaks at
Alu elements from Alu/Alu recombination to variable-length
NHEJ, which results in deletions between Alu elements.44 Allelic
and non-allelic HR events are disruptive to genome integrity,45,73

and stimulation of AAV-HR at an Alu element has the potential to
disrupt the drug-inducible expression cassette (Figure 1A).

Alternatively, a provirus site was more likely to be targeted when it
intersected LINE-1 elements, and for non-doxycycline-treated sam-
ples this difference was significant. LINE-1 elements are autonomous
transposable elements that make up 17% of genome mass and are
generally enriched in gene-poor regions.56 Full-length LINE-1s are
known to be silenced via CpG methylation, histone deacetylation,
and H3K9me3 deposition as a way to constrain LINE-1 endonuclease
expression,74–77 so it was surprising that provirus sites intersecting
these elements were more likely to be targeted. It is possible that
the ubiquitous promoter of the Tet-On transactivator/blasticidin
resistance cassette (Figure 1A) could reverse transcriptional silencing
in the surrounding region and make the LINE-1 elements subject to
transcriptional activation, or integration of the lentivirus itself dis-
rupts the repressive modifications. It has also been demonstrated
that transcriptional silencing of LINE-1 elements often occurs within
introns of transcriptionally active genes, leading to downregulation of
host gene expression.74 It is possible that reversal of this silencing by
provirus integration upregulates surrounding gene expression to the
effect of stimulating AAV-HR. The observed importance of endoge-
nous transcriptional activity to stimulate AAV-HR in the absence of
target site transcription may explain why these LINE-1-intersecting
provirus sites are more likely to be targeted in this treatment group.

Taken together with previous studies of AAV-HR, the data from this
study provide future directions of research to optimize the genomic
target site in AAV-HR applications. Cell type-specific RNA
sequencing and chromatin immunoprecipitation to identify epige-
netic measures of transcriptional activation over the target site may
provide more specific evidence of an environment capable of promot-
ing AAV-HR in our cell line. Mapping of replication origins and/or
endogenous transcripts as well as the timing of these processes may
provide the second level of evidence that processes shown to enhance
AAV-HR are occurring in concert. Since R loop formation has been
associated with transcription-associated recombination and is pro-
posed to be a mechanism by which convergent transcription and
replication enhance AAV-HR,31 the cell type-specific mapping of R
loops by pulldown of DNA:RNA hybrids, identification of R loop-
prone sequences, or modulation of these structures presents a poten-
tial avenue for future investigation to pinpoint the mechanism of
AAV-HR and optimize genomic target sites.

MATERIALS AND METHODS
Plasmid Construction

All PCR, restriction, and ligation enzymes and buffers were pur-
chased from New England Biolabs (NEB, Ipswich, MA, USA)
except when following unmodified published protocols, where
other products are indicated. Except where indicated, amplified
and digested DNA was purified using either the QIAEX II gel
extraction kit (QIAGEN, Germantown, MD, USA) or the Monarch
PCR & DNA cleanup kit (NEB, Ipswich, MA, USA). All final
plasmid preparations were generated using EndoFree kits from
QIAGEN (Germantown, MD, USA). All constructed plasmid se-
quences were confirmed by Sanger sequencing (Sequetech, Moun-
tain View, CA, USA and MCLAB, South San Francisco, CA, USA)
and restriction digest plus agarose gel electrophoresis. The pres-
ence of ITRs in rAAV transfer plasmids was confirmed by restric-
tion digest with AhdI and XmaI. All primers used in cloning were
ordered from Integrated DNA Technologies (IDT, Coralville, IA,
USA). Primers containing P5 and P7 adapters were high-
performance liquid chromatography (HPLC) purified. Plasmid
sequences are available upon request.

The original third-generation lentivirus transfer plasmid pCW22-
Nkx2-1 was provided as a gift from theWinslow Lab at Stanford Uni-
versity School of Medicine (Stanford, CA, USA). To generate
pCW22-Luc-P2A-GFP, the existing promoter containing the tetracy-
cline-responsive element was replaced with pTRE3Gs by joining mul-
tiple regions from other plasmids containing pTRE3G, the cytomeg-
alovirus (CMV) promoter, and a synthesized gBlock (IDT, Coralville,
IA, USA) by restriction cloning into a subcloning vector. The existing
Tet-Advanced reverse tetracycline transactivator (rtTA) sequence
was directly replaced by the Tet-On 3G rtTA,78 which was amplified
from a synthesized gBlock (IDT, Coralville, IA) and inserted by re-
striction cloning using EcoRI and XmaI. The full target site contain-
ing firefly luciferase, P2A-EGFP, and murine albumin 30 UTR
sequence was generated by PCR amplification from other Kay Lab
plasmids and Gibson cloning79 downstream of the pTRE3Gs pro-
moter in the subcloning vector. The entire subcloned expression
cassette was restriction cloned into pCW22-Nkx2-1 using PacI and
ClaI. A mock-targeted control transfer plasmid for FACS compensa-
tion was generated by cloning the mScarlet sequence (Michael Lin
Lab, Stanford University School of Medicine, Stanford, CA, USA)
into pCW22-Luc-P2A-GFP using BlpI. The third-generation lenti-
virus packaging and envelope plasmids pRSV-Rev, pMDLg/pRRE,
and pMD2.G were purchased from Addgene (Watertown, MA,
USA; IDs 12253, 12251, and 12259).

