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The loading capacity of adeno-associated virus (AAV) vectors is 
reportedly 4.7–5.0 kb, which limits the size of genes that can be 
treated with gene therapy. However, the effects of oversized ge
nomes on the integrity of packaged AAV genomes are poorly un
derstood. Herein, nanopore long-read sequencing was used to 
evaluate genomic integrity in AAV vectors harboring genomes 
of various sizes. AAV had a reduced proportion of full-length ge
nomes at a vector length of 4.9 kb, which declined rapidly be
tween 4.9 and 5.0 kb. This was mainly attributable to defects 
in genome packaging rather than genome synthesis. Further
more, the pattern of packaged DNA was unique to the arrange
ment of the components of the oversized genome. However, an 
86.3% reduction in the proportion of full-length genomes 
(4.7 vs. 5.0 kb) was not consistent with the retained expression 
of the reporter gene in the mouse retina. This discrepancy might 
be partially attributable to the preferential inclusion of the re
gion containing the reporter gene. These results highlight the 
utility of long-read sequencing in assessing the genomic integ
rity and design of AAV vectors, as the pattern of packaged ge
nomes appears to be unique to each vector, particularly for over
sized AAV genomes.

INTRODUCTION

Adeno-associated virus (AAV) vectors have been widely explored to 
complement the function of defective genes by introducing a normal 
copy of the full-length cDNA into diseased cells with loss-of-func
tion mutations in rare forms of inherited disease.1 Recently, AAV 
vectors have been used to deliver therapeutic genes in more common 
intractable diseases.2,3 However, the genomic packaging limit for 
AAV capsids is 4.9–5.2 kb,4–7 which limits the design of vectors 
for therapeutic transgene delivery.8 Understanding the packaging ca
pacity of AAV vectors is necessary for their effective use in gene ther
apy. The cargo capacity of AAV vectors has been assessed by western 
blotting, electrophoresis, chromatography, and in vitro expres

sion.4–6 In particular, strand-specific dot-blot hybridization shows 
that vectors exceeding 5.2 kb harbor AAV genomes of heterogeneous 
lengths or truncated at the 5′ end.4 However, this analysis only con
firms the site where the hybridization probe is placed and does not 
assess whether and how the genome is cleaved. To date, little is 
known about the effects of oversized AAV genomes on replication 
and packaging, especially the patterns of defective AAV genomes.

Recently, long-read sequencing, which allows us to examine the 
entire AAV genome without genome amplification, has been applied 
to study the AAV genome.9 Conventional short-read sequencing can 
be used to qualitatively assess small fragments of the AAV genome 
after PCR amplification.10,11 However, short-read sequencing is un
suitable for studying the effects of oversized AAVs when quantitative 
comparisons between different regions within the genome are 
needed. To our knowledge, no previous studies have focused on 
the genome status of AAV vectors using long-read sequencing.

The nanopore system is a commonly used long-read sequencing 
platform due to its simple operation system and cost-effective
ness.12–14 Importantly, the nanopore system allows us to rapidly 
obtain longer sequence information of up to 4.2 Mb without genome 
amplification.14,15 Thus, this platform has been used to identify path
ogenic bacteria,16–19 evaluate the accuracy and efficiency of genome 
editing,9 and analyze the COVID-19 genome.20,21

In this study, nanopore long-read sequencing was used to evaluate 
the integrity of AAV genomes of different sizes. In addition, the 
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effects of oversized AAV genomes on the expression of the reporter 
gene embedded within AAV vectors were examined in vivo.

RESULTS

Evaluation of plasmids used for AAV production

AAV plasmids with different genome sizes were created to assess the 
integrity of the packaged AAV genome. First, the size of the AAV 
genome containing the enhanced green fluorescent protein (EGFP) 
expression cassette was adjusted with spacer lambda phage se
quences of various sizes to generate 3.5, 4.0, 4.5, 5.0, and 5.5 kb vec
tors (Figure 1A). The genome sizes of these plasmids were confirmed 
using TapeStation. The bands were consistent with the sizes of the 
corresponding AAV genomes (Figure 1B).

The integrity of these plasmid genomes was analyzed using long-read 
sequencing with the nanopore platform (Figure 1C). The plasmid- 
encoded vectors had start and end points within the inverted termi
nal repeats (ITRs) with a percentage of approximately 80%–90%, and 
no obvious differences were observed between the vectors of 
different sizes (Figure 1C and Table S1).

