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Autosomal dominant polycystic kidney disease (ADPKD) is a genetic kidney
disease, caused by mutations of the PKDI and PKD2 genes, characterized by the
development of renal cysts and extrarenal complications, such as cardiac
hypertrophy. Recently, a revolutionary approach, adeno-associated virus (AAV)
delivered CRISPR-Cas9 gene editing, has been developed to treat inherited dis-
eases. However, the use of this technology in kidney diseases in vivo is chal-
lenged. In this study, we adapt one of the gene editing systems, adenine base
editor (ABE9), to develop a broadly expressed and a kidney-specific promoter
mediated base editors, and test the effects of these two systems delivered by
AAV9 on preventing disease in humanized PkdI*“* mice carrying an arginine (R)
to cystine (C) mutation that mimics a mutation in ADPKD patients. We show that
one dose of the broadly expressed dual ABE9-AAV9 treatment corrects the
pathogenic variant in kidneys, hearts and livers, and result in delaying cyst
growth, decrease heart hypertrophy and improve liver function. To confirm the
specificity of the base editor system in kidneys, we show that one dose of the
kidney specific promoter mediated dual-ABE9-AAV9 treatment corrects the Pkd1
gene mutation in the kidney, and not in the heart, resulting in delaying cyst
growth in PkdI*“*¢ kidneys, supporting a promising strategy of using base editor
to target specific organs. Treatment with ABE9 base editors mediated by either
the broadly expressed or kidney specific promoter increased the survival rate of
Pkd1*“™ mice. These preclinical studies support a potential that single-dose
genetic therapies may be through the correction of pathogenic variants to
prevent ADPKD development in the clinic.

Autosomal dominant polycystic kidney disease (ADPKD) is a genetic
kidney disease, caused by mutations of the PKDI and PKD2 genes,
encoding polycystin 1 (PC1) and polycystin 2 (PC2), respectively". PKD
gene mutations drive disease progression in both renal (kidney) and
extrarenal (outside the kidney) organs such as heart>*. Point mutations
represent the largest class of known human ADPKD variants’. ADPKD is
a slowly progressive disease, beginning with the formation of renal
cysts in utero. Cyst formation and enlargement continue over decades
with diverse mechanisms®’. ultimately leading to kidney failure. As

such, it would be advantageous to prevent the initiation of cyst for-
mation by correcting disease-causing point mutations to stop cyst
formation altogether in ADPKD kidneys.

The clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9-based gene editing is a powerful therapeutic tool to
correct gene mutations and thus to ameliorate genetic diseases®.
Adeno-associated virus-mediated (AAV-mediated) CRISPR editing, in
particular the AAV delivered base editors (BEs), is a revolutionary
approach for treating inherited diseases. There are two kinds of BEs
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including adenine base editors (ABEs) and cytidine base editors (CBEs),
and both of them are comprised of a single guide RNA (sgRNA) and a
nuclease-inactivated Cas9 (or nickase form) fused to a deaminase
enzyme, which enables precise installation of A_T to G_C (in the case of
ABEs) or C_G to T_A (in the case of CBEs) substitutions’'°. The archi-
tecture of ABEs ensures that only the targeted adenine within a specific
window (usually around 4-7 nucleotides) near the protospacer adja-
cent motif (PAM) sequence is deaminated. Although CRISPR-Cas9 base
editing has been applied in animal models of various gene mutation
diseases'?, its application in ADPKD remains untested.

In humans, the hypomorphic p.Arg3277Cys (RC) variant in exon
29 of the PKDI gene has been linked with typical ADPKD when found in
homozygosity". Pkd1*“* mice have been generated to mimic human
ADPKD, and include phenotypes in the kidneys and heart. In this study,
we modify the ABE9 system to generate a broadly expressed and a
kidney specific promoter mediated ABE9 system to genetically correct
the RC disease-causing mutation in PkdI*“* mice. In particularly, the
kidney specific promoter mediated ABE9 base editor has better editing
efficiency in the kidneys than the broadly expressed ABE9 base editor,
pointing a promising strategy for using this technology to target
specific organs in vivo.

Results

Develop a dual-AAV-encoded ABE9 base editor and protospacer
For the R3277C transition, the “AGA” codon for arginine was changed
to a “TGC” cystine codon by changing two nucleotides, A>T and A>C
(Fig. 1a). Both AGA and CGC encode Arg (R). Therefore, if we can
convert the “T” in TGC to “C”, it should generate the “CGC” codon, also
resulting in conversion of the amino acid Cys (C) to Arg (R) in PkdI*“*¢
mice (Fig. 1a). To achieve this goal, we use an adenine base editor
(ABE), which can target AT base pairs to produce G-C®. We generated a
chicken-beta actin hybrid (Cbh)-AAV-ABE9 N-terminal vector by the
replacement of the TadA with a TadA deaminase domain (ABE9) into
the AAV-ABE7max vector (Fig. 1b), in which the ABE9 has N108Q and
L145T variants to reduce both adenine and cytosine bystander editing,
eliminate cytosine editing, and decrease off-target effects as
described*". We then designed and cloned a single guide RNA
(sgRNA) (5-ACGCAAGTAAAGCGGCTACG-3) into Cbh-AAV-ABE9
N-terminal and Cbh-AAV-ABE9 C-terminal vectors (Fig. 1a, b). This
sgRNA uses a nearby ‘NGG’ PAM, which can be recognized efficiently
by a Streptococcus pyogenes Cas9 variant SpCas9'®".

To evaluate the delivery efficiency of AAV9-Cbh vectors, we gen-
erated AAV9-Cbh-EGFP particles, and evaluated their distribution in
organs 2 weeks after intravenous (IV) injection by an in vivo imaging
system (IVIS). AAV9-Cbh-EGFP particles entered (Supplementary
Fig. 1a) and GFP was expressed (Supplementary Fig. 1b) in heart, kid-
ney, and liver in AAV9-Cbh-EGFP injected mice, in which the liver was
the organ with the strongest GFP expression as examined with IVIS. By
performing immunofluorescence (IF) staining in kidneys with GFP
antibody and co-stained with different markers, including dolichos
biflorus agglutinin (DBA, a collecting ducts marker), lotus Tetra-
gonolobus Lectin (LTL, a proximal tube marker), Na+-K+-Cl-
cotransporter 2 (NKCC2, a loop of Henle marker), and Na+-Cl-
cotransporter (NCC, a distal convoluted tubule marker), we found that
the GFP positive cells could be detected in collecting duct cells (about
26% in total DBA positive cells), proximal tubule cells (about 24% in
total LTL positive cells), and distal convoluted tubules cells (about 10%
in total NCC positive cells), but not in loop of Henle (Supplementary
Fig. 1c-f). The average percentage of GFP-positive cells was about 19%
among those cells in AAV9-Cbh-EGFP treated kidneys.

Treatment with Cbh-ABE9-dual-AAV9 delays cyst growth in
PkdI?“*¢ mice

We evaluate the effect of the broadly expressed Cbh promoter-directed
Cbh-ABE9-dual-AAV9 in PkdI*“* mice, in which renal cysts could be

detected at about one month of age in the C57BL/6] background
(Supplementary Fig. 1g)°, by intravenous (IV) injection at either post-
natal day 14 (PN14) or PN28. The total dose of the Chh-ABE9-dual-AAV9
base editor was 1x10" (low dosage) or 1x10" vg (high dosage) per
mouse, and the mice were euthanized at three month. We found that
one dose of Cbh-ABE9-dual-AAV9 particles at either dose delayed cyst
growth, as seen by the decrease of cyst index and kidney weight/body
weight (KW/BW) ratios as well as blood urea nitrogen (BUN) and serum
creatinine levels in PkdI*“*¢ mice (n=10) compared to vehicle treated
mice (n =10) (Fig. 1c-g, Supplementary Fig. 2a). Importantly, injection at
PN14 was more effective at delaying cyst growth than injection at PN28
(Supplementary Fig. 2b-d). It is consistent with the finding that PN14 is a
critical time point for renal cyst development in Pkdl mutant mouse
models'®. Treatment with high dose of Cbh-ABE9-dual-AAV9 through IV
injection at PN14 did not induce renal cyst (Supplementary Fig. 2e) and
had no effect on KW/BW ratio, BUN and serum creatinine levels in 3-
month-old wild type mice (n=10) (Fig. 1d-g) and PkdI*"* mice (n=10)
(Supplementary Fig. 2f, g) compared to vehicle treated age matched wild
type and PkdI*®* mice (n=10). Treatment with high dose of Cbh-ABE9-
dual-AAV9 also did not induce renal cysts and heart hypertrophy in
Pkd1*?* mice (Supplementary Fig. 2e). In addition, the editing efficiency
was around 9.8% in kidneys in PkdI** mice treated with Cbh-ABE9-dual-
AAV9 (Supplementary Fig. 2h).