To generate the rAAV transfer plasmid pAAV-Luc-P2A-mScarlet-
GFP, homology arm regions were generated by PCR amplification
and Gibson cloning similarly to their homologous regions in the lenti-
virus plasmid. The restriction cloning sites BmgBI and NheI were
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added to the mScarlet sequence by PCR for cloning between the P2A
and EGFP sequences. A cloning site for the barcode was included
downstream of the mScarlet sequence, followed by an AseI restriction
site used for iPCR. mScarlet plus two 1,600-bp flanking homology re-
gions were inserted into a single-stranded rAAV-DJ ITR-containing
plasmid from our laboratory.

Double-stranded barcoded inserts were generated by annealing and
extension of the following single-stranded oligonucleotides (IDT,
Coralville, IA, USA) where Ns indicate degenerate random nucleo-
tides, as previously described:80,81 NheI-AAVbc, forward, 50-
GGTATGGATGAACTCTATGCTAGCACGGAAATACGATGTC
GGGA-30; XhoI-AAVb, reverse, 50-ATTAATCTCGAGNNNNN
NNNNNNNTCCCGACATCGTATTTCCGT-30. Briefly, two 100-
mL reactions each containing 1 mM each oligonucleotide and 1�
NEB 2.0 buffer were incubated as follows: 10 min at 70�C, decrease
0.1�C/s to 30�C, hold at 4�C. Annealed oligonucleotides were
extended by addition of 0.03 mM 20-deoxynucleoside 50-triphos-
phates (dNTPs) and 5 U Klenow fragment (30 � 50 exo-) for 1 h at
37�C. The reactions were pooled and purified using 5PRIME Phase
Lock Gel heavy tubes (Thermo Fisher Scientific). Double-stranded
molecules were inserted downstream of mScarlet in pAAV-Luc-
P2A-mScarlet-GFP by restriction cloning with NheI-HF and XhoI,
using a backbone/insert ratio of 1:1.43. Plasmid DNA for the bar-
coded rAAV library was generated as described.81,82 The resulting
yield from plasmid preparation was 3.2 mg.

Library diversity was estimated at 3.6 million clones by plating serial
dilutions of the initial inoculation. Since we subsequently sorted
about 50,000 cells per replicate, simulating choosing 50,000 barcodes
from a pool of 3.6 million results in each barcode being selected on
average 0.014 times, suggesting a low possibility of getting duplicate
barcodes. A subset of colonies was sent for Sanger sequencing to
assess the frequency of more than one barcode being ligated into
the plasmid backbone. In 4 out of 100 clones, two backbones with sin-
gle barcodes attached at one end had ligated to each other. One clone
of the 100 did not match the plasmid backbone. Barcodes were ampli-
fied from plasmid DNA using the following site-specific primers con-
taining Illumina P5 and P7 adaptor sequences and internal multiplex-
ing barcodes: AAVbc-plasmid read 1, 50-AATGATACGGCG
ACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTTAACGCGCCCTTGCTCACATTAAT-30; AAVbc-plasmid
read 2, 50-CAAGCAGAAGACGGCATACGAGATCGGTCTCGG
CATTCCTGCTGAACCGCTCTTCCGATCTGGATTATGGACGA
GCTGTACAAGTAAG-30. PCR products were purified from a 2%
1� TAE agarose gel with 1� SYBR Safe DNA gel stain (Thermo
Fisher Scientific) using a QIAquick gel extraction kit (QIAGEN), per-
forming all reactions at room temperature to avoid denaturing the
short PCR products, then sequenced using a MiSeq reagent kit v3
(Illumina, San Diego, CA, USA) with 2 � 75-bp paired-end reads
to check library diversity and integrity of the restriction sites sur-
rounding the barcodes. In 484,966 reads, there were 400,427 different
barcode sequences. This number did not change after clustering with
Starcode,83 allowing for an edit distance of 2 at a ratio of 5.0.
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Cell Culture

All cells were grown in media supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA unless
noted), 100 IU/mL penicillin-streptomycin (Thermo Fisher Scientific,
Waltham, MA, USA), and 1 mM sodium pyruvate (Thermo Fisher
Scientific, Waltham, MA, USA) in a humidified incubator at 37�C
with 5% CO2. HAP1 cells46 were obtained from the Carette Lab at
Stanford University School of Medicine (Stanford, CA, USA) and
cultured in complete Iscove’s modified Dulbecco’s medium
(IMDM) (4 mM L-glutamine, 25 mMHEPES) (Thermo Fisher Scien-
tific, Waltham, MA, USA) using tetracycline-negative FBS (Gemini
Bio-Products, West Sacramento, CA, USA). HEK293T cells for lenti-
virus and rAAV production were cultured in complete DMEM (with
glucose, without L-glutamine and sodium pyruvate) supplemented
with 2 mM L-glutamine and 20 mM HEPES (Thermo Fisher Scienti-
fic, Waltham, MA, USA).

Prior to all fluorescence-activated sorting steps, cells were rinsed twice
in Dulbecco’s PBS (DPBS), resuspended in DPBS + 2% FBS, and
strained through a 35-mm cell strainer (Thermo Fisher Scientific).
Cells were maintained on ice and 1 mM SYTOX blue dead cell stain
was added just prior to sorting. Sorting was performed on a BD
FACSAria Fusion or BD FACSAria II sorter (BD Biosciences, San
Jose, CA, USA) by Stanford Shared FACS Facility staff.

