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Abstract

Alzheimer's disease (AD) is the result of abnormal processing of the amyloid precursor protein (APP) by
p-secretase and y-secretase, which leads to the formation of toxic f-amyloid peptides. The toxic f-amyloid pep-
tides induce neuron death, memory problems, and AD development. Several APP mutations increase the risk of
developing early-onset AD. However, the A673T mutation identified in the Icelandic population prevents AD de-
velopment by reducing the cleavage of APP by f-secretase. In this study, we inserted the A673T mutation in
human cells using the CRISPR prime editing (PE) technique. Repeated PE treatments resulted in the insertion
of the A673T mutation in up to 49.2% of APP genes when a second nick was induced in the other DNA strand.
When the protospacer adjacent motif used for PE was also mutated, up to 68.9% of the APP genes contained
the protective A673T mutation. PE is a promising approach to introduce the A673T mutation precisely without

mutating nearby nucleotides.

Introduction

Dr. Alois Alzheimer first described Alzheimer’s dis-
ease (AD) in 1906. Since then, this disease has be-
come the most prevalent neurodegenerative disease
in the world." Despite several decades worth of inten-
sive research to develop treatments for AD, current
treatments only manage to reduce symptoms but fail
to stop or reverse the progression of the disease.
While some drugs such as aducanumab, a monoclonal
antibody targeting f-amyloid, could potentially curb
the disease, continuous treatments are required to main-
tain the beneficial effects, and more studies are needed
to conclude its efficacy.”

The etiology of AD is extremely complex and in-
volves multiple intrinsic and extrinsic factors.” To de-
velop a more permanent treatment for this disease, it
will be important to target the fundamental problem
leading to AD: the formation of toxic f-amyloid (Af)
peptides.

Af peptides are generated by the metabolism of the
amyloid precursor protein (APP). APP is an integral

membrane glycoprotein that is expressed ubiquitously.”
It can undergo two competitive cleavage pathways: the
nonamyloidogenic and the amyloidogenic. In the nona-
myloidogenic pathway, the processing of APP by a-
secretase followed by the y-secretase cleavage generates
the soluble APPa, the P3 peptide, and the APP intracellu-
lar domain (AICD).*

In the amyloidogenic pathway, APP is successively
cleaved by f-secretase (also called the ff-site APP cleav-
ing enzyme 1) and y-secretase. f-Secretase cleaves APP
between Met671 and Asp672. This forms a soluble APP-
p ectodomain and a carboxy-terminal counterpart of 99
aa termed C99, which remains in the membrane. The sub-
sequent cleavage of C99 by y-secretase generates the Af
peptides (containing 39-43 aa) and the AICD. The Af1-
40 and Af1-42 peptides are the most abundant peptides.
Af1-42 is the most toxic peptide generated by amyloido-
genic processing.

The amyloid hypothesis, according to which these Af
peptides play a causative role in AD pathology, is supported
by early genetic studies. These studies demonstrated that
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several autosomal-dominant mutations or duplications of
the APP gene, as well as mutations in PSENI or PSEN2
(the genes that encode y-secretase subunits), lead to early-
onset familial AD.

These Af peptides form oligomers, which co-localize
with axonal voltage gated calcium channels, facilitate cal-
cium influx and impair fast axonal transport of cargos
such as brain-derived neurotrophic factor.® Af peptides ag-
gregate and accumulate at synapses.”® Af oligomers also
form larger deposits called senile plaques. Furthermore,
toxic Af peptides induce hyperphosphorylation of the tau
protein, leading to intracellular accumulation of neurofibril-
lary tangles. This leads to the loss of neuronal synapses at an
early stage of the AD pathology, which is correlated with
and is probably responsible for the cognitive decline.'™

Thirty coding mutations have been identified in the
APP gene. Several of them (e.g., the London mutation
V7171, the Swedish mutation KM670/671NL, and the
A673V mutation) promote Af accumulation or increase
the AB42/ABA40 ratio.'™'" The majority of these coding
mutations are autosomal dominant, except for A673V.'%!3
As a result, these mutations are responsible for hereditary
forms of AD, also called familial AD (FAD). However,
in 2012, Jonsson et al. identified a rare APP coding muta-
tion A673T in the Icelandic population, which protects
against sporadic late-onset AD.'*

The A673T mutation has also been found with a rela-
tively low prevalence in the Danish, Finnish, Norwegian,
and Swedish populations.'>™'” The carriers of the A673T
polymorphism have a higher cognitive level than noncar-
riers based on the Cognitive Performance Scale, suggest-
ing that the effect of this mutation may reach beyond the
boundaries of protection against AD."” A very low accu-
mulation of amyloid plaques was found in a 104.8-year-
old person with this mutation.'” The A673T mutation is
located very close to the ff-secretase cut site, and it re-
duces the cleavage of APP by this enzyme.

Moreover, the A673T mutation is in position 2 of the
AP(1-XX) peptide cleavage product (A2T), and it was
also found that it reduces the aggregation of these pep-
tides.'® Another study demonstrated that the plasma lev-
els of Af40 and AfS42 of the healthy heterozygous
carriers of the A673T mutation were reduced by 28%
compared to noncarriers.'” Kimura ef al. demonstrated
that A673T reduced C99 generation and decreased the
C99/C89 ratio by changing the cleavage site selection
of BACEl from the pf-site (between Met671 and
Asp672) to the [’-site (between Thy681 and GIn682),
resulting in decreased production of Af1-40 and an in-
crease in Af11-40, which is more metabolically labile.?

Given the available evidence that the A673T mutation
prevents AD development in those who carry this mutation,
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our research group hypothesized that the insertion of this
mutation in patients’ neurons could be an effective and sus-
tainable method for slowing down or even stopping the
progression of some hereditary and sporadic forms of AD.

Our research group has previously shown that the pres-
ence of the protective co-dominant mutation A673T in
the APP gene of SH-SYS5Y neuroblastomas decreases
Ap peptide production in 14/29 forms of FAD.*'*** The
reduction in the production of Af peptides for the Lon-
don mutation (V717I) with the co-mutation A673T
even reached the same level as the control containing
only the A673T mutation. These preliminary results sug-
gested that the insertion of A673T in APP genes contain-
ing one of these 14 FAD mutations could confer a clinical
benefit in preventing or delaying the onset of the disease.

