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Summary

The ¢.1222C>T (p.Arg408Trp) phenylalanine hydroxylase (PAH) variant is the most frequent cause of phenylketonuria (PKU), an auto-
somal recessive disorder characterized by accumulation of blood phenylalanine (Phe) to neurotoxic levels. Here we devised a therapeutic
base editing strategy to correct the variant, using prime-edited hepatocyte cell lines engineered with the ¢.1222C>T variant to screen a
variety of adenine base editors and guide RNAs in vitro, followed by assessment in ¢.1222C>T humanized mice in vivo. We found that
upon delivery of a selected adenine base editor mRNA/guide RNA combination into mice via lipid nanoparticles (LNPs), there was suf-
ficient PAH editing in the liver to fully normalize blood Phe levels within 48 h. This work establishes the viability of a base editing strat-
egy to correct the most common pathogenic variant found in individuals with the most common inborn error of metabolism, albeit with

potential limitations compared with other genome editing approaches.

Phenylketonuria (PKU [MIM: 261600]) is a disorder of
phenylalanine (Phe) metabolism wherein deficiency of
phenylalanine hydroxylase (PAH) results in elevated
blood Phe levels. Optimal management of PKU requires
strict, lifelong monitoring and control of blood Phe
levels to maintain them within the recommended range
of 120-360 pmol/L." When not adequately treated,
blood Phe levels can exceed 1200 pmol/L, and as a result,
PKU individuals can develop irreversible neurological
impairment and neuropsychiatric issues. Although there
are several treatment options to regulate blood Phe levels
within the recommended range—including a low-Phe
diet, an oral medication that serves as a cofactor of
PAH (sapropterin), and a daily injectable enzyme substi-
tution therapy (pegvaliase)—more than 70% of adults
with PKU are noncompliant with treatment guidelines
due to challenges associated with adherence and therapy
responsiveness.”

The most frequently occurring pathogenic PAH variant
worldwide is the c.1222C>T (p.Arg408Trp) variant (RefSeq:
NM_000277.3), particularly prevalent in European coun-
tries and the United States.” We have found in a parallel
study® being simultaneously published in The American
Journal of Human Genetics that most individuals with PAH

€.1222C>T variants experience chronic, severe Phe eleva-
tions, reflecting in part the limitations of the existing treat-
ment options.>® Genome editing offers the potential of a
one-time curative therapy to permanently normalize blood
Phe levels. Base editing is particularly attractive because it
can precisely and efficiently correct pathogenic variants.”*
In a recent study, we found that base editing could rapidly
(within 48 h) and definitively treat a humanized mouse
model of PKU with the PAH c.842C>T (p.Pro281Leu)
variant when intravenously delivered in the form of
mRNA and guide RNA (gRNA) encapsulated in lipid nano-
particles (LNPs) targeting the liver, where PAH mRNA is spe-
cifically expressed.” As little as 10% correction of the gene is
sufficient to normalize blood Phe levels.

In principle, because the PAH ¢.1222C>T variant results
from a C—T change on the sense strand, the variant is
amenable to correction by an adenine base editor intro-
ducing an A— G change at the same position on the anti-
sense strand. However, upon inspection of the genomic
site of the variant (Figure 1A), two substantial impedi-
ments to therapeutic base editing become evident. First,
the position of the target adenine does not lie within the
editing window (roughly from positions 3 to 9 of the pro-
tospacer sequence) for any protospacer that has an NGG
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Figure 1. Base editing to correct PAH ¢.1222C>T variant in human hepatocytes in vitro

(A) Schematic of the genomic site of the PAH ¢.1222C>T variant, adapted from the UCSC Genome Browser (GRCh38/hg38). The vertical
blue bar outlined by the orange box indicates the G altered to A (in orange) by the variant on the antisense strand. The arrows indicate
the sites of potential bystander editing. The horizontal green bars indicate protospacer (thick) and PAM (thin) sequences targeted by the
PAH1 through PAH6 gRNAs.

(B) Corrective PAH c.1222C>T editing (determined from genomic DNA) following transfection of cells with plasmids encoding adenine
base editor/gRNA combinations (n = 2 biological replicates, one each from two PAH ¢.1222C>T homozygous HuH-7 cell lines; controls,
n = 1), calculated as the proportion of aligned sequencing reads with the indicated type of edits. “Correction only” refers to reads in
which the ¢.1222C>T adenine variant is edited to guanine, with or without base editing of the adjacent synonymous adenine, with
no base editing of any other adenines; “unwanted bystander editing” refers to reads in which the ¢.1222C>T adenine variant is edited
to guanine, along with base editing of one or more nonsynonymous adenines.

