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A universal strategy for AAV delivery
of base editors to correct genetic
point mutations in neonatal PKU mice
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Base editing tools enabled efficient conversion of C:G or A:T
base pairs to T:A or G:C, which are especially powerful for tar-
geting monogenic lesions. However, in vivo correction of dis-
ease-causing mutations is still less efficient because of the large
size of base editors. Here, we designed a dual adeno-associated
virus (AAV) strategy for in vivo delivery of base editors, in
which deaminases were linked to Cas9 through the interaction
of GCN4 peptide and its single chain variable fragment (scFv)
antibody. We found that one or two copies of GCN4 peptide
were enough for the assembly of base editors and produced
robust targeted editing. By optimization of single-guide
RNAs (sgRNAs) that target phenylketonuria (PKU) mutation,
we were able to achieve up to 27.7% correction in vitro. In vivo
delivery of this dual AAV base editing system resulted in effi-
cient correction of PKU-related mutation in neonatal mice
and subsequent rescue of hyperphenylalaninemia-associated
syndromes. Considering the similarity between Cas9 proteins
from different organisms, our delivery strategy will be compat-
ible with other Cas9-derived base editors.
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INTRODUCTION
Clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) is an immune system in bacteria
and archaea that targets foreign nucleic acids.1,2 It quickly revolution-
ized the field of genome engineering as pioneering work demon-
strated the programmability and efficiency of this system, especially
type II CRISPR-Cas9, in eukaryotic cells.3,4 Under the guidance of a
single-guide RNA (sgRNA), Cas9 binds to target DNA and produces
double-strand breaks (DSBs), which are then repaired by non-homol-
ogous end joining (NHEJ) or homology-directed repair (HDR)mech-
anisms in eukaryotic cells.1 In addition to inducing DSBs, Cas9 can
also be engineered to bind DNA and recruit DNA regulators or mod-
ifiers to induce local DNA manipulation.5–10

Structurally, when bound to target DNA, Cas9 disassociates a small
fragment of the non-target strand (NTS) from the target strand
(TS),11 which is exposed outside the Cas9/DNA/sgRNA complex
and can therefore serve as substrate for enzymes with single-stranded
230 Molecular Therapy: Methods & Clinical Development Vol. 24 March
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DNA (ssDNA) preference.11 Based on this notion, a base editing tech-
nology was developed to convert a single base within the exposed NTS
by the action of cytosine or adenosine deaminases coupled to the Cas9
complex.9,10 This technology enables efficient and irreversible con-
version of C:G or A:T base pairs to T:A or G:C and is particularly
effective in the treatment of genetic disorders caused by single point
mutations.

Point mutations are the major genetic lesions in a panel of inherited
diseases, including phenylketonuria (PKU).12 PKU is an autosomal
recessive genetic disorder caused by a loss-of-function mutation of
the phenylalanine hydroxylase (Pah) gene responsible for the conver-
sion of phenylalanine to tyrosine.13 PAH deficiency results in the
accumulation of phenylalanine and its metabolites, leading to devel-
opmental delays and mental retardation. Approximately 60% of these
point mutations found in PKU patients are base transitions,14 i.e.,
base substitutions between pyrimidines or purines, all of which can
theoretically be corrected with base editing tools. Despite the remark-
able success of base editing technology in in vitro studies, in vivo
application remains challenging. Current base editors range in size
from 4.2 kb to 5.2 kb, depending on the Cas9s and deaminases
used, approaching or exceeding the packaging limitations of AAV
(�4.5 kb), which is one of the most efficient in vivo delivery vectors.15

Recently, the AAV delivery of split base editors through the use of an
intein splicing system has been developed to treat an adult PKU
mouse model that phenocopies human patients with hyperphenylala-
ninemia, hypopigmentation, and mental retardation.16 To the best of
our knowledge, intein-based dual AAV base editors have not been
2022 ª 2022 The Authors.
vecommons.org/licenses/by/4.0/).
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Figure 1. Design and characterization of miniSaBE-PLUS editing system

(A) Schematic diagram showing the expression cassettes of miniSaCBE-PLUS plasmids, pCMV-4�SaCas9KKH, pCMV-2�SaCas9KKH, and pCMV-scFv-CBE. (B)

Cytosine base editing of 2�miniSaCBE-PLUS, 4�miniSaCBE-PLUS, and CBE3-SaCas9KKH at three genomic loci in HEK 293T cells. FANCF site1 and FANCF site2 are two

different target sites in FANCF locus. The sequence of FANCF site1 is listed above. PAM is shown in blue and counted as 22–26 (n = 3 independent experiments). Values

represent mean ± SD. Asterisks indicate statistically significant differences in editing efficiencies observed between CBE-SaCas9KKH and 4�miniSaCBE-PLUS or