We also modified the APP gene in HEK293T cells and
in SH-SYS5Y neuroblastomas using the CRISPR-Cas9 base
editing technique.”> We used a Cas9 nickase (Cas9n) fused
with a cytidine deaminase enzyme to convert the alanine
anti-sense codon (5'TGC3’) to a threonine anti-sense
codon (5'TGT3").>* We tested several Cas9n-deaminase
variants to compare their efficiency of conversion. The re-
sults were characterized and quantified by deep sequenc-
ing. We successfully introduced the A673T mutation in
53% of the APP gene of HEK293T cells.

However, another nearby cytosine was also modified
into a thymine, resulting in the frequent insertion of an
additional mutation (E674K), which seemed to reduce
AP peptide accumulation further. This approach provided
a new strategy for the treatment of AD and, by doing so,
demonstrated the capacity of base editing techniques for
treating genetic diseases.

Following our experiences with the cytidine base editing
technique, a new and more versatile base editing technique
called prime editing was developed.” This technique uses a
Cas9n fused to an engineered reverse transcriptase (RT)
and a modified single-guide RNA (sgRNA) called a
prime editing guide RNA (pegRNA). This pegRNA con-
tains a protospacer sequence of 20 nt that specifies the target
site. It also contains a primer binding site (PBS) and a RT
template (RTT) that encodes the desired nucleotide edition.

When the protospacer sequence binds to DNA, the non-
complementary strand of the DNA is simply cut by the
Cas9n three bases upstream from the protospacer adjacent
motif (PAM). The PBS binds with the 3* OH group ex-
posed from the DNA flap, serving as a primer for RT,
which extends the 3’ flap by copying the editing RTT se-
quence of the pegRNA. The unedited 5” flap is subse-
quently removed by a 5" endonuclease (e.g., FEN1) or by
a 5" exonuclease (e.g., EXO1). Mismatch repair corrects
the DNA, resulting in either the original variant sequence
or precisely modified DNA.
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If the PAM sequence has not been changed, the
Cas9n/pegRNA complex can bind to the sequence
and attempt the prime editing again.?® The prime edit-
ing technique has the great advantage that it can mod-
ify any standard nucleotide into any other standard
nucleotide (i.e., adenine, guanine, thymine, and cyto-
sine). Thus, it is an interesting tool to insert the
A673T mutation and also to correct the V7171 London
mutation or other point mutations responsible for
FADs directly.

Methods

PE2 plasmid

The prime editor 2 (PE2) plasmid coding for the SpCas9
nickase gene fused with an engineered murine leukmia
virus RT was obtained from Addgene (Watertown,
MA; pCMV-PE2 #132775). The plasmid used to express
a pegRNA was also obtained from Addgene (pU6-
pegRNA-GG-acceptor #132777). The cloning of the
pegRNA into the Bsal digested pU6-pegRNA-GG-
acceptor was performed as described by Anzalone er al.*>

PE3 plasmid

The plasmid pBSU6 used to express a sgRNA was
obtained from Dirk Grimm labs (Heidelberg University,
Heidelberg, Germany; pBSU6_FE_Scaffold_RSV_GFP).
The cloning of the sgRNA into the Bbsl digested pBSU6
was performed using the protocol for the NEB T4 DNA
Ligase enzyme where 50ng of the vector was used at a
ratio of 1:3 for the insert (using NEBioCalculator®). Oligo-
nucleotides used to construct all sgRNAs were purchased
from Integrated DNA Technologies (Coralville, 1A).

Cell culture and transfection

HEK?293T cells were cultured in high glucose Dulbecco’s
modified Eagle’s medium (Wisent, Quebec, Canada) sup-
plemented with 10% fetal bovine serum (Wisent) and 1%
penicillin-streptomycin (Wisent). The day before trans-
fection, the cells were detached from the flask with a
Trypsin-EDTA solution (Sigma—Aldrich, St. Louis,
MO) and counted. Cells were plated on a 24-well plate
at a density of 60,000 cells per well with 1 mL of culture
medium.

On the day of the transfection, solutions A and B were
prepared. Solution A contained 48 uLL of Opti-MEM-1™
and 2 ul. of the transfection reagent (Lipofectamine™
2000) to give a final volume of 50 uL. Solution B was
prepared with 1 ug of DNA solution (500 ng of PE2 plas-
mid, 250 ng of pegRNA plasmid, and 250 ng of sgRNA
plasmid) and completed with Opti-MEM-1™ to give a
final volume of 50 uL. Solutions A and B were then
mixed and incubated at room temperature for 20 min be-
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fore being added to each well. The medium was changed
for 1 mL of fresh medium 12 h later, and cells were incu-
bated for 72 h before genomic DNA extraction.

For multiple treatment experiments, cells were plated on
day 0 and transfected as described above. On day 3, 50% of
cells were recovered for genomic DNA extraction, and the
remaining 50% were plated in one well of a six-well plate
containing 2 mL of fresh culture medium. The plate was
put back into the incubator, and the cells were allowed to
grow until day 6. Cells were detached from the well with
a trypsin-EDTA solution and counted. The DNA was
then extracted from cell samples. The remaining cells
were plated at 60,000 cells per well on a 24-well plate.
The following day, cells were transfected as described
above. We used the same procedure for each treatment.

Genomic DNA preparation and polymerase chain
reaction amplification

Cells were detached from wells directly with up and down
pipetting in the culture medium and transferred to 1.5 mL
Eppendorf tubes. Cells were centrifuged for 5 min at 7800 g
at room temperature. Cell pellets were washed once
with 1 mL of phosphate-buffered saline 1 x and centrifuged
again for 5min at 7800 g. Genomic DNA was prepared
using the DirectPCR Lysis Reagent (Viagen Biotech, Los
Angeles, CA). Briefly, 50 uL. of DirectPCR Lysis Reagent
containing 0.5 uL of proteinase K solution (20 mg/mL) was
added to each cell pellet and incubated overnight at 56°C
followed by another incubation at 85°C for 45 min.

