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In vivo Investigation of the Epigenetic Functions of the CENP-A Amino Terminal
Tugba Sehitogullan

izmir International Biomedicine and Genome Institute
Dokuz Eyliil University Saghk Yerleskesi
Balgova 35340 izmir/TURKEY

ABSTRACT

Centromeric Protein A (CENP-A) is a histone H3 variant. During mitosis, it drives
kinetochore formation with other centromere-specific DNA binding proteins. Furthermore, CENP-
A serves as an epigenetic marker that determines the identification of centromeres. Phosphorylation
of the CENP-A N-terminal has drawn a lot of attention since it differs greatly from other H3
variants. Phosphorylation of human CENP-A serine 7 (S7p) is of particular interest because it
resembles H3 S10p, a marker of mitotic entry. There are conflicting findings related to the purpose
of S7 phosphorylation during cell division. Besides the lack of consensus on human CENP-A S7
phosphorylation, the function of corresponding phosphorylation sites in other species needs to be
investigated. In a recent publication, the first three serines (S15, S16, and S22) of the murine
CENP-A were proposed to be phosphorylation sites with an analogous role to human CENP-A S7p
during mitosis. However, no in vivo study has been reported addressing S15 and S16 functions. In
order to understand the purpose of murine CENP-A N-terminal phosphorylation, we decided to
create a knockin mouse model expressing S15A and S16A non-phosphorylatable residue
substitutions. We used CRISPR-EZ technology (CRISPR ribonucleoprotein Electroporation of
Zygotes) to genetically engineer mice. Firstly, we edited the mouse Tyr locus which has published
targeting and genotyping protocols, in order to try and establish our own protocols. After
successfully deriving the albino Tyr knock-out mouse model, we moved forward to create the
CENP-A knockin mouse model. Homozygous knockin mice were viable and fertile suggesting that
CENP-A N-terminal phosphorylation does not have a crucial role for chromosome segregation.
Detailed studies will need to be carried out to characterize more subtle epigenetic functions of N-

terminal phosphorylation.

Keywords: CENP-A, CRISPR-EZ, knockin mouse models



CENP-A Amino Terminalinin Epigenetik Fonksiyonlarinin In vivo Arastirilmasi
Tugba Sehitogullan

Izmir Uluslararasi Biyotip ve Genom Enstitiisii
Dokuz Eyliil University Saghk Yerleskesi
Balgova 35340 izmir/TURKEY

OZET

Sentromerik Protein A (CENP-A) bir histon H3 varyantidir. Diger sentromere 6zgii DNA
baglayici faktorlerle birlikte mitoz sirasinda kinetokor diizenegini yonlendirir. Ayrica, CENP-A,
sentromerlerin tanimlanmasini belirleyen epigenetik bir belirteg gorevi gorir. CENP-A N-
terminalinin fosforilasyonu, diger H3 varyantlarindan farkli oldugu igin arastirmacilarin ilgi odagi
olmustur. insan CENP-A serin 7'nin (S7p) fosforilasyonu mitotik girisin bir belirteci olan H3
S10p'ye Dbenzerligi sebebiyle 6zellikle ilgi cekicidir. Hicre bolinmesi sirasinda S7
fosforilasyonunun fonksiyonu ile ilgili tartismali bulgular yaymlanmistir. insan CENP-A S7
fosforilasyonu konusunda fikir birligi olmamasinin yani sira, diger tirlerde karsilik gelen
fosforilasyon bolgelerinin islevi arastirilmasi gerekeklidir. Yakin tarihli bir yayinda, murin CENP-
A'nin ilk ¢ serininin (S15, S16 ve S22) mitoz sirasinda insan CENP-A S7p'ye benzer bir rolli olan
fosforilasyon bdlgeleri oldugu 6ne siiriilmiistiir. Bununla birlikte, S15 ve S16 fonksiyonlarini ele
alan in vivo bir ¢alisma bildirilmemistir. Fare CENP-A N-terminal fosforilasyonunun amacimni
anlamak igin, S15A ve S16A fosforile edilemeyen reziduleri ifade eden bir knockin fare modeli
olusturmay1 amagladik. Farelerin genetik miithendisligini yapmak igin CRISPR-EZ teknolojisini
(Zigotlarm CRISPR riboniikleoprotein Elektroporasyonu) kullandik. Ik olarak, kendi
protokollerimizi optimize etmek i¢in, hedefleme ve genotipleme protokolleri yayinlanan fare Tyr
lokusunu diizenledik. Albino Tyr knockout fare modelini basariyla iirettikten sonra, CENP-A
knockout fare modelini olusturmay1 hedefledik. Olusturulan homozigot knockin fareleri canli ve
dogurgan olmasi sebebiyle CENP-A N-terminal fosforilasyonunun kromozom ayrimai i¢in 6nemli
bir roli olmadig1 sonucuna vardik. N-terminal fosforilasyonunun epigenetik fonksiyonlarini

karakterize etmek i¢in ayrintili caligmalarin yapilmas: gerekmektedir.

