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a-synuclein is one of the key molecular links in the pathogenesis of Parkinson’s disease. The accumulated data indicate that
pathogenic mutations in the Snca gene are associated with the development of neurodegenerative brain damage, indicating
the relevance of studying the synuclein neurobiological role.

The aim of the study was to create a genetically modified clone of mouse stem cells with a conditional knockout of humanized
a-synuclein, which can be used for the reinjection into mouse blastocysts, as well as for basic and applied in vitro research in
the field of pathophysiology and neuropharmacology.

Materials and methods. To create mouse stem cells with a conditional knockout of the humanized Snca gene, a previously
obtained clone with the first Snca exon flanked by LoxP sites, was used. The CRISPR/Cas9-mediated homologous recombination
system with donor DNA oligonucleotides of the human sites of the corresponding gene sites was used to humanize the fourth
and fifth exons. Cas9 nuclease, single guide RNA, and donor DNA were transfected into mouse cells.

Results. An approach to obtaining clones of mouse genetically modified stem cells expressing pathological humanized
a-synuclein, has been proposed and implemented. The resulting clones were plated on Petri dishes for propagation and a
further genetic analysis. Clone 126-2F4 was found out carrying the necessary genetic modifications. The results obtained are
fundamentally important not only for understanding the development of the pathological process in a-synucleinopathies,
but which is more important, for the development of new therapeutic approaches that will stop the extension of the human
a-synuclein aggregation pathology throughout the nervous system, and the validation of these approaches in preclinical
trials.

Conclusion. As a result of the study, a strategy for CRISPR/Cas9-assisted homologous recombination in the genome of mouse
embryonic stem cells has been developed to create a fully humanized Snca gene encoding a-synuclein, and the clone genome
of mouse embryonic stem cells has been edited using a CRISPR technology. The RNA and DNA oligonucleotides necessary for
the creation of RNP complexes that carry out a directed homologous recombination in the Snca locus of the mouse genome
have been synthesized. The developed cell clone can serve to create a line of genetically modified mice that serve as a test
system for pathophysiological and neuropharmacological studies associated with synucleinopathies. Herewith, before the
induction of the Cre-dependent recombination, this line is a representative model for studying a biological role of mutant
Snca. At the same time, after a Cre-dependent knockout activation, it is possible to imitate the pharmacological inhibition of
a-synuclein, which is of particular interest for applied research in neuropharmacology.
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ribonucleoprotein; PCR — polymerase chain reaction; PD — Parkinson’s disease.
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OZHMM M3 K/OYEeBbIX MOJIEKYNAPHbIX 3BeHbeB B naTtoreHe3e 60se3HM [MapKUHCOHaA ABAAETCA GENoK O-CUHYKNEUH.
HakonneHHble AaHHble CBMAETENbCTBYIOT O TOM, YTO MATOreHHble MyTaluu B FreHe Snca accouuMmMpoBaHbl C PasBUTUMEM
HelpoAereHepaTMBHOrO MOBPEXAEHUA TONOBHOMO MO3ra, TeM CaMblM YKa3blBaAa Ha aKTyaJIbHOCTb W3y4yeHuA
HEMpPoBUONOTMYECKOM POAN O-CUHYKNEUHA.

Lenb. Co3gaHue reHeTUYeckn-moaMdULMPOBAaHHOIO KAOHA CTBO/IOBbIX K/AETOK Mblel € KOHAMLMOHHBIM HOKayTOM
rYMaHV3UPOBAHHOIO O-CUHYK/IEUHA, KOTOPbIW MOKET OblTb UCMOABb30BaH A1 PEUHDBEKLMU B MbllUMHbIE BaacToumcTbl, a
TaKxke ana GyHAAMEHTaNbHbIX U NMPUKNAAHbIX in Vitro nccnefoBaHnii B ob6aacty natodusnonormm n Helpodpapmakoaormu.
Martepuanbl u metogbl. [1na co3aaHMA MbILLMHBIX CTBONOBbIX KNETOK C KOHAMLMOHHBIM HOKAayTOM FYMaHM3MPOBAHHOTO
reHa Snca 6bla1 UCNONb30BAH MpPEXKAe NOAYYEHHbIW KNOH C GNaHKMPOBAHHbIM LoxP-caliTamu nepsbim 3K30HOM Snca. Ons
rymaHmsaumm IV 1 V ak3oHa 6bi1a ncnosb3osaHa cuctema CRISPR/Cas9-onocpesoBaHHOM roMOIOrMUYHON peKOMBUHaLUK
¢ fOoHOpHbIMK [IHK 0AUrOHYKNeoTMAaMM YeNOBEYECKMX CAaMTOB COOTBETCTBYIOWMX reHoB. Hykneasa Cas9, rugosbie PHK u
noHopHasa OAHK 6biamn TpaHcheLmMpoBaHbl B KNETKU MbILK.