It has been reported that a PCl1 triplet can be detected in wild type
kidneys by Western blot analysis, in which the top PC1 band of the
triplet represents the full length PCI, and the middle band, the
N-terminal (NT) endoglycosidase H (EndoH) resistant product (NTR),
which is the mature and likely surface localized PCl1, and the lower
band, EndoH sensitive product (NTS, 440 kDa), which may be ER
localized PCL. In PkdI**¢ kidneys, the PCI-NTS product can be
detected as that in PkdI wildtype kidneys, whereas the PCI-NTR pro-
duct is decreased in PkdI®“R¢ kidneys, resulting in more robust cyst
development”. We found that treatment with Cbh-ABE9-dual-AAV9
particles has no effect on the level of PC1 in wild type kidneys (Fig. 1h,
Supplementary Fig. 2i), but could partially normalize the expression of
PC1, representing by an increase of PCI-NTR product in PkdI*** and
PkdI*7¢ kidneys compared to that seen in vehicle treated age matched
control kidneys (Fig. 1h, Supplementary Fig. 2j, and Supplementary
Fig. 3a, b). The Pkdl mRNA was also increased in PkdI*?*¢ kidneys
treated with Cbh-ABE9-dual-AAV9 compared to vehicle-treated con-
trols as examined by qRT-PCR analysis (Supplementary Fig. 3c).

To determine the editing efficiency of the Chh-ABE9-dual-AAV9
base editor in vivo, we found that DNA base-editing was 7.7 £ 1.6% and
1.6 +1.5% in kidneys, 152+2.2% and 21.3+3.2% in hearts, and
31.9 +4.2% to 40.1+ 8.7% in livers in low dosage vs. high dosage PN14-
treated mice harvested at 3-month PkdI*?* mice (Supplementary
Fig. 3d), suggesting that high dosage injected at PN14 have the higher
editing efficiency in kidneys from 3-month Pkd1*“* mice. In addition,
we found that high dose PN14 treatment also achieved higher DNA
base-editing efficiency than the same dose treated at PN28 and ana-
lyzed in 3-month PkdI*9%¢ tissues; DNA base-editing efficiency was
11.6 +1.5% (PN14) vs. 7.1 £ 3.0% (PN28) in kidneys, 21.3 + 3.2% (PN14) vs.
17.4 £ 4.7% (PN28) in hearts, and 40.1 + 8.7% (PN14) vs. 30 + 8.2% (PN28)
in livers (Fig. 1i). Treatment with non-targeting sgRNA did not convert
the “T” in TGC to “C” in PkdI*“*¢ kidneys and treatment with AAV-ABE9
also did not convert the codon around the editing window in wide type
kidneys (Supplementary Fig. 4a, b). These results suggest that a single
dose injection of a broadly expressed ABE9-encoding AAV delays cyst
growth through the partial correction of the RC variant to restore the
expression of PkdI gene and the mature protein form in the kidneys.

Treatment with Cbh-ABE9-dual-AAV9 decreases heart hyper-
trophy in PkdI*7*¢ mice

ADPKD gene mutations not only drive cyst progression in the kidney
but also result in extrarenal complications, including left ventricular
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Fig. 1| A single injection of Chh-ABE9-dual-AAV9 delays cyst growth in Pkd1*?
R mice. a Schematic of genomic sequence surrounding R3277C pathogenic variant
of in exon 29 of mouse PkdI gene. The sgRNA (black line) and PAM (red line) are
underlined. The designed protospacer placed the R3277C variant at position AS,
counting from the protospacer adjacent motifs (PAM)-distal end of the proto-
spacer. b Schematics of dual AAV vectors (not to scale) encoding an amino-terminal
fragment (N-term) and carboxyl-terminal fragment (C-term) under control of the
broadly expressed Cbh promoter that expresses half of the base editor and can be
reconstituted to the full-length base editor within cells by trans-splicing. ITR:
inverted terminal repeats. Cbh: the chicken-beta actin hybrid promoter. Ué6: the
human Pol Ill promoter that efficiently transcribes guide RNAs. sgRNA: single guide
RNA. ¢ Representative histological images of kidneys from PkdI*“* mice injected
with1x10" or1x 10”2 vg of AAV9-ABE9 at PN14 and PN28. Scale bar, 1 mm. d Percent
cystic area relative to total kidney area of kidneys from PkdI** mice treated with

Liver
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1x10" or 1x 102 vg of Chbh-ABE9-dual-AAV9 at PN14 and PN28 (n =10 independent
replicates). e-g Treatment with 1 x 10" or 1 x 10" vg of Cbh-ABE9-dual-AAV9 at PN14
and PN28 decreased KW/BW ratios (e), BUN (f), and serum creatinine levels (g).
(n=10, equal numbers of male and female mice, the colors represent female (pink)
and male mice (blue)). h Western blot analysis of PC1 protein in three-month-old
wild-type and age-matched Pkd1*“* kidneys treated with 1x 10" vg of Cbh-ABE9-
dual-AAV9 or vehicle at PN14 (n =3 independent replicates). i The editing efficiency
(%) of targeted pathogenic variant R3277C in kidneys, hearts and livers from three-
month-old PkdI*“* mice injected with a single dose of Cbh-ABE9-dual-AAV9
(1x10" vg) at PN14 or PN28 (n =3 independent replicates). In all panels, bars
indicate mean values * s.d., ns: p>0.05, *p < 0.05, *p < 0.01, **p < 0.001,

**p < 0.0001 or as indicated in the figure, using two-tailed t-test. Source data are
provided as a Source Data file.

hypertrophy (LVH)?°, which has also been shown in PkdI*"¢ mice*. We
found that one injection of Cbh-ABE9-dual-AAV9 particles, total 1x 10"
or1x 10" vg also decreased cardiac hypertrophy as seen by a decrease
of heart weight/body weight (HW/BW) ratios in three-month-old
PkdI"“*¢ mice compared to vehicle treated age matched control mice.
Again, early injection at PN14 with a high dosage of 1x10vg had a
stronger effect on decreasing heart hypertrophy compared to injec-
tion at PN28 with the low dosage in those mice (Fig. 2a, b, Supple-
mentary Fig. 5a). We detected a doublet of PC1 around 470 kDa in
three-month-old wild type hearts, in which the PC1-NTR was decreased
in vehicle treated age matched PkdI*“* hearts compared to WT hearts
and was partially increased in Chh-ABE9-dual-AAV9 treated age mat-
ched PkdI*“% hearts as examined by Western blot analysis (Fig. 2c,

Supplementary Fig. 5b). In addition, the expression of Pkdl mRNA was
also increased in Cbh-ABE9-dual-AAV9 treated PkdI®“*¢ hearts com-
pared to vehicle treated controls as examined by qRT-PCR analy-
sis (Fig. 2d).

A long-term duration effect of Cbh-ABE9-dual-AAV9 treatment
in Pkd1"“*¢ mice

To evaluate the long-term effectiveness of injected Cbh-ABE9-dual-
AAV9 particles in vivo, we found that one-time injection of Cbh-ABE9-
dual-AAV9 particles of 1x10" vg (n=10) or 1x10"? vg (n=10, equal
numbers of male and female mice) delayed cyst growth in six-month-
old Pkd1®“* mice as seen by a decrease of cystic index and KW/BW
ratio as well as BUN and serum creatinine levels (Fig. 3a-d,
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ments. d qQRT-PCR analysis of relative Pkdl mRNA expression in three-month Pkd1*
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test. Source data are provided as a Source Data file.

Supplementary Fig. 5c, 5d), and treatment with high dose of Cbh-ABE9-
dual-AAV9 particles decreased HW/BW ratios in PkdI®?* mice com-
pared to vehicle treated controls (n=10) (Fig. 3e, f, Supplementary
Fig. 5c). An increase of PCI-NTR product was detected in Cbh-ABE9-
dual-AAV9 particle treated PkdI*“*¢ kidneys and hearts compared to
that in vehicle treated controls (Fig. 3g, h, Supplementary Fig. Se, 5f).
These results suggest that there is a long-term or lasting effect of Cbh-
ABE9-dual-AAV9 particles in vivo. Furthermore, DNA base-editing
outcomes were still high in organs from 6-month PkdI*“*¢ mice when
treated with the high dose of Chh-ABE9-dual-AAV9 at PN14; 12.1+ 0.5%
inkidneys, 22.4 + 1.4 % in hearts and 38.2 + 3.9% in livers, but these were
not significant differences compared to 3-month PkdI*“*¢ mice when
treated with the high dose of Cbh-ABE9-dual-AAV9 at PN14 (Fig. 3i).
These results suggest that DNA base-editing on the correction of the
RC variant may continue from 3 months to 6 months in vivo. Also,
there is a possibility that edited cells may have a survival advantage
over uncorrected cells in those organs, increasing the prevalence of
edited alleles over time, which is consistent with the known persis-
tence of AAV-ABE in mammals”.