Anahtar Sozcukler: CENP-A, CRISPR-EZ, knockin fare modelleri



1. INTRODUCTION AND AIM

It’s proven that CENP-A plays an important role during mitosis and meiosis with the
arranging of chromosome segregation. To gain detailed knowledge we should examine the role of
post-translational modifications (PTMs) during the cell cycle. Previous studies on human CENP-
A S7p, revealed contradictory data related to its role in mitosis. Multiple studies demonstrated that
S7p had no influence on chromosomal alignment, fusion, or separation (Barra et al. 2019; Zeitlin
et al., 2001). On the other hand, blocking phosphorylation of CENP-A S7 has been shown to cause
prometaphase delay and chromosome misalignment defects. (Goutte-Gattat et al., 2013; Kunitoku
et al., 2003). In light of this information, the question arises whether the findings on the mitotic
role of human CENP-A phosphorylation can be generalized or only applicable to human cells.
According to the literature, serines 15 and 16 found in mouse CENP-A N-Terminal, are believed
to function like human CENP-A S7p as crucial PTM sites for mitosis in terms of centromere
integrity.

The primary goal of this study is to elucidate the roles of serine 15 and 16 phosphorylations
by developing a knockin mouse model. Since there was no in-vivo research found on this issue,
creating a mouse model will be a more precise way to study the effects of CENP-A S15 and S16
and will make it possible to conduct a comprehensive epigenetic study. To achieve this goal, a
high-efficiency embryo and mouse editing method based on RNP electroporation, embryo culture
and transfer has been selected. To evaluate dependent and independent factors while developing
an in vivo model, we decided to use the CRISPR-EZ technique, starting with published Tyr-gene
editing strategies (Modzelewski et al., 2018). Compared to other in-vivo gene editing techniques
including microinjection-based technology, CRISPR-EZ has the highest editing efficiency and
reliability. After successfully developing a Tyr-knock out mice with an albino coat color

phenotype, the same strategy was used to create the CENP-A S15A; S16A knockin mice.



2. GENERAL INFORMATION

2.1 Chromatin Structure and Organization

In eukaryotes, the genomic material is arranged with chromosomes. In the cells, this
arrangement provided deoxyribonucleic acid (DNA) and proteins called histones together they
formed chromatin. Basically, chromatin is the complex formed by both DNA and related proteins.
DNA and histone proteins are equally distributed in the chromatin structure. From an
organizational perspective, chromatin plays a very essential role in packaging almost 2m of DNA
into a more compact structure (Lee & Orr-Weaver, 2001). Chromatin is composed of small core
repetitive functional units called nucleosomes. Each nucleosome contains eight histone proteins
wrapped around 146bp DNA (Hall et al., 2020). According to previous in vitro studies, high-order
organizations of chromatin define in 10nm and 30nm long fiber scales configurations. 10nm scales
of chromatin architecture known as “’beads on string’’ which include tightly packaged histones

wrapped into DNA (Figure 1) (Woodcock and Dimitrov,2001).

Nucleosome

+«— DNA

10 nm nucleosome fibre

B @y @ | toem

30 nm chromatin fibre ’—‘l " ‘l " S ’—‘l " ‘l ‘l S I 30 nm

Chromosome territory 4

Figure 1. Representation of chromatin packaging into high-order organizations. The most
leisure state is the nucleosome filament combined with DNA. 10nm scale of chromatin is defined



as “’beads on a string’’ then resembled chromatin’s second structure which is a 30nm fiber state.
In the final state, condensation fibers and histones form chromosome territory (adapted from Hall
et al., 2020).

2.1.1 Heterochromatin and Euchromatin

The chromatins of eukaryotic organisms are typically categorized into two heterochromatin
and euchromatin. Heterochromatin is composed of inactive or dense chromatin regions, and its
percentage in total chromatin ranges from %10 to 25, based on the individual's age, the type of cell,
and the species. Heterochromatin is classified into two types as constitutive and facultative. During
the course of a cell's life, constitutive heterochromatin refers to the chromatin regions that remain
transcriptionally inactive. Facultative heterochromatin is an area of euchromatin that can be
transcriptionally active when needed (Allshire & Madhani, 2017).

