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ABSTRACT (MAX 200 WORDS)

Amyloid precursor protein (APP), a membrane protein mostly found in neurons, is
preferentially cut by the a-secretase enzyme, however, abnormal cleavage by [B-secretase
leads to the formation of B-amyloid peptide plaque in the brains of Alzheimer’s patients.
Genome analysis of an Icelandic population that did not appear to show symptoms of
Alzheimer’s at advanced age led to the discovery of the A673T mutation, reducing [-
secretase cleavage by 40%. We hypothesized that the insertion of this mutation in a patient’s
genome could be an effective and sustainable method to slow down or prevent the progression
of familial and sporadic forms of Alzheimer’s disease. We have thus modified the APP gene
in HEK293T cells and in SH-SY5Y neuroblastoma using a Cas9n-deaminase enzyme, which
changes a cytosine into a thymine, thus converting the alanine codon to a threonine. Several
Cas9n-deaminase variants were tested to compare their efficiency of conversion. The results
were characterized and quantified by deep sequencing. We successfully modified the APP
gene in up to 56.7% of the HEK293T cells. Our approach aimed to attest to the efficiency of
base editing in the development of treatments against genetic diseases as well as provide a

new strategy for the treatment of Alzheimer’s.

INTRODUCTION

Alzheimer's disease (AD) is one of the most well-known neurological illnesses due to
its prevalence in the elderly population and the lack of effective treatment. It is responsible for
70 % of the reported cases of dementia, currently totaling about 47.5 million cases worldwide
with an estimated progression to 75.6 million in 2030 according to the World Health
Organization. Patients are afflicted with memory loss, temporal and spatial confusion, and
have difficulty planning tasks®™. The onset and development of this disease can be attributed

to the accumulation of amyloid plaques between neurons. This eventually results in the death
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of the patients®. Unfortunately, a treatment capable of attenuating the accumulation of
amyloid plaques has yet to be created. These plaques are the result of the undesirable cleavage
profile of the amyloid B precursor protein (APP).

APP is a membrane protein that is preferentially cleaved by a-secretase. However,
cutting of the protein by the B-secretase (BACE1) leads to the formation of amyloid-$
peptides. These peptides form aggregates which accumulate as plaques between neurons in
the brains of patients afflicted with Alzheimer’s &4,

Numerous mutations in the APP gene have been shown to favor B-secretase cutting
and thus the accumulation of plaques leading to Familial Alzheimer’s Disease (FAD).
However, it was discovered that an APP gene variant (Icelandic mutation A673T) present in a
Scandinavian population reduces p-secretase cleavage in the APP by 40% and also reduces
the B-peptide aggregation®®. This mutation of the alanine codon into a threonine codon is
due to the modification of a single base pair in exon 16 which. Individuals carrying this
mutation present almost no accumulation of amyloid-f peptides in their brain even at 95 years
of age. Moreover, the A673T mutation has been linked to a greater life expectancy as carriers
of this mutation are 50% more likely to reach the age of 85 when compared to non-carriers.
Further substantiating this claim, Kero et al.’s identified a 104 year old person carrying the
A637T gene who later died with little f-amyloid pathology™:®).

This evidence suggests that a therapy based on transmitting this mutation to AD
patients or genetically susceptible individuals would be beneficial to prolong their quality of
life by slowing down the development of the disease. To this end, we are proposing the use of
the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) system to introduce
this A673T mutation. While this system was originally used by bacteria such as Streptococcus
pyogenes (Sp)® and Staphylococcus aureus (Sa)® as an immune system to resist

bacteriophages, researchers worldwide have successfully co-opted it for their own purposes.
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The original CRISPR system used a CRISPR-associated protein (Cas) and a sgRNA to
selectively cleave a specific nucleic acid sequence. However, Dr Liu et al. have recently
published their development of Cas9 fusion proteins (i.e. BE3 & Target-AlID) that they have
called base editors V. Their fusion proteins contain a cytidine deaminase enzyme and a Cas9
nickase (Cas9n) linked by an amino acid sequence. The final result is a fusion protein that
allows for a direct, programmable, and irreversible conversion of a C:G base pair into T:A
pair without inducing a Double Strand Break (DSB). The Cas9n fusion protein forms a
complex with a single guide RNA (sgRNA) and relies on the later’s sequence to target and
attach to a specified DNA complementary sequence. The formation of this protein/RNA/DNA
complex liberates an R-Loop, which exposes a small section of single stranded DNA
(approximately five nucleotides). All the cytosines present in this area are deaminated and
thus converted to uracil, resulting in an intermediate G:U. The cell then engages its base
excision repair mechanism to solve the G:U mismatch. This is initiated by the excision of
uracil by uracil N-glycosylase (UNG). To protect this intermediate, Liu’s group fused a uracil
glycosylase inhibitor (UGI) to the Cas9n C-terminal, increasing the conversion of the G:U to
A:U and finally A:T by 50%. The combination of these elements forms the complex BE3
(Base Editing Version 3) (Figure 1). This technique was subsequently improved by the same
group 4 with the release of the BE4 system.