Assessment of bystander editing in Chh-ABE9-dual-AAV9 trea-
ted PkdI"“"¢ mice

As amino acid off-target substitutions could be deleterious, we assessed
the frequency of the editing of bystander mutations of adenosine resi-
dues at protospacer positions 1 and 6 and the introduction of indels in
base-edited PkdI®“*¢ mice using genomic DNA (gDNA) and RT-PCR-
amplified Pkdl mRNAs from kidneys in three-month PkdI®“" mice
treated with Cbh-ABE9-dual-AAV9 particles (1x10™ vg) at PN14 (Sup-
plementary Fig. 6a-e). The result showed levels of Pkdl cDNA editing
efficiency in kidney is 28.7 +3.6% (Supplementary Fig. 6c), in heart is

40.89 +4.7% (Supplementary Fig. 6d), and in liver is 56.96 + 2.8% (Sup-
plementary Fig. 6e). We did not detect the bystander edit around the
potential editing site in gDNA and RNA. In addition, no significant dif-
ferences were observed in the frequency of A-to-l RNA nucleotide
changes in AAV-ABE9 treated mice (Supplementary Fig. 6f). Further-
more, to evaluate the Cas9-dependent off-target effect, we predict
potential off-target sites using CRISPOR, a tool ranks the sgRNA with off-
target effects and on-target activity, and then conducted targeted
amplicon deep sequencing (Amplicon-seq). There were no detectable
off-target editing above background levels at the top candidate sites
analyzed (Supplementary Fig. 6g), supporting the high specificity and
safety of the Chh-ABE9-dual-AVV9 base editing system in vivo.

Establish kidney specific promoter mediated ABE9-AAV delivery
system

To test whether base editing can be used to specifically target the gen-
ome in kidneys and to convert the RC mutation in the PkdI gene in
kidney only, we generated a kidney specific promoter mediated dual
AAV base editor by replacing the broadly expressed Cbh promoter as
well as the cytomegalovirus enhancer and hybrid intron in the estab-
lished Cbh-ABE9-dual-AAV9 vectors with a kidney specific promoter
mediated cadherin-16 promoter (Ksp), Ksp-ABE9-dual-AAV9 (Fig. 4a).
Before testing the effect of Ksp-ABE9-dual-AAV9 in vivo, we first deter-
mined the distribution and expression of AAV-Ksp-EGFP particles. We
found that the AAV-Ksp-EGFP particles entered and the GFP auto-
fluorescent signal was observed only in kidney and liver but not in other
organs, such as heart (Supplementary Fig. 7a, b). The expression of GFP
was also detected by immunofluorescence staining with GFP antibody,
which co-localized with DBA (about 39% in total DBA positive cells), LTL
(about 36% in total LTL positive cells), and NCC (about 6% in total NCC
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female (pink) and male mice (blue)). e Representative images of hearts from six-
month old PkdI*“* mice injected with 1x 10" or 1x 10* of Cbh-ABE9-dual-AAV9 at
PN14. Scale bar, 1 mm. f Treatment with 1x 10" vg of Cbh-ABE9-dual-AAV9 at PN14
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decreased HW/BW ratios in six-month-old Pkd1*“* mice compared to vehicle-
treated controls (n =10 independent replicates). g, h Western blot analysis of PC1
protein in six-month-old wide type and age-matched PkdI*“* kidneys and heart
treated with 1x 10 vg of Cbh-ABE9-dual-AAV9 or vehicle at PN14 (n =3 indepen-
dent replicates). i the editing efficiency (%) of the targeted pathogenic variant
R3277C in kidneys, hearts and livers from three and six-month-old PkdI*“*® mice
injected with a single dose of dual-AAV9-ABE9 (1 x 10" vg) at PN14 (n =3 indepen-
dent replicates). Values and error bars reflect mean +SD from indicated counts of
independent experiments, ns: p>0.05, *p < 0.05, *p < 0.01, **p < 0.001, and
****p < 0.0001 or as indicated in the figure, using two-tailed t-test. Source data are
provided as a Source Data file.

positive cells) in kidneys treated with AAV-Ksp-EGFP (Supplementary
Fig. 7c). The average percentage of GFP positive cells was 27% among
those cells in AAV9-Ksp-EGFP treated kidneys. These results indicate that
the transduction of AAV-Ksp-EGFP particles is expressed in specific renal
tubular cells in the kidney, which is consistent with prior reports showing
that AAV9 can efficiently target renal tubules, even though those reports
did not quantify the percentages of GFP-positive cells in kidneys* ™. In
addition, we found that GFP is expressed in kidneys injected with AAV9-
Cbh-EGFP and AAV9-Ksp-EGFP but not in kidneys injected with empty
AAV vectors as examined with immunohistochemistry (IHC) staining
(Supplementary Fig. 7d, 7e), confirming the specificity of AAV-mediated
GFP expression in kidneys.

Treatment with Ksp-ABE9-dual-AAV9 particles delays cyst
growth in PkdI*“*¢ mice

To test the effect of Ksp-ABE9-dual-AAV9 particles in vivo, we found
that treatment with Ksp-ABE9-dual-AAV9 particles (1x 10”2 vg) at PN14

delayed cyst growth as seen by a decrease of cystic index and KW/BW
ratio as well as BUN and serum creatinine levels in 3-month PkdI?“*¢
mice compared to vehicle treated age matched mice (n =10) (Fig. 4b-f,
Supplementary Fig. 8a). In contrast, this treatment did not normalize
HW/BW ratio and cardiac hypertrophy in those mice (n =10) (Fig. 4g, h,
Supplementary Fig. 8b). Treatment with high dosage of 1 x 10" vg Ksp-
ABE9-dual-AAV9 particles had no significant effect on the KW/BW
ratio, BUN and serum creatinine levels as well as HW/BW ratio in WT
mice (n=10) (Fig. 4d-f and Fig. 4h).

We further found that DNA base-editing was 23.4 + 0.4% in 3-month
Ksp-ABE9-dual-AAV9 treated kidneys, which was higher than the DNA
base-editing efficiency in kidneys in age matched PkdI*“" mice treated
with the broadly expressed Chh-ABE9-dual-AAV9 particles (Fig. 4i). The
on-target DNA base-editing was very low in heart tissues in 3-month
PkdI"“* mice treated with Ksp-ABE9-dual-AAV9 particles (1 x 102 vg) at
PN14, consistent with the Ksp promoter’s kidney-specific expression
(Fig. 4i). Treatment with Ksp-ABE9-dual-AAV9 could partially rescue the
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PCI-NTR product in kidneys (Fig. 4j, Supplementary Fig. 8c) and livers
(Fig. 4k, Supplementary Fig. 8d) but not that in hearts compared to that
in vehicle treated controls (Fig. 4l, Supplementary Fig. 8e).

Treatment with Cbh-ABE9-dual-AAV9 and Ksp-ABE9-dual-AAV9
particles corrects mutations in primary renal tubular cells iso-
lated from Pkd1R“F¢ mice

To determine the editing efficiency in primary renal tubular cells, we
isolated the renal tubules and then tubular cells from PkdI*?%¢ kidneys

injected with Cbh-ABE9-dual-AAV9 and Ksp-ABE9-dual-AAV9 particles.
We found that the editing efficiency in renal tubular cells isolated from,
1) Cbh-ABE9-dual-AAV9 particle injected PkdI®“®¢ kidneys is about
7.21% + 0.3, similar to that in the whole kidneys (Supplementary
Fig. 9a), and 2) Ksp-ABE9-dual-AAV9 injected PkdI*“*¢ kidneys was
34.2% + 8.8, which is higher than that in the whole kidneys (Supple-
mentary Fig. 9a), possibly due to the fact that the Ksp promoter is
expressed exclusively in tubular epithelial cells in the kidney but not in
other cells®.
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Fig. 4 | Treatment with Ksp-ABE9-dual-AAV9 particles delays cyst growth but
has no effect on heart hypertrophy in PkdI*“* mice. a Schematics of kidney
specific promoter mediated dual AAV vectors (not to scale) that encode an amino-
terminal fragment (N-term) and carboxyl-terminal fragment (C-term) that form
base editors after protein splicing. b Representative histological images of kidneys
from PkdI*“* mice injected with 1x 10" vg of Ksp-ABE9-dual-AAV9 at PN14. Scale
bar, 1 mm. ¢ Percent cystic area relative to total kidney area of kidneys from Pkd1*"
R mice treated with 1x 10 vg of Cbh-ABE9-dual-AAV9 and Ksp-ABE9-dual-AAV9 as
well as vehicle at PN14 (n =10 independent replicates). d—f Treatment with 1x 10
vg of Cbh-ABE9-dual-AAV9 and Ksp-ABE9-dual-AAV9 at PN14 decreased KW/BW
ratios (d), BUN (e), and serum creatinine levels (f) in three-month-old PkdI** mice.
(n=10, equal numbers of male and female mice, the colors represent female (pink)
and male mice (blue)). g Representative hearts and histological images of hearts
from three-month-old PkdI*“*¢ mice injected with 1x 10" vg of Ksp-ABE9-dual-