Pe3ynbratbl. Hamu 6bl1 NpeasIoKeH U peann3oBaH NOAXOA K NOMYYEeHNIO KNOHOB MbILLIMHbIXTEHETUYECKM-MOANULMPOBAHHbIX
CTBO/IOBbIX K/IETOK, 3KCMPEeCcCcUMpyroLWMX MNaTONOrMYEeCKUA TYMAaHU3UPOBAHHBIN O-CUHYKNEUH. [ony4YeHHble KAOHbl 6bian
BbICEAHbI Ha YawKu MeTpn ANA Pa3MHOXKEHUA U AaNbHENLIero reHeTMYeCcKoro aHanmsa. bbin obHapy»KeH KaoH 126-2F4,
HecyLmi HeobxogmMmble reHeTudeckme moanduKaumm. PesynsbtaTbl NPOBEAEHHOrO UCCAeA0BaHMA NMPUHLMMMAABHO BaXKHbI
He TONbKO ANA NMOHUMAHWA Pa3BUTUA NMATONOMMYECKOro NMpoLLecca Npu O-CUHYKAEMHOMATUAX, HO U, YTO eLlé BaXKHee, ANA
pa3paboTKM HOBbIX TEPANneBTUYECKUX MNOAXOAOB, KOTOPble MO3BONAT OCTAHOBWUTbL PACMPOCTPAHEHWe arperauyMoHHON
naTo/I0rMMn YeNO0BEYECKOTO O-CUHYK/IEMHA NO HEPBHOM CUCTEME U BaNUAALMMN STUX NMOAXOL0B B SOK/JAMHUYECKUX UCTIBITAHUSAX.
3aknioueHue. B pesynbTaTe MpPoBEAEHHOro MccieaoBaHusa pa3pabortaHa crpatermsa CRISPR/Cas9-accMcTMpoBaHHOM
TOMOJ/IOTMYECKON PEKOMOUHALMM B TeHOMe 3MOPUOHANbHbBIX CTBOMOBLIX KNETOK MbIUW AN CO34aHWUA MOJAHOCTHIO
ryMaHM3MPOBAHHOIO reHa Snca, KogMPYOLWEro a-CUHYKAENH. BbINONHEHO peAaKTMpOBaHWE reHoMa KNoHa SMBPUOHAbHbIX
CTBONOBbIX KNETOK Mblwn ¢ ucnonb3oBaHnem CRISPR TtexHonoruu. CuHTesmpoBaHbl PHK u OHK onuroHykneotuapl,
Heobxogumble AN CO34aHUA PUBOHYKNEONPOTEMHOBBIX KOMMM/IEKCOB, OCYLLECTBAAIOLWMX HAaNpPaBAEHHYIO FOMONOrMYECKYHo
pekoMbUMHaLMIo B Snca IOKyce reHoMa MbilW. Pa3paboTaHHbIV KIOH KNETOK MOMKET CYKUTb 1A CO34AHUA IMHUM TeHETUYECKN-
MOAMOULMPOBAHHbBIX MbILIEN, CAYXKALWMX TecT-CUCTeMON ANnA MNaTodU3NONOTUYECKUX WU HelpodapMaKoNormyeckmx
nccnefoBaHUM, CBA3AHHBIX C CUHYKAeMHoNaTuAMU. MNpu 3Tom A0 MHAYKUMK Cre-3aBUCMMOM PEKOMOMHALMU JaHHAA INHUA
ABNAETCA Penpe3eHTaTMBHON MOAENbIO A/1A UCCea0BaHNA BUONOTMYECKOM POM MyTaHTHOTO Snca. B To ke Bpems, nocie
Cre-3aBMCMMasA aKTUMBALMA HOKayTa MO3BOAAET MMUTMPOBaTb GApPMaKONOTMUYecKoe MHIMOUPOBAHME Q-CUHYK/IEUHA, YTO
npeacTaBaseT 0cobblii MHTEPEC 4NA NPUKAAAHBIX UCCNef0BaHUI B HeMPOodapMaKonormu.