One limitation of this system is the dependency the Cas9 protein has on its associated
protospacer adjacent motif (PAM). For the Cas9 to induce a DSB in its target sequence, said
sequence must contain a pre-defined set of nucleotides, to which the Cas9 will first bind®®)
Only after the Cas9 interacts with this sequence can it induce a DNA DSB at a specific site
recognized by the sgRNA. As a result, researchers are often limited in their selection of an
adequate Cas9 based on the presence of a specific PAM. Since the base editing system relies

on a Cas9 for targeting, it is likewise constrained by the presence of an adequate PAM.
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93 In the present study, we used the CRISPR/Cas9 base editing method to mutate the
94  APP gene, allowing a seamless and efficient A673T editing in human cells. We tested several
95  Cas9/deaminase variants in order to find the most efficient enzyme to induce the Icelandic
96  mutation.

97

98 RESULTS

99  Deaminase design

100 BE3_SpCas9n (henceforth designated as BE3) was the original SpCas9n deaminase
101  made by Komor et al. (11) (Figure 1). It contains the APOBEC1 deaminase, a 16 amino acids
102  linker, the SpCas9 nickase (i.e., a SpCas9n containing a D10A mutation to prevent the cut of
103  one DNA strand), a second 4 amino acids liker and the uracil DNA glycosylase inhibitor
104  (UGI). This version of the enzyme recognized a NGG or NGA PAM sequence. Unfortunately,
105 this constraint meant that it could not be used in our experiment since there was no NGG
106  PAM near the codon 673 in exon 16 of the APP gene. As such, it was necessary to use a new
107  base editor to induce the Cytosine to Thymine conversion required for the creation of the

108  A673T mutation.

109 As shown in Figure 2, the antisense DNA strand was targeted using three different
110 BE3. These base editors differed in their Cas9n enzymes with each possessing different
111  PAMs: NGAN (for SpCas9nvor) ®®, NGAG (for SpCas9neqr) @, or AGAGAT (for
112 SaCas9nkkr) 7. This was done to induce the deamination of the cytidine in position 2 (C2)
113 in the editing window in the antisense strand into a thymine (T), thereby changing the alanine

114  codon (GCA) into a threonine codon (ACA) in the sense strand i.e., the A673T mutation.

115 Mutant SpCas9 nucleases have previously been produced wit to react with alternative

116  PAMs (8, Of them, Cas9nvor and Cas9negr Were selected for the purposes of this study, The

5
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117 VQR variant has been shown to robustly bind to sequences with NGAN PAMs while the
118 EQR variant is more specific and thus anneals to an NGAG PAMs. These mutant Cas9
119 molecules were used as a base to create the following base editors. BE3_SpCas9nvor,
120 BE3_SpCas9neqr, BE3_SaCas9nkkH, BE4-Gam_SpCas9n, YE1-BE3 SpCas9n and Target-
121 AID SpCas9n were purchased on Addgene. BE4-Gam_SpCas9nvqr, BE4-Gam_SpCas9neqr,
122 YE1-BE3 SpCas9nvor, YEI1-BE3 SpCas9neqr, YEI1-BE3 SaCas9nkkn,  Target-AlD
123 SpCas9nvqr, Target-AlD SpCas9neqr, Target-AlD SaCas9nkkn were made in our laboratory.
124  Several sgRNA lengths, from 17 bp to 22 bp, were tested in order to influence the conversion
125  window (list available in supplemental results Table S1). One or two SgRNA copies were
126  inserted in a modified pBSUG6 plasmid.

127

128  APP deamination: A673T editing

129 Deep sequencing was used to determine the percentage of deamination (i.e., a cytosine
130 changed into a thymine) obtained for each cytosine (C1 to C5) present in the target window of
131  the deaminase (analysis examples available in supplemental data Table S2).