2.2 Histones

Histones are the core protein component of chromatin which is found as an alkaline feature
that allows the binding of negatively charged DNA strands. These basic biochemical characteristics
of histones are provided by their abundance of lysine and arginine amino acids. Their mass is found
at approximately ~15KD. Histones are divided into five subgroups according to their contribution
to chromosome arrangement. H2A, H2B, H3, and H4 are known as core histones, whereas histone
H1 is considered to be a linker histone. At the nucleosome core, histones are found in two copies
which formed an octameric structure. The linker histone protein H1 is connected with the
nucleosome cores. Core histone proteins are highly conserved compared to linker histones. Linker
histones are rich in lysine residues, and they do not have a histone-fold motif (Figure2) (Marifio-
Ramirez et al., 2005).



Nucleosome “bead”
(8 histone molecules +
146 base pairs of DNA)

Figure 2. Schematic demonstration of the nucleosome structure. The nucleosome core includes
couples of histone octamer H2A, H2B, H3, and H4. The DNA double helix is rolled up
approximately ~1.7 times the histone octamer (adapted from Caputi et al., 2017).

2.2.1 Histone Posttranslational Modifications

Histones are served as hubs for many PTMs because of their versatility in the context of
structure and association with double-helix DNA. PTMs are covalent arrangements between
histones and DNA strands that include phosphorylation, methylation, acetylation, ubiquitylation,
ADP-ribosylation, SUMOylation, and glycosylation. PTM serves a critical role in many cellular
events such as gene expression, regulation, chromosome packaging, epigenetic imprinting, DNA
damage, and DNA repair (Ramazi et al., 2020). PTM acts as a chromatin remodeler which is closely
associated with the “’histone code’” hypothesis. According to the hypothesis, in a general manner,
PTMs are a major part that controls the transcription process. Another key point suggested by the
hypothesis is that PTMs dominate gene expression via recruiting proteins recognized by protein

domains found in histone docking sites (Strahl and Allis,2000). Furthermore, PTMs are related to



the occurrence of many diseases including cancer, neurodegenerative and developmental problems,

and heart failure.

2.2.2 Histone phosphorylation

Histone phosphorylation is the process of adding phosphate groups into serine, threonine,
and tyrosine residue operated by kinases. By using phosphatases, this process could be reversed
with a hydrolysis event (Rossetto et al., 2012). Phosphorylation is a very effective tool in terms of
regulating cellular events in a rapid manner. In the literature, the well-known example related to
phosphorylation of serine residue 139 in H2A(X) which is one of the H2A variants. (Sharma et al.,
2012). This phosphorylation act as a signal for starting the DNA damage and repair process.
There are various studies that revealed the importance of histone phosphorylation in chromatin

chromatin regulation and other nuclear processes.

2.3 Histone Variants

Histone variants, non-allelic isoforms paralogs of common histones, are available to carry
out activities throughout the cell cycle and accumulate in post-mitotic cells, while bulk histones
are only deposited in S-phase (Talbert & Henikoff, 2021). There have been identified numerous
histone variants related to H2A, H2B, H3, and H1 while H4 does not have histone variant.
Histone variant’s expression shows diversity in terms of tissue-specificity, cell cycle, and
developmental processes. Histone variants mostly share sequence similarities with the

conventional histones’ protein terminals.

2.3.1 H3 Variants

Five H3 variants have been detected in mammals: two canonical versions H3, H3.2, and
the mammalian-specific H3.1, and H3.3 the centromere-specific variant also named CENP-A, and
the testis-specific histone H3t. Only a few amino acid sites separate the replacement variant H3.3
from its canonical equivalents. H3.3 and the canonical H3 variant have separate nucleosome
assembly mechanisms through interactions with particular histone chaperones, although it

is unclear if these amino acid changes are sufficient to drive these processes. (Szenker et al., 2011)
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Figure 3. Sequence comparison of human H3 variants. The locations of the histone-fold motif's
N-terminal tail and -helixes are shown. CENP-A is represented in blue color (adapted from Szenker
etal., 2011).