AAV9 and Cbh-ABE9-dual-AAV9 at PN14. Scale bar, 1 mm. h Treatment with 1 x 102
vg of Ksp-ABE9-dual-AAV9 has no effect on HW/BW ratios in three-month-old
PkdI*9*¢ mice (n=10). ns, not significant. i The comparison of the editing efficiency
(%) of the targeted pathogenic variant R3277C in kidneys and hearts as analyzed
with high-throughput sequencing of gDNA in these tissues from three-month-old
PkdI*9*¢ mice injected with 1 x 102 vg of Cbh-ABE9-dual-AAV9 and Ksp-ABE9-dual-
AAV9 at PN14 (n =3 independent replicates). j-1 Western blot analysis of PC1 pro-
tein in three-month-old wide type and age-matched Pkd1*“* and wide type kidney
(j), livers (k), and heart (1) treated with 1 x 10'2 vg of Ksp-ABE9-dual-AAV9 or vehicle
at PN14 (n = 3 independent replicates). Values and error bars reflect mean + SD from
indicated counts of independent experiments, ns: p > 0.05, *p < 0.05, *p < 0.0],
***p < 0.001and ***p < 0.0001 or as indicated in the figure, using two-tailed t-test.
Source data are provided as a Source Data file.

It has been reported that chromatin accessibility differs sub-
stantially between C57BL/6] and 129S1/SvimJ] mice, contributing to
distinct regulatory landscapes and potentially affecting gene editing
outcomes?. By treating the C57BL/6 (B6) background PkdI*“¢ mice
with Cbh- and Ksp-ABE9-dual-AAV9 particles, we found that the editing
efficiency was approximately 4.9% and 20.4% (Supplementary Fig. 9b)
in the kidneys of the B6 background Pkd1*“* mice treated with Cbh-
ABE9-dual-AAV9 and Ksp-ABE9-AAV particles, respectively. These
values are lower than those observed in 129 PkdI*“* mice (7.7% for
Cbh-ABE9-AAV and 23.4% for Ksp-ABE9-AAV), supporting the notion
that mouse genetic background can affect base editing outcomes.

Treatment with Cbh-ABE9-dual-AAV9 rescues the liver function
and did not induce liver toxicity and immune infiltration in
PKdI*“FC mice

In ADPKD, liver cysts are not a primary or early feature of the disease,
and liver function is generally not significantly affected despite the
presence of liver cysts?. To evaluate the effect of base editors in the
liver, we first found that treatment with Chh-ABE9-dual-AAV9 led to an
increase of Pkdl mRNA in 3- and 6-month-old livers compared to
vehicle treated age matched controls, even though it was still lower
than that in wild type livers (Fig. 5a, b), and high dose treatment
achieved a better effect on the expression of Pkdl mRNA in livers
(Fig. 5a, b). We also found that the level of PCI-NTR was decreased in 3-
and 6-month-old vehicle treated PkdI®%¢ livers, which could be
restored in Chh-ABE9-dual-AAV9 treated age matched PkdI*%¢ livers
(Fig. 5¢, d, Supplementary Fig. 9c, Supplementary Fig. 9d).

With H&E staining, we found that there was no massive hepato-
cyte necrosis in PkdI*7* livers, and only mild structural disorganiza-
tion and liver cyst were observed in 3- and 6-month-old PkdI*“* livers
(Fig. 5e, f), and treatment with Cbh-ABE9-dual-AAV particles amelio-
rated liver cyst in 3- and 6-month-old PkdI®“%¢ livers, suggesting a
protective effect of Cbh-ABE9-AAV on hepatocellular injury in Pkd1**¢
mice (Fig. Se, f). In liver function tests, alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and alkaline phosphatase (ALP) are
key enzymes that can indicate liver health, and the elevated levels of
ALT, AST, and ALP often suggest liver cell damage”. We found that the
levels of ALT, AST and ALP were increased in 3-month old PkdI*“k¢
livers compared to age-matched wild type livers, while treatment with
Cbh-ABE9-dual-AAV9 could decrease the level of ALT, AST, and ALP in
PkdI®* livers comparable to wild type livers compared to Ksp-ABE9-
AAV treated PkdI"“*¢ (Supplementary Fig. 10a-c), suggesting that
treatment with PkdI base editors could rescue liver function in PkdI*
RC mice.

To evaluate the liver toxicity of base editors, we detected the
levels of white blood cell (WBC), red blood cell (RBC), platelet in blood
of wild type and PkdI*“*" mice at PN20 as well as in blood of 3-month-
old wild-type and PkdI*“*¢ mice treated with Cbh-ABE9-dual-AAV9 and
Ksp-ABE9-dual-AAV9 particles. We found that treatment with high
dose Cbh-ABE9-dual-AAV9 or Ksp-ABE9-dual-AAV9 has no significant

effect on the level of WBC, RBC, platelets in the blood from wild-type
and age-matched Pkd1"“"" and PkdI*“* mice. These results suggested
that the used doses of Ksp-ABE9-dual-AAV9 and Cbh-ABE9-dual-AAV9
did not cause an obvious immune response in mice (Supplementary
Fig. 10d-i). C-reactive protein (CRP) is primarily produced by the liver
in response to inflammation, and as an acute-phase reactant, its levels
rise in the blood when there is inflammation in the body*°. We found
that treatment with high dose Chh-ABE9-dual-AAV9 and Ksp-ABE9-
dual-AAV9 particles decreased the level of CRP in blood, and IL-6 and
TNF-a in livers in PkdI*“*° mice compared to age matched control mice
treated with vehicle, whereas those treatments had no obvious effect
on these parameters in wild type mice compared to age matched WT
mice treated with vehicle (Supplementary Fig. 10j-1).

To further evaluate the hepatic immune infiltration in PkdI
livers with the treatment of Chh-ABE9-dual-AAV9 and Ksp-ABE9-dual-
AAV9 particles, we performed the immunofluorescence staining with
CD45 (a pan-leukocyte marker), CD3 (T cell marker), CD4 (helper T cell
marker) as well as F4/80 antibodies. We found that the numbers of
CD45, CD3 +, CD4 + T cells and macrophage were increased in PkdI?
k¢ livers compared to age-matched wild-type controls, indicating
enhanced immune infiltration, whereas treatment with either Cbh-
ABE9-dual-AAV9 or Ksp-ABE9-dual-AAV9 decreased the levels of CD45,
CD3+, CD4 +T cells and macrophage cells in 3-month-old PkdI*“*¢
livers, and had no significant effect on those in livers of wild-type
controls (Supplementary Figs. 11 and 12). Because the doses of AAV
that we used in this study is within the safety range as reported in
previous studies™??, these results further indicate that either Cbh-
ABE9-AAV or Ksp-ABE9-AAV treatment leads to the decrease of
immune infiltration and early signs of hepatocyte stress in PkdI*7*¢
livers.