Viral Vector Stocks

Lentivirus vectors were produced by co-transfection of pCW22-Luc-
P2A-GFP, pRSV-Rev, pMDLg/pRRE, and pMD2.G into HEK293T
cells seeded on 0.001% poly-L-lysine-coated dishes at amounts previ-
ously described for 12 � 15-cm dishes.84 5e6 cells were seeded per
dish and the following day transfected with plasmids diluted in
Opti-MEM (2 mL per dish) (Thermo Fisher Scientific) and combined
with 1 mg/mL polyethylenimine (PEI; linear, molecular weight [MW]
25,000 Da) (Polysciences, Warrington, PA, USA) at a ratio of 1:4 (mg
of DNA/mL of PEI). Medium was replaced after 16 h and collected
48 h later. Viral particles were harvested and concentrated from the
medium using Lenti-X concentrator (Takara Bio USA, Mountain
View, CA, USA) and then resuspended in complete IMDM for use
on HAP1 cells, and stored at �80�C. Vector stocks were titered for
infectious particles by serial dilution on HAP1 cells and blasticidin
selection.

rAAV vectors were packaged in serotype DJ capsids by co-transfec-
tion of pAAV-Luc-P2A-mScarlet-GFP, pAd5 adenoviral helper
plasmid, and AAV-DJ rep/cap packaging plasmid using the calcium
phosphate method, harvested from cell lysate, and concentrated by
cesium chloride gradient centrifugation as previously described.81

Single-stranded vector genomes were extracted using the NucleoSpin
virus kit (Takara Bio USA, Mountain View, CA, USA) and titered
by SYBR Green qPCR using Apex qPCR GREEN master mix without
ROX (Genesee Scientific, San Diego, CA, USA) on a Bio-Rad CFX384
real-time system (Bio-Rad, Hercules, CA, USA). Serial dilutions were
run in quadruplicate using a gBlock (IDT) standard and primers
homologous to the firefly luciferase sequence as follows: forward,
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50-TAAGGTGGTGGACTTGGACA-30; reverse, 50-GTTGTTAAC
GTAGCCGCTCA-30. Packaging of full-length vector genomes (4.3
kb) was confirmed by alkaline denaturing Southern blot using 3e9
vector genomes.

Generating Lentivirus-Infected Cell Line

On day 0, 3.25e6 HAP1 cells per dish were seeded in two 10-cm
dishes. On day 1, lentiviral particles were added in 4 mL of medium
with 8 mg/mL Polybrene at an MOI of <0.1, keeping one dish unin-
fected as a control for drug selection. Plates were gently swirled
regularly for 6 h, then left to sit overnight. On day 2, medium was
replaced with fresh complete IMDM. On day 3, blasticidin S hydro-
chloride was added at 7 mg/mL to select for infected clones. Medium
was replaced with fresh complete IMDM+blasticidin every other
day. On day 11, approximately 1,000 clones were pooled and
expanded into three T-225 flasks. With approximately 1,000 clones
per dish, the effective MOI was on the order of 3e�4 viral particles
per cell (1e3 clones/3.25e6 cells), at which point there is a negligible
likelihood of having more than one insertion per cell according to a
Poisson distribution (see table 3 in Horizon Discovery85). Cells were
passaged regularly in 7 mg/mL blasticidin S hydrochloride. On day
15, 100 ng/mL doxycycline hyclate (Sigma-Aldrich, St. Louis, MO,
USA) was added to the medium. On day 18, 4.5e6 GFP+/SYTOX
blue� cells were sorted on a BD FACSAria Fusion sorter (BD Biosci-
ences, San Jose, CA, USA) by Stanford Shared FACS Facility staff to
establish a polyclonal population in which all expression cassettes
are doxycycline responsive. Sorted cells were expanded and stored
in liquid nitrogen.

Gene Targeting

On day 0, 100 ng/mL doxycycline or an equal volume of DPBS was
added to half the lentivirus-infected polyclonal population. On day
1, both doxycycline-treated and untreated cells were seeded at 5e6
cells per dish in 4� 15-cm dishes (two dishes per biological replicate).
Medium was replaced every other day with fresh complete IMDM
with or without doxycycline, consistent with the starting condition.
On day 2, cells were transduced with the barcoded rAAV library at
anMOI of 1e5 vector genomes/cell. On day 3, each dish was expanded
into four T-225 flasks in the absence of any doxycycline. Cells were
passaged regularly in order to dilute episomal rAAV genomes,86 re-
taining at least 1,000-fold representation of targeted cells, assuming
a 0.1%–0.2% targeting rate.

FACS Enrichment of Targeted Cells

On day 7, 100 ng/mL doxycycline was added to all cells to prepare for
the first round of sorting. On day 10, 36e6 cells per replicate were put
through a sorter, producing 40,000–70,000 mScarlet+/GFP+ cells per
replicate. HAP1 cells infected with single-positive lentivirus controls
were used for compensation control. Cells were allowed to recover in
medium absent doxycycline. On day 18, doxycycline was added to all
cells to prepare for the second round of sorting to eliminate cells that
were mScarlet+ due to off-target integrations and to conclusively
identify mScarlet+ cells once episomal vector genomes are fully
diluted. On day 21, 6e6 cells per replicate were put through a sorter,
retaining only mScarlet+/GFP� cells. On day 26, 100 ng/mL doxycy-
cline was added to all cells to prepare for nucleic acid extraction. For
DNA extraction, one T-225 flask was seeded with 10e6 cells. For RNA
extraction, six-well plates were seeded with 0.4e6 cells per well. On
day 28, cells for DNA extraction were pelleted and frozen at �20�C
in aliquots of 12e6 cells. Cells for RNA extraction were harvested in
1� Monarch RNA protection reagent (NEB, Ipswich, MA, USA)
(750 mL/well) and stored at �80�C.

NGS Library Preparation

All primers used in NGS library preparation that contain P5 and P7
adapters were ordered from IDT (Coralville, IA, USA) as Ultramer
DNA oligonucleotides. All PCR master mixes were made inside a
PCR laminar flow cabinet with a designated set of pipettes. DNA or
RNA extraction from frozen cells or cell lysate and library preparation
for NGS were performed in two independent technical replicates for
every biological replicate. Genomic DNA was extracted from frozen
cell pellets of 12e6 cells using the GeneJET genomic DNA purification
kit (Thermo Fisher Scientific). Samples were quantified using a Qubit
double-stranded DNA (dsDNA) high-sensitivity (HS) assay kit
(Thermo Fisher Scientific) and quality checked on a 0.8% 1� TAE
agarose gel.