KnioueBble cnoBa: 0-CUHYKIEWH; HelpoaereHepauus; 60n1e3Hb MapKMHCOHA; KOHAULMOHHbIMA HoKayT; CRISPR/Cas9

Cnucok cokpauweHmit: H3 — HelpoaereHepatusHble 3abonesanHua; orPHK — oauMHOYHaA ruaoBas pUOOHYKNEMHOBaA
Kkucnota; PHM — puboHykneonpotenHsbl; MLUP — noanmepasHasa uenHas peakuma; NAC — HeaMnIoUAHbIA KOMMNOHEHT; BN —
60ne3Hb MapKUHCOHa.

INTRODUCTION

A heterogeneous group of pathologies, united
by the concept of neurodegenerative diseases (NDs),
continues to acquire an increasing medical and social
significance. In view of the increase in life expectancy, the
burden of NDs, classically associated with an old age, is
becoming one of the most relevant biomedical problems
[1]. Herewith, despite high rates of the neurobiology
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development, many aspects of NDs pathogenesis remain
disclosed only fragmentarily. One of these aspects is the
role of a-synuclein in the main processes associated
with the degenerative death of neurons.

As the main component of protein aggregates,
a-synuclein has been found out in a number of NDs,
which are combined into a group of synucleinopathy,
including Parkinson’s disease, dementia with Lewy
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bodies, a Rapid Eye Movement sleep behavior disorder,
and a pure autonomic failure [2].

a-synuclein is a product of the Snca gene located
on chromosome 4 at position q22.1 [3], and is a small
protein (140 amino acids) expressed mainly in neurons,
as well as in some tumor cells [4]. Its structure is
represented by three main domains. They are: an
N-terminal domain (1-60) containing a conserved
motif of several repeating amino acid sequences (a
consensus sequence of XKTKEGVXXXX); the central
domain (61-95), known as the non-amyloid-f
component (NAC), which is highly hydrophobic and
is involved in the aggregation of a-synuclein during
the formation of the [-sheet structure; C-terminal
domain (96-140) enriched in negatively charged
residues and a proline which provides polypeptide
flexibility [5].

Although an a-synuclein physiological function
remains understudied, its localization in presynaptic
terminals [6], the association with the synaptic vesicle
reserve pool [7],and observed deficienciesin the synaptic
transmission in response to the gene knockdown or
overexpression, suggest that a-synuclein participates in
the regulation of the neurotransmitters release, as well
as in neuroplasticity [8].

A possible role of a-synuclein in the regulation of
synaptic homeostasis is associated not only with its
direct interaction with synaptic vesicles: it interacts with
synaptic proteins that control vesicle exocytosis, such as
phospholipase D and the Rab family of small guanosine
triphosphatase [9]. The accumulated evidence
suggests that a-synuclein can act as a chaperone,
control the degradation, and influence the assembly,
maintenance, and distribution of the presynaptic SNARE
protein complex, which is involved in the release of
neurotransmitters, including dopamine [10]. Taken
together, these observations indicate that a-synuclein
plays an important role in the movement and exocytosis
of vesicles [8].

In this paper, a procedure for creating a clone
of mouse embryonic stem cells with CRISPR/Cas9-
mediated humanization of the Snca gene with the first
exon flanked by LoxP sites, have been described.

THE AIM of the study was to create a genetically
modified clone of mouse stem cells with a conditional
knockout of humanized a-synuclein, which can be used
for the reinjection into mouse blastocysts, as well as
for basic and applied in vitro research in the field of
pathophysiology and neuropharmacology.

MATERIALS AND METHODS

Ethics review of study
The experiments were carried out at the Research
Institute of Pharmacology of Living Systems (Belgorod
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State National Research University) in compliance
with the ethical standards regulated by the ARRIVE
management. The experimental studies were approved
by the Bioethical Commission of Belgorod State National
Research University (protocol No. 08/21 dated February
8,2021).

Obtaining cell clone with flanked first exon

of Snca gene

A mouse clone of embryonic stem cells carrying
identically oriented LoxP sites flanking the first coding
exon of the Snca gene (Clone 126) had been obtained
in the previous laboratory studies and was used to
generate mice with a conditional knockout of this gene.
The obtained line of mice and the evidence for the
depletion of a-synuclein encoded by the Snca gene in
the nervous system after the induction of the LoxP/Cre
recombination have been described in the published
articles [11-13]. The clone was used for a further
genomic editing in order to obtain stem cells with the
humanized Snca gene.

The surfaces of all plastic Petri dishes, flasks and
plates used for the cultivation of mouse embryonic
stem cells, had been preliminarily coated with a layer
of gelatin: a 0.1% gelatin solution (Merk, Germany)
was layered on the working surface of the plastic
and aspirated after 15-30 min of incubation at room
temperature. Immediately afterwards, the surface was
covered with a layer of a culture medium.