RC/RC

Treatment with ABE9-dual-AAV9 particles extends lifespan of
Pkd1*9™" mice

By crossing PkdI*"¢ mice with PkdI™"* mice, we generated more
rapidly progressing PkdI*“™! mice, which only survive up to about
25 days”. We evaluated the effect of the ABE9-dual-AAV9 treatment on
the lifespan of these PkdI*“"! mice by injection of 1x10™ vg broadly
expressed Cbh-ABE9-dual-AAV9 and kidney specific promoter medi-
ated Ksp-ABE9-dual-AAV9 particles at PN 7 (see details in Methods). We
found that treatment with ABE9-dual-AAV9 particles did not affect the
body weight of PkdI*“"“! mice (n=10) compared to vehicle treated
controls (n=10) (Fig. 6a). We further found that the broadly expressed
Cbh-ABE9-dual-AAV9 treated PkdI*“™" mice (n=10) lived to a mean
age of 33.0 days, while vehicle treated mice (n=10) died of PKD at a
mean age of 23.0 days (p <0.0001) (Fig. 6b). Importantly, we found
that treatment with Ksp-ABE9-dual-AAV9 further increased the lifespan
of PkdI®“™! mice (n=10) to a mean age of 37 days (p<0.0001)
(Fig. 6b). These PN7-injected PkdI*“" mice exhibited normal behavior
and vitality at ages well beyond the lifespan of vehicle treated PkdI*™!
mice. We also saw a significant decrease of cystic index, KW/BW ratio
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Fig. 5 | Treatment with Cbh-ABE9-dual-AAV9 rescues the liver function and did
not induce liver toxicity and immune infiltration in PkdI*“* mice. a, b qRT-PCR
analysis of relative Pkdl mRNA expression in livers of three-month-old (a) and six-
month-old (b) mice treated with 1 x 10" or 1 x 102 of Cbh-ABE9-dual-AAV9 and
vehicle at PN14. The expression of Pkdl mRNA in age matched wild type livers was
used as a control (n =6 independent replicates). ¢, d Western blot analysis of PC1
protein in livers of three (c) and six-month-old (d) wide type and age-matched
PkdI*9* mice treated with 1x 10" vg of Cbh-ABE9-dual-AAV9 or vehicle at PN14
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(n=3 independent replicates). e, f H&E histology sections of three and six-month-
old livers from PkdI*“* mice treated with 1x 10" or 1x 10" vg of Cbh-ABE9-dual-
AAV9 at PN14, as well as WT and vehicle control (n= 6 independent replicates).
Scale bar, 50 pm. Values and error bars reflect mean + SD from indicated counts of
independent experiments, ns: p>0.05, *p < 0.05, *p < 0.01, **p < 0.001 and
***p < 0.0001 or as indicated in the figure, using two-tailed t-test. Source data are
provided as a Source Data file.
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Fig. 6 | A single injection of Cbh-ABE9-dual-AAV9 and Ksp-ABE9-dual-AAV9
extends lifespan of PkdI*“™" mice. a Statistic analysis of body weights and KW/
BW ratios of PkdI*“™" mice treated with 1 x 10" vg of Cbh-ABE9-dual-AAV9, Ksp-
ABE9-dual-AAV9 and vehicle (n =10), p = 0.43 of body weight calculated by one-way
ANOVA test of age matched mice. The KW/BW ratio was calculated at the endpoint
of PkdI*“™ mice died at different days. b The survival rate of PkdI*“™ mice treated
with Cbh-ABE9-dual-AAV9 (1 x 10* vg) (n =10) lived to a mean age of 33.4 + 1.6 days
(p<0.0001) compared with vehicle treatment (n=10) (22 +3 days), and PkdI*“""
mice treated with Ksp-ABE9-dual-AAV9 (1 x 10” vg) lived to a mean age of
37.1+5.9 days (n=10) (p < 0.05) compared with Cbh-ABE9-dual-AAV9 treatment.
c-fRepresentative kidneys (c), cystic index (d), KW/BW ratios (e) and BUN levels (f)
in 20-days-old PkdI*“™" mice treated with 1 x 10 vg of Cbh-ABE9-dual-AAV9 and

Ksp-ABE9-dual-AAV9 as well as vehicle (n =10, equal numbers of male and female
mice in each group). The colors in the graphs represent female (pink) and male
mice (blue). Scale bar, 1 mm. g The comparison of the editing efficiency (%) of the
targeted pathogenic variant R3277C in kidneys from PkdI*“"“! mice treated with
1x10"2 vg of Chh-ABE9-dual-AAV9 and Ksp-ABE9-dual-AAV9 at PN20 (n =3 inde-
pendent replicates). h PC1 protein in kidneys from PN20 Pkd1*“"“" mice treated with
Cbh-ABE9-dual-AAV9,Ksp-ABE9-dual-AAV9 and vehicle (n =3 independent repli-
cates). Values and error bars reflect mean + SD from indicated counts of indepen-
dent experiments, ns: p>0.05, *p < 0.05, *p < 0.01, **p < 0.001, and

****p < 0.0001 or as indicated in the figure, using two-tailed t-test. Source data are
provided as a Source Data file.

and BUN level, as well as serum creatinine levels (Supplementary
Fig. 13a and 13b) in Pkd1"™" mice collected at 20 days, after treatment
with Chh-ABE9-dual-AAV9 and Ksp-ABE9-dual-AAV9 (Fig. 6c-f). In
addition, treatment with Ksp-ABE9-dual-AAV9 increased editing effi-
ciency in kidneys compared to that in Cbh-ABE9-dual-AAV9 treated
kidneys (Fig. 6g). We further found that treatment with Cbh-ABE9-dual-
AAV9 and Ksp-ABE9-dual-AAV9 particles increased 1) the PCI-NTR level
in PkdI*™! kidneys (Fig. 6h, Supplementary Fig. 13c) and 2) Pkdl
mRNA and protein in PN20 Pkd1** and PkdI"“™" kidneys compared to
that in vehicle treated controls (Supplementary Fig. 13d).

Treatment with AAV9-ABE9 reduces the recruitment/accumu-
lation of macrophages at interstitial and pericystic regions and
decreases cyst cell proliferation

It has been reported that an abundance of M2-like macrophages can be
recruited to interstitial and pericystic regions in ADPKD mouse kidneys
to promote cystic renal cell proliferation and cyst growth”?. We
found that one time injection of broadly expressed Cbh-ABE9-dual-
AAV9 particles of 1x10" and 1x10? vg at either PN14 or PN28
decreased the accumulation/recruitment of macrophages to pericystic

and interstitial sites (Supplementary Fig. 14a) and cyst lining epithelial
cell proliferation (Supplementary Fig. 14b) in three-month-old Pkd1*“/*¢
kidneys compared to vehicle treated age matched PkdI**¢ mice. In
addition, treatment with broadly expressed Cbh-ABE9-dual-AAV9
particles of 1x10" and 1x 10" vg at PN14 also decreased the accumu-
lation/recruitment of macrophages and cyst lining epithelial cell pro-
liferation in 6-month PkdI*"¢ kidneys compared to age-matched
vehicle-treated PkdI*“*¢ kidneys (Supplementary Fig. 15a, b). Further-
more, one-dose injection of Ksp-ABE9-dual-AAV9 particles of 1 x 102 vg
at PN14 also decreased the accumulation/recruitment of macrophages
and cyst lining epithelial cell proliferation in three-month-old Pkd1*“*¢
kidneys compared to vehicle treated age matched PkdI*“¢ mice
(Supplementary Fig. 16a, b).

Treatment with Cbh-ABE9-dual-AAV9 and Ksp-ABE9-dual-AAV9
decreases fibrosis in Pkd1*“* mice

Renal fibrosis is a hallmark of ADPKD?®. As the progression of disease,
renal fibrosis increases and kidney function declines”. Treatment with
high dose of either Cbh-ABE9-dual-AAV9 or Ksp-ABE9-dual-AAV9 par-
ticles decreased renal fibrosis in 3- and 6-month-old PkdI"“%¢ kidneys
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compared to that in age matched vehicle treated PkdI®“*¢ kidneys
(Supplementary Fig. 17a and 17b). Myocardial fibrosis is also promi-
nently increased in mouse models of ADPKD***°, We found that
treatment with Chh-ABE9-dual-AAV9 particles significantly decreased
fibrosis in 3- and 6-month-old PkdI*“* hearts compared to that in
hearts from vehicle treated PkdI** mice (Supplementary
Fig. 17c and 17d). We also found that treatment with Chh-ABE9-dual-
AAV9 decreased heart and renal fibrosis in PkdI**™ mice compared to
that in vehicle treated control mice (Supplementary Fig. 17e), whereas
treatment with Ksp-ABE9-dual-AAV9 decreased renal fibrosis only but
had no effect on heart fibrosis compared to vehicle treated and Cbh-
ABE9-dual-AAV9 treated kidneys and hearts (Supplementary Fig. 17f).
Furthermore, we found that treatment with Chh-ABE9-dual-AAV9 and
Ksp-ABE9-dual-AAV9 significantly decreased fibrosis in 3-month and 6-
month-old PkdI*“*¢ and PN20 PkdI*“™" livers compared to that in
vehicle treated age matched livers (Supplementary Fig. 18a-18c).
Together, these results indicate that Chh-ABE9-dual-AAV9 and Ksp-
ABE9-dual-AAV9 treatments decrease organ fibrosis in PkdI*“% mice.