The sample was then centrifuged at 17,000 g for 5 min.
One microliter of each genomic DNA preparation (super-
natant) was used for the polymerase chain reaction
(PCR). For each primer set (Table 1), PCR temperature

Table 1. Primer Sequences for PCR, Sanger, and Deep
Sequencing

Sanger sequencing TCAAGCCTGTAATCCCAGCA
of APP exon 16
Sanger sequencing TGAGTTTCTCATCTGTGCCC

of EMXI exon 3
PCR of APP exon 16 Fwd
PCR of APP exon 16 Rev
PCR of EMX]I exon 3 Fwd
PCR of EMX]I exon 3 Rev
Deepseq of APP exon 16 Fwd

AAATCCTTGCCAACCTCTCAACCA
GTTCTTTCAGACTACAAGGCAGCA
CAGCTCAGCCTGAGTGTTGA
CTCGTGGGTTTGTGGTTGC
ACACTGACGACATGGTTCTACA
GGTAGGCTTTGTCTTACAGTGTTA
TACGGTAGCAGAGACTTGGTCT
TGGTAATCCTATAGGCAAGCATTG
ACACTGACGACATGGTTCTACA
ATCCAAATGTCCCCTGCATTTAAG
TACGGTAGCAGAGACTTGGTCT
TTTACCTACCTCCACCACACCATG
ACACTGACGACATGGTTCTACA
CAGCTCAGCCTGAGTGTTGA
TACGGTAGCAGAGACTTGGTCT
CTCGTGGGTTTGTGGTTGC

Deepseq of APP exon 16 Rev
Deepseq of APP exon 17 Fwd
Deepseq of APP exon 17 Rev
Deepseq of EMX1 exon 3 Fwd

Deepseq of EMX1 exon 3 Rev

PCR, polymerase chain reaction.
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cycling was performed as follows: pre-denaturation at
98°C for 30 s, following by 35 cycles of 98°C for 10 s (de-
naturation), 60°C for 20 s (annealing), and 72°C for 45s
(extension). A final extension at 72°C for 5 min was also
performed.

We used Phusion™ High-Fidelity DNA Polymerase
from Thermo Fisher Scientific (Waltham, MA) for all
PCR reactions. Five microliters of the sample was elec-
trophorized in 1 X TBE buffer on 1% agarose gel to
control the PCR quality and to make sure that only
one specific band was present. The remaining 45 uL
of the PCR was sequenced with an internal primer
(Table 1).

A GAGATCTCTGAAGTGAAGATGGATGCAGAATTC
CTCTAGAGACTTCACTTCTACCTACGTCTTAAG
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Sanger and deep-sequencing analysis
Deep-sequencing samples were prepared by a PCR (as
described above), with special primers for deep sequenc-
ing containing a bar code sequence to permit the subse-
quent deep sequencing (Table 1). PCR samples were
sent to the Sanger sequencing platform at the research
center of CHU de Québec-Université Laval and the
Genome Quebec Innovation Centre at McGill University
to sequence amplicons with an Illumina sequencing plat-
form. Roughly 6,000-10,000 reads were obtained per
sample.

Sanger sequencing results were analyzed with the
EditR online program.?’ Deep-sequencing results were
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Test of various prime editing guide RNAs (pegRNAs) targeting the APP gene in HEK293T cells using the

prime editor 2 (PE2) method. (A) Section of APP exon 16 with codon of interest (Ala673) in the red box. In the blue
box, the unmodified sequence used to design the primer binding site (PBS) and the reverse transcriptase (RT)
template (RTT). The protospacer adjacent motif (PAM) is in the green box, and the pegRNA spacer sequence is in
the yellow box. (B) The target nucleotide G (guanine) in red is modified into an A (adenine) in red to change the
alanine codon (5°GCA3’) into a threonine codon (5’ACA3’). (C) Nine different pegRNAs with various PBS and RTT
were transfected in HEK293T cells with Lipofectamine™ 2000. DNA was extracted 72 h later, and exon 16 of the APP
gene was polymerase chain reaction (PCR) amplified. The sequences were then analyzed using the lllumina deep-
sequencing method. The negative control did not receive any treatment. The results were analyzed with a one-way
analysis of variance (ANOVA) test and Dunnett's multiple comparisons test (n=2) compared to the negative control.
*p <0.0387; ***p <0.0002; ****p < 0.0001. (D) Insertion or deletion (indel) levels resulting from prime editing of the
APP gene exon 16 using the PE2 method. There were no indels in the control sample. The level of indels varied
from 0% to 0.8% for the PE2 method. The results were analyzed with a one-way ANOVA test and Dunnett’'s multiple
comparisons test (n=2) compared to the negative control. The p-value was not significant for all samples.



PRIME EDITING INSERTION OF A PROTECTIVE MUTATION

analyzed online with the CRISPResso2 online program.”®

For all prime editing yield quantification, prime editing ef-
ficiency was calculated as the percentage resulting from the
number of reads with the desired edition that did not con-
tain insertions or deletions (indels) divided by the total
number of reads of amplicons. For all experiments, indel
yields were calculated as the numbers of indel-containing
reads in the amplicons divided by the total reads.

Statistical analyses

The data were analyzed using GraphPad Prism v5.0
(GraphPad Software, La Jolla, CA). The means of differ-
ent pegRNAs and negative controls were compared with
a one-way analysis of variance (ANOVA) test and Dun-
nett’s multiple comparisons test. A p-value of <0.05 was
considered statistically significant for a 95% confidence
interval.

Results
Design of various pegRNAs and optimization
of the PE2 technique
The efficacy of inducing nucleotide mutations with the
prime editing technique depends on the components of
pegRNA and on the target DNA. The frequency of instal-
lation for the desired mutation rapidly decreases with in-
creasing distance from the single-stranded cut induced by
the Cas9 nickase.”