The clone cells stored in liquid nitrogen with a
flanked first exon of a-synuclein were thawed, washed
with ESGRO Complete Basal Medium (Sigma-Aldrich,
USA), resuspended in 4 ml of the medium with GSK3 by
the ESGRO Complete Plus Clonal Grade Medium (Sigma-
Aldrich, USA) inhibitor and plated on plastic Petri dishes
6 cm in diameter (Nunc, Denmark). After 16 h of the
incubation at 37°C in the atmosphere of 5% CO,, the
medium was changed for the fresh ESGRO Complete
Plus Clonal Grade Medium, pre-washing the dishes with
the ESGRO Complete Basal Medium. After 48 h, the cells
concentration in the Goryaev chamber was calculated,
and 200,000 cells were seeded on each of the prepared
plastic Petri dishes using ESGRO Complete Accutase
(Merk, Germany).

Preparation of cells for nucleofection

48 hours after the passage, the cells were treated
with an Accutase solution as described above. 2 aliquots
of 200 000 cells were taken, centrifuged; the supernatant
was carefully removed, and each pellet was resuspended
in 20 pl of Complete P3 buffer prepared immediately
before use, by mixing 34.2 ul of the Nucleofector TM
Solution and 7.6 pl of P3 Primary Cell 4D-Nucleofector®
X kit S (Lonza, Switzerland).

The recombinant Cas9 protein, single-guide
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ribonucleic acid (sgRNA), as well as single-stranded DNA
oligonucleotides for the homologous recombination
carrying nucleotide substitutions corresponding to
the sequence of the human Snca gene, were used to
introduce directed breaks into the edited regions of the
Snca gene.

Ribonucleoprotein (RNP) complexes were formed by
mixing 1 pl of 100 pM sgRNAS solution, 1 pl of 100 pM
sgRNAS solution, and 1 pl of 10 mg/ml Cas9 solution.
Incubated for 10 min at 20°C, 0.4 ul of a freshly prepared
mixture of donor DNA solutions (ssODN4 and ssODNS5)
was added at the concentration of 250 uM for each of
the oligonucleotides, and 20 pl of the cells resuspended
in Complete P3 buffer, were immediately added as
described above.

The CRISPR/Cas9-assisted homologous
recombination strategy in the mouse embryonic
stem cell genome to generate a fully humanized Snca
gene expressing a human a-synuclein variant with an
increased propensity for the aggregation associated with
the development of a hereditary form of Parkinson’s
disease is shown in Fig. 1 and 5.

Delivery of RNP complexes into cells

by nucleofection

The cell suspension was transferred into
Nucleocuvette™ (Lonza, Switzerland) and a nucleofection
was performed in a 4D-Nucleofector™ device (Amaxa,
Ukraine) using a CA-120 program. At the end of the
cells were transferred into 5 ml of ESGRO Complete
Plus Clonal Grade Medium, resuspended to obtain a
monocellular suspension. The concentration of survived
cells in the Goryaev chamber was counted, and 200,

400, 600, 800, and 1000 cells were seeded for each of
five prepared Petri dishes with a diameter of 10 cm in
10 ml of the same medium, an aliquot for the isolation of
genomic DNA being previously taken.

The cells were grown until the appearance of
separate colonies originating from one cell, separated
by accutase in the well of a 96-well plate, incubated for
3 min at room temperature, 0.2 ml of ESGRO Complete
Plus Clonal Grade Medium was added, resuspended,
and the cells were grown until reaching a 30—-50-percent
monolayer. At this stage, the cells were subcultured
into wells of 4-well plates in triplets. The last of the
three parallel dishes was used to isolate the genomic
DNA.

Genomic DNA isolation

and exon editing analysis of Snca gene

After the medium removal, the cells were lysed
directly on the wells surface and DNA was isolated using
a Wizard Mammalian Cell DNA Extraction kit (Promega,
USA) according to the manufacturer’s instructions. DNA
was used for the PCR amplification of DNA fragments
containing mouse Snca exon sequences using a
GenPak PCR Core kit (Isogen, Russia), according to the
manufacturer’s instructions.

The presence of homologous recombination with
donor DNA was assessed using the allele-specific PCR
and restriction analysis. The reaction mixture was
incubated with restriction endonucleases specific to the
mutant sequence and electrophoretically separated to
assess the presence of the homologous recombination
with donor DNA. The reaction products were analyzed
in a 1.5% agarose gel.