Figure 1. Vectors of different sizes 

Vectors of different sizes were constructed, and each 

plasmid-encoded vector was evaluated using nanopore 

sequencing. (A) The structure of the 3.5–5.5 kb AAV8 

genome. The vectors contained a fixed-size EGFP 

expression cassette and lambda phage DNA of various 

lengths to alter the length of the vector. (B) The plasmid- 

encoded vectors of different sizes were quantified and 

confirmed using TapeStation. (C) The plasmids (3.5–5.5 

kb) were analyzed using nanopore sequencing. The 

AAV genome components are displayed above 

the sequence alignment. Each representative read 

alignment is displayed in IGV; nucleotides that match 

the reference sequence are shown in gray. The graph 

below each read alignment shows the count of the start 

and end positions of the reads; the start positions are 

indicated in blue, and the end positions are indicated in 

orange. The percentages of start and end positions of 

each read inside the ITRs are shown in the graph.

Evaluation of the DNA integrity of AAV 

vectors

Qualitative analysis with agarose gel electropho
resis revealed single clear bands at the expected 
AAV genome sizes of 3.5, 4.0, 4.5, 4.6, 4.7, 4.8, 
and 4.9 kb but not at 5.0 or 5.5 kb, where multiple 
smaller-sized bands formed a smear (Figure 2A). 
The AAV genome was qualitatively evaluated to 
confirm its size using TapeStation, and the identi
fied bands matched the expected genome sizes of 
3.5, 4.0, 4.5, 4.6, 4.7, 4.8, and 4.9 kb, but not 5.0 or 
5.5 kb, confirming the results of agarose gel elec
trophoresis (Figure 2B). These results suggest that 
the AAV genome is defective when the genome 

size is 5.0 kb or larger. Then, the AAV genome was analyzed using the 
nanopore long-read sequencing, and the nanopore sequencing read 
alignments were displayed in Integrative Genomics Viewer (IGV) 
(Figure 2C). The results of each nanopore sequencing run are also shown 
in Table S1. Consistent with the agarose gel electrophoresis and 
TapeStation results, the proportion of full-length genomes declined 
rapidly between 4.9 and 5.0 kb, with a more prominent decline occurring 
at 5.5 kb (Figure 2C and Table S1). The proportion of full-length ge
nomes was significantly lower for the 5.0 kb genome (3.43 (2.40) %) 
than that for the 4.7 kb genome (24.97 (7.71) %) (N = 3 each, p = 0.01; 
Figure 2D). The proportion of full-length genomes decreased by 
86.3% for the 5.0 kb genome compared with that for the 4.7 kb genome. 
Interestingly, both agarose gel electrophoresis and TapeStation indicated 
the near absence of full-length genome for the AAV 5.0 and 5.5 kb ge
nomes, but a clear difference between the two was observed using the 
long-read sequencing, which indicated a progressive decrease in the pro
portion of full-length genomes even after 5.0 kb.

Furthermore, we investigated the AAV producer line to better un
derstand the cause of the decreased proportion of full-length 
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genomes in the oversized genome. We transfected HEK293T 
cells with AAV plasmids of 3.5 and 5.5 kb with and without the 
AAV capsid (cap) gene. We then compared the unpackaged 
(cap [− ]) and packaged (cap [+]) genomes. Gel electrophoresis 
illustrated that the 5.5 kb genome was clearly visible in cap (− ) 
samples but not in cap (+) samples without DNase treatment. 
The 3.5 kb genome was visible in both sample types (Figure 3). 
These results suggest that the full-length AAV genome is lost dur
ing the packaging process rather than during genome synthesis 
per se.

Figure 2. Rapid decline in the proportion of full- 

length AAV genomes between 4.9 and 5.0 kb 

AAV vectors with various genome sizes were evaluated 

using (A) agarose gel electrophoresis, (B) TapeStation, 

and (C) nanopore sequencing. All evaluations showed a 

rapid decline in the proportion of full-length genomes 

between 4.9 and 5.0 kb. (D) The 4.7 kb had a 

significantly higher proportion of full-length genomes 

than the 5.0 kb using nanopore sequencing (N = 3 

each, p = 0.01). Data are represented as mean 

(standard deviation). The p value was calculated using a 

t test (two-sided).

Identifying the pattern of functional 

genome components for each AAV vector 

using nanopore sequencing

Nanopore sequencing was used to examine the 
patterns of four functional genome compo
nents, namely, lambda phage spacer, cytomeg
alovirus (CMV) promoter, EGFP, and polyA, 
to determine the effects of the oversized AAV 
genome in more detail (Figures 4A and 4B). 
The pattern was similar for genome lengths 
of 3.5–4.8 kb, with many reads containing all 
four components, indicating the production 
of full-length genomes. However, small but sig
nificant changes were observed for 4.9 kb ge
nomes, and 5.0 and 5.5 kb genomes exhibited 
drastically different patterns. A decrease in 
the proportion of full-length genomes, 
including all four components, was coupled 
with the generation of genomes containing 
EGFP and polyA at the 3′ end (Figure 4B). Of 
note, the full reporter expression cassette 
comprising the promoter, EGFP, and polyA 
was minimally included in AAV vectors with 
a genome size of at least 5.0 kb, and the pro
moter was missing in many of these genomes. 
Similarly, for an AAV vector of approximately 
7.0 kb carrying retinitis pigmentosa 1 (RP1), 
extremely few full-length reporter expression 
cassettes comprising the promoter, RP1, and 
polyA were included (Figure S1A). Gene region 
coverage was calculated by enumerating the 

number of reads at each genomic position (Figure S2). In these 
AAV vectors, coverage decreased significantly at the 5′ end for 
genome lengths of 4.9 kb and above.