The SpCas9 enzyme requires an NGG PAM. Fortu-
nately, there is such a PAM at position Met671-Asp672

Table 2. Sequences of pegRNAs Used in Experiments
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of the APP gene only 3 nt away from the target nucleotide
guanine (G; Fig. 1A). This was used to exchange the al-
anine codon (5’GCAZ3’) for a threonine codon (5’ACA3’;
Fig. 1B). The desired G — A modification is +9 nt from
the site that the SpCas9n will nick. Since the length of
the PBS and of the RTT could affect the prime editing ef-
ficiency, we designed nine different pegRNAs (Table 2)
and tested their efficacy with the PE2 method.

We also identified a second NGG PAM in the anti-
sense strand at position Phe675-Arg676. However, the
nick-to-edit distance is 14 nt, which decreases the proba-
bility that the intended mutation will be integrated into
the genome following the repair processes. The results
of the insertion of the A673T mutation were therefore
very low, and this PAM was not used for our experiments
(Supplementary Fig. S1).

The plasmid (pCMV-PE2) coding for the SpCas9 nick-
ase fused with a RT (SpCas9n-RT) was co-transfected
with the plasmid (pU6-pegRNA-GG-acceptor) coding for
one of the pegRNA in HEK293T cells. Exon 16 of the
APP gene was amplified by PCR, and amplicons were
sequenced by Illumina deep sequencing. The guanine-to-
adenine modification frequency with the PE2 editing tech-
nique varied from only 0.5% to 6.4% for the different
pegRNAs (Fig. 1C). The best results were obtained with
pegRNAL, having a PBS of 11 nt and a RTT of 14nt.

Negative control cells were transfected with a plasmid
containing a reporter eGFP gene. No mutations were
detected in the negative control. The results were

PBS RTT
pegRNA Spacer sequence 3’ extension (5" to 3') length (nt) length (nt)
pegRNA1 GGAGATCTCTGAAGTGAAGA  TTCTGTATCCATCTTCACTTCAGAG 11 14
pegRNA2 GGAGATCTCTGAAGTGAAGA  GAATTCTGTATCCATCTTCACTTCAGAG 11 17
pegRNA3 GGAGATCTCTGAAGTGAAGA  TCGGAATTCTGTATCCATCTTCACTTCAGAG 11 20
pegRNA4 GGAGATCTCTGAAGTGAAGA  TTCTGTATCCATCTTCACTTCAGAGATC 14 14
pegRNAS GGAGATCTCTGAAGTGAAGA  GAATTCTGTATCCATCTTCACTTCAGAGATC 14 17
pegRNAG6 GGAGATCTCTGAAGTGAAGA TCGGAATTCTGTATCCATCTTCACTTCAGAGATC 14 20
pegRNA7 GGAGATCTCTGAAGTGAAGA  TTCTGTATCCATCTTCACTTCAGAGATCTC 16 14
pegRNAS GGAGATCTCTGAAGTGAAGA  GAATTCTGTATCCATCTTCACTTCAGAGATCTC 16 17
pegRNA9 GGAGATCTCTGAAGTGAAGA TCGGAATTCTGTATCCATCTTCACTTCAGAGATCTC 16 20
pegRNA_PM1 GGAGATCTCTGAAGTGAAGA  TTCTGTATCGATCTTCACTTCAGAG 11 14
pegRNA_PM2 GGAGATCTCTGAAGTGAAGA  TTCTGTATGCATCTTCACTTCAGAG 11 14
pegRNA1_London GTTCTTCTTCAGCATCACCA TCATCATCACCTTGGTGATGCTGAAGAA 13 15
pegRNA2_London GTTCTTCTTCAGCATCACCA GATCATCATCACCTTGGTGATGCTGAAGAAGAA 16 17
pegRNA1_PM_London GTTCTTCTTCAGCATCACCA TCATCATCACATTGGTGATGCTGAAGAA 13 15
pegRNA2_PM_London GTTCTTCTTCAGCATCACCA GATCATCATCACATTGGTGATGCTGAAGAAGAA 16 17
pegRNA_EMX1 GAGTCCGAGCAGAAGAAGAA GTGATGGGAGCCCTTGTTCTTCTGCTCGG 13 16
pegRNA1_PAM?2 CTTCATATCCTGAGTCATGT ACAGAATTCCGACATGACTCAGGAT 11 14
pegRNA2_PAM?2 CTTCATATCCTGAGTCATGT TACAGAATTCCGACATGACTCAGGAT 11 15
pegRNA3_PAM2 CTTCATATCCTGAGTCATGT ATACAGAATTCCGACATGACTCAGGAT 11 16
pegRNA1_PM_PAM2 CTTCATATCCTGAGTCATGT ACAGAATTCAGACATGACTCAGGAT 11 14
pegRNA2_PM_PAM2 CTTCATATCCTGAGTCATGT TACAGAATTCAGACATGACTCAGGAT 11 15
pegRNA3_PM_PAM2 CTTCATATCCTGAGTCATGT ATACAGAATTCAGACATGACTCAGGAT 11 16

pegRNA, prime editing guide RNA; PBS, primer binding site; RRT, reverse transcriptase template.
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statistically significant, except for pegRNA9, when com-
paring the different pegRNAs to the negative control
using a one-way ANOVA test. Moreover, detailed analy-
sis of the nucleotides around the A673T mutation and
cleavage sites did not reveal any major unintended mod-
ifications of other nucleotides. The frequency of indels
remained low, varying between 0% and 0.8%. The
indel frequencies from one pegRNA to another compared
to the negative control were not statistically significant
(Fig. 1D).