2�miniSaCBE-PLUS at each site. (C) Schematic diagram showing the expression cassettes of miniSaCBE-PLUS plasmids, pCMV-4�SaCas9KKH, pCMV-2�SaCas9KKH,

and pCMV-scFv-ABE. (D) Adenine base editing of 2�miniSaABE-PLUS, 4�miniSaABE-PLUS, and ABE-SaCas9KKH at three genomic loci in HEK 293T cells (n = 3 in-

dependent experiments). Values represent mean ± SD. Asterisks indicate statistically significant differences in editing efficiencies observed between ABE-SaCas9KKH and

4�miniSaABE-PLUS or 2�miniSaABE-PLUS at each site. Abbreviations are as follows: CMV, human cytomegalovirus promoter; UGI, uracil DNA glycosylase inhibitor; NLS,

nuclear localization signal; GB1, G protein B1 domain.
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tested in neonatal animals. However, treatment at an early stage is
required to prevent the secondary effects of toxic metabolites in
PKU patients.12

Here, we designed a dual-AAV strategy for in vivo delivery of base ed-
itors in which deaminases are linked to Cas9 through the interaction
of the GCN4 peptide and its scFv.17,18 Previous studies have shown
that 10�GCN4-tagged Cas9 proteins successfully recruit cytosine
deaminase to assemble a functional base editor, BE-PLUS [short for
programming larger C to U (T) scope].17 We found that one or two
copies of the GCN4 peptide were sufficient to assemble base editors
and produce robust targeted editing (miniBE-PLUS) with an effi-
ciency comparable to that produced by the corresponding full-length
base editors. Based on this finding, we designed a dual-AAV expres-
sion system in which one AAV expresses the 2�GCN4-tagged
SaCas9KKH nickase (D10A) and the other expresses sgRNA and
cytosine deaminase (miniSaCBE-PLUS). We used the resulting
AAVs to treat a PKU (B6.BTBR-Pahenu2) mouse model19 at the
neonatal stage and achieved genetically corrected therapeutic levels
leading to normalization of phenylalanine (Phe) metabolism. There-
fore, these data demonstrate the potential of our miniBE-PLUS sys-
tem for the early treatment of genetic disorders.
Molecular
RESULTS
Design and characterization of AAV-compatible miniBE-PLUS

In the BE-PLUS system, 10 copies of 19-aa GCN4 were fused to the
spCas9 protein to recruit the cytosine deaminase fused to an scFV
that binds specifically to GCN4. Although efficient, BE-PLUS was
larger than 5.6 kb, exceeding the packaging capacity of AAV. Here,
to facilitate AAV delivery, we designed minimal BE-PLUS editors
based on a smaller Cas9, SaCas9. We attached two or four copies of
GCN4 to the N-terminus of the SaCas9KKH D10A nickase and
then coupled it to the scFv-APOBEC1 fusion protein to form
4�miniSaCBE-PLUS or 2�miniSaCBE-PLUS, respectively (Fig-
ure 1A). APOBEC1 is a strong cytosine deaminase widely used in
the base editing system. EachGCN4 peptide was linked to a (GSGSG)5
flexible linker. Transfection of these miniSaCBE-PLUS plasmids with
SaCas9 sgRNAs produced significant C to T editing at the target
genomic loci. The editing activity ofminiSaCBE-PLUS on all three tar-
gets was comparable to that of full-length BE3-SaCas9KKH (Fig-
ure 1B). In addition, we fused a pair of tRNA adenosine deaminases
(TadAs), one of which was mutated to acquire the deamination activ-
ity of adenines in DNA, to the N-terminus of scFv and coupled it to
2�GCN4-SaCasKKH or 4�GCN4-SaCasKKH to obtain miniS-
aABE-PLUS (Figure 1C). The editing activity of miniSaABE-PLUS
Therapy: Methods & Clinical Development Vol. 24 March 2022 231
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Figure 2. Editing windows of 2�miniSaCBE-PLUS

(A) Schematic diagram showing the elements of 2�miniSaCBE-PLUS and the model of its action. (B) Comparison of the editing window of 2�miniSaCBE-PLUS and CBE3-

SaCas9KKH at six genomic loci of HEK 293T cells (n = 3 independent experiments). Values represent mean ± SD. (C) Heatmap summarizing the editing efficiency of each

cytosine in the editing window. The average C-to-T editing rate of indicated position was calculated from six target sites shown in (B) (n = 3 independent experiments). Values

represent mean ± SD.
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onall three targetswas similar to that ofABE-SaCas9KKH(Figure 1D).
As SpCas9 and its variants are more widely used, we also designed an
AAV-compatible SpCas9 base editor in which a copy of GCN4 was
fused to the N-terminus of SpCas9 in the version of xCas9 (Figures
S1A and S1C). The resulting 1�minixCBE-PLUS showed editing
activity comparable to that of full-length BE3-xCas9, while
1�minixABE-PLUS was slightly less efficient than full-length ABE-
xCas9 (Figure S1D).