2.4 Centromeric protein A (CENP-A) structure and regulation

CENP-A is made up of two different domains, a C-Terminal globular domain and an N-
terminal domain which share the overall structure of canonical core histones. CENP-A globular
domain is conserved across species and shares 62% of its sequence. The structure of the CENP-A
nucleosome has been modeled as both an octosome and a hemisome. In the octasome model, two
of each histone H2A, H2B, H4, and CENP-A forms a histone octamer. However, in the hemisome
model, each of the histones H2A, H2B, H4, and CENP-A is represented by one (Figure 4a). CENP-
A is one of the most studied H3 histone variant, which serves toward the steady transfer of a
biological process during cell divisions. (Muller & Almouzni, 2017). In the cell cycle process,
CENP-A inclusion is strictly controlled in the S phase. After the S phase, CENP-A is dispersed

when the cell entered the G2 where it is produced again (Jansen et al., 2007).



Among these stages, the G1 phase, human cells begin to recruit CENP-A. CDK-dependent
phosphorylation of M18BP1 regulates its recruitment (Silva et al. 2012) (Figure 4b). CENP-A
plays an important role and serves as a marker and epigenetic descriptor of centromeres while
contributing stabilization of the genome (Sitbon et al., 2017) Scientists prove that deficiency of
CENP-A resulted in mitotic and nuclear defects which leads to senescence in different eukaryotic
species (Bodor et al., 2014). During the cell cycle, CENP-A replaces canonical H3, with this
replacement CENP-A functions as remodeling chromatin. Moreover, sustaining this process is
critical for chromatin stability during cell cycle phases as well as the organism'’s long-term viability
(Allshire & Karpen, 2008).

Figure 4. CENP-A structure and localization to centromeres. CENP-A nucleosome structure is
shown (adapted from Tachiwana et al., 2011) (a) Before HJURP can bind to centromeres, the
Mis18 complex attaches to CENP-C. Afterward, HIURP guides CENP-A to centromeric chromatin
for placement in nucleosomes under the guidance of the protein (adapted from Morrison & Thakur,
2021). (b)

2.4.1 The Amino-Terminal of CENP-A

CENP-A N-terminal sequence is different from other H3 variants. There have been several
studies to reveal the N-terminal functions of CENP-A. However, due to evolutionary perspective,

and sequence differences in many species exact function of the N-terminal domain remains an open



question. In Jing et al. (2017) study they found two structural motifs of CENP-A N-terminal:
R¥ZR®R* and K*R>2K53K®® play a role in CENP-A accumulation in the nucleus. Another study
which used C. elegans as a model organism revealed that the N-terminal domain of CENP-A is
required for proper centromeric chromatin assembly. They show that the N-terminal of CENP-A
has gained part of the role of the specialized chaperone/targeting factor HJURP/Scm3 and has
become required for loading into chromatin. (de Groot et al., 2021). Furthermore, there are studies
focusing on PTMs in the N-terminal of CENP-A. For example, Sathyan et al. (2017) showed that
N-terminal trimethylation of the CENP-A tail contributes to cell survival. In depletion of N-
terminal trimethylation signal, CENP-T and CENP-1 CCAN parts of the centromere cause loosen
the chromosomes and resulted in spindle pole deformity. Important cellular events such as nuclear
import, DNA interaction, and centromeric targeting in human cells all rely on arginine and lysine-
rich motifs in CENP-N-tail.
CENP-A Sequence

M 1dentical with H3.1

I Non-identical with H3.1

[Jinsertion not present in H3.1 CENP-A Targeting Domain (CATD) CENP-C
[ |

HJURP + CENP-N binding_‘
[

binding
|
al L1 a2 L2 a3
L J L J
N-terminal tail Histone fold domain

Figure 5. Representation of human CENP-A protein primary structure. The first loop and
second alpha-helix in the histone fold domain are required for CENP-A centromere targeting.
Consequently, this area is called the CENP-A targeting domain (CATD). Through the direct
binding of the main kinetochore proteins, CATD, one of the functionally important structural units
of CENP-A plays role in chaperone specificity and centromeric targeting. (Shuaib et al., 2010).
CENP-N and CENP-C, CENP-A nucleosome sequences also provide centromere-specific
activities. CENP-N connects to CENP-A by using the CATD domain of CENP-A. CENP-C
interacts with the CENP-A nucleosome's C-terminal tail, histones, and CATD. The N-terminal of
CENP-A has been linked to the recruitment of kinetochore proteins in many species (adapted from
McKinley & Cheeseman, 2015).
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2.4.2 Phosphorylation of Serine 7 Residue