Insertion of the A673T mutation using the PE3
technique

Since the editing rate was rather low with the PE2 tech-
nique, we decided to test the PE3 technique described
by Anzalone et al. (Fig. 2A).* For this technique,

>
FIG. 2. PE3 Prime editing method. (A) Scheme of the

PE2 and the PE3 prime editing methods. The PE2
method uses (1) an SpCas9 H840A nickase (SpCas9n) to
induce a nick in the DNA strand containing the NGG
PAM fused with an engineered RT and (2) a pegRNA
(i.e., a single-guide RNA [sgRNA] extended by a RTT and
a PBS). In addition to the PE2 components, the PE3
method uses an sgRNA to induce a nick in the
nonedited strand containing another PAM, which will
induce repair processes and increase editing. (B) Tests
of the pegRNA1 targeting the APP gene in combination
with various sgRNAs. HEK293T cells were transfected
with plasmids coding for the SpCas9n-RT, the pegRNAT,
and four different sgRNAs, which induced a nick in the
other DNA strand that was not previously nicked by
pegRNAT. These additional nicks were induced at
various base pair distances from the pegRNA1 nick.
DNA was extracted 72 h later. APP exon 16 was PCR
amplified, and amplicons were sequenced by Illumina
deep sequencing. The negative control did not receive
any treatment. The results were analyzed with a one-
way ANOVA test and Dunnett’s multiple comparisons
test (n=3) compared to the negative control.

**p < 0.0050; ***p=0.0004. (C) Indel levels resulting
from prime editing of the APP gene exon 16 using the
PE3 method. There were 0.03% indels in the control
sample. The level of indels varied from 0.06% to 0.89%
for the PE3 method. The results were analyzed with a
one-way ANOVA test and Dunnett’s multiple
comparisons test (n=3) compared to the negative
control. The p-value was significant only for pegRNAT +
SgRNA ¢. *p=0.0225.
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HEK?293T cells were co-transfected with three plasmids
coding for the SpCas9n-RT, pegRNAI, and one of four
potential sgRNAs. This combination of plasmids induced
an additional single-strand nick in the DNA strand that
was not cut by the complex pegRNA1/SpCas9n-RT.

Whereas PE2 used an engineered RT to increase edit-
ing efficiency, PE3 nicks the nonedited strand to force its
replacement and to boost editing efficiency. The posi-
tions of these additional nicks are limited by the presence
of adequate SpCas9 PAM sequences. We tested four po-
tential sSgRNAs (sgRNA_ 33, SgRNA 49, sgRNA 79, and
sgRNA, (3, sequences in Table 3) that were able to in-
duce a nick at —138, —69, +79, or +131nt from the
nick induced by the pegRNAI.

Another sgRNA hybridized with the APP exon 16 only
following a modification of the target gene by the pegRNA
(a method called PE3b) could not be tested due to the ab-
sence of NGG PAM near the site of the mutation in the
nonedited strand.”> As in the previous experiments, exon
16 of the APP gene was amplified by PCR, and amplicons
were sequenced by Illumina deep sequencing.

Among the four sgRNAs tested, only sgRNA 79 mini-
mally increased the frequency of the desired A673T mu-
tation to 9.9%. The results were statistically significant
compared to the negative control (Fig. 2B). The fre-
quency of indels remained low, varying between 0.06%

A PE3
S— 1
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Table 3. Sequences of sgRNAs Used in Experiments

sgRNA Spacer sequence

sgRNA —138 CCTACCCAAAACTTCTTTCT
sgRNA —69 ACATCATAATTAAAGTATGC
sgRNA +79 AGACAAACAGTAGTGGAAAG
sgRNA +131 CTTAATTTGATTTCTAGCAC
sgRNA_London +48 AGGTGCAATCATTGGACTCA
sgRNA_PAM2 — 92 GCCAAATGACCTATTAACTC
sgRNA_PAM2+72 CTTTAATTATGATGTAATAC
sgRNA_PAM?2 PE3b ACAGAATTCCGACATGACTC
sgRNA_PAM?2 PE3b_pm ACAGAATTCAGACATGACTC

sgRNA, single-guide RNA.

and 0.89%. The indel frequencies from one pegRNA to an-
other compared to the negative control were not statistically
significant, except for pegRNAI1 + sgRNA 49 (Fig. 2C).

Dual installation of the A673T mutation and a
mutation in the PAM sequence

For this experiment, we designed two new pegRNAs
called pegRNApy; and pegRNApy, (Table 2). Each
was able to mutate one of the guanine nucleotides in
the PAM while also introducing the desired A673T mu-
tation (Fig. 3A). By inducing a mutation in the PAM of
the SpCas9n, these guides could prevent the prime editor
from targeting APP genes that already contained the
A673T mutation.
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Thus, in addition to the A673T mutation, pegRNApy;
induced the M6711 mutation, and pegRNApy;, induced
the D672H mutation. PegRNApy;; and pegRNApyp,
were used with the basic PE2 technique and in the PE3
technique alongside sgRNA_35, sgRNA g9, SgRNA,7,
and sgRNA, ;31. PegRNApy; induced the PAM mutation
(PM) in 10.0-28.2% of the APP gene. However, 28.2%
of the PAM mutation was observed when pegRNApy
was used in combination with sgRNA ;9. PegRNApy, mu-
tated the PAM slightly less frequently (in 9.4-20.2%), but
the percentage of PAM mutation reached 20.2% when
pegRNApy, was used in combination with sgRNA ;9.

The A673T mutation was therefore also favored by
reaching 28.1% and 20.1% using pegRNApy;; and pegR-
NApM, respectively, and the results were statistically signif-
icant compared to the negative control (Fig. 3B). The
frequency of indels remained low, varying between 0.10%
and 1.13%. The indel frequencies from one pegRNA to an-
other compared to the negative control were not statistically
significant, except for pegRNApy, + sgRNA 79 (Fig. 3C).

Insertion of the A673T mutation by repeated prime
editing treatments

Since the pegRNAs (pegRNApy; and pegRNAppn),
which induce the A673T mutation, also install a mutation
in the PAM, repeated treatments of the cells should not
lead to a loss of the already introduced A673T mutation.

FIG. 3.