Table 1 — Components of mixture transfected into clone 126 of embryonic stem cells for humanization
of mouse Snca gene

Component Sequence Molecule type
sgRNA4 (Alt® CRISPR- 5- mG*mU*mC*CUUCUUGACAAAGCCAGGUUUUAG AGCUAGAAAUAGCAAG RNA
Cas9 sgRNA UUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGC

for humanization of Snca mU*mU*muU*U -3’

gene exon V)

sgRNAS (Alt® CRISPR- 5’- mG*mG*mG*UGAGGAGGGGUACCCACGUUUUAGAGCUArGAAAUAGCAAG RNA
Cas9 sgRNA for UUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGC

humanization of Snca mU*mU*mu*U -3’

gene exon V)

ssODN4 (Alt-RTM HDR 5’- /Alt-R-HDR1/G*T*T ATT ACT GAG CAT AAA ACA GGC AGC CAT ACC TTG CCC DNA
Donor single-stranded AACTGG TCCTTC TTG ACA AAG CCA GTT GCA GCA GCT ATG CTC CCA GCT ccC

oligonucleotide for TCC ACT GTC TTC TGA GCG ACA GCT GTC* A*C/Alt-R-HDR2/ -3’

humanization of Snca

gene exon V)

ssODN5 (Alt-RTM HDR 5’- /Alt-R-HDR1/A*A*A ACA CTC TCT TAT TGT GCT TTC TCT TCC CTC TCT GTA GAA DNA
Donor single-stranded TGA GGA GGG GGC CCC ACA AGA AGG AAT CCT GGA AGA CAT GCC TGT GGA TCC
oligonucleotide for TGA CAA TGA GGC TTA TGA AAT GCC TTC AGA GGT AAATGC CTG

humanization of Snca TA*T* A/Alt-R-HDR2/ -3’

gene exon V)

Cas9 nuclease - Protein
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Nucleotide sequence of exon IV and flanking regions of mouse Snca gene
Green background: exon IV

Blue background: direct primer

Yellow background: reverse primer

Bold type: CRISPR-Cas9 crRNA and PAM sequence (underlined)

Red font type: nucleotides to be changed for exon IV humanization

'rcnmnnuac'rcccunmrcTumcrccacrmncxrurcasmnrcccmmcammrcmnccm;cmwcm
TTTCTTCAGACTCCTGTTACCTATGATATATGTGTCTATAGAAGTTGACAGCTGCTAGAAGTGGAATTATTAAR \CAC(
ETTTTACTCTGTTGTCACTCTTGATTTTCTTAAG!

TCTCTG HNN:

vy R E XK TEK B 'V 2RV G A NTYT GV

T ANV A 0K 2 VYEGAGHE I AANTTGTEF VEED QNG K
CCTGTTTTATGCTCAGTAATAACCCTGGACACCATGTCCTTGCATGCATCATAGAGCATGCACATGATGCACACTGTGGGGAACACTGCCTTT
AAAGGGCTCTTATTTTGATGCACTGATGTCCTTGGGAAATGTCATGCACACAATAACCCTGATTGTTTTAGTTTCTGGAAGAAARGATATAGAA

Nucleide sequence homologous to ssODN4 (Alt-R™ HDR Donor a single-stranded oligonucleotide for exonlV
humanization of Snca gene

Italic font type: "mismatch" primer

Red lowercase type: Nucleotide substitutions leading to IV exon humanization or creating new restriction
endonuclease recognition sites

ACAGC! GTCGCTCAGAAGACAGTGGAGGGAGCTGGGA 7 CATAGCTGCTG o ACTGGCTTTGTCAAGAAGGACCAGH TGGGCAAGE T ATGGC G
Pwull
CCTGTTTTATGCTCAGTAATAAC

Nucleotide sequence of exon V and flanking regions of mouse Snca gene
Green background: exon V

Blue background: direct primer

Yellow background: reverse primer

Bold type: CRISPR-Cas9 crRNA and PAM sequence (underlined)

Red font type: nucleotides to be changed for exon V humanization

¢G:-E E'6Y P OE G I L EDEPYEE PGS EATENDE &2
GCCTGTATAAAGAAAACTAAGCAAAACACTTTAGGTGTTTAATTTGGAACACATACCATCAAAACCCTGCCACTATCAGATCTCTCTCACATT
ATGGTTGGCATAGTTCAATCAAGAAAATATTTTAGAGCAAATGATTTTAATCTTTGTGGGAGAGGGTAAGGGATATAGTAGGTCARAATTAAA

Nucleide sequence homologous to ssODN4 (Alt-R™ HDR Donor a single-stranded oligonucleotide for exon V
humanization of Snca gene