Total RNA was extracted using the Monarch total RNA miniprep kit
(NEB) from samples frozen in 1� protection buffer, including in-col-
umnDNase I treatment. Samples were quantified and quality checked
by NanoDrop and by Bioanalyzer, using the RNA 6000 Nano kit
(Agilent Technologies, Santa Clara, CA, USA). For each technical
replicate, 2 mg of RNA was reverse transcribed with RNase H treat-
ment in a 21-mL reaction using a SuperScript III first-strand cDNA
synthesis kit (Thermo Fisher Scientific) with oligo(dT) primers and
including a no-reverse transcriptase negative control.

Ligation-Mediated PCR

Ligation-mediated PCR (LM-PCR) is designed to amplify genomic
DNA downstream of the lentivirus 30 LTR. Cells were harvested
for LM-PCR just prior to rAAV transduction (one replicate
per treatment group) and during the passaging phase, just before
FACS to isolate targeted cells (corresponding to the two biological rep-
licates per treatment group). LM-PCR was performed as previously
described for HIV-151 with the following modifications. PCR2 primer
sequences were adapted for use with standard Illumina primer
sequences. The following modified format was used for PCR2 linker
primer sequences: 50-AATGATACGGCGACCACCGAGATCTA
CACTCTTTCCCTACACGACGCTCTTCCGATCT(Z)20–21-30, which
consists of a P5 adaptor sequence and primer landing site followed
by a 20- to 21-nt site-specific primer for each linker (Z). The following
modified format was used for PCR2 HIV LTR primer sequences: 50-
CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAG
TTCAGACGTGTGCTCTTCCGATCT(Z)0,2,4,6AGACCCTTTTAGT
CAGTGTGGAAAATC-30, which consists of a P7 adaptor sequence,
8-bp i7 index (Xs), P7 primer landing site, a variable length
spacer (Z) associated with each i7 index to offset the common
sequence for improved diversity in sequencing, and a site-specific
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primer for PCR. A combination of four different linker-specific
sequences (20- to 21-nt landing site of PCR2 linker primer) and
four different 8-bp i7 indexes were used to multiplex technical repli-
cates. To generate linkers, single-stranded linker oligonucleotides
corresponding to linkers iSL-1, iSL-2, iSL-3, and iSL-451 were an-
nealed in a 50-mL reaction with 20 mM each oligonucleotide and
1� T4 DNA ligase buffer (NEB) under the following conditions:
30 min at 37�C, 5 min at 95�C, cool to room temperature for 1 h.
For the second round of PCR, five cycles of linear amplification
plus seven cycles of exponential amplification were performed. Nega-
tive controls of uninfected wild-type HAP1 cells and a no-DNA reac-
tion were prepared in parallel. After the second round of PCR, sam-
ples were allowed to sit at 4�C for 24 h to encourage loss of A
overhangs left by the DNA polymerase. Samples were quantified us-
ing the NEBNext library quant kit for Illumina (NEB) and confirmed
by Bioanalyzer using the HS DNA kit (Agilent Technologies). Tech-
nical replicates were diluted to 20 nM, pooled in equimolar amounts,
and sequenced by the Stanford Functional Genomics Facility using
the MiSeq reagent kit v3 (Illumina) with 2� 300-bp reads. Initial de-
multiplexing was done using i7 indexes, producing 12 million 2 �
300-bp paired-end reads.

iPCR

iPCR is designed to amplify genomic DNA upstream of the lentivirus
50 LTR as well as the integrated barcode. iPCR was performed simi-
larly as described57 with some modifications. For each technical repli-
cate, 4 mg of genomic DNAwas digested in a 200-mL reaction with 1�
NEB buffer 3.1, 134 U of AseI, and 134 U of NdeI, which generate
compatible overhangs. There is an AseI site just downstream of the
barcode cloning site in pAAV-Luc-P2A-mScarlet-GFP. AseI (“AT-
TAAT’) cuts on average every 1,966 bp in the genome, while NdeI
(“CATATG”) cuts on average every 3,189 bp (http://tools.neb.com/
�posfai/TheoFrag/TheoreticalDigest.human.html). Digests were pu-
rified through a Monarch PCR & DNA cleanup kit column (NEB).
For each technical replicate, 3 � 600 ng of independent ligations
were prepared in 400 mL with 1� T4 DNA ligase buffer and
2,800 U of high concentration T4 DNA ligase and incubated at 4�C
overnight. Final PCR template was obtained by phenol/chloroform/
isoamyl alcohol extraction and ethanol precipitation as described.57

iPCR was performed in two rounds with the following primer design:
iPCR-1 read 1, 50-AATGATACGGCGACCACCGAGATCTA
CACXXXXXXXXACACTCTTTCCCTACACGACGCTCTTCCGAT
CT(Z)0,2,4,6NNNNNNNNNNTGTACAAGTAAGCTAGCACGGAA-
30; iPCR-1 read 2, 50-GGTTTCCCTTTCGCTTTCAAGTCCCTG
-30; iPCR-2 read 1, 50-AATGATACGGCGACCACCGAGATCTA
CAC-30; iPCR-2 read 2, 50-CAAGCAGAAGACGGCATACGA
GATXXXXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATC(Z)0,2,4GCTCAGATCTGGTCTAACCAGAGAG-30. iPCR-1 read
1 binds just upstream of the barcode, iPCR-1 read 2 binds just internal
to the 50 LTR and is designed to enrich for PCR products from the 50

LTR since iPCR-2 read 2 anneals to both 50 and 30 LTRs, iPCR-2 read 1
binds to the tail of iPCR-1 read 1, and iPCR-2 read 2 binds to the 50 end
of the LTR. iPCR-1 read 1 and iPCR-2 read 2 consist of (in order): P5
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and P7 adapters, Xs (i5 and i7 indexes), Illumina P5 and P7 primer
binding sites, Zs (variable length spacers), Ns (random nucleotides)
(unique molecular identifier [UMI]; not used in analysis), site-specific
primer.