>

Simultaneous mutation of the target codon and of the PAM by a pegRNA (A) Scheme illustrating the

method for mutating the target codon and the PAM by a pegRNA. (1) The pegRNA contains the desired mutation
in the RTT sequence to induce the A673T mutation in the upper strand of APP gene (G— A). The RTT sequence
also includes an NGC sequence to mutate one of the guanines (G) of the PAM. (2) The pegRNA hybridizes with
the lower DNA strand not containing the PAM, and a nick is induced in the upper DNA strand 3 nt upstream of
the PAM. (3) Following DNA repair the upper DNA strand contain an adenine (A) for the A673T mutation and a
mutated PAM (NCG). (4) The mutation of the PAM prevents a subsequent binging of the SpCas9n-RT to the DNA.
Therefore, this method increases the editing rate by preventing a new nick that could remove the previously
inserted mutation. (B) Simultaneous insertion of the A673T and the PAM mutation (PM) in the APP gene by PE2
and PE3. HEK293T cells were transfected with plasmids coding for the SpCas9n-RT and for a pegRNA (either
pegRNApm71 or pegRNARw»), which were able to induce both the A673T mutation as well as mutate one of the
guanines (G) of the PAM. In addition, some cells were also transfected with a SgRNA (sgRNA._;35, SQRNA ¢,
sgRNA_ o, or sgRNA, 3;). DNA was extracted 72 h later. APP exon 16 was PCR amplified, and amplicons were
sequenced by lllumina deep sequencing. The figure illustrates the insertion percentage of the A673T mutation and
the percentage of the PAM mutation (either PM1, i.e.,, mutation of the first G in the PAM inducing the M671I
mutation, or PM2, i.e.,, mutation of the second G in the PAM inducing the D672H mutation). The negative control
did not receive any treatment. The results were analyzed with a one-way ANOVA test and Dunnett’s multiple
comparisons test (n1=3) compared to the negative control. *p <0.0001. (C) Indel levels resulting from prime editing
of the APP gene exon 16 using the PAM mutation. There were 0.02% indels in the control sample. The level of
indels varied from 0.10% to 1.13% for the PAM mutation method. The results were analyzed with a one-way
ANOVA test and Dunnett’s multiple comparisons test (n=3) compared to the negative control. The p-value was

significant only for pegRNApm2 + SGRNA 70. *p=0.0141.
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Again, this is because the SpCas9n-RT protein cannot
bind to previously mutated APP genes containing a mod-
ified PAM sequence. As such, this favors the installation
of the A673T mutation in cells where the PAM and the
target APP 673 codon are not yet mutated.

We thus attempted to treat the HEK293T cells repeat-
edly with the PE3 method over the course of 10 weeks
using the sgRNA,;9 with pegRNA1, pegRNApy or
pegRNApy. As an additional control, we used a
pegRNAgvx; (Table 2) targeting the EMX/ gene. The
EMXI G to C mutation at position Lys263 is ideal as a

A Desired mutation
@ Template for mutated PAM 4\
PBS RTT

LR LR
NGC U

RT SpCas9n
PAM .-
5 DNA NGG® 6
3

® )

SpCas9n
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positive control gene because it can be reliably installed
at a fairly high rate (~25%), and this allowed us to con-
firm that the transfections were effective.

The treatments were repeated every 7 days and were per-
formed up to 10 times (Fig. 4A). The editing of the EMX1
and of APP genes progressively increased with each treat-
ment repetition. After the 10th treatment (T10), the suc-
cessful EMXI mutation rate reached 83.4%. The A673T
mutation rate increased to 49.2% with the PE3 treat-
ment alone and up to 68.9% when using pegRNApy;
and 68.1% when using pegRNApyp. The results were
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statistically significant compared to the negative control Insertion of the London V7171 mutation by PE2, PE3,
(Fig. 4B). The frequency of indels remained low, varying and mutated PAM

between 0.74% and 4%. The indel frequencies from one Prime editing now makes it possible to correct almost any
pegRNA to another compared to the negative control point mutation if a PAM is located near it. Hence, FAD
were not statistically significant, except for pegRNA1 + mutations could also theoretically be targeted by prime

SgRNA 79 and pegRNApy; + sgRNA ;9 (Fig. 4C). editing. We did not have cells containing one FAD
A 100
— 80 mmm  Negative control
é 60 * * . == pegRNAT + sgRNA +79
s "
2 . * == pegRNA_PM1 + sgRNA +79
ot 407 H == pegRNA_PM2 + sgRNA +79
20+ = pegRNA_EMX1
0- L
7 T8 T9 TI0
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FIG. 4. Repeated PE2 treatments of the EMX1 gene and PE3 treatments of the APP gene. (A) HEK293T cells were
transfected with plasmids coding for the SpCas9n-RT and a pegRNA (pegRNAgwx1, PegRNA1, pegRNApy; or
pegRNApm»). Cells were also transfected with a plasmid coding for the sgRNA_;o. These treatments were repeated
10 times at weekly intervals. The DNA was extracted from cell samples 72 and 144 h after each treatment. The
remaining cells were replated for expansion and for a subsequent treatment. For each DNA sample, the APP exon
16 and the EMX1 exon 3 were PCR amplified and analyzed by Sanger sequencing. The figure illustrates in gray the
edition percentages of the desired mutation in the EMX1 gene (as a positive control) and, in blue, green, and
purple, the edition percentages for the A673T mutations. The negative control in black (barely visible because close
to zero) did not receive any treatment. The results were analyzed with a one-way ANOVA test and Dunnett’s
multiple comparisons test (n=2) compared to the negative control. *p <0.0001. (B) For T10, the APP exon 16 and
the EMX1 exon 3 were PCR amplified, and amplicons were also sequenced by Illlumina deep sequencing. The results
were analyzed with a one-way ANOVA test and Dunnett’'s multiple comparisons test (n=2) compared to the
negative control. *p <0.0001. (C) Indel levels resulting from the repeated PE2 treatments of EMXT gene and
repeated PE3 treatments of the APP gene exon 16. There were 0.03% indels in the control sample. The level of
indels varied from 0.74% to 4%. The results were analyzed with a one-way ANOVA test and Dunnett's multiple
comparisons test (n=2) compared to the negative control. The p-value was significant for pegRNA1 + sgRNA, ;9 and
pegRNApm2 + SGRNA, 5. *p=0.0459; **p =0.0064.
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mutation. We therefore decided to insert the London mu-
tation into a normal APP gene to demonstrate that a pre-
cise point mutation can be inserted and could eventually
be reversed by changing one nucleotide in the pegRNA.