Discussion

This is the proof-of-principle study to correct a pathogenic single-
nucleotide variant in an ADPKD mouse model with the developed
broadly expressed and kidney specific promoter mediated CRISPR/
ABE9 base editing systems. The efficiency and duration of kidney
specific promoter-mediated AVV-ABE9 base editor to correct muta-
tions in ADPKD kidneys should provide a guide for using a similar
strategy to convert mutations in other kidney diseases.

Correcting pathogenic alleles is a longstanding challenge in
medicine, especially those alleles that cause devastating kidney dis-
eases. With base editing technique, we may directly correct point
mutations that drive many disorders without requiring double-strand
DNA breaks'**°*!, Recently, the ABE7 and ABESe systems have been
developed and tested in Hutchinson-Gilford progeria syndrome and
cardiac disease™'>*2. However, it has been reported that ABE7 and
ABE8e base editing achieves no obvious editing efficiency in
kidneys™**. In addition, ABESe has a broad editing window (positions
A3-A9) and a known off-target cytosine editing**. For that the target
mutation in PkdI*“*¢ mice lies precisely at position A5 within the
protospacer (Supplementary Fig. 6a), and ABE9 has been specifically
engineered to achieve high precision editing at A5 with minimized
bystander editing at adjacent adenines and cytosines”, thus, we
adapted the ABE9 system to generate broad and kidney specific pro-
moter mediated base editors. With kidney specific promoter mediated
base editor, we intend to, 1) determine whether base editor can work in
specific organ, such as kidney, 2) minimize off-target editing and
potential toxicity in non-renal tissues, and 3) explore whether
restricting base editing activity to renal epithelial cells can enhance
therapeutic precision compared to universal base editor. Importantly,
our results support that kidney specific promoter mediated base edi-
tor works better than the universal base editor in correcting point
mutation in kidney. In addition, our results that kidney specific pro-
moter mediated base editor does not express in the heart support the
potential to target specific organs with organ specific base editor in the
clinic. We should point out that ADPKD is a systemic disease with
extrarenal manifestations, such as cardiac hypertrophy®* and liver
cysts*, thus, the application of universal base editor which can correct
mutation in organs other than kidney may be beneficial in the context
of systemic manifestations of ADPKD.

The AAV-ABE9 system mainly installed desired single A-to-G
conversion in the mouse genome with very minimal RNA and unde-
tectable Cas9-independent DNA off-target effects™**’, indicating
preferential editing of the target nucleotide on the R3277C allele to
decrease cyst growth and rescue heart abnormalities. The results that
AAV-ABE9 system does not induced the significant DNA and RNA off-
target effect as well as bystander editing in ADPKD mouse model

suggest that genome-wide off-target DNA editing should not be a
problem in AAV-ABE9-treated mice as being reported in literatures*’~*°.

Extensive efforts have been focused on AAV-mediated gene
therapy in the kidney*®"'. Recent studies have shown that adeno-
associated virus 2/9 mediated gene therapy prevents the progression
of disease in genetic mouse models, such as nephrotic syndrome and
chronic kidney disease, and have demonstrated a good transduction of
AAV2/9 in kidney cells in mouse kidneys in vivo>*>*3, The entry and
expression of AAV particles had also been confirmed by the con-
structed AAV9 vectors carrying EGFP under Chh and Ksp promoters in
collecting ducts and proximal tubules in wild type kidneys (Supple-
mentary Fig. 1 and Supplementary Fig. 7). In addition, we observed the
expression of GFP in cyst lining epithelial cells when PkdI*“* mice was
treated with AAV9-Cbh-EGFP and AAV9-Ksp-EGFP particles (Supple-
mentary Fig. 19a). We further found that the expression of GFP under
Ksp promoter was a little bit more in kidneys than that in kidneys under
the promoter of Chh (Supplementary Fig. 19b). This result suggests
that Ksp promoter works more efficiently than Cbh promoter in kid-
neys, which may also explain the results that treatment with Ksp-ABE9-
dual-AAV9 particles have better effect on delaying cyst growth than
the treatment with Chh-ABE9-dual-AAV9 particles, and this strategy
may also generate a better therapeutic outcome in other kidney
diseases.

AAVs are favored for their safety, low immunogenicity, and ability
to provide long-lasting gene expressions, which is particularly useful
for targeting non-dividing cells, such as those in the heart, kidney and
liver. A number of theories have been proposed to explain the rela-
tively low immunogenicity of AAV. First, the poor transduction of
professional antigen-presenting cells (APCs) by most AAV serotypes
may only lead to a minimal increase of major histocompatibility
complex (MHC) proteins in target cell types. Second, there is a balance
between immune tolerance and the clearance of AAV-delivered com-
ponents (e.g., Cas9) after AAVs treatment. High dosage of AAV is easy
to activate T cells to induce the immune clearance of AAV, resulting in
the loss of efficacy, but low dose of AAV is more likely to be neutralized
by anti-AAV antibodies®. In some contexts, moderate doses may
promote immune tolerance, rather than immune activation, particu-
larly inimmune-modulatory organs, such as the liver. Certain degree of
base editing vector uptake/accumulation, and the expression of base
editor is inevitable in livers, even with tissue-enriched promoters®.
This is a known limitation of AAV9 delivery and does not necessarily
reflect promoter leakiness but rather a vector biodistribution.

It has been reported that AAV vector-mediated expression of the
transgene is generally maintained in vivo for at least 6 months®. In
essence, the initial burst of AAV gene delivery, possibly resulting in a
higher copy number, and the stability of episomal genomes in non-
dividing cells and the potential for low-level integration, can collec-
tively contribute to the observed long-term maintenance of transgene
expression despite a decline in the overall AAV copy number over
time*’. As such, copy number and transgene expression are not always
directly proportional. With the junction-spanning RT-qPCR analysis to
target the spliced 5-UTR-GFP junction in the mature mRNA, GFP
transcripts were detected in kidneys, livers, and hearts treated with
Cbh- and Ksp-driven GFP-AAV9 particles, respectively (Supplementary
Fig. 20a and 20b), supporting a genuine viral transduction and the
transcription of transgene. We also observed the expression of Cas9
protein and mRNA in hearts, kidneys and livers and in base editor
injected 3-month and 6-month -old PkdI*“*¢ mice (Supplementary
Fig. 20c-20f) and a decline in AAV vector copy number and Cas9
protein expression over time in the heat, kidney and liver (Supple-
mentary Fig. 20g and h), whereas the base editing efficiency remained
stable, which is consistent with previous report that even short-term
expression of the editor can result in permanent genetic correction®,
These results suggest that the subsequent declines in AAV copy
number and Cas9 expression do not negate those already established

Nature Communications | (2025)16:11212

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65997-1

genomic changes, which supports a “hit-and-go” editing model, in
which the initial expression of Cas9 introduces the desired genomic
changes and then is cleared gradually, thereby minimizing long-term
Cas9 exposure and associated risks. This concept is crucial for the
development of safe and effective long-term gene therapies using
CRISPR-Cas9 delivered via AAV vectors.

The results that Pkdl mRNA gets stabilized or increased upon
gene-editing suggest that mutation of PC1 (R to C) may negatively
affect Pkdl mRNA stability in PkdI mutant renal epithelial cells and
PkdI®9%¢ kidneys. In addition, a possible scenario to address that non-
corrected cells do not take over the corrected ones as time goes by is
that PkdI mutation mediated the increase of cell proliferation may not
be a dominant factor to promote cyst growth or expansion, and other
factors, such as fluid secretion into the cyst, the recruitment of mac-
rophages and the activation of fibroblasts in the interstitial, etc. are
also contribute to the progression of ADPKD.

The injection of AAV9-ABE9 base editor significantly improves
kidney function, lifespan, and vitality in ADPKD mice suggest that this
strategy is promising to correct mutations and improve renal function
and lifespan in patients with ADPKD. However, several limitations must
be clarified. First, prolonged expression of Cas9 and the deaminase
may increase the risk of off-target editing and elicit immune responses,
particularly in larger animals and humans®<°. Second, the use of high
AAV doses required for dual-vector delivery to efficiently target kidney
raises safety concerns in both preclinical and clinical settings®. Future
efforts are necessary to develop more compact base editor systems
that can be packaged into a single AAV, and non-viral delivery meth-
ods, such as lipid nanoparticles (LNPs) that are testing in sickle cell
disease for human gene editing applications®’. In sum, our current
study demonstrates therapeutic potential and kidney accessibility of
base editor, laying the groundwork for further optimization of the
delivery technologies/methods for its clinic potential.