Negative controls were prepared in parallel and included non-
rAAV-transduced, lentivirus-infected cells that lack a read 1 primer
binding site, rAAV-transduced wild-type HAP1 cells that lack a
lentivirus provirus site (and read 2 primer binding site), a no-T4
DNA ligase reaction (non-circularized DNA), and a no-DNA reac-
tion. In the first round of iPCR, 4 � 25-mL reactions were prepared
for each independent ligation (12 independent reactions total per
technical replicate that were not pooled until after the second round
of iPCR), using the standard protocol for Q5 hot start high-fidelity
DNA polymerase but with 0.1 mM primers and 5 mL of DNA tem-
plate. Cycling conditions were as follows: 30 s at 98�C, 10 s at
98�C, 30 s at 64�C, 5 min at 72�C, repeat from step 2 (four times),
2 min at 72�C, hold at 4�C. Primers and dNTPs were removed
from first round reactions by addition of 2 U/mL ExoI and 0.2 U/
mL shrimp alkaline phosphatase (rSAP) under the following condi-
tions: 1 h at 37�C, 15 min at 80�C. In the second round of iPCR, 5 mL
of each first round template was put in a new 50-mL reaction using
the standard protocol for Q5 hot start high-fidelity DNA polymerase
but with 0.3 mM primers. Cycling conditions were as follows: 30 s at
98�C, 10 s at 98�C, 20 s at 67�C, 4 min at 72�C, repeat from step 2 (35
times), 2 min at 72�C, hold at 4�C. Smears from positive reactions
only were confirmed by running 10 mL of second round iPCR on
a 1.2% TAE gel. Equal volumes of the 12 independent reactions
per technical replicate were pooled and cleaned up using 0.8�Agen-
court AMPure XP beads (Beckman Coulter, Pasadena, CA, USA).
Samples were quantified on a Bioanalyzer using a DNA 12000 kit
(Agilent Technologies). Technical replicates were diluted to
10 nM, pooled in equimolar amounts, and sequenced by the Stan-
ford Functional Genomics Facility using the NextSeq mid-output
kit (Illumina) with 2 � 150-bp reads. Reads were demultiplexed us-
ing i5 and i7 indexes, producing 108 million 2 � 150-bp paired end
reads.
Barcode PCR

Barcode PCR was designed to amplify just the barcodes from either
DNA (“normalization sample”) or cDNA (“expression sample”).
Negative controls were prepared in parallel and included non-
rAAV-transduced, lentivirus-infected cells, rAAV-transduced wild-
type HAP1 cells that lack a lentivirus provirus site, a no-DNA/
cDNA reaction, and a no-reverse transcriptase control for expression
samples. Notably, expression barcodes could not be detectably ampli-
fied from cDNA without addition of doxycycline to the tissue culture
medium, which is why all samples were doxycycline induced prior to
RNA extraction regardless of doxycycline treatment at the time of
transduction.

Barcode PCR was performed in two rounds with the following primer
designs.

http://tools.neb.com/%7Eposfai/TheoFrag/TheoreticalDigest.human.html
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Normalization Primers

Normalization primers were as follows: DNA BC-1 read 1, 50-AAT
GATACGGCGACCACCGAGATCTACACXXXXXXXXACACTCT
TTCCCTACACGACGCTCTTCCGATCT(Z)0,2,4,6NNNNNNNNN
NTGTACAAGTAAGCTAGCACGGAA-30; DNA BC-1 read 2, 50-
ACCAACAGAAAAGATGAGTCCTGA-30; DNA BC-2 read 1, 50-
GGTTTCCCTTTCGCTTTCAAGTCCCTG-30; DNA BC-2 read
2.1, 50 CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGA
CTGGAGTTCAGACGTGTGCTCTTCCGATCT(Z)2,4,6,8,10CCTCG
CCCTTGCTCACATT-30; and DNA BC-2 read 2.2, 50-CAAG
CAGAAGACGGCATACGAGAT-30.

Expression Primers

Expression primers were as follows: RNA BC-1 read 1, 50-AATGA
TACGGCGACCACCGAGATCTACACXXXXXXXXACACTCTTTC
CCTACACGACGCTCTTCCGATCT(Z)0,2,4,6NNNNNNNNNNTG
TACAAGTAAGCTAGCACGGAA-30; RNA BC-1 read 2, 50-CAAG
CAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTC
AGACGTGTGCTCTTCCGATCT(Z)2,4,6,8,10CCTCGCCCTTGCTC
ACATT-30; RNA BC-2 read 1, 50-ACCAACAGAAAAGAT
GAGTCCTGA-30; and RNA BC-2 read 2, 50-CAAGCAGAA
GACGGCATACGAGAT-30.

Read 1 primers are identical to iPCR read 1 primers. DNA BC-1 read
2 binds within the final exon of the murine albumin 30 UTR, outside
of the rAAV homology region to promote amplification only of inte-
grated barcodes.87 DNA BC-2 read 2.1 binds just downstream of the
barcode. DNA BC-2 read 2.2 binds to the tail of DNABC-2 read 2.1 to
enrich for the correct product.87 RNA BC-1 read 2 is identical to DNA
BC-2 read 2.1, and RNA BC-2 read 2 is identical to DNA BC-2 read
2.2. RNA BC-2 read 2 binds to the tail of RNA BC-1 read 2.