We selected a PAM at position Thr719 of the APP
gene exon 17 at 6 nt from the target nucleotide cytosine
(C) in the antisense strand to modify the valine codon
(5’GTC3’) into an isoleucine (5’ATC3’) in the sense
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strand (Fig. 5A and B). We designed two different pegR-
NAs (pegRNAT | gndgon, PEERNA2 1 ondon) With PBS and
RTT sections of different lengths (Table 2), and we tested
their efficacy with the PE2 method.

We also tested the PE3 method using the sgRNA
(sgRNA 1 ondontas; Table 3) with the different pegRNAs.
In addition to the V7171 mutation, the pegRNA1ppm_1 ondon
and the pegRNA2pp 1 ondon induced a silent mutation in

A Val lle
GCGACAGTGATAGTCATCACCTTGGTGATGCTGAAGAAGAAK I |
CGCTGTCACTAGCAGTAGTGGAACCACTACGACTTCTTCTTT , , , ,
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FIG. 5.

Simultaneous insertion of the V7171 and the PAM mutations in the APP gene by PE2, PE3, and PAM

mutation methods. (A) Section of APP exon 17 with codon of interest (Val717) in the red box. In the blue box, the
unmodified sequence used to design the PBS and the RTT. The PAM is in a green box, and the pegRNA spacer
sequence is in a yellow box. (B) The change in the antisense strand of the C (cytosine in red) into a T (thymine in

red) modifies the valine (5’GTC3’) codon in the sense strand

into an isoleucine (5’ATC3’). (C) Four different pegRNAs

with various PBS, RTT inducing or not a PAM mutation (PM) were transfected in HEK293T cells with Lipofectamine™
2000. In addition, some cells were also transfected with a sgRNA (sgRNA_ ondon +48)- DNA was extracted 72 h later,
exon 17 of the APP gene was PCR amplified, and amplicons were sequenced by Illumina deep sequencing. The
negative control did not receive any treatment. The results were analyzed with a one-way ANOVA test and

Dunnett’s multiple comparisons test (n=3) compared to the

negative control. For the V717| mutation, *p=0.0201

and ****p <0.0001. For the PM, p<0.0001 for all samples. (D) Indel levels resulting from prime editing of the APP
gene exon 17 using PE2, PE3, and PAM mutation methods. There were 0.03% indels in the control sample. The level
of indels varied from 0.01% to 0.28%. The results were analyzed with a one-way ANOVA test and Dunnett’s multiple
comparisons test (n=3) compared to the negative control. The p-value was significant only for pegRNA1_ ondon +
SgRNA—London+48 and pegRNAz—London + SgRNA-London+48- *P<0-0234-
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the PAM (ACC to ACG) where the amino acid stayed the
same (Thr719). The frequency of the desired guanine to
adenine modification of the APP gene was 0.1% and
1.6% for pegRNAI1 | ondgon and pegRNA2 | 51q0n, reSpec-
tively, with PE2.

The combination of PAM mutation and PE3 method in-
creased the mutation rate up to 9.0% for V7171 and up to
14.1% for the PAM mutation induced by pegRNA2pp1.1 ondons
having a PBS of 16nt and a RTT of 17nt. For the V7171
mutation, the results were statistically significant for
pegRNA2 + sgRNA | ongont4s, PEERNAZpALL ondon, and
PegRNA2pn 1 ondon + SERINA 1 ondont4g cOmpared to the neg-
ative control (Fig. 5C). The frequency of indels remained
low, varying between 0.01% and 0.28%. The indel frequen-
cies from one pegRNA to another compared to the nega-
tive control were not statistically significant, except for
pegRNAl—London + SgRNA—Lond01H¢l8 and pegRNAz-London
+ SgRNA—Lond0n+48 (Flg SD)

Discussion

This study focused on the use of the prime editing tech-
nique to introduce the protective Icelandic mutation
(A673T) in cultured cells. Our results clearly indicate
that it is possible to introduce this mutation in
HEK293T cells in culture with interesting editing
rates. In a previous article, we used the cytidine base
editing technique to introduce the A673T mutation,
and Target-AID_SpCas9VQR was the most efficient
base editor.**

However, while it did preferentially deaminate the
targeted cytosine, it also weakly deaminated the other
four nearby cytosines. Thus, the base editing technique
also induced the mutation of the glutamine codon in po-
sition 674 into a lysine (E674K). Previously, with the
base editing, the A673T mutation was created when
the cytosine (C2) at position 673 in the antisense strand
had been deaminated. The highest C2 deamination
obtained through Target-AID_SpCas9VQR demon-
strated a C2 deamination of 53.3% when including
changes in surrounding cytosines and 42.6% when ex-
cluding all but the E674K mutation. Only 3.8% of the
DNA contained the desired C2 mutation without alter-
ing other surrounding cytosines.

However, prime editing allowed us to insert the A673T
mutation precisely with a maximum rate of 49.2% using
the PE3 method. Unintended mutations of nearby nucle-
otides were not observed in the present study with the
prime editing technique. Prime editing also has the ad-
vantage of having less stringent PAM positioning re-
quirements due to the variable length of the RTT
compared to base editing.”” We have to keep in mind
that the off-target effects of Cas9 and base editors
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may differ; cytosine base editors generate more indels,
off-target editing, and unwanted changes than adenine
base editors.*

Expanding PAM flexibility through the development
of genetically engineered Cas9 proteins and the discov-
ery of novel Cas9 nucleases would widen the spectrum
of genome targeting while preserving editing efficiency
and specificity for prime editing and base editing. More
studies are needed to understand better and improve
these editing techniques in a variety of cell types and
organisms, as well as in vivo characterization for ther-
apeutic applications.?” Overall, because multiple cyto-
sines are present near the A673T mutation site and
bystander edits are undesirable, the prime editing tech-
nique offers more advantages for the potential treatment
of AD requiring precise edits than the cytidine base
editing technique.

Our results also clearly demonstrated that repeated
treatment increased the frequency of the intended muta-
tion. The first explanation for this increased mutation
frequency is that the repeated treatments permitted the
simultaneous transfection of the three plasmids in
HEK?293T cells that were not previously simultaneously
transfected. We have therefore shown that repeated
prime editing can increase the desired mutation when
more than one delivery vector is used.