(C) Dose-response study with PAH ¢.1222C>T homozygous HuH-7 cells treated with SpRY-ABE8.8/PAH4 LNPs (n = 3 biological
replicates).

(D) Dose-response study with PAH ¢.1222C>T homozygous HuH-7 cells treated with GFP LNPs (n = 2 to 3 biological replicates).

protospacer-adjacent motif (PAM), the preferred PAM for
standard Streptococcus pyogenes Cas9 (SpCas9)-containing
editors. Accordingly, one would need to use either SpCas9
variants with altered PAM preferences or non-Sp Cas9 pro-
teins with non-NGG PAM preferences, likely with reduced
editing efficiency even if there is optimal spacing of the
target adenine within the editing window. Second, there
are four nearby non-target adenines that could potentially
be edited in conjunction with the target adenine, resulting
in bystander editing. The adenine in the adjacent position
downstream of the target adenine, if converted to guanine,
would represent a synonymous edit (codon CCT to codon
CCC, both encoding proline) unlikely to have a functional
consequence. In contrast, the adenine located five posi-
tions downstream of the target adenine, if converted to
guanine, would represent a nonsynonymous edit (codon
ATA to codon ACA) resulting in the PAH ¢.1217T>C
(p-11e406Thr) variant, which has been reported to occur
in PKU individuals and thus is likely to compromise PAH
function.'®!! Similarly, the adenines located six and seven
positions upstream of the target adenine, if singly or both
converted to guanine, would represent nonsynonymous
edits (codon TTC to codon CTC, TCC, or CCC) that would
change the phenylalanine in amino acid position 410 to
leucine, serine, or proline. Thus, achieving the desired
on-target editing without undesired bystander editing in
either direction could prove challenging.

In our parallel study,” we had already used prime editing to
generate clonal HuH-7 human hepatoma cell lines (as a
proxy for human hepatocytes) homozygous for the PAH
€.1222C>T variant. Using two of the clonal lines, we evalu-
ated an array of adenine base editors and gRNAs for editing
activity at the site of the variant, assessing for both on-target
editing and unwanted bystander editing. We used four
different Cas9 variants: standard SpCas9 (which prefers
NGG PAMs but can also engage NAG and NGA PAMs, albeit
with less activity), iSpyMac (which prefers NAA PAMs),'?
SpG (which generally engages NGN PAMs),'* and SpRY
(which being near-PAMless can engage a broad range of se-
quences).'* We used four different adenosine deaminase do-
mains: ABE7.10 (seventh-generation, less activity),® ABESe
(eighth-generation, more activity, broadest editing win-
dow),"* ABES.20 (eighth-generation, more activity, interme-
diate editing window),"> and ABES.8 (eighth-generation,
more activity, narrowest editing window)."> We used six
different gRNAs (termed PAH1 through PAHG6) tiling the
site of the variant, with distinct PAMs (AGC, GCA, CAA,
AAA, AAG, and AGT, respectively) (Figure 1A). Via plasmid
transfection, we tested a subset of combinations of Cas9
variant, adenosine deaminase domain, and gRNA, tailored
to the position of the variant within the editing window
and to the available PAM (Figures 1B and S1). To serve as a
reference for transfection efficiency, we transfected a plasmid
encoding green fluorescent protein (GFP) and observed
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mean 85% GFP positivity as determined by flow cytometry.
In ¢.1222C>T homozygous HuH-7 cells, SpRY-ABE8.8/
PAH4 yielded the best combination of higher on-target edit-
ing and lower bystander editing, reflecting that PAH4 places
the variant adenine in the middle of the window (proto-
spacer position 5), ABE8.8 has a narrow window that limits
bystander editing on either side of the variant adenine, and
SpRY provides more activity than iSpyMac with the same
PAH4 gRNA with its AAA PAM (in contrast to the PAH3
gRNA, for which iSpyMac outperformed SpRY). We formu-
lated LNPs with SpRY-ABE8.8 mRNA and synthetic PAH4
gRNA and performed a dose-response experiment in
¢.1222C>T homozygous HuH-7 cells, observing as high as
mean 80% overall editing (with as high as mean 12% un-
wanted bystander editing) at the highest LNP doses and a
half maximal effective concentration (ECso) of 750 fg/cell
(Figures 1C and S2). To serve as a reference for transfection ef-
ficiency, we also formulated LNPs with GFP mRNA and per-
formed a similar dose-response experiment (Figure 1D).