There have been published contradictory data related to CENP-A S7p role. Since data are
conflicting, the precise function of CENP-A S7p remains unclear. Aurora A initiates CENP-A S7p,
which is sustained by Aurora B and C during telophases. According to a previous study, mutations
at CENP-A Ser7 seem to affect the dynamics of Aurora B partitioning among chromosomes but
have no effect on the localization of passenger proteins at midbodies in cytokinesis, chromosomal
separation, or alignment. (Zeitlin et al., 2001) On the other hand, Kunitoku et al. (2003). discovered
CENP-A S7A (serine to alanine conversion) expression delays prometaphase and misaligns
chromosomes. Another study using mutational research postulated that CENP-A S7p controls
CENP-C interaction to centromeres. Moreover, using CENP-A S7 mutants, they found that the
CENP-A may be connected to CENP-C through phospho-binding 14-3-3 protein. As a result, the
CENP-A S7A variant led to CENP-C loss, mitotic errors, and cell death. (Goutte-Gattat et al.,
2013) Furthermore, it has been discovered that inhibiting CENP-A S7p resulted in sister chromatid
cohesion problems, although there was no indication of defective kinetochore assembly. (Eot-
Houllier et al., 2018). Serine 7 starts to get phosphorylated in prophase, and attains a peak in
prometaphase, after that it begins to decline in anaphase. According to research by Barra et al.
(2019), CENP-A is phosphorylated at serine 7 residue during the cell cycle and is not essential for
centromere function. They target both alleles of CENP-A and the replacement process revealed
that S7p does not play arole in CENP-C recruitments and chromosome segregation. However, they
also investigate the role of serine 15, 16, 18, and 26 residues in the N-terminal domain of CENP-
A by mutating them into arginine and alanine amino acids. Results suggested that serine 7
phosphorylation does not affect the functionality of CENP-A while S16 and S18 are essential for
recruiting CENP-C and centromere function. Supporting this work, human serine 15 and serine 18
have previously been identified as important PTM sites for mitosis with respect to centromere
integrity. (Bailey et al., 2013; Takada et al., 2017). As we know the sequence of S7p CENP-A is
not conserved in other species. Also, the N-terminal tail of CENP-A from other mammals has not
been shown to be phosphorylated. In this study, we aim to understand the S15/S16 phosphorylation
site which is believed to function as a human CENP-A S7p (Table 1.)

11



Table 1.A summary of S7 phosphorylation-related research.

Findings

e The completion of cytokinesis and the

establishment of the location of
Aurora B.
e No significant change in the
chromosomal order.

Aurora-A phosphorylation of CENP-
A on S7 in prophase is important for
kinetochore activity.

e Delay in prometaphase and
chromosomal misalignment.

Blocking S7p causes mitotic defects
and cell lethality.
Regulating CENP-C localization and
binding through the centromere.

e CENP-A S7p protects against
premature centromere cohesion
loss during chromosomal alignment.

CENP-A S7p is not essential for
proper centromere dynamics and
function.

Strategy/Model Organism

Using site-directed mutagenesis, S7
is changed to alanine (S7A).
Performed in HeLa cells.

Produced HeLa cell lines with GFP-
fused wild-type CENP-A compared
with mutated CENP-A-(S7A)

Created HelLa cell lines expressing a
non-phosphorylatable
GFP-CENP-A-S7A mutant
resistant to SiRNA.

HelLa cells that overexpress a GFP-
CENP-A-STA construct exhibit
chromosomal misalignment.

CRISPR/Cas9 is used to change the
endogenous CENP-A allele to an S7
non-phosphorylatable variant.

Reference Study

(Zeitlin et al.,
2001)

(Kunitoku et al.,
2003)

(Goutte-Gattat et
al., 2013)

(Eot-Houllier et
al., 2018)

(Barraetal.,
2019)
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2.5 Genome engineering and CRISPR-Cas9

The goal of recombinant DNA technology is to edit an organism’'s genome from the outside
in order to achieve advanced and desirable traits in live organisms. Its goal is to make the required
mutation by combining DNA fragments from diverse sources with the desired gene sequence and
injecting them into the suitable vector. Gene modification technology, which began with simple
procedures, has enhanced the rate of gene targeting and modification, with starting usage of
endonucleases (Khan et al., 2016) It is possible to introduce mutations at specific sites using the
Cas9 endonuclease, a tool derived from the defensive mechanism of prokaryotes. The genome-
editing method CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats) is
divided into two parts, the "guide” sgRNA (gRNA) and Ca9 nucleases. Cas9 endonuclease employs
guide RNA to generate base pairs with DNA target sequences. Cas9 is a smart enzyme its
biochemical features allow it to detect a single/double stranded DNA (Jiang and Doudna, 2017).
Cas9 binding requires proto-spacer-adjacent motifs (PAM) which is 5’NGG’3 (N stands for A, G,
C, T). After recognition double chain break is caused by the incision made in the desired area.
(Figure 6). (Hille and Charpentier, 2016). The generated DNA damage can be repaired by two
different methods with the DNA repair mechanism non-homologous end joining (NHEJ) or
homology-directed repair (HDR) (Figure 7). The CRISPR-Cas9 technology is typically preferred
over the ZFN and TALEN systems because of its simplicity, efficacy, and ability to target several