Nanopore sequencing is known for its relatively high error rates.22

When the read length and the error rate were compared, pAAV reads 
>1,000 bp exhibited uniform error rates and the shorter reads ex
hibited higher error rates. With regard to AAV, it was difficult to 
accurately evaluate the error rate by read length compared to 
pAAV since there was variation in the amount of packaged genomes 
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of different lengths (Figure S3). Furthermore, when the error rate for 
each genomic component was separately analyzed, the overall 
pattern remained relatively consistent across AAVs of different sizes, 
with a slightly higher error rate in the CMV promoter than in other 
components (Figure S4).

Reporter gene expression in the mouse retina for AAV vectors of 

different sizes

The expression of the EGFP reporter was evaluated in the retinas of 
mice injected subretinally with AAV vectors of different sizes (3.5, 
4.0, 4.5, 5.0, and 5.5 kb). Histological analysis unexpectedly revealed 
robust EGFP expression in the photoreceptors for all vectors tested. 
Histological analysis of the retina revealed that reporter expression 
was similar for 3.5, 4.0, 4.5, and 5.0 kb vectors, but it was slightly 
reduced in the 5.5 kb vector (Figure 5A). The expression levels of 
EGFP for the 4.7, 5.0, and 5.5 kb vectors were confirmed using west
ern blotting (Figures 5B and 5C). Consistent with the retinal histology 
results, the intensities of the 4.7 and 5.0 kb bands were similar but 
stronger than the intensity of the 5.5 kb band (Figure 5C). This is 
intriguing considering that the full reporter expression cassette con
sisting of the promoter, EGFP, and polyA sequences was barely pack
aged together in 5.0 and 5.5 kb vectors. These results indicate that the 
expression of the reporter gene located at the 3′ end does not neces
sarily parallel the proportion of full-length AAV genome packaging. 
We also tested AAV with an even larger genome of approximately 
7.0 kb harboring RP1 cDNA, a relatively frequent cause of retinitis 
pigmentosa.23–26 This AAV vector exhibited a full-length genome 
proportion of 0.04% (Figure S1B), but it did not express RP1.

In vivo expression of Venus and mKO1 using AAV8.CAG.Venus- 

GRK1-702.mKO1

Expression of a reporter gene in the mouse retina was observed even 
with AAV vectors that had substantially reduced full-length pack

Figure 3. Agarose gel electrophoresis before and 

after DNase treatment with and without capsid 

gene 

Without DNase treatment, the 5.5 kb genome was clearly 

visible in cap (− ) samples but not in cap (+) samples, 

whereas the 3.5 kb genome was visible in both cap (− ) 

and cap (+) samples. With DNase treatment, only the 3.5 

kb genome with cap (+) was detected.

aging. This phenomenon might be partially ex
plained by preferential packaging at the 3′ end, 
where EGFP and its polyA are located. How
ever, the normal expression of the reporter 
gene in the near absence of the driving pro
moter is perplexing. Furthermore, it remains 
unclear whether the observed pattern, i.e., pref
erential packaging of components at the 3′ end, 
is common to vectors with oversized genomes 
or it varies among different designs of over
sized vectors. To address this issue, we inserted 

the Venus reporter gene, which is 98.1% homologous with EGFP at 
the 5′ end, and placed another reporter gene, such as mKO1, with 
26.0% homology with EGFP at the 3′ end, in a head-to-head config
uration. The resulting AAV vector with a 5.3 kb genome containing 
each reporter gene encoded a fluorescent protein of a different 
spectrum (AAV8.CAG.Venus-GRK1-702.mKO1). Then, the AAV 
genome was analyzed using the nanopore long-read sequencing 
(Figure 6A). The proportion of the packaged full-length genomes 
was 0.19% for AAV8.CAG.Venus-GRK1-702.mKO1. Interestingly, 
relocating Venus to the 5′ end resulted in preferential packaging of 
both the 5′ and 3′ ends, indicating that the effect of the large AAV 
genome on packaging differed substantially between vectors of 
different designs. Analysis of the functional components of the 
genome revealed that the polyA ends of the genome were preferen
tially packaged, sometimes together with the neighboring reporter 
gene but most commonly without the promoter (Figure 6B). 
AAV8.CAG.Venus-GRK1-702.mKO1 was injected subretinally in 
the mouse eye, and the expression of Venus and mKO1 was verified 
with western blotting (Figure 6C) and histological analysis 
(Figure 6D). This result also implies that protein expression requires 
a small number of incomplete functional copies, even with a minimal 
amount of the promoter sequence driving expression.