132 The editing efficiency in HEK293T cells was greater than in SH-SY5Y cells
133 throughout the study (Figure 3A). The three variants of Cas9 used with the APOBEC1
134  deaminase (BE3_SpCas9neqgr, BE3 SpCas9nvor, BE3 SaCas9nkkn) showed a similar
135  editing profile, however, SH-SY5Y cells only demonstrated ~40% of the editing found in
136 HEK293T cells (Figure 3B for HEK293T and Figure S1 for SH-SY5Y). BE3_SpCas9nvor
137  exhibited the highest deamination rate. Inclusion of two copies of sgRNA in the plasmid
138  slightly increased the targeted deamination (Figure 3C). As illustrated in Figure 3D, the best
139  deamination percentages of the C2 nucleotide using APOBEC1 were obtained with the
140 BE3_SpCas9nvqr enzyme with a sSgRNA targeting 20 nucleotides in both cell models (SH-

141  SY5Y available in supplemental results Figure S2). C1 and C3 nucleotides were deaminated
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142  more frequently than the C2 nucleotide with every base editor using the APOBEC1 enzyme
143  (present in all the BE3 and BE4 constructs). From these experiments, it was concluded that
144  the SpCas9neqr and the SaCas9nkkn base editor variants were showcasing poor deamination
145  rates and were greatly less effective than the BE3_SpCas9nvor variant (results available in
146  supplementary results Figure S3). Thus, the BE3_SpCas9negr and SaCas9nkk+ were not used

147  in the subsequent experiments.

148 When the first experiments were performed, the conversion window was quite wide.
149  That is, the targeted cytidine (C2) was not deaminated frequently enough compared to the
150 other cytidines. In response, new cytidine deaminase enzymes were designed (YE1-
151  BE3_SpCas9nvqr, YE1-BE3_SpCas9Oneqr, YE1-BE3_SaCas9nkkn, Target-AlDSpCasOnvar,
152  Target-AIDSpCas9neqr, Target-AlDSaCas9nkkn). The enzymes were tested with sgRNAS
153  targeting 17, 18, 19, or 20 nucleotides this time. Among these new cytidine deaminase
154  enzymes, the Target-AlD-SpCas9nvor deaminated a higher percentage of cytidines,
155  especially C1 and C2, resulting in a narrower target window (Figure 4A for SH-SY5Y /
156  Figure S4 for HEK293T cells). Using a sgRNA targeting either 17 or 18 bp, C2 was
157  preferentially deaminated with statistically significant differences. But the highest
158  deamination of the C2 nucleotide was obtained with a sgRNA binding with 19 nucleotides. A
159  similar deamination profile was observed in the SH-SY5Y and HEK293T cells. A higher
160 deamination rate was noted in SH-SY5Y for the first time in the study, indicating that Target-
161  AID SpCas9nvqr could work better in these cells.

162 The YE1-BE3 variant was also tested. This variant contains two mutations W90Y and
163 R126E in the APOBEC1 gene and has previously been reported to create a narrower
164  conversion window™?. The enzyme was tested with sgRNAs targeting 19, 20, 21, or 22

165  nucleotides. This variant converted an insignificant percentage of cytidine C2 into thymine in
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166 exon 16 of the APP gene with the three Cas9 variants (expected for SpCas9neqr and
167  SaCas9kkn) (Figure 4B for SH-SY5Y / Figure S5 for HEK293T).

168 The experiment was repeated with Target-AlD-SpCas9nvor and with the
169 BE3_SpCas9nvqr combined with sgRNA targeting 19, 20, 21, or 22 nucleotides. The highest
170  percentages of deamination of the nucleotides C1 and C2 were obtained with the Target-AlD-
171 SpCas9nvqr used with sgRNAs targeting 19 nucleotides (Figure 4C). We therefore decided to

172  select this variant for the further steps.

173 AP peptides concentration decreases in APP SH-SY5Y cell lines

174 The next experiment was based on the work previously performed in our laboratory,
175 which found that the A673T mutation was responsible for reducing the AP peptide
176  concentration, which would otherwise had been produced by an APP gene containing a FAD
177  mutation®. The best FAD mutation responding to the treatment being the London mutation
178 V7171 (expected decrease in Table S3). The aim was to deaminate plasmids coding for APP
179  containing a FAD mutation and attesting an APB40/42 concentration decrease as proof of
180  principle. Different SH-SY5Y cell lines that constitutively expressed wild-type APP, V7171
181 APP or C1+C2 mutations of APP (E674K, A673T) were produced through lentiviral
182  transduction. These cells were subsequently transfected with a lentivirus plasmid EF1-Target-
183  AID-SpCas9nvqr-2U6 gRNA19. Interestingly, as observed in Figure 5A, deaminated SH-
184  SY5Y APP cell lines demonstrated different deamination profiles. Indeed, C1 was not as
185  frequently deaminated as C2. The two cell lines transfected respectively had 6.64% C2 for
186  SH-WT and 7.57% for SH-V7171. A reduction in the AB40 and APB42 peptides secreted in the
187  culture medium was observed (Figure 5B). Culture medium containing cells overexpressing

188  WT APP experienced a reduction of 19.9% AP40 and 6.7% for APB42. London mutation

189 V7171 APP cell line demonstrated a 26.4% AB40 and 31.8% AB42 reduction, and the C1+C2
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190  cell line showcased a 43.8% Ap40 and 52.7% AP42 reduction in peptides compared to WT