genomic areas at once.
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Figure 6. Representation of CRISPR-Cas9 working principle. Cas9 nuclease cleaves DNA in
collaboration with sgRNA, which is complementary to the target sequence (adapted from Jinek et
al., 2013).
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Figure 7. CRISPR-Cas repair systems. CRISPR-Cas requires DNA repair mechanisms to alter
genes. The error-prone non-homologous end-joining (NHEJ) or homologous recombination (HR)
are the most prevalent form of homology-directed repair (HDR). NHEJ generally results in
unwanted repair sequences in the genome while HDR gives more precise editing with robust repair
substrates such as sister chromatid and homolog repair donors (adapted from Shalaby et al., 2020).

2.5.1 Gene editing with the CRISPR-EZ system

The existing method of microinjecting CRISPR gene editing materials (plasmids, mRNA,
SgRNAS) into pronuclear-stage embryos remains rate-limiting, despite the fact that CRISPR/Cas9
technology effectively edits genomes. As a result, the CRISPR-EZ system was developed by
Modzelewski et al. (2018). This system is based on the electroporation of RNP into embryos
(Figure 8.) Compering the other pronuclear and cytoplasmic microinjection methods CRISPR-EZ
allows a simpler and facilitated way of editing.

CRISPR-EZ accomplishes 100% delivery of Cas9/single-guide RNA in C57BL/6J and
C57BL/6N mouse strains, promoting indel mutations exon deletions, point mutations, and

insertions.
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Figure 8. CRISPR-EZ pipeline. Researchers use PCR, in vitro transcription, RNA purification,
and RNP assembly to generate functional Cas9/sgRNA complexes. Afterward, operate surgeries
to obtain pronuclear-stage embryos from super-ovulated females for RNP electroporation. After
cultivating pronuclear-stage embryos morula or blastocyst stage, genotyping and restriction
analysis were applied for checking the editing rate (adapted from Modzelewski et al., 2018).
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2.5.2 Asymmetric HDR strategy

Via using error-prone non-homologous end joining (NHEJ), Cas9 may easily make edited
organisms while the effectiveness of exact sequence substitution by homology-directed repair
(HDR) is significantly lower. In Richardson et al. (2016) study, they revealed that Cas9 separation
from double-stranded DNA substrates is weak, while Cas9 asymmetrically releases the 3 ends of
the cleaved DNA strand which is not complementary to the sgRNA before complete detachment.
According to the study, the asymmetric part of the HDR allows for quick Cas9 dissociation after
creating a nick at the double-strand compering to conventional HDR design. With this practice,
genomic surveillance factors, and machinery of DNA damage substrates repair DSB at the desired
site more efficiently. With a domino effect, quicker Cas9 dissociation results increase the
progression of repair. In this study, they claimed that with an asymmetric HDR design, the rate of
HDR editing could raise up to %60 in human cells (Figure 9). We employed standard HDR
(ssODN) for Tyr editing, while an asymmetric HDR approach was used for CENP-A editing to
aim for increased editing efficiency (Figure 10).

Nuclease 3ént 91nt
aomains
= ". =
RuvC o’ Annealing
-
Nontarget w0 Region *._
. E ’ .
. )
¢ 5 e—— "— 3 4 v :
¢ 3 e S—  — 3
o e —— —
Target = = === sgRNA 1\
HNH — '
Distal Proximal Distal Proximal

Figure 9. Demonstration of Cas9 and DNA interaction. Cas9 endonuclease (represented in
grey color) binds DNA. At the non-target strand, PAM-Cas9 cooperation is shown and at the
target strand, sgRNA-DNA annealing is demonstrated. The nuclease domains RuvC (His840) and
HNH (Aspl0) cleave both strands illustrated with red triangles (adapted from Richardson et al.,
2016).
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HDR donor DNA
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Figure 10. Asymmetric HDR design for CENP-A editing. Asymmetric HDR design used in
CENP-A editing.