As 2�miniSaCBE-PLUS is smaller than 4�miniSaCBE-PLUS but
with similar editing efficiency, we chose 2�miniSaCBE-PLUS for
further characterization. First, we determined the editing window
of 2�miniSaCBE-PLUS with a series of targets containing multiple
Cs in the putative editing window. As shown in Figure 2,
2�miniSaCBE-PLUS had an editing window similar to that of
full-length CBE3-SaCas9KKH, ranging from 2 to 17 (counting
NNNRRT PAM as 22–26).

Targeting of mutant Pah

Next, we tested whether our 2�miniSaCBE-PLUS editor could
correct genetic disease by using PKU as a disease model
(B6.BTBR-Pahenu2). Similar to human patients, B6.BTBR-Pahenu2

mice are genetically recessive and carry a missense mutation
(c.835T/C, F263S) in the Pah gene, which can be rescued with
the cytosine base editor. As a first step in testing, we constructed
a plasmid target harboring the mutant fragment for screening ed-
iting strategies (PKU target, Ptarget), as plasmids have been re-
ported to serve as substrates for base editors when co-transfected
into cells. A previous study has identified an sgRNA that efficiently
guides CBE3-SaCas9KKH to the PKU mutant site to correct the
232 Molecular Therapy: Methods & Clinical Development Vol. 24 March
point mutation. This sgRNA has a 21-nt protospacer region and
uses a protospacer adjacent motif (PAM) at 9 nt downstream of
the PKU mutation (PKU-sgRNA21) (Figure 3A). Consistent with
previous reports, we found that co-transfection of this sgRNA
with CBE3-SaCas9KKH and Ptarget into 293T cells resulted in sig-
nificant editing of the target base [C13T, TCC to TTC or TTT, Ser
(S) 263 Phe (F)] (Figure 3B).

We then tested whether PKU-sgRNA21 was also functional when
coupled to 2�miniSaCBE-PLUS. As expected, co-transfection of
PKU-sgRNA21 with 2�miniSaCBE-PLUS and Ptarget into 293T
cells produced robust editing of the target base with an efficiency
comparable to that of CBE3-SaCas9KKH (Figure 3B).

We note that there are additional cytosines surrounding the target
cytosine, all of which have been considerably edited. As shown in
Figure 3A, editing those non-targeted cytosines (bystanders) re-
sulted in synonymous [C5T, TTC to TTT, F260F; C11T, GTC to
GTT, Val (V) 262 Val], missense [C15T, CAC to TAC/TAT, His
(H) 264 Tyr (Y)], or non-sense [C6T, CGA to TGA, Arg (R) 260
stop codon (*)] mutations (Figure 3A). To determine whether
missense editing (H264Y) would silence PAH activity, we con-
structed two PAH expression vectors, one expressing wild-type
PAH (pVax-WT-PAH) and the other expressing PAH H264Y
(pVax-H264Y-PAH) for in vivo activity determination. Hydrody-
namic tail vein injection of these vectors showed that the PAH
H264Y vector had similar activity to wild-type PAH in reducing
serum Phe levels in adult PKU mice (Figure S2A). Consistent
with this result, a bioinformatic analysis revealed that H264 is not
conserved among different aromatic amino acid hydroxylases.
2022



Figure 3. In vitro base editing of mouse PKU site by

2�miniSaCBE-PLUS

(A) Design of sgRNAs targetingPahenu2 site. The spacer of a

previous published 21-nt sgRNA was 50 truncated to 20 nt,

19 nt, and 18 nt, respectively, all of which share a common

PAMas indicated in blue. Lower table showed conversion of

the amino acid codon by the base editing of each C.

Bystander Cs are shown in red, and target C is shown in

green. Conversion of target C (C13) leads to the desired

correction (S263F) that restores PAH activity. Conversion of

the bystander Cs leads to synonymous (C5, C11, and C14),

non-sense (C6, R260*), and missense (C15, H 264 Y).

H264Ymutation does not obviously impair the PAH activity,

as shown in Figure S2A. (B) Editing of 2�miniSaCBE-PLUS

and CBE3-SaCas9KKH with the 21-nt sgRNA on PKU site

(n = 3 independent experiments). Values represent mean ±

SD. Asterisks indicate statistically significant differences in

functional editing efficiencies observed between CBE3-

SaCas9KKH and 2�miniSaCBE-PLUS at PKU site. (C)

Comparison of the editing efficiency of 50 truncated PKU-

sgRNAs coupled with 2�miniSaCBE-PLUS (n = 3

independent experiments). Values represent mean ± SD.

Asterisks indicate statistically significant differences in

functional editing efficiencies observed between different

PKU-sgRNAs.
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These hydroxylases, including phenylalanine, tryptophan, and tyro-
sine dehydrogenases, likely originated from a common ancestor and
share a similar mechanism of action (Figure S2B).20,21 Taken
together, these analyses suggest that PAH H264Y is functional.
Therefore, editing outcomes with C13T, but not C6T, would restore
PAH function.