To test the SpRY-ABE8.8/PAH4 combination in vivo, we
used CRISPR-Cas9 targeting in mouse embryos to generate
a humanized PKU model with the PAH c¢.1222C>T
(p-Arg408Trp) variant (hereafter referred to as R408W
mice) in the C57BL/6] background, in which we replaced
a small portion of the endogenous mouse Pah exon 12
with the orthologous human sequence spanning the
PAH4 gRNA protospacer/PAM sequences and containing
the ¢.1222C>T variant (Figure S3A). Upon breeding the
humanized ¢.1222C>T allele to homozygosity, we
observed phenotypes consistent with PKU, including
elevated blood Phe levels, mild hypopigmentation (result-
ing from reduced melanin synthesis due to decreased tyro-
sine levels because of deficient PAH activity), and reduced
body weight (Figures S3B and S3C). (In our parallel study,*
we generated a different homozygous R408W mouse
model via homologous recombination in mouse embry-
onic stem cells, replacing the entirety of Pah exon 12 as
well as flanking intronic regions with the orthologous hu-
man sequence, but we did not use that alternative model
for this base editing study.).

We treated homozygous R408W PKU mice, approxi-
mately 8 weeks of age and with baseline blood Phe levels
in the 1,000-1,500 pumol/L range, with SpRY-ABES8.8/
PAH4 LNPs at two dose levels. PKU mice that received a sin-
gle 5-mg/kg LNP dose experienced normalization of blood
Phe levels by 48 h after treatment (mean 118 pmol/L, 90%
reduction from baseline), and PKU mice that received a sin-
gle 2.5-mg/kg LNP dose had substantial, though somewhat
less, reduction of blood Phe levels by 48 h after treatment
(mean 185 umol/L, 86% reduction from baseline)
(Figure 2A). All mice in both dose groups achieved blood
Phe levels less than 125 umol/L by 7 days after treatment.
Vehicle-treated age-matched homozygous R408W PKU
mice maintained elevated blood Phe levels during the
same time course, and vehicle-treated age-matched hetero-
zygous R408W non-PKU mice generally had blood Phe
levels less than 125 pmol/L. There were no alanine amino-

transferase (ALT) abnormalities in any of the mice over the
same time period, with slight rises in aspartate aminotrans-
ferase (AST) levels at 1 day after treatment only in the mice
that received the 5-mg/kg LNP dose, remaining within the
normal range (Figures S4A and S4B). Out of a panel of 13
cytokines and chemokines, LNP treatment resulted in tran-
sient increases in C-X-C motif chemokine ligand 1, tumor
necrosis factor-a, monocyte chemoattractant protein 1,
interleukin (IL)-1B, interferon inducible protein 10,
interferon-o, and IL-6 relative to vehicle treatment at 4 h
after treatment, with resolution by 24 h after treatment
(Table S1). Upon necropsy at 1 week after treatment,
next-generation sequencing of genomic DNA from
whole-liver samples to determine corrective editing activ-
ity showed mean 29% desired on-target editing and 4% un-
desired bystander editing in the higher-dosed mice and
mean 26% desired on-target editing and 3% undesired
bystander editing in the lower-dosed mice (Figures 2B
and 2C). Liver histology showed no evidence of pathology
(Figure S4C).

A potential liability of the use of a SpRY Cas9 variant is a
higher burden of off-target editing due to its near-PAMless
nature allowing it to engage a far broader range of genomic
sites than standard Cas9. To evaluate off-target editing by
SpRY-ABE8.8/PAH4, we generated a list of 57 candidate
genomic sites nominated by in silico prediction based on
sequence similarity to the on-target PAH site—including
sites with up to one protospacer mismatch plus up to
two DNA or RNA bulges, or with up to two protospacer
mismatches with no bulges, with no constraint on the
PAM sequence. Next-generation sequencing of targeted
PCR amplicons from genomic DNA extracted from SpRY-
ABE8.8/PAH4 LNP-treated ¢.1222C>T homozygous
HuH-7 cells, versus control cells, revealed just one site
with very low off-target base editing (net editing of
0.11%), within a very large intron of ILRAPL2 and unlikely
to be of biological significance (Figure 3).