DISCUSSION

In this study, the nanopore long-read sequencing was effectively used 
to assess the genome integrity of AAV vectors, offering important 
insights that are not achievable with conventional short-read 
sequencing or gel electrophoresis-based methods. The AAV vectors 
included an EGFP expression cassette along with lamba phage spacer 
sequences of varying sizes, enabling the production of a wide range 
of AAV genomes of different sizes. This approach allowed us to bet
ter define the capacity of AAV cargo, which has remained unclear to 
date.4–6 The proportion of packaged full-length AAV genomes of 5.0 
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kb or larger was greatly reduced, which was attributable to the defect 
in the packaging of the genome rather than its synthesis. More 
importantly, analysis using the nanopore system showed that the 
pattern of the packaged AAV genome was modestly but clearly 
altered at 4.9 kb, a difference that could not be detected with conven
tional DNA analysis. Thus, the upper limit for efficient gene delivery 
of AAV vectors lies around 4.9 kb, and the full-length genome 
rapidly deteriorates when the genome size surpasses this threshold, 
as observed in our study. This information is critically important 
when designing AAV vectors for clinical gene therapy, which 
often has a very narrow titer window between effectiveness and 
toxicity.27,28 This narrow titer window hampers the production of 
effective AAV products with minimal inflammation and local tissue 
damage.29,30 Our study also revealed short genomic fragments with 
incomplete packaging, which were difficult to detect in previous 

Figure 4. Decreased proportion of full-length AAV 

genomes coupled with an increased proportion of 

short genomes retaining only EGFP and polyA at 

the 3′ end 

Nanopore sequencing analysis of the AAV genome with 

functional components. A schematic representation of 

the AAV vector constructs is shown at the top of the 

figure. (A) Analysis of the 10 major patterns of the pack

aged genome in AAVs of different sizes. The black circles 

indicate the fully mapped components. The bar graph 

above the map indicates the percentage of reads within 

each AAV vector. The bar graph in the lower left displays 

the percentage of reads for each genomic component. 

The pattern was similar for AAV genomes from 3.5 to 4.8 

kb in length, but small changes were observed in AAV 

genomes from 4.9 kb and larger. The 5.0 and 5.5 kb 

genomes show a completely different pattern. (B) 

Changes in the patterns of the packaged genome for AAV 

vectors of different sizes. The ratio between the per

centages of full reads from lamba phage to polyA and the 

percentage of reads from EGFP to polyA was calculated 

and plotted on a logarithmic graph. A change was 

observed in genomes above 4.9 kb, with the 5.0 and 5.5 

kb showing markedly different patterns.

studies. For effective gene transfer using 
AAV, the abundance ratios of AAV packaged 
with short fragments should be minimized. 
The results of this study also highlight 
the strength of using long-read sequencing 
to assess the genomic integrity of the AAV 
vectors.

Our results using the long-read sequencing 
provide detailed insights into the defective 
packaging of the oversized AAV genome. 
Our study demonstrated that oversized AAV 
genomes are mainly packaged with shorter 
fragments and the loss of the full-length ge
nomes in oversized AAV vectors was coupled 

with the inclusion of an incomplete AAV genome retaining a small 
3′ end genomic fragment. Previous studies suggest that even over
sized AAV genomes can be packaged to the limit of packaging and 
small genome fragments are preferentially packaged by Southern 
blot.4,31 However, when a close homolog of EGFP was placed at 
the 5′ end, an incomplete AAV genome containing the 5′ end 
was also detected. These results indicate that the patterns of pack
aged genome differ between vectors with varying designs and high
light the importance of analyzing each AAV vector with long-read 
sequencing, particularly for clinical applications. Of note, a signif
icant reduction in the packaging of a reporter expression cassette 
did not always result in the equivalent loss of reporter protein 
expression. For example, compared with the 4.7 kb construct, the 
5.0 kb construct exhibited 91.5% deficiency in the reporter expres
sion cassette and 52.0% deficiency in the reporter gene itself; 
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however, these deficiencies did not lead to significant changes in 
the expression of the protein. A plausible explanation is that full- 
length EGFP expression cassettes form inside transduced cells 
when the (+) strand genome pairs with the (− ) strand genome 
from fragmented AAV vectors. DNA polymerase then repairs 
this structure, creating a full-length double-stranded DNA cassette. 
This could partly explain the gaps between AAV genome content 
and actual gene expression, a phenomenon also noted in previous 
studies.4,32–35 In addition, mechanisms such as overlapping se
quences and trans-splicing—in which two separate AAV vectors 
combine to restore gene expression—have been explored for treat
ing diseases caused by large genes that exceed the packaging limit 
of AAV.36–42 Although ITRs can potentially function as pro
moters,43,44 their capacity to match or outperform the ubiquitous 
high-performance CMV promoter is unclear, especially if the reads 
containing the reporter gene material were substantially reduced. 
However, even considering these possibilities, the starting material 
for the EGFP gene is extremely limited because of defective genome 
packaging in large AAV vectors. This raises uncertainty about 
whether these processes fully explain the observed gap.