As shown in Figure 3B, the 21-nt PKU sgRNA induced a considerable
amount of non-sense editing in both 2�miniSaCBE-PLUS and
Molecular
CBE3-SaCas9KKH edited cells. The relative editing efficiencies of
C13 to C6 (C13%-C6%) were 15% in 2�miniSaCBE-PLUS and
12% in CBE3-SaCas9KKH cells, respectively. Next, we sought to opti-
mize the editing strategy for minimizing the ratio of non-sense edit-
ing. Previous studies have observed that the length of the sgRNA
spacer has an effect on the editing pattern of SpCas9-derived CBEs.
To test whether we could minimize the frequency of non-sense edit-
ing by varying the length of sgRNAs, we constructed three additional
PKU sgRNAs with truncated spacers ranging from 18 nt to 20 nt. As
Therapy: Methods & Clinical Development Vol. 24 March 2022 233
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shown in Figure 3C, we observed that varying the spacer length
affected the editing outcomes. The 20-nt spacer sgRNA significantly
improved C13%-C6%, raising it to 27.7%. In addition, we also edited
PKU sites using 1�minixCBE-PLUS and found that 1�minixCBE-
PLUS was much less efficient than 1�minixCBE-PLUS (with 20nt-
sgRNA) in terms of C13%-C6% (10% versus 27.7%) (Figures S3A
and S3B).

Correction of PKU mutations by in vivo base editing

Based on the optimized PKU base editing strategy with our
2�miniSaCBE-PLUS system, we constructed all elements of the sys-
tem as a pair of AAV vectors, with one expressing 2�GCN4-Sa-
Cas9KKH and the other expressing scFv-APOBEC1 and PKU-20
sgRNA or control sgRNA (Figure 4A). We chose AAV serotype 8
capsid because it can efficiently infect hepatocytes and reduce off-
target infections.22 We used a hepatocyte-specific human thyroxine-
binding globulin (TBG) promoter to drive the expression of protein
components of the 2�miniSaCBE-PLUS system to further restrict
the action of base editing to hepatocytes. The experimental design
of the gene therapy is depicted in Figure 4B. The AAV expressing
the base editor with a non-targeting sgRNA served as a negative con-
trol (AAV8-miniSaCBE-PLUS-ctrl), and the AAV expressing the Pah-
targeting base editor was the experimental group (AAV8-miniSaCBE-
PLUS-PKU). AAVs were injected into 2-day-old newborn mice via
facial vein at a dose of 1 � 1011 genome copies (GC)/per mouse
(low-dose) or 5 � 1011 GC/per mouse (high-dose). For each dosage,
we injected �40 neonatal mice to obtain enough animals (>3) of both
sexes. Mice were genotyped 4 weeks after infusion of AAVs. Data
were collected from 8 to 24 weeks at 2-week intervals.

At 16 weeks after AAV infusion, genomic DNA and mRNA were ex-
tracted from liver biopsy specimens and subjected to polymerase
chain reaction (PCR) amplification. High-throughput sequencing
(HTS) was performed to quantify the editing of PKU mutations.
As shown in Figure 4C, we did observe corrections for PKU muta-
tions induced by AAV8-miniSaCBE-PLUS-PKU infusion. At the
genomic DNA level, the average correction rates (C13T conversion)
achieved 6.12%, 6.36%, and 3.58% in high-dose male mice, high-
dose female mice, and low-dose male mice, respectively. Notably,
Figure 4. In vivo base editing of Pahenu2 mouse corrected the Pah(F263S) muta

(A) Schematic maps showing the expression cassettes in AAV8 vector genomes. Hep

components of the base editor to ensure the base editing was limited to hepatocyte. (B) T

miniSaCBE-PLUS-PKU or AAV8-miniSaCBE-PLUS-ctrl with dosage indicated in (C) (n =

at indicated time points. (C) In vivo editing efficiency of PKU target site in liver genomic

mean ± SD. Asterisks indicate statistically significant differences in editing efficiencies o

dose AAV8-miniSaCBE-PLUS-PKU-injected mice. (D) Editing of 8 predicted off-target

similarity to PKU target site16 (n = 3 mice for each group). Values represent mean ± SD.

between high-dose AAV8-miniSaCBE-PLUS-PKU-injected mice and AAV8-miniSaCBE

PKU mice were determined every 2 weeks from 8 to 24 weeks (n = 3 mice for each gro

female (bottom) PKU mice. Compared with untreated or AAV8-miniSaCBE-PLUS-ct

relieved growth retardation (n = 3 mice for each group). Values represent mean ± SD. (G

dose (5� 1011 GC) AAV8-miniSaCBE-PLUS-PKU (PKU+5� 1011) completely restored

Low-dose AAV8-miniSaCBE-PLUS-PKU (PKU+1 � 1011) partially rescued hypopigmen

reduced urinary Phe metabolites in male (top) and female (bottom) PKU mice.
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the rates of non-sense editing (C6T) were minimal in all groups,
with the highest being 0.29% (high-dose males) (Figure S4). In
contrast, at the mRNA level, the average correction rates reached
9.81%, 10.24%, and 6.56% in high-dose male mice, high-dose female
mice, and low-dose male mice, respectively. As Pah DNAs exist in all
liver cells, while their mRNAs are expressed only in hepatocytes, the
higher editing efficiency at the mRNA level further confirms the
specificity of our system for hepatocytes. No obvious correction
was observed in mice that received control AAV expressing a
non-targeting sgRNA (Figure 4C).