191  APP.

192

193  DISCUSSION

194 In this study, we have focused on the development of a promising base editing
195  technique that was designed to introduce the Icelandic A673T mutation in patients susceptible
196 to AD as a means of granting them protection towards the accumulation of beta peptide
197 plaques. The beneficial effects of this mutation were demonstrated through its introduction
198 into SH-SY5Y cells lines containing either the wild-type APP gene , the C1+C2 mutated APP
199  or a variant of this gene containing the London mutation VV7171®. Treated cell lines WT and
200 London showecased respectively 19-26% reduction in AB40 peptides and 6.7-31.8% in AB42
201  peptides respectively, which is promising despite a low transfection efficacy for our future in
202  vivo studies. C1+C2 cell line was created in order to attest if the deamination profile obtained
203  with our ideal base editor was creating a better or worse reduction of AP peptides.
204  Surprisingly the reduction obtained was better than a common A673T mutation with 43.8%
205  AP40 and 52.7% AP42 (Table S3). The process to determine which mutation endowed the
206  greatest protection against FAD required numerous screenings using various purchased and
207  lab-made base editors.

208 The CRISPR/Cas9-deaminase complex that we determined to be the most efficient
209  preferentially deaminated the targeted cytosine but also weakly deaminated the other four
210 nearby cytosines. The ideal choice for a base editor is often locus dependent; looking at our
211 study, SpCas9vqr was the most effective of the three Cas9 variants. This could be different in
212 another gene. We also obtained an explanation for the reduced deamination of the C2
213 nucleotide with APOBEC1. Indeed Dr. Komor’s team informed us this cytidine deaminase

214  was inhibited when a G was preceding the target C (our C2 target is preceded by a G). BE3
9
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215 and BE4 base editors were indeed deaminating C1 and C3 predominantly, which was not
216  beneficial towards our proposed treatment. Target-AlD, on the other hand, showed a much
217  higher deamination rate with a narrower conversion window around C1 and C2. Target-AID-
218  SpCas9nvqr Which presented the highest deamination rate was a new base editor designed in
219  our lab using Target-AlID-SpCas9n as a model. Recent base editors have been developed
220  since the beginning of this study such as XBe3 and evoCDA1-BE4max® ). Unfortunately,
221  the first one was using an APOBEC1 deaminase and the other seemed to have a wider
222 conversion window than our Target-Aid using a CDAL construct. Since there are several C in
223 our area of interest, this obliged us to select the narrowest editing window possible. The
224  reduced production of the AB42 and AB40 peptides observed in the cell supernatant suggests
225 that the additional cytosine mutations did not alter the protective effect of the A673T
226  mutation. It would be beneficial to investigate the effects these unintended mutations might
227  engender in vivo. It will be necessary to verify whether these additional mutations affect the
228  aggregation of the peptides or have any other detrimental effects. We hope that the
229  development of the PRIME editing technology is going to help us to limit the modifications
230  only to the C2 nucleotide @9,

231 The off targets from base editing are extremely small with no Cs modified outside of
232 the conversion window in our case. While indels may be more common in gene therapies that
233  involve Cas9-mediated cleavage or the recently designed prime editing with the PE3
234 technique using a second sgRNA to induce a second nick, base editing approaches are
235  primarily subject to off targeting in the conversion window. An in-silico investigation using
236  Benchling.com interface for our gRNA off targets demonstrated no notable off target events
237  (Figure S6). When looking at one mismatch situations, no off targets were found. A possible
238  off-target site was predicted only when our search was widened to two mismatches, however

239 this off-target was located in a non-coding DNA sequence.

10
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240 For this type of gene editing, one of the most important factors is the safe and efficient
241  delivery of the therapeutic agents. For the in vivo experiments and for an eventual clinical
242  application, a dual AAV vector delivery system may prove the only option to introduce the
243  cytidine deaminase transgene in the neurons. In fact, a single virus could not package a base
244 editor given its size. Base editing could be used to treat many hereditary diseases, even though
245  some specific optimizations will be required to adjust the target in the genome.

246
247  MATERIAL AND METHODS

248

249  Deaminase variants description and construction

250  The enzymes that we have tested are the following:

251 1) BE3_SpCas9nvar, produced by Kleinstiver et al.(16), is a variant of BE3, which contains
252 an SpCas9n protein with 3 mutated amino acids D1135V/R1335Q/T1337R. The gene for this

253 enzyme was available at Addgene Inc. as pBK-VQR-BE3 (#85171).