Moreover, the proportion of the packaged full-length AAV8.GRK1- 
93.RP1 vector was as low as 0.04% (Figure S1) for the 7 kb AAV vec
tor carrying RP1 cDNA. RP1 is a causative gene for retinitis pigmen
tosa, which is difficult to treat with gene therapy due to its large gene 
size. However, at least 0.04% of full-length reads were detected, sug

Figure 5. Reporter EGFP expression in mice using 

oversized AAV vectors with low proportions of full- 

length genomes 

EGFP expression was assessed in mouse retinas after 

subretinal injections with AAV vectors of various sizes. (A) 

A significant number of EGFP-positive photoreceptors 

were observed after the injection of AAV8-EGFP vectors 

with genome sizes ranging from 3.5 to 5.5 kb. A rapid 

decline in reporter protein expression was not detected 

between 4.7 and 5.0 kb genomes. Scale bars: 20 μm. 

(B) Western blotting of EGFP after injection of AAVs with 

genome sizes of 4.7, 5.0, and 5.5 kb. (C) Quantification 

of the western blotting revealed unchanged EGFP 

expression at 5.0 kb followed by a moderate decline 

at 5.5 kb relative to 4.7 kb AAV vector genome sizes. 

INL, inner nuclear layer; OPL, outer plexiform layer; 

ONL, outer nuclear layer; IS/OS, inner segment/outer 

segment; NoTx, no treatment.

gesting that AAV vectors can facilitate the 
introduction of large genes with a highly accu
rate purification method in the future.

This study had several limitations. First, the 
DNA packaging of oversized genomes may 
depend on the design of the vector, and we 
have only examined specific designs. In addi
tion, we did not evaluate serotypes other than 

AAV8; thus, the applicability of the results to other AAV serotypes 
is unclear. A larger number of vectors of different designs should 
be analyzed with long-read sequencing to resolve these issues. Sec
ond, we could not assess the possible mechanisms of retained re
porter expression when its genomic counterpart and promoter 
were poorly detected, which includes the intracellular reconstitution 
of the reporter gene, to fill the gap observed in the oversized AAV 
vectors. Similarly, we excluded ITR sequences from our evaluation 
because a full-length ITR is difficult to read with the sequencing, 
possibly due to adapter binding to the secondary structure of the 
ITR.15 Therefore, we did not explore the possibility of the ITR func
tioning as a promoter. Lastly, the in vivo study was only conducted in 
mice. Exploring the discrepancy between AAV genome integrity and 
transgene expression in more clinically relevant animal models, such 
as primates, is essential.

In conclusion, the current study highlights the utility of long-read 
sequencing in assessing the genomic integrity of AAV vectors. 
This is particularly important in designing AAV vectors that surpass 
4.7 kb, as the arrangement of genomic components may affect the 
pattern of packaged DNA.

MATERIALS AND METHODS

Animals

C57BL/6J mice (6 weeks old; Japan SLC Inc., Hamamatsu, Japan) 
were used for the retina studies.8,45 The mice were maintained under 
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a 12-h light and 12-h dark cycle and allowed free access to food and 
water. Surgical procedures were conducted under deep anesthesia 
using intraperitoneal ketamine (37.5 mg/kg) and medetomidine 
(0.625 mg/kg). The effects of medetomidine were reversed with an 
intraperitoneal injection of atipamezole (0.25 mg/kg). All animal ex
periments complied with the guidelines of the Association for 
Research in Vision and Ophthalmology for the Use of Animals in 
Ophthalmic and Vision Research. All experimental procedures 
were approved by the Ethics Committee for Animal Experiments 
at Nagoya University Graduate School of Medicine.

Purified AAVs of different sizes were injected into both eyes of the 
mice. Each vector (1.0 × 1012 genome copies/mL; 2.0 μL per injec
tion) was injected subretinally. Four weeks after injection, the eyes 
were enucleated and processed for histological evaluation and west
ern blotting.