After establishing that AAV8-miniSaCBE-PLUS-PKU infusion pro-
duced corrections for PKU mutations, we next tested whether off-
target editing occurred. Genomic DNAs from mice injected with
high doses of AAV8-miniSaCBE-PLUS-ctrl or AAV8-miniSaCBE-
PLUS-PKU were extracted and subjected to PCR amplification
from a set of eight off-target sites that were previously predicted based
on their sequence similarity to PKU sgRNA(16). As shown in Fig-
ure 4D, we found no significant off-target editing by AAV8-miniS-
aCBE-PLUS-PKU.

Correction of phenylalanine metabolism by in vivo base editing

To examine whether correction of the PKU mutation improves
phenylalanine metabolism and thus relieves hyperphenylalanine-
mia-related syndromes, a series of clinically relevant biochemical
and behavioral tests were performed. Survey of blood phenylalanine
levels showed that AAV8-miniSaCBE-PLUS-PKU infusion signifi-
cantly rescued phenylalanine metabolism (Figure 4E). High doses of
AAV-miniSaCBE-PLUS-PKU resulted in near-normalization of
blood phenylalanine levels in both male mice (WT or PKU heterozy-
gote versus PKU + 5 � 1011 AAV8-miniSaCBE-PLUS-PKU versus
PKU+5�1011AAV8-miniSaCBE-PLUS-ctrl versusPKUuntreated=
2.1 versus 2.1 versus 26.2 versus 27.6 mg/dL) and female mice (WT or
PKU heterozygote versus PKU + 5 � 1011 AAV8-miniSaCBE-PLUS-
PKU versus PKU + 5 � 1011 AAV8-miniSaCBE-PLUS-ctrl versus
PKU untreated = 3.4 versus 6.4 versus 30.5 versus 28.6 mg/dL).
Although the low dosage of AAV8-miniSaCBE-PLUS-PKU did not
normalize blood phenylalanine, it did significantly reduce the level
in PKU mice to about 32.2% (8.9 versus 27.6 mg/dL) (Figures 4E
tion and normalized Phe metabolism

atocyte-specific human TBG promoter was used to drive the expression of protein

ime line of the in vivo experiments. Postnatal day 2 (P2) mice were fused with AAV8-

3mice for each group). Genotyping, sample collection, and analysis were performed

DNA and mRNA determined by HTS (n = 3 mice for each group). Values represent

bserved between high-dose AAV8-miniSaCBE-PLUS-PKU-injected mice and low-

sites (OTs) in liver genomic DNA. OTs were predicted according to their sequence

Asterisks indicate statistically significant differences in editing efficiencies observed

-PLUS-ctrl-injected mice. (E) Blood Phe levels from male (top) and female (bottom)

up). Values represent mean ± SD. (F) Body weight growth charts of male (top) and

rl-treated PKU mice, AAV8-miniSaCBE-PLUS-PKU-treated mice showed slightly

) AAV8-miniSaCBE-PLUS-PKU treatment rescue hypopigmented phenotype. High-

normal pigmentation in both male (3 of 3, n = 3) and female (3 of 3, n = 3) PKU mice.

tation in male PKU mice (3 of 3, n = 3). (H) AAV8-miniSaCBE-PLUS-PKU treatment
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and S5). Consistent with the improvement in blood phenylalanine
levels, AAV8-miniSaCBE-PLUS-PKU treatment obviously rescued
the growth retardation in PKU mice (Figures 4F and S5). Besides,
the almost complete reversal of hypopigmentation in AAV8-miniS-
aCBE-PLUS-PKU mice made them indistinguishable from wild-
type and heterozygous littermates, suggesting that melanin synthesis
has been restored (Figure 4G). In contrast, AAV8-miniSaCBE-
PLUS-ctrl-treatedmice showed obvious growth retardation and hypo-
pigmentation (Figure 4G). In addition, urine phenyl ketone was also
significantly reduced by AAV8-miniSaCBE-PLUS-PKU treatment
(Figure 4H). Accompanying the correction of phenylalanine meta-
bolism, AAV8-miniSaCBE-PLUS-PKU treatment also improved the
behavior of PKU mice. Compared with PKU mice that received
AAV8-miniSaCBE-PLUS-ctrl or no treatment, AAV8-miniSaCBE-
PLUS-PKU mice restored nesting and water maze behaviors to a
large extent (Figure S6). In summary, these data demonstrate
that in vivo base editing of AAV8-miniSaCBE-PLUS-PKU can
correct phenylalanine metabolism and hyperphenylalaninemia-
related syndromes.