254  2) BE3_SpCas9neqr, also produced by Kleinstiver et al. (16), is another variant of BES3,
255 which also contains an SpCas9n protein with 3 mutated amino acids
256  D1135E/R1335Q/T1337R. The gene for this enzyme was available at Addgene Inc. as pBK-

257 EQR-BE3 (#85172).

258 3) BE3_SaCas9nkkH is a variant of BE3, also produced by Kleinstiver et al (17), which
259 contains an SaCas9n protein (from Staphylococcus aureus) with 3 mutant codons
260 E782K/N968K/R1015H. The gene for this enzyme was available at Addgene Inc. as pJL-

261  SaKKH-BE3 (#85170).

262 4) YE1-BE3 SpCas9n is a construct variant of BE3, which contains 2 mutant codons

263  (W90Y/R126E) in the rAPOBEC1 sequence. The gene for this enzyme was available at

11
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264  Addgene Inc. as pPBK-YE1-BE3 (#85174). We used this plasmid to construct all other variants

265  containing the YE1 rAPOBEC1 deaminase.

266  5) YE1-BE3_SpCas9nvqris a variant of the YE1-BE3_SpCas9n made in our laboratory. The
267 rAPOBEC1 deaminase sequence in plasmid pBK-VQR-BE3 was replaced with restriction

268  enzyme digestion/ligation by the YEL variant from plasmid YE1-BES3.

269  6) YE1-BE3_SpCas9neqr is a variant of the YE1-BE3_SpCas9n also made in our laboratory.
270  The rAPOBEC1 deaminase sequence in plasmid pBK-EQR-BE3 was replaced by the YE1

271  sequence from plasmid YE1-BE3.

272 7) YE1-BE3_SaCas9nkkn is a variant of the BE3_SaCas9nkkn made in our laboratory. The
273  rAPOBEC1 deaminase sequence in plasmid BE3 SaCas9nkkn was replaced by the YE1
274  variant from plasmid YE1-BE3.

275

276  8) BE4-Gam_SpCas9nvqris a variant of the BE4-Gam (Addgene Inc. # 100806) made in our

277  laboratory by PCR mutagenesis to create the VQR mutation in the SpCas9n gene.

278 9) BE4-Gam_SpCas9neqr is a variant of the BE4-Gam available at Addgene Inc. # 100806.
279  This variant was made in our laboratory by PCR mutagenesis to create the EQR mutation in

280 the SpCas9n gene.

281  10) Target-AID SpCas9nvqr is a variant of the Target-AID enzyme described by Komor et
282  al. (14). The original Target-AID enzyme contains the SpCas9n(D10A), a 105 amino acids
283  linker, CDAL (i.e., the activation induced cytidine deaminase (AID) that was modified by
284  Nishida et al. (21) ), a 11 amino acids linker and the UGI. The original plasmid, named
285 nCas9-PmCDA1-UGI available at Addgene Inc. #76620 was modified by PCR mutagenesis

286  to create the VQR version of the SpCas9n.

12
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11) Target-AID SpCas9neqr is a variant of the Target-AID enzyme described by Komor et
al. (14). The original Target-AID enzyme contains the SpCas9n(D10A), a 105 amino acids
linker, CDAL (i.e., the activation induced cytidine deaminase (AID) that was modified by
Nishida et al. (21) ), a 11 amino acids linker and the UGI. The original plasmid, named
nCas9-PmCDA1-UGI and gRNA (HPRT)(Target-AID) available at Addgene Inc. #76620

was modified by PCR mutagenesis to create the EQR version of the SpCas9n.

12) Target-AID SaCas9nkkH is a variant of the original plasmid called Target-AlID available
at Addgene Inc. #76620. The SpCas9n was replaced by SaCas9nkkn with Gibson assembly.
Briefly, the SpCas9n was removed by cutting the plasmid with two restriction enzymes Nhel

and BsiW1.

Co-transfection in HEK293T and SH-SY5Y cells of Cas9n/Cytidine deaminase plasmid

and pBSUG sgRNA.

The transfection reagent (Lipofectamine 2000™) and Opti-MEM-1 ™ culture
media) were purchased from Life Technologies Inc. (Carlsbad, CA). The HEK293T and
SH-SY5Y cells were transfected with a plasmid coding for one Cas9n-deaminase and a
SgRNA. The day before the transfection, 100,000 cells were seeded per well in a 24 well
plate in DMEM (DMEM/F12 for SH) medium supplemented with 10% FBS and antibiotics
(penicillin/streptomycin 100 pg/mL). The following morning, the culture medium was
changed for 500 pl of fresh medium. The plate was maintained at 37°C for the time required
to prepare the transfection solution. For the transfection, solutions A and B were first
prepared. Solution A contained 48 pl of Opti-MEM™ and 2 pl of Lipofectamine™ 2000
for a final volume of 50 pul. Solution B was prepared as follows: a volume of DNA solution

containing 800 ng of DNA was mixed (400ng of base editor plasmid and 400ng of pBSU6
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311  sgRNA or GFP plasmid for negative controls) with a volume of Opti-MEM™ to obtain a
312  final volume of 50 pl. Solutions A and B were then mixed by up and down movements
313  and incubated at room temperature for 20 minutes. 100 pl of the mixed solution were then
314  added to each well. The plate was let in the CO; incubator for a period of 4 to 6 hours
315  before a fresh medium change. The plate was incubated for 72 hours in the CO2 incubator
316  before extraction of genomic DNA.