PCR of normalization and expression samples was performed simi-
larly as described57 with some modifications. In the first round of
PCR, 10� 25-mL independent reactions were prepared for each tech-
nical replicate (to be pooled only after the second round of PCR) con-
taining 100 ng of DNA or 1.68 mL of cDNA using the standard pro-
tocol for Q5 hot start high-fidelity DNA polymerase but with 0.1 mM
primers. Cycling conditions were as follows: 30 s at 98�C, 10 s at 98�C,
30 s at 64�C, 15 s (expression) or 1 min (normalization) at 72�C,
repeat from step 2 (four times), 2 min at 72�C, hold at 4�C. Primers
and dNTPs were removed from first-round reactions to prevent
amplification from episomal or off-target integrated rAAV by ExoI-
rSap addition as described for iPCR. In the second round of PCR,
5 mL of each first round template was put in a new 50-mL reaction us-
ing the standard protocol for Q5 hot start high-fidelity DNA poly-
merase but with 0.3 mM primers. Cycling conditions were as follows:
30 s at 98�C, 10 s at 98�C, 20 s at 68�C (normalization) or 69�C
(expression), 15 s at 72�C, repeat from step 2 (30 times for normali-
zation or 25 times for expression, 2 min at 72�C, hold at 4�C. Bands
from positive reactions only and library size were confirmed by
running 5 mL on a 2% 1� TAE agarose gel. Equal volumes of the
10 independent reactions per technical replicate were pooled and
cleaned up with 1.2� (normalization) or 1� (expression) Agencourt
AMPure XP beads (Beckman Coulter). Samples were quantified on a
Bioanalyzer using a high-sensitivity DNA kit (Agilent Technologies).
Technical replicates were diluted to 10 nM, pooled in equimolar
amounts, and sequenced by the Stanford Functional Genomics Facil-
ity using the HiSeq 4000 kit (Illumina) with 2 � 100-bp reads. Reads
were demultiplexed using i5 and i7 indexes, producing 283 million
2 � 100-bp paired end reads.

Read Trimming and Alignment

Ligation-Mediated PCR

BBTools v38.60 (https://sourceforge.net/projects/bbmap/) BBDuk
was used to quality trim read 30 ends and filter out low-quality reads
while error-correcting overlapping regions. UMI-tools88 v1.0.0
extract was used to trim reads of primer sequence and extract
UMIs. In read 1, linker-unique sequences and UMIs were extracted
while discarding all remaining sequence up to the linker-genomic
DNA “breakpoint” using –extract-method = regex with the Python
regex

‘(?P<cell_1>(linker-unique-sequences)){s<=3}(?P<umi_1>.{12})
(?P<discard_1> CTCCGCTTAAGGGACT){s<=1}.*’.

In Read 2, primer and LTR sequences were discarded using the
Python regex

‘(?P<discard_1> variable length spacer){s<=1}(?
P<discard_2>AGACCCTTTTAGTCAGTGTGGAAAATC)
{s<=3}(?P<umi_1>TCTAGCA).*’.

A perfect match was required for the 7 bp between the end of the PCR
primer and the end of the LTR. BBTools BBDuk was then used to fil-
ter out reads for which there was amplification into the provirus from
the 50 LTR, rather than into the genome from the 30 LTR as desired.
BBDuk was also used to trim overlapping reads of primer read-
through at their 30 ends, which was possible once the primer sequence
had been removed from the read 50 ends during the UMI extraction
step.

BBTools demuxbyname was used to complete demultiplexing of tech-
nical replicates using the read 1 linker-unique sequences, allowing for
a hamming distance of 3. All distinct linker-unique sequences have an
edit distance of >10 from one another. Genome index generation and
read alignment were performed using the STAR aligner v2.7.1a.89

Genome indexes for LM-PCR were generated with –sjdbOverhang
300 using GENCODE release 31 (GRCh38.p12).90 Paired reads
were aligned to the genome using STAR with the non-default param-
eters –alignIntronMax 1 –alignMatesGapMax 2500 to prohibit
spliced alignments. We ultimately filtered for uniquely mapped and
properly matched read pairs.

UMI-tools dedup was used to deduplicate aligned reads using the
–ignore-umi flag in order to deduplicate only on mapping coordi-
nates. We ultimately chose not to use the UMIs for deduplication
because clonal abundance is more accurately determined by the num-
ber of unique linker-genome breakpoints in read 1 for each fixed LTR
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junction in read 2.51 For each read pair, we required that they
maintain the correct predicted orientation: the LTR junction read is
“upstream” of the breakpoint read if aligned to the + strand, or
"downstream” if aligned to the � strand. Read 2 LTR junction posi-
tions were clustered within 20 bp to generate a set of consensus junc-
tions. Provirus “sites” were defined as the 20-bp genomic interval
starting from the consensus LTR junction directed toward the break-
point. We then computed clonal abundance as the depth-normalized
number of unique breakpoints for each junction after clustering
breakpoint positions within 5 bp, scaled to the maximum number
of breakpoints in any sample. We required that consensus sites be
recovered in both technical replicates associated with a biological
replicate and have at least two unique breakpoints to be accepted
(Table S2). Per biological replicate, per site clonal abundance is the
average between technical replicates. A set of population-wide
consensus sites was generated by repeating the junction clustering
process across all technical replicates, which is reasonable because
every clone originated from the same polyclonal population, even
though not every clone was recovered in each biological replicate.
For comparing targeted and untargeted provirus sites, a BED file of
AseI/NdeI double-cut restriction fragments in hg38 was generated us-
ing the HiC-Pro91 script digest_genome.py, and bedtools92 closest
was used to eliminate provirus sites not within a reasonable distance
to the nearest cut site upstream of the 50 LTR.
iPCR