DISCUSSION
Since the discovery of AAVs, much progress has been made in recent
decades in the treatment of genetic diseases, especially liver-related
metabolic disorders.16,23,24 Compared with other viral vectors, rAAVs
are relatively safe because they are less immunogenic and rarely inte-
grate into the host genome.15 With AAVs, particularly AAV8,
showing tropism for hepatocytes,22 many liver-related genetic disor-
ders have been demonstrated to be curable in animal models.25,26

Importantly, a clinical study showed that AAV8 vectors expressing
FIX could be successfully delivered to the liver and clinically benefit
patients with hemophilia B, demonstrating the translational potential
of AAV8 vectors.27 However, most of these AAV-based therapeutic
strategies have been performed in adult animals rather than in neo-
nates, possibly owing to the loss of the non-integrating AAV genome
as developing hepatocytes proliferate.28,29 In fact, in PKU patients,
treatment at an early stage is extremely important to prevent second-
ary harmful effects in their developing organs, especially in the central
nervous system.12

Genome editing technology, especially base editing tools, offers the
opportunity to correct genetic lesions and thus cure these disor-
ders at the start of life. Given that many genetic diseases, such
as Gaucher disease (GD) and PKU, cause fatal death or irreversible
damage to developing organs, early treatment of such diseases is
extremely important. We showed that injection of AAVs encoding
base editing tools into 2-day-old neonatal PKU mice corrected dis-
ease-causing mutations, resulting in normalization of Phe meta-
bolism and correction of hyperphenylalaninemia (HPA)-related
phenotypes. Surprisingly, PKU mice treated with base editing
were undistinguishable from their healthy littermates in terms of
appearance and behavior. By comparison, untreated PKU mice
were much smaller in size and had lighter hairs than their litter-
mates, which allowed them to be clearly distinguished. A previous
study developed dual AAV base editors with an intein protein
236 Molecular Therapy: Methods & Clinical Development Vol. 24 March
splicing system and achieved therapeutic correction of the adult
PKU mouse model.16 Therefore, our results, together with previ-
ous observations,16 support the notion that genetic disorders
caused by point mutations can be cured at both infant and adult
stages by base editing technology. In addition, Cas9-mediated ho-
mologous direct repair (HDR) strategy was also used to treat
neonatal PKU mouse models. In the HDR strategy, dual AAV vec-
tors encoding Cas9 and repair templates, respectively, were used to
repair the Pah mutation.30 However, this strategy only partially
rescued the phenylalanine disorder.30

Following base editing, the targeted mutation was corrected in
about 36% of the alleles in vitro. A considerable portion of these
corrections were accompanied by undesirable bystander editing,
one of which generated a premature stop codon. This undoubtedly
reduces the therapeutic effect. Therefore, narrowing the editing
window to fit the target position should increase the ratio of cor-
rect editing and thus reduce the requirement for the number of
AAVs. In addition to changing the sgRNA length, there are several
ways to narrow the editing window. One is to mutate cytosine
deaminase to reduce its catalytic activity. For example, base editors
coupled to mutant APOBEC1 (W90Y, R126E) generally have a
much narrower editing window than those coupled to wild-type
APOBEC1.31 Restricting the connection between deaminase and
Cas9 by changing the flexible linker to an inflexible one is also
helpful.32

As current base editors were developed from SpCas9 or SaCas9,
their sizes (�5 kb for spCas9 base editors and �4.2 kb for SaCas9
base editors) are larger than or very close to the packaging capacity
of AAVs (�4.5 kb). Therefore, delivery of base editors via AAV is
challenging. The protein splicing system from Nostoc punctiforme
Npu intein has been introduced into base editors to split them into
two expression cassettes, thereby fitting the packaging capacity of
AAV.16,33 Our procedure based on the minimal GCN4/scFv sys-
tem also does not require splitting of Cas9 proteins. Importantly,
considering the structural similarity between Cas9s from different
organisms, our procedure will be generally applicable to other
Cas9-derived base editors, such as cjCas934 and sauriCas9 etc.35

Nevertheless, further research needs to be done to determine if
the AAV-infected cells are removed by preexisting Cas9-specific
immune responses, since the most widely used Cas9s, saCas9
and spCas9, are derived from common pathogens.36–39 In addi-
tion, long-term investigations of AAV mediated base editing ther-
apy are also required to evaluate the potential side effect of base
editors, such as genome wide DNA and RNA off-target edit-
ing.40–43

MATERIALS AND METHODS
Plasmid construction

pCMV-2�GCN4-SaCas9KKH,pCMV-4�GCN4-SaCas9KKH,pCMV-
ABE-scFv, pVax-H264Y-PAH, and pVax-WT-PAH were con-
structed through seamless cloning method (ClonExpress II One
Step Cloning Kit; Vazyme Biotech). DNA sequences of these
2022
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constructed plasmids are listed in Note S1. For the construction of
sgRNA plasmids, the corresponding spacers were inserted into each
sgRNA expression plasmid digested with Bbs1. Spacer sequences
for each sgRNAs are listed in Table S1. All plasmids were verified
by Sanger sequencing.