Italic font type: "mismatch" primer

Red lowercase type: Nucleotide substitutions leading to V exon humanization or creating new restriction
endonuclease recognition sites

AAAACACTCTCTTATTGTGCTTTCTCTTCCCTCTCTG
TAGaaTGAGGAGGEGqCCCCACAAGAAGGARTCCTGGAAGACATGCCTGTGGATCCTGA CAA TGAGGCTTATGAAATGCCTTCAGAGGTARAT
Apal
GCCTGTATA

Figure 1 — CRISPR/Cas9-assisted homologous recombination strategy in mouse embryonic stem cell genome to

generate fully humanized Snca gene
Note: for some primers and CRISPR-Cas9 crRNA, their positions on the given DNA strand are shown.
The actual sequences can be found in the text.
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Figure 2 — DNA amplification analysis of PCR products of analyzed clones after cells nucleofection

of clone 126 of mouse embryonic stem cells with RNP complexes
Note: Amplification of 176-nucleotide fragment using primers mexVfor-out and exV-rev-mism indicates successful homologous recombination
and, as a result, humanization of exon V in the genome of subclone 126-2-F4 cells. As a positive control,
amplification with the same template primers of a synthetic fragment corresponding to the humanized mouse V exon
with flanking sequences was used.
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NV NV NZ NZ
& NP
(}0 (,\0 OO (}0

269 bp =—>

152 bp =
117 bp =—>»

269 bp =»

152 bp =>»
117 bp =—>»

Figure 3 — Analysis of two clones in which homologous recombination was detected in exon V
of Snca gene during primary screening by treating a 269-nucleotide PCR amplification product
with restriction endonuclease Apal
Note: complete cleavage of this fragment into fragments of 152 and 117 bps in size indicates that clone 126-2-F4 is homozygous

for the humanization of exon V (A), and only partial cleavage in the case of clone 126-3-B6 indicates that that only one
of the two allelic copies (B) of the Snca gene was humanized in this clone.
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Figure 4 — Analysis of exon IV humanization in genome of clone 126-2-F4 cells. DNA of maternal clone 126,
clone 126-2-F4

Note: Amplification with the same primers from the template of the synthetic fragment corresponding to the
humanized mouse exon IV with flanking sequences was used as a positive control. The detection of a 167-nucleotide fragment
in the DNA analysis of clone 126-2-F4 indicates that exon IV of the Snca gene was humanized in the cell genome of this clone.
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Figure 5 — Strategy for creating clone of mouse embryonic stem cells with conditional knockout

of humanized Snca gene
Note: | —to create a clone of mouse embryonic stem cells with a conditional knockout of the humanized Snca gene,
the cells with the first Snca exon flanked by LoxP sites, were taken; Il — by transfection of CRISPR/Cas9, guide RNAs and fragments
of exons IV and V of human Snca for homologous repair, the mouse Snca gene was humanized; Ill — after the modification
by the allele-specific PCR and restriction analysis, the selection of clones carrying the necessary modification, was carried out.

The list of the primers used for the PCR analysis of
the homologous recombination at the Snca locus of the
mouse embryonic stem cell of clone 124 is as follows:

mexIV-for: 5’-GTCTCTGTCACACCATCATC-3’
mexIV-rev: 5’-AGTGTGCATCATGTGCATGC-3’
exIV-rev-mism:  5’-CAGTaGCAGCAGCTATgc-3’
mexVfor-out: 5’-CCAGTGGTTTGGTACACTTAG-3’
mexVfor-ins: 5’-CTGATAACACTTCGTGCAGC-3’
mexVrev-ins: 5-TAGTGGCAGGGTTTTGATGG-3’
mexVrev-out: 5’-CTATGCCAACCATAATGTGAG-3’
exV-rev-mism:  5’-tTGTGGGgcCCCCTCCTCALt-3’

RESULTS

Primary screening of clones

for humanized exon V

162 clones were selected for the presence of a 176-
bp PCR amplification product analysis using mexVfor-
out and exV-rev-mism primers after nucleofection.
The two 3’-terminal nucleotides in exV-rev-mism
corresponded to the nucleotides present in exon V of
the human Snca gene, while the mouse gene contains
2 other nucleotides at these positions. In addition to
those indicated, in the 5’-terminal part of this primer,
there are 3 more nucleotides that are characteristic for
only a human gene. Thus, an amplification product with
this primer is formed only when the template is human
DNA, or mouse DNA humanized for this gene. When
the template is native mouse DNA, no amplification
products are formed. An example of such an analysis

Tom 10, Beinyck 6, 2022

of PCR amplification products of DNA isolated from the
cells 15 selected clones is shown in Fig. 2.