317

318  Cell harvesting

319 Cells were detached 72 hours post-transfection by performing up and down
320 movements in 1 ml culture medium with a pipette. These cells were transferred in an
321  Eppendorf tube and centrifuged at 8000 RPM for 10 minutes. The supernatant medium was
322 carefully removed without disturbing the cell pellets. These cell pellets were washed once
323  with 1 ml of HBSS solution and centrifuged at 8000 RPM for 10 minutes. The HBSS was
324  then carefully removed without disturbing the cell pellets.

325

326 DNA extraction

327 The cells were lysed with 100 ul of lysis buffer containing 1% Sarkosyl and 0.5 M
328 EDTA pH8 supplement with 10 ul of proteinase K solution (20 mg/ml). These tubes were
329 incubated at 50°C for 15 minutes. 400 pl of 50 mM Tris pH8 were then added to each tube.
330  Next, 500 ul of a mixture of phenol: chloroform: isoamyl alcohol (respectively 25:24:1)
331 was added. The tubes were centrifuged at 16 000 RPM for 2 minutes. The aqueous upper
332  phase was transferred to a new tube. 50 pl of NaCl 5 M were added to each tube and mixed
333  thoroughly. One (1) ml of ice-cold ethanol 100% was added to each tube and mixed for

334  genomic DNA precipitation. The tubes were centrifuged at 16000 RPM for 7 minutes and
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335 ethanol was carefully removed to avoid disturbing the DNA pellets. These DNA pellets
336  were washed once with 400 ul ethanol 70%. Thetubes were centrifuged at 16000 RPM for 5
337 minutes and ethanol was removed to permit to dry the DNA pellet rapidly by Speedvac
338  vacuuming. The DNA was solubilized in 50-100 ul of sterile water and stored at -20°C until
339 quantification was performed. The DNA solutions were dosed at 260 nm with a
340  spectrophotometer.

341

342  Stable SH-SY5Y APP cell lines generation

343 A lentivirus CMV-APP-P2A-Puromycin-WPRE was produced in a 10 cm petri dish
344  containing 4 million HEK293T cells. 40 pg of four lentiviral plasmids were transfected (15
345 pg APP plasmid, 15 pg Gag-pol, 5 ug REV, 5 pg VSVG) with calcium phosphate method.
346 The medium was replaced by 6 mL of fresh medium 16 hours later. The medium was
347  harvested 72 hours post-transfection, filtered and directly poured on a 1 million SH-SY5Y
348 plated 6-well. The medium was renewed the morning after. The cells were selected with 8
349  pg/mL of puromycin 72 h post-transduction.

350

351  Supernatant analysis

352 At 72 hours post-transfection, 100 pL of the culture medium of the SH-SY5Y APP
353  cell lines were harvested and filtered at 0.4 um to remove cell debris. Protease inhibitors (1
354 mM PMSF + 1X complete tabs from Roche) were added. The media were then stored at -
355 80°C. The concentrations of amyloid-p peptides 42 and 40 (most common AD biomarkers)
356  were measured with Meso Scale Discovery Inc. (MSD, Rockville, MA) Neurodegenerative
357 Disease Assay 6E10 kit. Standards and samples were prepared according to the
358 manufacturer’s protocols and always tested in technical duplicates.

359
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360 Deep sequencing analysis

361  Deep sequencing samples were prepared by a PCR reaction with special primers containing
362 a bar code sequence (BCS) sequences to permit the subsequent sequencing (i.e., BCSL:
363 ACACTGACGACATGGTTCTACAGGTAGGCTTTGTCTTACAGTGTTA and BCS2:
364 TACGGTAGCAGAGACTTGGTCTTGGTAATCCTATAGGCAAGCATTG). DNA
365  sequences were analyzed with the Illumina sequencer. Roughly 10000 reads were obtained
366  per sample.

367

368  Bioinformatics analysis of the deep sequencing results

369 The proportion of wild-type versus edited genomes was estimated by counting the
370 abundance of sequenced reads that contained exon 16 with the GCA wild-type codon (i.e.,
371 alanine) and the ACA edited codon (i.e., threonine).