Cell culture

HEK 293T cells were cultured in Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific, Waltham, MA), supplemented with 10%
(v/v) fetal bovine serum (Life Technologies), 1% penicillin/strepto-
mycin (Boster Biological Technology) and maintained at 37�C with
5% CO2.

Plasmids transfection

HEK 293T cells were seeded on 96-well plates (Biofil). Cells at a
confluence of �70%–80% were transfected with TransEasyTM (Fore-
gene). Briefly, 300 ng of base editor (BE) (150 ng GCN4-Cas9, 150 ng
scFv-CBE/ABE) and 100 ng of sgRNA expression plasmids were
transfected using 0.7 mL of Transeasy per well according to the man-
ufacturer’s instruction. At 72 h after transfection, genomic DNA from
each well was extracted by 30 mL freshly prepared lysis buffer. The
mixture was incubated at 55�C for 20 min and then was heat inacti-
vated at 95�C for another 10 min. The resulting DNA lysate was sub-
jected to PCR amplification and subsequent analysis.

Base editing analysis with Sanger sequencing and EditR

software

On-target genomic regions of interest were amplified by PCR and
were analyzed with Sanger sequencing. Then, the sequencing graphs
were further quantified by EditR software (baseditr.com).44 Primers
used for amplifying each target loci are listed in Table S2.

PAH activity evaluation

Adult PKU mice were used for evaluating the activity of wild-type
and mutant PAH (H264Y). The plasmids encoding wild-type
(pVax-WT-PAH) or mutant PAH (pVax-H264Y-PAH) were in-
jected into PKU mice through hydrodynamic tail vein injection at
a dosage of 4 mg/kg. Control PKU mice were injected with an equal
volume of physiological saline. Blood samples were collected from
the orbital vein at two time points, before the injection and 20–
24 h after the injection. The samples were stored in the form of
dried blood spots at 4�C. Phe concentration was determined with
fluorescence spectrophotometry Phe detection kit (AN302). PAH
activity was assessed by comparing the level of blood Phe before
and after injection.

AAV8 vector production

AAV8-2�miniSaCBE-PLUSbase editing system include twoAAVvec-
tors, one expressing 2�GCN4-SaCas9KKH (rAAV8-TBG-2�GCN4-
SaCas9KKH) and the other one expressing scFv-APOBEC1-UGI and
20-PKU sgRNA (rAAV8-TBG-scFv-BE3-PKUsgRNA) or expressing
scFv-APOBEC1-UGI (rAAV8-TBG-scFv-BE3-ctrl). The expression
of both 2�SaCas9KKH and scFv-APOBEC1-UGI-PKU is driven by
the hepatocyte-specific promoter (TBG). The expression of sgRNA is
Molecular
driven by the U6 promoter. To achieve specific liver targeting, the
AAV plasmids were packaged into serotype 8 recombinant AAVs
through a triple-transfection protocol as previously described.45All vec-
tors used in AAV production passed the endotoxin assay using the
endpoint chromogenic endotoxin test kit (XiamenBioendoTechnology
Xiamen, China). The presence of AAV2 inverted terminal repeats
(ITRs) in the cis-actingAAVplasmidswas examinedby Sma1digestion.
The genome titer (GC/mL) of AAV8 vector was determined by quanti-
tative PCR (qPCR) using forward primer 50-GCCAGCCATCTG
TTGT-30, reverse primer 50-GGAGTGGCACCTTCCA-30, and probe
50-Fam- TCCCCCGTGCCTTCCTTGACC-Tamra-30. The purity of
the resulting AAV8 vectors were determined by SDS-PAGE followed
by SYPRO Ruby (Thermo Fisher Scientific) staining.

Animal care

The B6.BTBR-Pahenu2 mouse purchased from Jackson Laboratory
carries a missense mutation (c.835T/C) in exon 7 (p.F263S) of
the Pah gene (19). Developing homozygous Pahenu2�/� and
Pahenu2+/+ (WT) mice were issued from heterozygous mating
Pahenu2+/�. Animals were housed in specific-pathogen-free (SPF)
animal breeding rooms and maintained on a 12-h light/dark cycle.
All mice were provided with standard laboratory chow and water.
All animal procedures were performed following the protocol
approved by the Institutional Animal Care and Treatment Commit-
tee of Sichuan University (Chengdu, China) (IACUC number:
20,100,318).