As Fig. 2 shows, 1 out of 15 clones tested for the
presence of a 176-nucleotide PCR amplification product
gave a positive result, i.e. a homologous recombination
occurred in exon V in the DNA cells of this clone. That
was the evidence that in the clone designated 126-2-
F4, in accordance with its position in the well of one
of the initial 96-well plates, this exon turned out to be
humanized.

Test for homozygosity of modification

in clone 126-2-F4

The DNA of clone 126-2-F4 and maternal clone 126
were amplified using primers mexVfor-ins and mexVrev-
ins corresponding to the sequences flanking mouse V
exon. As expected, the same amplification product, a
269-nucleotide fragment, was detected in both cases.
The treatment of the reaction mixture with the restriction
endonuclease Apal did notleadtoa cleavage of the parent
clone 126 fragment amplified from the DNA template,
since in the mouse genome in the analyzed region, there
is no recognition site for this enzyme. However, the
point substitutions used in the humanization of exon V
resulted in the appearance of such a site. The fragment
amplified from the DNA template of clone 126-2-F4,
was cut with the restriction endonuclease Apal into
152-nucleotide and 117-nucleotide fragments (Fig. 3A).
It is important to notify that in this case, the original
269-nucleotide fragment completely disappeared, which
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indicated that in the genome of clone 126-2-F4 cells, the
homologous recombination and, consequently, the exon
V humanization, occurred in both alleles of the Snca
gene. In another clone, 126-3-B9, selected in the primary
screening, only a partial cleavage of the 269-nucleotide
fragment by the restriction endonuclease Apal, was
observed (Fig. 3B). It indicated that in this clone genome,
the homologous recombination occurred in only one
allelic copy gene or that this clone had originated
not from one, but from two cells, in the genome of
one of which the DNA sequences of exon V had not
been edited.

Verification of humanized exon IV presence

in genome of clone 126-2-F4 cells

The DNA of clones 126-2-F4, maternal clone 126
and two negative clones from the above screening were
amplified using primers mexIVfor and exIV-rev-mism. As
a positive control, amplification with the same template
primers of a synthetic fragment corresponding to the
humanized mouse exon IV with flanking sequences
was used. The analysis result of the PCR amplification
products is shown in Fig. 4.

A fragment of the expected size (167 bps) was
detected only when the DNA of clone 126-2-F4 cells
was used as a template, which indicated that this clone
had also a homologous exon IV recombination in the
mouse Snca gene. Testing for homozygosity of this exon
modification was carried out according to the same
scheme as had been used for exon V using primers
mexIV-for and mexIV-rev and the amplification products
treatment with the restriction endonuclease Pvull. It was
found out that the 280-nucleotide fragment, the product
of the DNA amplification of the clone 126-2-F4 cells, had
been completely cut by this enzyme into fragments of
164 and 116 base pairs (Fig. 4). That indicates that in the
genome of the clone 126-2-F4 cells, the homologous
recombination and hence the exon IV humanization
occurred in both alleles of the Snca gene. As expected, in
the absence of the Pvull recognition site, in the studied
fragment of the mouse genome, the 280-nucleotide PCR
amplification product of maternal clone 126, the DNA
cells were not cleaved by this enzyme. A partial cleavage
was observed for the 280-bp PCR DNA amplification
product of the clone 126-3-B9 cells, which supports the
earlier assumption that this clone had originated from
not one, but two cells.

DISCUSSION

Due to the progressive aging of the population, the
incidence and prevalence of Parkinson’s disease (PD)
have increased significantly and will continue to grow -
thus, this is a serious medical and social problem. The
search for effective therapeutic approaches requires
the use of optimal models for the development of the
pathological process in sporadic (~¥90% of cases) PD.
The models currently used, do not correspond to this
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task (not humanized - or incorrectly humanized, there
is no possibility of regulation) and cannot be used in
experimental neuropharmacology.