This method of repeated treatment could also be used
to create a pool of highly modified cells and thus more
easily screened cells to find a clone with the mutation in-
stalled. It is also possible to consider repeating the treat-
ment with prime editing to increase the editing rate of a
specific mutation for future gene therapy with a vector
that does not induce an immunogenic response such as
extracellular vesicles.”'

The optimization of the PBS and RTT sequences, as
well as the addition of the PE3 method with the mutation
of the PAM, maximized the editing percentages. How-
ever, the mutation of the PAM cannot be used in all
cases because it can cause a change of an amino acid.
It is therefore preferable to use the PAM mutation tech-
nique only when it does not induce an amino acid
change from the mutation of the nucleotide, as was the
case in the experiments that we did to insert the London
mutation.

At the present time, there are no data suggesting that
the additional PAM mutation (M6711 or D672H) can
alter the protective effects of the A673T mutation.
These mutations are not linked to a familial form of
AD. Furthermore, the latest experiments with base edit-
ing have shown that the addition of a mutation (E674K)
near A673T seemed to have a positive synergistic effect
with A673T.%* In the future, if we want to use the PAM
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mutation for the development of gene therapy, it will be
necessary to verify whether these additional mutations af-
fect peptide aggregation or have other effects in vivo.

The conformation of the amyloid peptide has changed
following the insertion of the A673T mutation. There-
fore, it remains necessary to ensure that the resulting
product will not be recognized as nonself and induce an
immune response with future studies. An immune re-
sponse against the mutated protein could ultimately ne-
gate the therapeutic effect.’”

Moreover, the London mutation (V717I) is one of the
most common forms of FAD worldwide. We have already
had interesting results showing that the insertion of the
A673T mutation by base editing with the London mutation
reduces the amount of toxic peptides Af1-40 and Af1-
427" Because the cells used in the current experiments
are wild type, we have shown that it is possible to induce
the mutation responsible for the V7171 form of AD. In fu-
ture experiments, we will use cell lines including the Lon-
don FAD, and the opposite mutation, 717V correction,
will be made with prime editing.

Although the indels of APP gene amplicons were ana-
lyzed in this study, it remains necessary to assess off-
target prime editing in a genome-wide manner before
proceeding to possible clinical trials. These measure-
ments will thus confirm that our approach with prime
editing does not induce undesirable effects on other
genes. Interestingly, a recent study looking at genome-
wide specificity with prime editing came to the conclu-
sion that prime editing provides a highly specific method
of precise genome editing with a very low number of off-
target events.>

The main problem for developing a treatment for AD
using this prime editing approach will be to deliver the
components of the prime editing technology to neurons
efficiently in the brains of patients. The SpCas9n-RT
gene is ~ 6.3 kb, and this is too large to be delivered by
a single adeno-associated virus (AAV), which contains
at most ~ 5kb. One possibility is to use a dual AAV de-
livery system, each encoding one of the fragments of the
protein to be delivered flanked by short split-inteins,
resulting in protein trans-splicing and full-length protein
reconstitutions.**

The AAV-PHP.eB has the great advantage of crossing
the blood-brain barrier (BBB) and thus of delivering
genes to neurons in some mouse species.’> Other AAV
serotypes, such as the AAV-F, have been proven effec-
tive for delivery to the brain in nonhuman primates,
and may one day be used in humans.*® Another potential
delivery vector is extracellular vesicles.>’ They have
been shown to cross the BBB and can be loaded with
genes or proteins.’’ >’
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The AAV is the vector most frequently used in the
field of gene transfer therapy in vivo. Indeed, the gene
delivered by this vector is not integrated into the patient
genome and has low immunogenicity.40 There are now
a few treatments approved for commercialization and
currently available with AAVs. A Phase I study of bilat-
eral intracerebral delivery of AAV2-NGEF to the basal
forebrain of patients with mild to moderate AD-
associated dementia has already been performed. This
study proved that surgical delivery was safe and well
tolerated.*'

Human data on the protective effect of the A673T mu-
tation are derived mostly from heterozygous carriers. 1415
In our study, the insertion of the A673T mutation was an-
alyzed by amplicon sequencing. So, it is impossible to de-
termine the homozygous or heterozygous distribution of
the A673T mutation within the modified cells.

Consequently, the percentage of insertions of the
A673T mutation in the samples of cells could vary, con-
sidering those having undergone a homozygous insertion.
Additional experiments on single cells would clarify this
issue. Nevertheless, it would be unlikely for the homozy-
gous character to influence the protective effect of the
A673T mutation negatively. Jonsson et al. have already
identified three homozygous carriers of A673T in Icelan-
dic samples, and none of these homozygous carriers had a
history of dementia.'*

The next part of our project is to develop a gene editing
treatment for AD that will aim to deliver the prime edit-
ing agents using a dual AAV to neurons of AD patients
(obtained by direct conversion of fibroblasts) in vitro.*?
Subsequently, we will attempt to insert the A673T muta-
tion in mouse models of AD.*’

Although our results are still only preliminary, we
hope to develop a treatment that will slow down the for-
mation of amyloid plaques in AD patients. Prime editing
may also be used to treat many other hereditary diseases
due to point mutations. However, some specific optimiza-
tions will be required to adjust for each different target in
the genome.

Conclusion

We have used the prime editing technique to insert the
APP A673T mutation directly by modifying the guanine
in the alanine codon (5’"GCAZ3’) into an adenine, result-
ing in the formation of a threonine codon (5’ACA3’) in
HEK293T cells. Following repeated treatments, we
obtained a A673T mutation rate of up to 49.2% with
the PE3 technique and up to 68.9% with a simultaneous
PAM mutation. These results clearly show that it is pos-
sible to introduce the Icelandic protective mutation with
the prime editing technique in cells in vitro, and they
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raise the possibility that with an effective delivery sys-
tem, this mutation may be inserted directly in patient
neurons in vivo to prevent hereditary AD and eventually
sporadic AD.
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