3. MATERIALS AND METHODS

3.1. Materials

Gotag G2 Flexi DNA Polymerase (M7805) was purchased from Promega. Q5® High-
Fidelity DNA Polymerase (M0491L), Deoxynucleotide (dNTP) Solution Mix (N0447L), EcoRlI-
HF® Restriction Enzyme (R3101S), Pstl Restriction Enzyme ( R0140S), HiScribe T7 High Yield
RNA Synthesis Kit (E2040S), Monarch RNA Cleanup Kit (T2040L) and Proteinase K (P8107S)
supplied from NEB. Hinfl Restriction Enzyme (ER0801), GeneRuler 100bp Plus DNA Ladder
(SM0322), GeneRuler 50 bp DNA Ladder (SM0373), GeneJetPCR Purification Kit (K0702), Opti-
MEM reduced serum media (11058021), Fast Digest Buffer (B64), Hinfl Restriction Enzyme
(FD0614), TBE-Urea Gel 10%,-10well (EC6875) were purchased from Thermo Scientific. Greiner
Bio-One supplied the Microcentrifuge Tubes (616201). 10ul filtered sterile tips (10500064) from
Gibco. Alt-R® S.p. Cas9 Nuclease V3 (1081059) and Cas9 electroporation enhancer (1075915)
were bought from Integrated DNA Technologies. Microcentrifuge tubes, polypropylene (616201)
from Greiner Bio-One, PCR tubes (123.01.002) from Isolab, Methanol (34860-2.5L-R),
isopropanol (34863-2.5L), and ethanol (32221-2.5L) SafeView Classic (G108) were purchased

from ABM. All reagents were of analytical grade.
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Primers used in this study are given in Table 2.

Table 2. The list of primers used in this study.

Sequence

Purpose

GGATCCTAATACGACTCACTATAG

IVT FWD generates the IVT template by PCR,

universal

AAAAAAGCACCGACTCGG

IVT REV generates the IVT template by PCR,

universal

TCTTTTCGGAGACACTCAAATCA

sgTyr F1 for screening

TCTGTACAATTTGGGCCCCC

sgTyr F2 for screening

GCTTTCAGGCAGAGGTTCCT

sgTyr R1 for screening

CACCGAAGGAGGAGACCCTCCAGCC

mouse CENPA sgRNAL Forward

AAACGGCTGGAGGGTCTCCTCCTTC

mouse CENPA sgRNAL Reverse

CACCGGTCCAGGCGCCGGGCTGGA

mouse CENPA sgRNA2 Forward

AAACTCCAGCCCGGCGCCTGGACC

mouse CENPA sgRNA2 Reverse

TTTTTGAACTGCTGGCGACC mouse CENPA screening primer F1
CATTACCCCTACGCGAGGTT mouse CENPA screening primer R1
CTTGCTCGCGTTCGGTTTC mouse CENPA screening primer F2
CCCTGCTGTAAACCGGTCAG mouse CENPA screening primer R2
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3.2 Method

3.2.1 sgRNA synthesis

IVT-FWD
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17 Promoter g N Universal scaffold (trachNA) Pol lll terminator
_ CAAAATCTCGATCTTTATCGTTCAATTTTATTCC! GAACTTTTTCACCGTGGC AAAAA-S

. IVT-scaffold-long (82 nt)

GGCTCAGCCACGAAARAA-S'
IVT-REV

PCR

-1 2 3

Quality -
control -
—
S - . 127 bp
/n vitro DNA electropheresis
nansc iption
o
Quality
ontrol o
- L
RNP complex S 40 so ao 160 1;0 (nt)
assembly Bioanalyzer assay

1

: '

. :
Gasd + vt ;

H ssODN 1

: donors |

'

(optional) !

Figure 11.Schematic demonstration of sgRNA synthesis with in vitro transcription. A couple
of PCR primers black correspond to IVT-Forward and IVT-Reverse. The common reverse
template oligo shown in blue/red: IVT-scaffold-long and an oligo with a 5" T7 promoter and
sgRNA sequence represented in the color (green/black/blue: 1VT-sgRNA-long) are among the
components. A PCR reaction is required to create the DNA template for sgRNA production. This
reaction produces a single 127-bp amplicon, which should be verified using gel electrophoresis.
T7 in vitro transcription (IVT) is then used to produce sgRNAs. Before continuing to trials, the
quality and amount of newly generated sgRNA were tested by using a Bioanalyzer or Urea gel
(adapted from Modzelewski et al., 2018).
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To create the DNA template for SgRNA in vitro transcription using PCR, the appropriate
reaction mixture is prepared in a sterile RNase-free eight-well PCR strip tube.
Table 3. PCR set-up for sgRNA template synthesis.