Construction and purification of plasmids and AAV vectors

The assembly of AAV vectors is shown in Figure 1A. The primers are 
shown in Table S2. pAAV-CMV::EGFP was constructed by subcloning 
the CMV promoter and EGFP from pEGFP-N1 (Clontech Labora
tories, Inc., Mountain View, CA) into pAAV-MCS (Cell Biolabs Inc., 
San Diego, CA). The λDNA fragments were amplified to the final 
AAV genome sizes of 3.5, 4.0, 4.5, 5.0, and 5.5 kb with KOD One 
PCR Master Mix (Toyobo Co., Ltd., Osaka, Japan) using λDNA 
(Takara Bio Inc., Shiga, Japan) as a template. The amplified λDNA frag

Figure 6. Retained reporter gene and expression at 

the 3′ end in AAV with an oversized genome 

(A) An oversized AAV vector (5.3 kb) with Venus at the 5′

end and mKO1 at the 3′ end (AAV8.CAG.Venus-GRK1- 

702.mKO1) was analyzed using nanopore sequencing. 

The packaged genome was observed at both the 5′ and 

3′ ends. (B) Analysis of the patterns of the packaged 

genome by functional genomic components in AAV8. 

CAG.Venus-GRK1-702.mKO1. (C) The western blotting 

of murine retinas injected with AAV.CAG.Venus-GRK1- 

702.mKO1. Marked Venus and mKO1 expression was 

confirmed. (D) Representative retinal histology showing 

Venus and mKO1 expression in the photoreceptors of 

mice treated with the AAV vector. Scale bars: 20 μm. 

INL, inner nuclear layer; OPL, outer plexiform layer; ONL, 

outer nuclear layer; IS/OS, inner segment/outer segment; 

mKO1, monomeric Kusabira-Orange 1; NoTx, no 

treatment.

ments were digested with EcoRI and SalI-HF 
(New England Biolabs, Inc, Ipswich, MA) and 
inserted into pAAV-CMV::EGFP using a DNA 
Ligation Kit (Takara Bio Inc.). For the 4.6, 4.7, 
and 4.9 kb constructs, the λDNA fragments 
were amplified as described previously and in
serted into the pAAV-λDNA CMV::EGFP vec
tor (4.5 kb) at the HindIII-HF and SalI-HF 
(New England Biolabs, Inc) sites. For the 4.8 

kb construct, a λDNA fragment was inserted into pAAV-λDNA 
CMV::EGFP (4.7 kb) using the NEBuilder HiFi DNA Assembly Kit 
(New England Biolabs, Inc). To construct AAV8.CAG::Venus-GRK1- 
702::mKO1, the GRK1-702 fragment was amplified using KOD One 
PCR Master Mix (Toyobo Co., Ltd.) and a human genome template; 
the mKO1 cDNA (Medical & Biological Laboratories Co., Ltd., Nagoya, 
Japan) was inserted into pAAV-MCS (Cell Biolabs Inc.), followed by 
the CAG promoter (from pCAG-NEO; FUJIFILM Wako Pure Chem
ical Corp., Osaka, Japan) and Venus46 (synthesized by Eurofins Geno
mics, Tokyo, Japan) in the reverse direction to GRK1-702::mKO1 using 
the NEBuilder HiFi DNA Assembly Kit (New England Biolabs, Inc). 
The GRK1-93 promoter was used to construct the RP1-expressing 
AAV vector.8 This promoter was expressed well in cultured monkey 
and mouse retinas (Figure S5). The GRK1-93 oligonucleotide fragment 
was subcloned into pAAV-MCS (Cell Biolabs Inc.) using a DNA Liga
tion Kit (Takara Bio Inc.). For AAV8.GRK1-93.RP1, the RP1 fragment 
with a tag (HA-tag, FLAG tag, and Strep-tag) was amplified using KOD 
One PCR Master Mix (Toyobo Co., Ltd.) with the RP1 open reading 
frame clone (ORS12477; Promega, Madison, WI; GenBank: 
NM_006269.2) and inserted into the vector using the NEBuilder 
HiFi DNA Assembly Kit (New England Biolabs, Inc). To construct 
AAV-cap (− ), the capsid gene was removed from pAAV-RC2 (Cell 
Biolabs Inc.) via digestion by the restriction enzyme BstBI (New En
gland Biolabs, Inc) and then self-ligated using a DNA Ligation Kit 
(Takara Bio Inc.). The ligation samples were transformed using 
DH5a-competent cells (Toyobo Co., Ltd.). Plasmids were extracted 
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using the Fast Gene Plasmid Mini Kit (NIPPON Genetics Co., Ltd., To
kyo, Japan).