The most important role of a-synuclein in the
degenerative cell death has been shown in the whole
spectrum of neurodegenerative diseases. Moreover,
mutations (A53T and A30P) were among the first
discovered genetic correlates of the disease [14, 15]. This
finding has intensified the molecular mechanisms study
of a-synuclein-induced neuropathology. It is now known
that under pathological conditions, a-synuclein tends to
form the structures rich in B-sheets including oligomers,
protofibrils, and insoluble fibrils, which are eventually
accumulated to form Lewy bodies. Although the disease
has traditionally been associated with insoluble forms
of aggregated a-synuclein, it is the soluble intermediate
oligomers that are characterized by neurotoxic effects.
Oligomers have been found out to mediate aberrant
calcium signaling, lipid peroxidation, oxidative stress,
mitochondrial dysfunction, and neuronal death [16—
18]. In vivo studies have shown that oligomer-prone
and fibril-inhibiting forms of a-synuclein lead to the
death of dopaminergic neurons. On the contrary,
fibril-producing forms do not lead to the loss of these
neurons [19].

In general, the molecular cascades associated
with the aberrant function of a-synuclein, continue to
be the most important topic of the study for modern
neurobiology [20, 21].

In this regard, an approach to obtaining genetically
modified mice expressing pathological humanized
a-synuclein has been proposed and implemented.
To obtain this line, the strategy of creating genetically
modified animals through CRISPR/Cas9-mediated editing
of embryonic stem cells has been used. The resulting
clone of stem cells can be used for the reinjection
into blastocysts, which will then be transplanted into
recipient mice to carry genetically modified embryos.

The genetic model described in this work makes
it possible to carry out the studies aimed at a precise
assessment of the role of pathological a-synuclein in
mice.

Thus, the exons IV and V humanization will make
it possible to evaluate the phenotypic effects of
pathogenic human a-synuclein on a representative test
system. In addition, the presence of LoxP sites flanking
the first exon allows spatial and temporal control of
the humanized Snca expression due to the possibility
of Cre-induced gene knockout. This feature makes it
possible to precisely study the effects of a tissue-specific
impairment of the protein expression, providing the
information about its role in a specific cell population
[22-25]. Moreover, the possibility of inducing knockout
in adulthood eliminates the effect of the antenatal
adaptation to the genetic modification.

A Cre-dependent knockout induction is intended
to mean that crossing a line containing a gene region
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flanked by LoxP sites with transgenic animals expressing
Cre recombinase leads to the deletion of this region and
the loss of this gene functional activity [18]. To date, the
Cre-mice repertoire is characterized by a great diversity,
and the variety between different strains lies in the
tissue-specific recombinase expression. Moreover, there
are lines in which the penetration of Cre-recombinase
into the nucleus and, accordingly, its activity, depend
on tamoxifen. In this type of mice, a site-specific
recombination between the two LoxP sites occurs only
after the treatment with tamoxifen, which makes the
gene expression regulation over time possible [19].

Alongside the creation of a genetically modified
clone of embryonic stem cells, the authors’ team is
also implementing a direct editing approach of mouse
blastocytes. In other words, a mixture containing a DNA
template for a homologous recombination, Cas9 mRNA,
and guide RNAs, was microinjected into fertilized eggs of
CBAxC57BI6J mice. After a 24 h incubation, the survived
embryos were transplanted into the oviducts of female
recipients, who had served as surrogate mothers for the
mutants. At present, the primary offspring of mutant
mice has already been obtained in a similar way, which
is undergoing a genetic analysis for the presence of the
desired nucleotide substitutions.

The results obtained are fundamentally important
not only for understanding the development of the
pathological process in a-synucleinopathies, but what is
more important, for the development of new therapeutic
approaches that will stop the extension of human
a-synuclein aggregation pathology throughout the

nervous system, and the validation of these approaches
in preclinical trials.

CONCLUSION

As a result of the study, a strategy for CRISPR/Cas9-
assisted homologous recombination in the genome
of mouse embryonic stem cells has been developed
to create a fully humanized Snca gene encoding
a-synuclein, and the clone genome of mouse embryonic
stem cells has been edited using a CRISPR technology.

RNA and DNA oligonucleotides necessary for the
creation of RNP complexes that carry out directed
homologous recombination in the Snca locus of the
mouse genome, have been synthesized.

Clones screening obtained by maternal clone 126
nucleofection of mouse embryonic stem cells with RNP
complexes, made it possible to identify clone 126-2-F4
that meets the primary criteria for the successful
humanization of both alleles of the endogenous Snca
gene in the mouse embryonic stem cell genome.

Thus, the developed cell clone can serve to create
a line of genetically modified mice that serve as a test
system for pathophysiological and neuropharmacological
studies associated with synucleinopathies. At the
same time, before the induction of the Cre-dependent
recombination, this line is a representative model for
studying the biological role of mutant Snca. At the
same time, after a Cre-dependent knockout activation,
it is possible to imitate the pharmacological inhibition
of a-synuclein, which is of particular interest for the
applied research in neuropharmacology.
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