Methods

Ethics statement

All animal protocols were approved by and conducted in accordance
with Laboratory Animal Resources of the Mayo Clinic and Institutional
Animal Care and Use Committee regulations.

AAV vector cloning

The ABE9 was cloned into dual-vector split-intein base editor AAV gen-
ome plasmids (Addgene plasmids 137176 and 137177) as described in
ref. 8. In brief, the ABE9 fragments were amplified by PCR, and then
cloned into the N-AAV vector using isothermal assembly in NEBuilder
HiFi DNA Assembly Master Mix (New England Biolabs (NEB), E2621S).
The protospacer sequence targeting the pathogenic variant R3277C was
cloned into the sgRNA cassette in AAV genome vectors as previously
described in ref. 11. In brief, AAV genome vectors were digested with
BsmBI and ligated with pre-annealed oligos encoding the spacer
sequence. SgRNA Forward oligo: aaaccgtagccgctttactTGCgtC. Reverse
oligo: caccGacGCAagtaaagcggctacg. Non-target sgRNA Oligo-scramble-
F: caccGTGTAGTTCGACCATTCGTG, scramble-R: aaacCACGAATGGTC-
GAACTACAC. For the vehicle AAV, we used the Cas9-ABE9 vectors with
the non-targeted sgRNA and injection with 1x10“ vg/ mice.

To generate the Ksp-AAV vectors, we replaced the ubiquitously
expressing synthetic Cbh promoter with the AAV9 vectors with the
kidney-specific cadherin 16 promoter (Ksp) promoter (1.3 kb), which
was amplified from mouse genomic DNA with the following primers,
including forward oligo: ATGGTACCagcttgctctgccatg and reverse
oligo: CGACCGGTgcaaatttggcttagg.

AAV production

AAV production was performed as previous reported®. Briefly,
HEK293T/17 cells (ATCC, cat: CRL-11268) were plate in 10 cm dishes
with DMEM/10% FBS without antibiotic (Thermo Fisher Scientific

157150). Each plate was transfected with 5 pg AAV genome, 5 pg pAd-
DeltaF6 and 5 pg pAAV2/9n plasmid. PEI 40k transfect regent mix with
plasmids and incubate in 37 °C for 15 min. Three days after transfec-
tion, cells were scraped and used the AAVpro purification kit (All ser-
otypes, Takara) to purify the AAV particles. Then the concentration of
AAV particles was detected by AAVpro® Titration Kit (for Real Time
PCR) Ver.2 (Takara).

Mouse strains and treatments

All mice were housed and maintained under pathogen-free conditions.
The housing conditions were: 12 h dark/light cycle (lights on at 8:00
AM), 22 °C temperature, and 30%-70% humidity. 129 S/6 PkdI1"“" mice
were treated with AAV particles by intravenous injection at postnatal
day 14 and day 28, and then those mice were euthanized at three-
month-old and six-month-old for further analysis. To evaluate the
effect of gene editing on the lifespan of ADPKD mice, we generated
PkdI™"* mice by crossing PkdI™* mice with PkdI*7*, Pkd1™"*¢ mice
and PkdI™*¢ mice were treated with AAV particles by intravenous
injection at postnatal day 7 (retro-orbital injection).

High-throughput sequencing of in vivo samples

Fresh tissues (5-10 mg) were digested with 600 lysis buffers (10 mM
Tris-HCI, pH 7.5, 0.05% SDS, 25 pg/ml proteinase K (NEB)). Lysing tis-
sues were incubated at 55 °C overnight. Isolated DNA was amplified as
described for the genomic DNA samples using mouse PkdI specific
primers (F: 5-CAGTTCCAGCGGCTCCTC-3, R: 5-GTCCAGCAAACCTCA-
CAGGA-3). The sgRNA library readout was performed using two steps
of PCR, where the first PCR includes enough genomic DNA to preserve
full library complexity, and the second PCR adds appropriate
sequencing adapters to the products from the first PCR The sgRNA
library for each sample (plasmid, genomic DNA from cells and tissues)
was amplified and prepared for Illumina sequencing using the fol-
lowing two-step PCR procedure. All PCR was performed using Phusion
Flash High Fidelity Master Mix (Thermo). For PCR#1, the thermo-
cycling parameters were: 98 °C for 30 s, 18-24 cycles of (98 °C for 15,
62°C for 55, 72°C for 35s), and 72°C for 1 minute. In each PCR#1
reaction, we used 3 pg of gDNA. Then the PCR products were har-
vested and send to GENEWIZ (Amplicon EZ; GENEWIZ Germany
GmbH) for a second PCR and deep sequencing. As for the editing assay
at the RNA level, cDNA was synthesized using 1 pg of RNA, and reverse
transcription was performed”. As for the editing assay at the RNA level,
cDNA was synthesized using 1 pg of RNA, and reverse transcription was
performed. PCR amplification was performed using 50 ng of cDNA,
and the PCR program was performed at 95 °C for 5 min, followed by 39
cycles of 94°C for 30s and 60 °C for 30s at a slope of 2°C/s. Raw
sequencing data are available at the NCBI Sequence Read Archive
(SRA) under the Bioproject accession no PRJNA1157189. Amplicon
sequencing results were analyzed using CRISPResso2.

AAV copy number detection

DNA was extracted from kidneys and livers tissues using the QIAGEN
DNeasy Blood and Tissue kit and resuspended in AE buffer. The AAV
copy number was detected by using AAVpro® Titration Kit (for Real
Time PCR) Ver.2 (Takara, Cat 6233). Brifely, qPCR reactions were pre-
pared in 10 pL reaction volume with AAV9 primers, TB Green Premix,
positive control. Thermocycling parameters were as follows: initial
denaturation at 95 °C for 2 min, followed by 35 cycles of denaturation
at 95 °Cfor 5 s and elongation at 60 °C for 30 s. The standard curve was
created with positive AAV9 vector and diluted to an appropriate range
for primer efficiency to estimate vector copies per reaction.

RNA-sequencing and analysis of transcriptome-wide off-target
RNA base editing

Mouse kidneys were collected and homogenized in Trizol Reagent
(Life Technologies, USA) with TissueLyzer (QIAGEN, Inc., Valencia, CA)
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for the RNA extraction. The construction and sequencing of the RNA-
seq library were performed by CD Genomics (USA) on an Illumina
PE150 platform. Analysis of transcriptome-wide off-target RNA base
editing was performed as previously described®’. Data were processed
as previously described and normalized to the total number of reads
per million exon kilobases (RPKM). Reads were aligned to the GRCm38
mouse genome using Spliced Transcripts Alignment to a Reference
(STAR). RNA edits in ABE9 compared with the negative controls were
filtered to include only loci with ten or more reads and greater than 0%
reads containing an alternate allele. In brief, REDItools version 1.3 was
used to quantify the average percentage of A-to-l editing among all
sequenced adenosines in each sample. Any adenines with a read depth
less than 10 or a read quality score below 30 were removed from the
analysis. The transcriptome-wide A-to-I editing frequency was calcu-
lated as: (number of reads in which an adenosine was called as a gua-
nosine) divided by (total number of reads covering all analyzed
adenosines).

Tissue histology and Immunohistochemistry

The sections of the kidney, liver, and heart were fixed in 4% paraf-
ormaldehyde (pH 7.4), and stained with hematoxylin and eosin (H&E)
and Masson trichrome staining methods. For the Immunohistochem-
istry (IHC) staining, a monoclonal mouse anti-GFP antibody (Santa
Cruz, Dallas, TX, USA, sc-9996, 1:500), biotinylated secondary anti-
body (Santa Cruz Biotechnology Inc., 1:500), and DAB substrate sys-
tem were used. Kidney sections were counterstained by hematoxylin.
For the Masson trichrome staining, collagen fibers in kidney sections
were stained with Masson trichrome. Images were analyzed using a
NIKON ECLIPSE 80i microscope.

Primary renal tubular isolation

Fresh renal tissue (approximately 10 mg) was placed in a sterile Petri
dish and soaked with PBS to remove blood. The outer cortex was cut
from the medulla to form pieces about 1 mm?® and then washed three
times. The tissue was then digested in 1 mg/ml collagenase type IV with
0.1% DNase I in fetal bovine serum (FBS) at 37 °C for 30 min in a shaking
water bath. The digestion was then stopped by adding an equal volume
of ice-cold PBS/10% FBS. The digestion was stopped by adding an equal
volume of ice-cold PBS containing 10% FBS. The cell suspension was
first passed through a 100 pm sterile cell strainer to remove undi-
gested tissue chunks and large structures such as glomeruli. The fil-
trate was collected and centrifuged at 4 °C at 200 g for 5 min. The cell
pellet was gently resuspended in cold PBS and layered onto a dis-
continuous Percoll gradient (25%-50%), followed by centrifugation at
3000 x g for 30 min at 4 °C. The layer of renal tubular epithelial cells
was harvested, then diluted in ice-cold PBS and centrifuged at 200 x g
at 4°C for 5min to remove any contaminated Percoll. After cen-
trifugation, the supernatant was removed carefully, and the pellets
were resuspended in culture medium for further analyses.