The extracted plasmids were subjected to Sanger sequencing to 
confirm donor insertion. Plasmids were further extracted using Nucle
obond Xtra Midi EF (Takara Bio Inc.). The constructed plasmid vec
tors were assembled into AAV2/8 as previously described.8 Each vector 
was co-transfected with the AAV2rep/AAV8cap vector (pdp8; 
PlasmidFactory GmbH & Co. KG, Bielefeld, Germany) in HEK293T 
cells. AAV8.GRK1-93.RP1 was generated using AAV-Max (Thermo 
Fisher Scientific, Waltham, MA), following the manufacturer’s instruc
tions. AAV particles were extracted with PBS and purified using an 
AKTA go chromatography system (Cytiva, Chicago, IL) on a HiTrap 
AVB Sepharose HP column (Cytiva, Chicago, IL).45,47 Endotoxin 
was tested using Limulus Amebocyte Lysate PYROGENT-5000 (Lonza 
Group AG, Walkersville, MD); all vectors had lipopolysaccharide 
(LPS) levels <1.25 endotoxin units (EU)/mL. DNA was extracted 
from AAVs using phenol–chloroform. The AAV genome was detected 
using agarose gel electrophoresis and the ChemiDoc XRS+ System 
(Bio-Rad Laboratories, Inc., Hercules, CA).

The AAV genome size was estimated by quantifying genomic DNA 
with the Agilent 4150 TapeStation system (Agilent Technologies, 
Inc., Santa Clara, CA), Genomic DNA Reagent (Agilent Technolo
gies, Inc.), and Genomic DNA ScreenTape (Agilent Technologies, 
Inc.). For the analysis of cap (− ) and cap (+) genomes, the lysates 
were treated with proteinase K and subjected to DNA extraction us
ing a DNA extraction kit (QIAamp DNA Mini kit; QIAGEN, Hilden, 
Germany). For samples treated with benzonase (2 μL per 1 mL of 
sample), benzonase was removed via phenol-chloroform extraction, 
followed by DNA extraction.

Nanopore sequencing

After digesting plasmids with SbfI-HF (New England Biolabs, Inc.), 
the DNA was extracted and purified from AAVs using phenol-chlo
roform. Libraries for nanopore sequencing were prepared according 
to the manufacturer’s instructions for ligation sequencing of gDNA 
(SQK-LSK110; Oxford Nanopore Technologies plc, Oxford, UK). 
The NEB Next companion module (New England Biolabs, Inc.) 
and Ligation Sequencing Kit (SQK-LSK110; Oxford Nanopore Tech
nologies plc) were used for DNA preparation and adaptor ligation. 
DNA was quantified with a Qubit 4.0 fluorometer (Thermo Fisher 
Scientific). DNA samples were cleaned with AMPure XP beads. Frag
ment sizes and molar concentrations of each library were determined 
with the Agilent 4150 TapeStation system, Genomic DNA 
ScreenTape, and Genomic DNA Reagent (Agilent Technologies, 
Inc.). Libraries were adjusted using Flongle Sequencing Expansion 
(EXP-FSE001; Oxford Nanopore Technologies plc) and loaded 
into the Flongle Flow Cell (FLO-FLG001, R9.4.1; Oxford Nanopore 
Technologies plc), which was set up in MinION (Oxford Nanopore 
Technologies plc) with a run time of 24 h.

The genome was visualized using nanopore sequencing as previously 
described.9 MinKNOW (v5.8.12) was used for basecalling. Minimap2 

was used to align the sequencing reads with the appropriate reference 
sequences,48,49 and the alignments were visualized in IGV 
(v2.12.2)50–53 with soft clipping. The start and end positions of the 
aligned reads, the proportions of full-length genomes, and the full 
mapping percentage for each gene were calculated using browser 
extensible data (BED) files. The reads mapping completely to the refer
ence sequence of each gene inside the ITRs were defined as full-length 
reads, and the proportions of full-length genomes of the AAV con
structs were calculated. Coverage of the packaged vector was calcu
lated and visualized by counting the number of nucleotides mapped 
to each position of the reference sequence using BED files. All afore
mentioned calculations were performed with Python (version 3.12.3). 
The percentages of reads mapped to plasmid/vector were calculated 
using the bam files.

To calculate the error rates, we divided the number of mismatches 
and indels in each read mapped to the sequence between the ITR 
by the reference alignment length using bam files. We displayed 
the error rate distribution for each alignment length as a hexbin 
plot. The error rates for each genome component were calculated 
in a similar manner using the same bam files. All calculations were 
performed using Python (version 3.12.8), and figures were drawn 
in R (version 4.3.3).