372

373 SUPPLEMENTAL INFORMATION

374  Supplemental Information includes 3 tables and 5 figures.

375

376  AUTHOR CONTRIBUTIONS

377  A.G. designed the experiments, performed the experiments, and wrote the manuscript. J.R.
378  assisted with the design of the experiments and provided technical assistance for molecular
379 biology. F.G.B and T.B assisted for base-editors construction. G.L. revised and corrected the
380  manuscript. J.P.T. conceived the experiments and corrected the manuscript.

381

382 CONFLICTS OF INTEREST

383  The authors declare no competing financial interests.

384
16


https://doi.org/10.1101/2020.10.27.357830

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.27.357830; this version posted October 27, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

385 ACKNOWLEDGMENTS

386  This research project was supported by grants from the Weston Brain Institute. We also would
387 like to thank the Quebec cell, tissue and gene therapy network ~-THECELL for his support. |
388 would like to personally thank Dr. Serhat Gumrukcu for his advice and his revisions of this

389  paper.

390

391 BIBLIOGRAPHY

392

393 1. Organization WH. Dementia 2020 [Available from: https://www.who.int/news-

394 room/fact-sheets/detail/dementia.

395 2. Reitz C, Mayeux R. Alzheimer disease: epidemiology, diagnostic criteria, risk factors
396 and biomarkers. Biochem Pharmacol. 2014;88(4):640-51.

397 3. Masters CL, Multhaup G, Simms G, Pottgiesser J, Martins RN, Beyreuther K. Neuronal
398  origin of a cerebral amyloid: neurofibrillary tangles of Alzheimer's disease contain the same
399 protein as the amyloid of plaque cores and blood vessels. The EMBO journal.

400 1985;4(11):2757-63.

401 4. Alonso Vilatela ME, Lopez-Lopez M, Yescas-Gomez P. Genetics of Alzheimer's disease.
402  Archives of medical research. 2012;43(8):622-31.

403 5. Jonsson T, Atwal JK, Steinberg S, Snaedal J, Jonsson PV, Bjornsson S, et al. A mutation
404  in APP protects against Alzheimer's disease and age-related cognitive decline. Nature.

405 2012;488(7409):96-9.

406 6. Maloney JA, Bainbridge T, Gustafson A, Zhang S, Kyauk R, Steiner P, et al. Molecular
407 mechanisms of Alzheimer disease protection by the A673T allele of amyloid precursor

408  protein. J Biol Chem. 2014;289(45):30990-1000.
17


https://www.who.int/news-room/fact-sheets/detail/dementia
https://www.who.int/news-room/fact-sheets/detail/dementia
https://doi.org/10.1101/2020.10.27.357830

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.27.357830; this version posted October 27, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

7. Kero M, Paetau A, Polvikoski T, Tanskanen M, Sulkava R, Jansson L, et al. Amyloid
precursor protein (APP) A673T mutation in the elderly Finnish population. Neurobiology of
aging. 2013;34(5):1518 e1-3.

8. Guyon A, Rousseau J, Lamothe G, Tremblay JP. Protective mutation A673T as a
potential gene therapy for most forms of APP Familial Alzheimer’s Disease. bioRxiv.
2020:2020.07.22.215616.

9. Jinek M, Chylinski K, Fonfara |, Hauer M, Doudna JA, Charpentier E. A programmable
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science.
2012;337(6096):816-21.

10. Ran FA, Cong L, Yan WX, Scott DA, Gootenberg JS, Kriz AJ, et al. In vivo genome
editing using Staphylococcus aureus Cas9. Nature. 2015;520(7546):186-91.

11. Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable editing of a target base
in genomic DNA without double-stranded DNA cleavage. Nature. 2016;533(7603):420-4.
12. Kim YB, Komor AC, Levy JM, Packer MS, Zhao KT, Liu DR. Increasing the genome-
targeting scope and precision of base editing with engineered Cas9-cytidine deaminase
fusions. Nat Biotechnol. 2017;35(4):371-6.

13. Komor AC, Badran AH, Liu DR. CRISPR-Based Technologies for the Manipulation of
Eukaryotic Genomes. Cell. 2017;169(3):559.

14. Komor AC, Zhao KT, Packer MS, Gaudelli NM, Waterbury AL, Koblan LW, et al.
Improved base excision repair inhibition and bacteriophage Mu Gam protein yields C:G-to-
T:A base editors with higher efficiency and product purity. Sci Adv. 2017;3(8):eaao4774.
15. Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. Clustered regularly interspaced short
palindrome repeats (CRISPRs) have spacers of extrachromosomal origin. Microbiology.

2005;151(Pt 8):2551-61.

18


https://doi.org/10.1101/2020.10.27.357830

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.27.357830; this version posted October 27, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

433  16. Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT, Zheng Z, et al. Engineered
434  CRISPR-Cas9 nucleases with altered PAM specificities. Nature. 2015;523(7561):481-5.