Treatment of PKU

Two-day-old neonatal mice born of heterozygous PKU parents
were used for AAV treatment. AAVs expressing rAAV8-TBG-
2�GCN4-SaCas9KKH and rAAV8-TBG-scFv-BE3-PKUsgRNA or
rAAV8-TBG-scFv-BE3-ctrlwere systematically injected through
buccal vein, and each virus of the pair was injected at equal molar
ratio in a volume of 50 mL (high dosage: 5 � 1011 GC/mouse; low
dosage: 1 � 1011 GC/mouse). Untreated age-matched mice served
as the untreated control group. At 4 weeks after AAV injection,
mice were genotyped by examining DNAs from tail biopsies. Blood
Phe, body weight, coat color, and urine phenylacetone were exam-
ined every 2 weeks from 8 to 24 weeks after AAV injection. Editing
efficiency of the liver DNA and mRNA were determined at 16 weeks
after injection.

Amplification and high-throughput DNA sequencing of genomic

DNA and mRNA samples

Liver samples were collected by biopsy and subjected to genomic
DNA and mRNA extraction. Genomic regions of interest were
amplified by PCR with primers flanked with different barcodes (Ta-
ble S3). cDNA was generated using All-in-One First-Strand cDNA
Synthesis SuperMix (Innovagene) according to the manufacturer’s
protocol. Subsequent PCR reactions to generate amplicons for
HTS were performed using 2�Rapid Taq Master Mix (Vazyme).
The PCR product was purified using GeneJET Gel Extraction Kit
(Thermo Fisher Scientific). Samples were sequenced commercially
using Illumina Novaseq 6000 platform (Personalbio, Shanghai).
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CRISPR-Cas Clustered regularly interspaced short palin-
dromic repeats and CRISPR associated

sgRNAs Single-guide RNAs

AAV Adeno-associated virus

scFv Single chain variable fragment

PKU Phenylketonuria

DSBs Double-strand breaks

NHEJ Non-homologous end joining

HDR Homology-directed repair

NTS Non-target strand

TS Target strand

ssDNA Single-stranded DNA

PAH Phenylalanine hydroxylase

BE-PLUS programming larger C to U (T) scope

TadAs tRNA adenosine deaminases

Val/V Valine

His/H Histidine

Tyr/Y Tyrosine

Arg/R Arginine

HTS High-throughput sequencing

PCR Polymerase chain reaction

PAM Protospacer adjacent motif

HPA Hyperphenylalaninemia

UGI Uracil glycosylase inhibitor

GB1 G protein B1 domain
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Primers used for amplifying each target loci are listed in Tables S3,
S4, and S5.

High-throughput sequencing and data analysis

The sequencing reads were extracted from the .fastq file of deep
sequencing and placed in a Microsoft EXCEL file. The upstream
30 bp and downstream 30 bp sequences of the spacer were removed.
The search item was used to find the sequence edited by the base
editors.

Blood Phe detection

According to previous reports,46 the blood of mice was collected at 4
p.m. every day, and the whole blood was collected on the blood collec-
tion card, dried under ambient conditions, and stored at 4�C. The
concentration of Phe in the blood was determined with a fluorescence
spectrophotometry Phe detection kit (AN302) according to manufac-
turer’s instructions.

Urinary phenylacetone detection

The ferric chloride test was used for the detection of phenylacetone in
urine. Urine from each mouse was collected with a metabolism cage.
Then, 30 mL urine was mixed with an equal volume of ferric chloride
solution (10%). If phenylacetone was present in the sample, it formed
a complex with the ferric chloride and developed an easily visualized
deep green color.

Water maze assay

The ability of PKU mice to navigate to a visible platform was evalu-
ated using the water maze and EthoVision video tracking software
as previously described.47 Five sessions were performed, with each
session consisting of two trials. Each trial was up to 60 s with a 10-
to 15-s interval. Time to reach the platform (latency), number of plat-
form crossings, and swim speeds were calculated to assess the spatial
navigational skill and memory of PKU mice.

Nest building assay

Nest building assay was performed as previously described with
slight modification.48 Briefly, each mouse was singly housed and
provided with a cotton square to build a nest. Photos of the nests
were taken 24 h after the mice were housed. Nest quality was
scored according to a rating scale of 1 to 5 by two observers
blinded to the treatment, where 1 indicates that the mouse has
not torn the squares apart at all, and 5 indicates a highly complex
nest. The scores from the two observers were averaged for statisti-
cal analysis.

Statistical analysis

GraphPad Prism v.8.4.0 software was used for all data analysis. Statis-
tical comparison adjustment in Figures 1, 3, 4C, S1, S2, S3, and S5 was
performed using two-tailed Student’s t-test in IBM SPSS v.21.0 soft-
ware. Statistical comparison adjustment in Figures 4E and 4F were
performed using ANOVA in GraphPad Prism v.8.4.0 software. For
all statistical comparisons, significance was noted as follows: *p <
0.05, **p < 0.01, ***p < 0.001.
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