Western blotting

Western blotting was performed as previously described.8,47,54 The 
retinas and retinal pigment epithelium (RPE)/choroid complexes 
were separated, and the retinas were cut into small pieces and dis
solved in RIPA buffer (Merck KGaA, Darmstadt, Germany) at 
4◦C. Protein concentrations were determined using a Pierce BCA 
protein assay kit (Takara Bio Inc.). For the AAV 4.7, 5.5, and 5.5 
kb constructs, mouse retinal proteins (25 μg each) were separated us
ing SDS-PAGE with 5%–20% SuperSep Ace (FUJIFILM Wako Pure 
Chemical Corp.) and transferred to polyvinylidene fluoride mem
branes (Immobilion Transfer Membrane, 0.45 μm, Merck KGaA). 
For AAV8.CAG::Venus-GRK1-702.mKO1, mouse retinal proteins 
(50 μg) were separated and HEK293T lysates (0.5 μg) expressing 
Venus and mKO1 were used as positive controls. For AAV8. 
GRK1-93.RP1, mouse retinal proteins (100 μg) were separated and 
WERI Rb-1 cell lysates (5 μg) transfected with pAAV8.GRK1-93. 
RP1 plasmid were used as a positive control. After blocking mem
branes with 5% skim milk in PBS-T (0.05 M Tris, 0.138 M NaCl, 
0.0027 M KCl, pH 8.0, and 0.05% Tween 20; Sigma-Aldrich, St. 
Louis, MO) for 1 h, the membranes were incubated with rabbit 
anti-GFP antibody (#598, 1/1000; Medical & Biological Laboratories 
Co., Ltd.), anti-monomeric Kusabira-Orange 2 pAb (PM051M, 
1/500; Medical & Biological Laboratories Co., Ltd.), monoclonal 
anti-FLAG M2, Clone M2 (F1804, 1/2000; Merck KGaA), and mono
clonal anti-β-actin mouse (A5316, 1/5000; Merck KGaA) at 4◦C 
overnight. The membranes were then incubated for 1 h with horse
radish peroxidase (HRP)-conjugated anti-rabbit IgG antibody 
(A0545, 1/5000; Merck KGaA) or HRP-conjugated Goat anti-Mouse 
IgG (H + L) antibody (#31430, 1/5000; Thermo Fisher Scientific). 
The immunogenic signal was visualized with ECL Prime Western 
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Blotting Detection Reagent (Cytiva) and the ChemiDoc XRS+ Sys
tem. The protein band intensities were quantified using ImageJ soft
ware (National Institutes of Health, Bethesda, MD), and differences 
were assessed by calculating the relative intensity normalized to the 
intensity of AAV8-4.7 kb.

Histology

Enucleated eyes were fixed in 4% paraformaldehyde, embedded in 
OCT compound (Tissue-Tek OCT; Sakura Finetek USA, Inc., Tor
rance, CA), and sectioned (10 μm thick) using a cryostat (CM3050 
S; Leica Microsystems GmbH, Wetzlar, Germany). Retinal sections 
expressing EGFP, Venus, and mKO1 were covered with 
VECTASHIELD Antifade Mounting Medium with DAPI (Vector 
Laboratories, Inc., Burlingame, CA). Images were acquired using 
Zeiss LSM880-ELYRA PS. 1 (Carl Zeiss AG, Jena, Germany).

Monkey retinal explant culture

Monkey retinal explant culture was performed as previously 
described.55 Monkey eyes were obtained immediately after sacrifice 
at the Primate Research Institute of Kyoto University and incubated 
within 5 h after enucleation. The neural retina was isolated, and 
3-mm biopsy punches were obtained from the neural retina of both 
eyes. Retinal punches were transferred to nucleopore membranes of 
Millicell cell culture inserts (0.4 μm, 30 mm diameter; Merck 
KGaA) with the outer retina (photoreceptor side) facing down. The in
serts were placed in 6-well tissue culture plates (AS ONE Corp. Osaka, 
Japan) containing enough medium (Neurobasal-A medium [Thermo 
Fisher Scientific] + N2 Supplement [Thermo Fisher Scientific] + B27 
Plus Supplement [Thermo Fisher Scientific] + L-Glutamine Solution 
[FUJIFILM Wako Pure Chemical Corp.] + 1% penicillin/streptomycin 
[Thermo Fisher Scientific]) to moisten the membrane. Vectors (10 μL 
at 1 × 1012 genome copies/mL) were injected between the neural 
retina and nucleopore membrane using an ITO microsyringe (ITO 
Corp., Shizuoka, Japan) with compatible needles (ITO Corp.) to 
form a viral bleb under the retina. After incubating retinal tissues at 
37◦C and 5% CO2 for 1 h, 900 μL of medium per well was added under 
the nucleopore membrane, and 25 μL was carefully added to each 
retina. Retinal tissues were incubated while replacing the medium 
every 2 days. After 28 days, the tissues were collected and processed 
for histological evaluation.

Statistical analysis

Statistical analyses were performed using the IBM SPSS software 
package (v29.0, IBM Corp., Armonk, NY) or R (version 4.3.3). Dif
ferences between two groups were assessed using unpaired Student’s 
t tests. All values are expressed as means with standard deviations 
(N = number of samples). p < 0.05 was considered statistically 
significant.
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