BBTools v38.60 (https://sourceforge.net/projects/bbmap/) BBDuk
was used to quality trim read 30 ends and filter out low-quality reads
while error-correcting overlapping regions. UMI-tools88 v1.0.0
extract was used to trim reads of primer sequence and extract barco-
des. In read 1, barcodes were extracted while discarding all remaining
sequence up to the reconstituted AseI/NdeI restriction site (excluding
the last two bases, which differ between the two restriction sites) using
–extract-method = regex with the Python regex

‘(?P<discard_1>variable length spacer){s<=1}(?P<umi_1>.{10})
(?P<discard_2>TGTA)(?P<discard_3>.{13})(?P<discard_4>
ACGGAAATACGATGTCGGGA){s<=2}(?P<cell_1>.{12})

(?P<discard_5>CTCGAG)(?P<discard_6>ATTA){s<=1}.’

In read 2, primer and LTR sequences (including the U3 region)
were discarded using the Python regex
‘(?P<discard_1>variable length spacer’){s<=1}
(?P<discard_2>.{25})(?P<umi_1>ACCC)
(?P<discard_3>AGTACAAGCA{5}GCAGATCTTGTCTTCG
TTGGGAGTGAATTAGC){s<=5}

(?P<discard_4>CCTTCCA).*’

BBTools BBDuk was then used to filter out reads for which there was
amplification into the provirus from the 30 LTR rather than into the
genome from the 50 LTR as desired. BBDuk was also used to trim
overlapping reads of primer read-through at their 30 ends, which
was possible once the primer sequence had been removed from the
read 50 ends during the barcode extraction step. Genome index gen-
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eration and read alignment were performed using the STAR aligner
v2.7.1a.89 Genome indexes for iPCR were generated with -sjdbOver-
hang 150 using GENCODE release 31 (GRCh38.p12).90 Paired reads
were aligned to the genome using STAR with the non-default param-
eters –alignIntronMax 1 –alignMatesGapMax 3850 to prohibit
spliced alignments. We ultimately filtered for uniquely mapped and
properly matched read pairs.

Consensus sites were generated by clustering read 2 LTR junction po-
sitions within 20 bp, and technical replicates were subsequently
merged. iPCR consensus sites weremapped back to provirus consensus
sites. The junctions are expected to overlap by 5 bp due to a 5-bp dupli-
cation process at the site of lentivirus integration.48,50 To allow for some
flexibility, we require that iPCR and LM-PCR LTR junctions be map-
ped to opposite strands and overlap at their LTR junction positions by
not more than 10 bp (using bedtools92 v2.28.0 intersect).
Barcode PCR

Processing of normalization and expression reads was carried out in
an identical manner. Forward and reverse reads were merged using
BBTools v38.60 (http://sourceforge.net/projects/bbmap/) BBMerge
with weak quality trimming at the 30 end of reads while also filtering
out low-quality reads and error-correcting overlapping regions. UMI-
tools88 v1.0.0 extract was used to extract barcodes while discarding all
remaining primer and vector sequence up to the XhoI barcode clon-
ing site using the –extract-method = regex with the Python regex

‘(?P<discard_1>variable length spacer){s<=1}(?P<umi_1>.{10})
(?P<discard_2>TGTA)(?P<discard_3>.{13})(?P<discard_4>
ACGGAAATACGATGTCGGGA){s<=2}(?P<cell_1>.{12})
CTCGAGATTA.*’

Unique barcodes were collapsed and counted.
Mapping and Quantification of AAV-HR Events

Barcode processing and assignment were performed similarly as
described with some modifications.57 Barcode processing started
with the normalization barcodes. To produce a list of accepted barc-
odes, for each technical replicate, barcodes with at least five reads were
retained, and the list of barcodes was filtered to those present in both
technical replicates originating from the same biological replicate
(Table S2). The counts of each barcode were well correlated between
technical replicates (R2R 0.71 for normalization barcodes, R2R 0.91
for expression barcodes). A pseudocount of 1 was added to both
normalization and expression read counts to account for barcodes
with very low expression.93 Each normalization and expression tech-
nical replicate was then depth normalized and technical replicates
were combined by averaging barcode counts. To adjust expression
measurements by the representation of each barcode in the genomic
DNA, expression counts were divided by normalization counts for
each barcode. Notably, the counts of a barcode in the normalization
sample and expression sample were well correlated (R2R 0.67). 83%–
93% of normalization barcodes were recovered at detectable levels in
the corresponding expression sample.

https://sourceforge.net/projects/bbmap/
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The set of accepted barcodes was filtered again by those barcodes
recovered in iPCR. A barcode was assigned to a site when it mapped
with at least two reads to the site and at least 90% of the total reads for
the barcode mapped to the site, with fewer than 2.5% mapping to a
secondary locus. As Akhtar et al.93 discussed, iPCR is non-saturating.
Additionally, we were limited in our choice of restriction enzymes due
to the large size of intervening sequence between the barcode and the
50 LTR (4.3 kb). As a result, the distance between the provirus LTR
and nearest restriction site can vary greatly, with shorter distances
producing shorter PCR amplicons that are more efficiently amplified
and shorter reads that are more efficiently sequenced. Even though
some barcodes may be integrated, or provirus sites might be located,
at places where the AseI/NdeI restriction site is not an optimal dis-
tance from the site of integration, we control for this by only
comparing between samples with the same background (i.e., from
the same polyclonal population). The number of unique barcodes
mapping to a single provirus site is called the barcode heterogeneity
and is normalized to the provirus abundance of that site (number
of unique barcodes at LV site/relative abundance of LV site). A single
site’s expression level was calculated as the mean of normalized
expression for unique barcodes originating from that site. To
compare targeted provirus sites between biological replicates within
a single treatment group (+doxycycline or �doxycycline), barcodes
from iPCR technical replicates were merged. To compare between
the two treatment groups, values associated with the provirus sites
recovered in independent biological replicates were concatenated. Af-
ter concatenation, for both targeted and untargeted sites, independent
replicates were kept as separate measurements for all analyses.