Immunofluorescence (IF) staining

The sections of the kidney and liver were fixed in 4% paraformaldehyde
(pH 7.4) and stained with IF staining with a pan-macrophage marker,
F4/80. After antigen retrieval, tissue sections were incubated with a rat
anti-mouse F4/80 antibody (14-4801-82; eBioscience Inc.; 1:100 dilu-
tion) overnight, and then were incubated with Fluro-555 anti-rat IgG
secondary antibody and mounted in Prolong Gold Anti-fade reagent
with DAPI (Invitrogen). For Ki67 staining, a rabbit anti-Ki67 antibody
(ab15580; Abcam) and Alexa Fluor 488 anti-rabbit IgG secondary
antibody were used. For DBA, LTL, NCC and NKCC2 staining, the fixed
kidney sections was stained with DBA Rhodamine (RL-1032-2, Vector
Laboratories, 1:200), LTL Texas Red (21761195-1, bioPLUS™, 1:200),
NCC (GeneTex, GTX41969, 1:1000), NKCC2 (Proteintech, 18970-1-AP,
1:1000) and mouse monoclonal GFP antibody (Santa cruz, sc-9996,
1:1000). For liver immune infiltration staining, the mouse FITC-CD45

antibody (Biolegend, Cat: 103107), PE-CD3 antibody (Biolegend, Cat:
100205) and PE-CD4 antibody (Biolegend, Cat: 100407) were used.
Images were analyzed using a Nikon TI2E microscope.

Quantitative reverse-transcription PCR

The RNA extraction and reverse transcription (RT) were performed as
previously described in ref. 64. Total RNA was extracted using the
RNeasy Plus Mini Kit (QIAGEN). Total RNA (1pg) was used for RT
reactions in a 20 pl reaction to synthesize cDNA using an iScript cDNA
Synthesis Kit (Bio-Rad). RNA expression profiles were analyzed by real-
time PCR using iTaq SYBR Green Supermix with ROX (Bio-Rad) in an
iCycler iQ Real-Time PCR Detection System. The complete reactions
were subjected to the following program of thermal cycling: 40 cycles
of 10 seconds at 95 °C and 20 seconds at 60 °C. A melting curve was
run after the PCR cycles, followed by a cooling step. Each sample was
run in triplicate in each experiment, and each experiment was repeated
3 times. Expression levels of target genes were normalized to the
expression level of actin. Mouse Pkdl primer used as: Forward 5-
TCAATGGGTCTGTGTCAAGG-3’, Reward: 5-CCAGGGAGCATAGGAA-
CATC-3". Cas9 primer used as Forward 5: TCTGAGACACCTGGCA-
CAAG-3’, Reward: 5-: CTGGGCACCTTGTACTCGTC-3". Mouse TNF-a
Forward 5-GCCTCTTCTCATTCCTGCTTG-3/, Reward 5-CTGATGA-
GAGGGAGGCCATT-3, Mouse IL-6 Forward 5-ACGGCCTTCCC-
TACTTCACA-3, Reward 5-CATTTCCACGATTTCCCAGA-3'.

Western blot

Western blotting analysis was performed on 3%-8% TA gels (Invitro-
gen) for 4.5 hours at 150V at 4 °C. Gels were transferred to 0.45 pm
nitrocellulose membranes at 40 V overnight at 4 °C. The blots were
probed with anti-PC1 antibody (7e12), Cas9 Antibody (Santa Cruz
Biotechnology Inc, sc-517386), and then with HRP-conjugated sec-
ondary antibodies (Southern Biotech, 1:1000).

Measurement of cyst area

The cyst volume was quantified in the whole kidney after H&E staining
using Image-Pro Plus v5 software (Media Cybernetics). The cyst area
was calculated as (cyst area/total area) x 100. Three sections from both
kidneys were analyzed for each mouse.

Quantitative BUN determination

Serum samples were diluted 5-fold in distilled water prior to assay.
Next, 5 pl water (blank), 5 pl standard (50 mg/dl) and 5 pl sample were
transferred in triplicate into wells of a clear-bottom 96-well plate.
Approximately 200 pl of working reagent was added and tapped
lightly to mix, and the samples were incubated 20 min at room tem-
perature. Optical density was read at 520 nm.

Analysis of serum creatinine and C-reactive protein (CRP)
Creatinine levels were measured with the QuantiChrom Creatinine
Assay Kit from BioAssay Systems (Hayward, CA). The CRP levels were
analyzed with the Mouse C-Reactive Protein/CRP ELISA Kit (Pro-
tentech, Cat No. KE10085). Serum was obtained by centrifuging the
blood samples at 4000 x g/min for 15 min following 2 h resting period.
The collected serum samples were subjected to ELISA, and serum
levels of creatinine and CRP were quantified in accordance with the
manufacturer’s instructions.

Analysis of liver aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP)

Liver tissues were cut into about 1 mm® blocks with a sterile knife and
washed twice with PBS and lysate to grind tissue homogenates on ice.
After centrifuging for 5minutes at 5000 x g then collect the super-
natant and detect total protein concentration by bicinchoninic acid
assay (BCA assay). The levels of AST, ALT, and ALP in the liver super-
natant were measured by AST (ELK Biotechnology, Cat: ELK1778), ALT
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(Biocompare, Cat: EM0829), and ALP (ebiohippo, Cat: BHE10810355).
ELISA kits according to the manufacturer’s instructions. The absor-
bance (450 nm) of each sample was detected on a standard automatic
microplate reader.

Analysis of complete blood count (CBC) parameters

The whole blood was collected within an hour before the analysis of
CBC, including white blood cell (WBC), red blood cell (RBC), platelets.
The Piccolo XpressTM Chemistry Analyzer was utilized according to
manufacturer instructions® along with the Abaxis VetScan HMS5 Ana-
lyzer for veterinary hematology in Mayo Clinic.

Biodistribution of injected EGFP-AAV

To assess the biodistribution of cystic cell-derived AAV-Ksp-EGFP and
AAV-Cbh-EGFP particle, 1.5-month-old wide type and PkdI®*“*¢ mice
were treated with a dose of 1x10" vg AAV-Ksp-EGFP and AAV-Cbh-
EGFP by intravenous injection. The AAV-Ksp-EGFP and AAV-Cbh-EGFP
treated wide type and PkdI""¢ mice were sacrificed 2 weeks post-
administration, and then the organs (kidney, heart, liver, lung, and
spleen) were harvested and analyzed with vivo imaging system (IVIS
PerklinElmer, MA, USA). In addition, fresh frozen sections of whole
kidney, liver, and heart were examined under fluorescence micro-
scopy, where GFP auto-fluorescence confirmed the presence of AAV-
derived signals in these organs.

Junction-spanning RT-qPCR analysis

To analyze the expression of GFP transcripts in kidneys, the primers
were designed to target the spliced 5’-UTR-GFP junction in the mature
mRNA: Forward 5-ATCACTCTCGGCATGGACGA-3, and Reward 5-
AAGCAGCGTATCCACATAGC-3. The RNA extraction and reverse
transcription (RT) were performed as previous described in ref.**. RT-
gPCR was conducted using the following program: an initial dena-
turation at 95 °C for 30 s, followed by 40 cycles of 95°C for 10 s and
annealing/extension at 60 °C for 20s. A melting curve analysis was
performed at the end of amplification, followed by a cooling step. The
experiment was repeated three times in AAV-Ksp-EGFP and AAV-Cbh-
EGFP groups vs. vehicle controls. GFP transcript abundance was nor-
malized to the expression of actin.

Statistics & reproducibility

All statistical data are presented as mean + SEM. All statistical analyses
were performed using SPSS Statistics 22 software. P-values were cal-
culated by two-tailed unpaired Student’s ¢-test and one-way ANOVA;
and a P-value less than 0.05 was considered significant. The Investi-
gators were blinded to allocation during experiments and outcome
assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The High-throughput DNA sequencing data generated in this study
have been deposited in the National Center for Biotechnology Infor-
mation Sequence Read Archive under accession code PRJNA1157189.
There are no restrictions on data availability associated with any part of
this work. Source data are provided with this paper.
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