In our parallel study,” we used an optimized prime edit-
ing configuration, delivered via dual adeno-associated viral
(AAV) vectors, to correct the PAH ¢.1222C>T variant in hu-
manized mice. A high dose of AAV treatment resulted in
mean =40% corrective editing and no bystander editing,
a better result than with SpRY-ABES.8/PAH4 LNPs as re-
ported in this study. To perform a head-to-head compari-
son between base editing and prime editing mediated by
LNP delivery, we formulated LNPs with PEmax mRNA, syn-
thetic prime editing guide RNA (pegRNA), and synthetic
nicking guide RNA (ngRNA), analogous to the lead
pegRNA/ngRNA combination used in the dual AAV config-
uration.* Upon treatment of homozygous R408W PKU
mice with a 5-mg/kg dose of these LNPs, there were no sig-
nificant changes in blood Phe levels, and there was mini-
mal whole-liver editing (<1%) upon necropsy (Figure S5).
Possible reasons for the lack of efficacy of the prime editing
LNPs made in the same way as the base editing LNPs
include the need to synthesize the substantially longer
mRNA (PEmax, =6.7 kb) and pegRNA (120 nucleotides)
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Figure 2. Base editing to correct PAH
¢.1222C>T variant in humanized mice
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compared with the mRNA (SpRY-ABE8.8, =5.0 kb) and
standard gRNA (100 nucleotides) used for base editing,
which presents challenges of scale and purity; the need
to encapsulate the larger mRNA along with two guide
RNAs rather than one guide RNA within LNPs; slower ki-
netics of prime editing compared with base editing, which
might require more prolonged expression of the editor in
cells than that provided by the use of standard mRNA-
LNPs; and reduced affinity of the pegRNA for the prime ed-
iting protein, due to auto-inhibition of the pegRNA.'®
While prime editing has more flexibility of site selection
and avoids the bystander editing observed with base
editing, its dependence on high doses of AAV vectors for
effective in vivo delivery currently makes it a less favorable
therapeutic option than LNP-mediated base editing, an
approach that is already being evaluated in clinical trials."’

We acknowledge the limitations of this study as well as the
base editing approach reported here. We did not evaluate all
possible combinations of the existing catalogs of PAM-
altered Cas9 variants, adenosine deaminase domains, and
gRNAs, and there likely are combinations that would have
equal or better corrective editing efficiency while also having

tity of the codon, and the bottom-listed
amino acid is the one that results from
base editing of the adenine in the codon.
Lines in graphs = mean values.

less bystander editing and more favorable off-target profiles,
making them more credible therapeutic candidates. Alterna-
tive Cas9 variants include engineered SpCas9 variants prefer-
ring NGA PAMs,'® NGCG PAMs,'® NGK PAMs,'” NGN
PAMs,”” or NRNH PAMs,”! as well as a wide variety of natu-
rally occurring and engineered Cas9 proteins originating
from species other than Streptococcus pyogenes. Recognizing
that SpRY-ABE8.8/PAH4 is unlikely to be the optimal
adenine base editor for correction of the PAH ¢.1222C>T
variant, we did not perform an exhaustive analysis of its
off-target editing. We also did not evaluate for the possibility
of gRNA-independent off-target editing by SpRY-ABES.S8,
wherein the deaminase domain of the base editor can spuri-
ously deaminate genomic nucleic acid sequences indepen-
dently of the Cas9 protein; notably, prior studies have
suggested that this phenomenon is minimized when
eighth-generation adenine base editors are delivered as
mRNAs.">?? When SpRY-ABES.8/PAH4 base editing for
correction of the PAH c.1222C>T variant is compared
against a similar base editing approach for correction of
the PAH ¢.842C>T (p.Pro281Leu) variant,” also a frequent
(albeit much less frequent) PKU variant, the former had
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On-target or off-target editing at top in silico-nominated candidate sites calculated as the proportion of aligned sequencing reads with >1
adenine base edited to guanine within the editing window at each site in PAH ¢.1222C>T homozygous HuH-7 cells that underwent treat-
ment with SpRY-ABE8.8/PAH4 LNPs at a dose of 10,000 fg/cell (n = 3 treated and 3 untreated biological replicates), the highest dose
shown in Figure 1C. Sites with unsuccessful sequencing are omitted. Refer to Table S2 for candidate site sequences and numerical values.

substantially less potency in HuH-7 cells (ECsg of 750 fmol/
cell versus ECsq of 64 fmol/cell), less editing activity in the
mouse liver when delivered with the same LNP formulation
at the same 2.5-mg/kg dose (mean desired on-target editing
of 26% versus 39%), and more unwanted bystander editing
in vivo (2.8% versus 0.8%). Finally, we did not perform a
long-term mouse study, although the precedent of the LNP
treatment for the PAH ¢.842C>T (p.Pro281Leu) variant re-
sulting in durable normalization of blood Phe levels in PKU
mice, through 6 months of observation,” suggests that
SpRY-ABE8.8/PAH4 LNP treatment would be similarly
durable.

In conclusion, we demonstrate that a base editing strat-
egy is effective in treating a humanized mouse model of
the most common pathogenic variant found in individuals
with the most common inborn error of metabolism. Future
studies will focus on optimizing the base editing approach
further and assessing its relative merits and demerits
compared with a prime editing approach.
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