To check for enrichment of RIGs55 at provirus sites, gene sets of the
same size as the RIG gene set were randomly selected with replace-
ment from the set of all protein coding genes and intersected with
the provirus sites using bedtools intersect.92 The size of the intersec-
tion is the number of RIGs overlapping one or more provirus sites.
The p value is computed as the number of times the size of the inter-
section with random genes is at least as large as the size of the inter-
section with RIGs, divided by the number of gene set permutations.
To identify intersecting or nearby genes and repeat elements for rela-
tive risk analyses and relative distance tests, genes were filtered from
the GENCODE v31 basic annotation90 and repeats were taken from
the RepeatMasker annotation for GRCh38, downloaded from the
UCSC Table Browser.94 DNase I sequencing (DNase I-seq) called
peaks in HAP1 cells were obtained from Gene Expression Omnibus
(GEO: GSE90371).62 ChromHMM chromatin state segments for
the K562 cell line (E123) were downloaded from https://egg2.wustl.
edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmModels/
imputed12marks/jointModel/final/, using the hg38 liftover. For all
analyses making comparisons to random sites, the set of random sites
was generated using bedtools92 shuffle with the list of provirus sites as
input and the option –chrom to permute the sites along the same
chromosome, preserving per-chromosome site frequency. Sites
were intersected using bedtools intersect. Relative distances were
computed using bedtools reldist. For expression level binning of genes
intersecting provirus sites, we used publicly available FPKM (frag-
ments per kilobase per million mapped reads) values from RNA
sequencing of wild-type HAP1 cells (GEO: GSE111272).60 Twenty-
one intersected genes (10 transcribed in the opposite direction and
11 transcribed in the same direction as the provirus site)
were excluded because they were not present in the RNA sequencing
data.

To assess genomic features associated with the efficiency of targeting a
site, we first filter to sites with barcode heterogeneity greater than 0 and
exclude sites with barcode heterogeneity greater than the third
quartile+3 � interquartile range (IQR) of their respective treatment
group (12 targeted sites in doxycycline-treated samples and 7 targeted
sites in non-doxycycline-treated samples). For the ChromHMM states,
we downloaded state predictions for 25 states across 127 cell types from
https://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/
ChmmModels/imputed12marks/jointModel/final/ using the hg38 lift-
over, and intersected each with all targeted sites. If a site intersected
more than one feature, it was assessed for both features. For ENCODE
epigenetic measures, we downloaded encodeDCC broadPeak files
across seven cell types (GM12878, H1-hESC, HSMM, HUVEC, K562,
NHEK, and NHLF) from http://hgdownload.soe.ucsc.edu/
goldenPath/hg19/encodeDCC/wgEncodeBroadHistone/, then lifted
over to hg38 coordinates using liftOver.64,95 In order to restrict the anal-
ysis to the same cell types across ChromHMM and ENCODE features,
we used only the ChromHMM predictions for this subset of seven cell
types; however, we also include an analysis with all 127 cell types in the
Supplemental Information. We then use a linear regression model to
assess whether any feature is associated with the barcode heterogeneity
at a site, implemented using the lm function in R:96 N = b0 + b1P, where
N is the barcode heterogeneity and P is the maximum value over a site
for a given genomic feature, scaled tomean 0 and standard deviation of
1. If the 95% confidence interval around b1 does not overlap 0, we say
that a feature is significantly associated with the degree of targeting.
While we acknowledge that several of these features are correlated, as
our goal is not to determine total predictive power but rather assess fea-
tures associatedwith efficiency, we consider each feature independently
here, expecting similar coefficient estimates for similar features. We
assess all features but filter a subset of features with large confidence in-
tervals due to the small number of sites assigned to those features.

K562 ChromHMM intersections were generated using chromatin
state predictions for the K562 cell line (E123). K562 epigenetic mea-
sures were sourced from the following experiment IDs from https://
www.encodeproject.org/experiments/ using replicated or pseudore-
plicated peaks: ENCFF148POZ (H3K4me3), ENCFF031FSF
(H3K27me3), ENCFF631VWP (H3K36me3), ENCFF159VKJ
(H3K4me1), ENCFF038DDS (H3K27ac), ENCFF118PIE
(H3K4me2), ENCFF212PQN (H3K79me2), ENCFF285EKW
(H3K9me1), and ENCFF371GMJ (H3K9me3). We intersect these
features with all targeted sites. We then use a logistic regression model
to assess whether any feature is associated with the barcode heteroge-
neity at a site, implemented using the glm function in R96 with family
binomial(link = ‘logit’), where the predictor variable is the barcode
heterogeneity and the binary response variable is the presence or
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absence of an intersecting feature, scaled tomean 0 and a standard de-
viation of 1.

Statistical Analysis

Statistical tests were performed using Python 3.797 and the Python li-
braries SciPy98 v1.4.1, statsmodels99 v0.11.0, and Scikit-learn. R li-
braries96 were used where indicated.

Accession Numbers

Data are available from GEO: GSE151740.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2020.11.025.
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