435 17. Kleinstiver BP, Prew MS, Tsai SQ, Nguyen NT, Topkar VV, Zheng Z, et al. Broadening
436  the targeting range of Staphylococcus aureus CRISPR-Cas9 by modifying PAM recognition.
437  Nat Biotechnol. 2015;33(12):1293-8.

438 18. Zafra MP, Schatoff EM, Katti A, Foronda M, Breinig M, Schweitzer AY, et al. Optimized
439  base editors enable efficient editing in cells, organoids and mice. Nat Biotechnol.

440  2018;36(9):888-93.

441  19. Thuronyi BW, Koblan LW, Levy JM, Yeh WH, Zheng C, Newby GA, et al. Continuous
442  evolution of base editors with expanded target compatibility and improved activity. Nat
443  Biotechnol. 2019;37(9):1070-9.

444  20. Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, Levy JM, et al. Search-
445  and-replace genome editing without double-strand breaks or donor DNA. Nature.

446  2019;576(7785):149-57.

447  21. Nishida K, Arazoe T, Yachie N, Banno S, Kakimoto M, Tabata M, et al. Targeted

448 nucleotide editing using hybrid prokaryotic and vertebrate adaptive immune systems.

449  Science. 2016;353(6305).

450

451  Figures description

452  Figure 1: Structures of BE3, BE4 and Target-AlID variants.

453  Various cytidine deaminases (APOBEC1, YE1_APOBEC1 or Target-AID (CDAL) were
454  fused with various Cas9 nickases (SpCas9nvor, SaCas9nkkH, SpCasOneqr).

455

456  Figure 2: Amino acid modifications produced by base editing of the various cytidines

19


https://doi.org/10.1101/2020.10.27.357830

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.27.357830; this version posted October 27, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

457  In A, part of exon 16 of the wild type APP gene is illustrated. In the antisense strand, there are
458 5 cytidines in red (C1 to C5), which are potentially in the editing window of each base editor.
459  The 673-alanine codon is in green. In B, the sequence of the APP gene in which all five
460  cytidines in the targeting window are deaminated into thymines resulting in the change of four
461 amino acids since the cytidine to thymine modification of the C5 nucleotide is a silent
462  mutation that does not change the resulting amino acid. In C, the sequence of the APP gene
463  when only cytidine C2 has been deaminated changing the alanine codon into a threonine
464  codon (in blue).

465

466  Figure 3: Percentages of cytidine deamination produced by various enzymes and
467 SgRNAs

468  Plasmids coding for the various base editors and for one or two sgRNA were transfected in
469 HEK293T and SH-SY5Y cells. The number of nucleotides targeted by the sgRNAs is
470 indicated after the name of the enzymes. DNA was extracted 3 days post transfection, APP
471 exon 16 was PCR amplified and sent for deep sequencing. In A, difference between SH-
472 SY5Y and HEK2093T editing efficacy is shown with BE3 SpCas9nVQR. In B,
473 BE3_SpCas9nEQR, BE3 SpCas9nVQR, BE3 SaCas9nKKH enzymes were tested in
474  HEK293T cells. The figure illustrates the means +/- SEM (n=4). In C, the comparison
475  between the use of one copy sgRNA versus two copies during base editor transfection in
476  HEK293T cells. In D, the BE4_SpCas9nVQR and BE3_SpCas9nVQR enzymes were tested
477  in HEK293T cells. SH-SY5Y results available in complementary results S1 and S2.

478

479  Figure 4: Deamination efficiencies using various Cas9n-deaminases and sgRNAs

480  targeting various numbers of nucleotides
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481 In A, the difference of deamination in SH-SY5Y of cytidines C1 to C5 produced by the
482  Target-AlID-SpCas9nVQR and BE3_SpCas9nVQR enzymes and two copies of a sgRNA
483  targeting 17 to 20 nucleotides. Error bars are mean with SEM (n=3). In B, difference between
484  YE1-BE3 SpCas9nVQR and BE3_SpCas9nVQR in SH-SY5Y cells. The figure illustrates the
485 means +/- SEM (n=4). In C, the percentage of deamination in HEK293T cells transfected
486  with Target-AID-SpCas9nVQR and two copies of a sgRNA targeting 17 to 20 nucleotides
487  after optimization. The figure illustrates the means +/- SEM (n=5).

488

489  Figure 5: Concentration of AB42 peptides in the cell supernatant of SH-SY5Y APP cells
490 SH-SY5Y cells were transfected with a lentivirus plasmid containing Target-AlD-
491  SpCas9nvor and two copies of the sgRNA targeting 19 nucleotides. In A, Target-AID-
492  SpCasInVQR deamination profile in SH-SY5Y cell lines for Wild-type and V7171 APP.

493  In B, AB42 peptides concentration in SH-SY5Y supernatant. The figure illustrates the means

494  +/- SEM (n=3).
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