Component Amount (ul) Final Concentration
H20 35.5 -

5x Q5 Reaction Buffer 10 1x

10 mM dNTPs 1 0.2 mM
IVT-universal-Forward (1uM) 1 0.02 uM
IVT-universal-Reverse (1uM) 1 0.02 uM
IVT-sgRNA oligo Tyr (100uM) 0.5 1 uM
IVT-sgRNA-Scaffold-long (100um) 0.5 1 uM

Q5 enzyme (2 U/ul) 0.5 0.02

Total 50 -

Table 4. PCR cycling conditions for sgRNA template synthesis.

Cycle Number Denature Anneal Extend
1 95 C% 2 min
2-31 95C% 10 57C°%10s 72 C° 10s
32 72 C° 2min

e At this step, control the PCR amplicon with %2 agarose gel. The product should be at
127bp size (Figure 11).
e PCR clean-up produce is applied according to GenelJet-PCR purification Kit protocol.

e Prepare the following reaction mixture in an RNase-free eight-well PCR strip tube by
gently pipetting the chemicals together.

e The NEB HiScribe T7 High Yield RNA Synthesis Kit includes all materials except the
DNA template.
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Table 5. Set-up for T7 in vitro transcription (IVT).

Component Amount (ul) | Final Concentration
10x HiScribe Reaction buffer 2 1x
ATP (100 mM) 2 10mM
GTP (100 miM) 2 10mm
CTP (100 mM) 2 10mm
UTP (100 mM) 2 10mm
DNA template (Step 3) 8 25ng/ul
T7 RNA polymerase mix 2 -
Total 20 -

e |VT reaction mix is incubated for over 18h at 37C°in a thermocycler machine.

e After incubation, 1ul RNase-free DNase | ((2 U/reaction) is added to PCR tubes and
incubated for 20 mins.

e For the clean-up process, the Monarch RNA-Clean-up kit is used and followed the

instructions of the kit.

3.2.2 sgRNA purification by Monarch RNA-Cleanup Kit

1.) 100 ul RNA Clean-up Binding Buffer is added to the 50ul sample. (If the sample is not
50ul, arrange up to 50 ul using RNase Free-water.)

2.) 150 ul of ethanol (>95%) was added to the sample. Mixing is done by flicking the tube,
not the vortexing.

3.) The reaction is transferred into collection tubes found on the kit. After loading the sample,
centrifuged at 16,000xg for around 1min.

4.) The column is reinserted into the collection tube after centrifugation and a 500ul clean-up
buffer is added. Discard the liquid substance.

5.) The wash step is repeated. (Step 4)

6.) The column is placed into the sterilized 1.5ml microfuge tube.

7.) sgRNA is eluted by using 20ul RNase-free ddH20 according to the length of the sgRNA.
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3.2.3 Superovulation and Mating

CRISPR-EZ method requires pronuclear stage embryos isolated from young (four weeks
old) C57BL6 female mice. Because one female mouse can produce roughly 20 embryos, and
several embryos may be lost during the manipulation phases, this study required ten female mice
for superovulation and embryo collection. On Day 1, mice received an intraperitoneal injection of
5 IU PMSG. On Day 3, 5 IU of hCG was injected to stimulate ovulation. Following an hCG
injection, each female was paired with one fertile stud male mouse (C57BL6). CD1 female mice
to be used as hosts for embryo transfer were paired with vasectomized male mice on the day that

C57BL6 mice were mated in order to produce synchronized pseudo pregnant mice.

3.2.4 Embryo Isolation and Manipulation

Females were taken one day after mating which corresponds to Day 4, for a copulation plug
check. The cervical dislocation was used to euthanize females with plugs. Steps for oviduct
collection and dish prepping were carried out according to Modzelewski et al. (2018c). The female
mouse's oviducts were isolated and placed in the oviduct dish, which was maintained at 37°C with
the help of a heater. One oviduct was placed in the dish after ten female mice's oviducts were
collected. The oviduct's ampulla was found using a stereomicroscope, and a forceps was used to
cut the ampulla. After cumulus cells were detached, pronuclear stage embryos were harvested with
mouth pipetting using a pulled glass capillary. To wash off extra cumulus cells, collected embryos
were placed in a wash dish which is including 1ml GLOBAL HEPES Media with BSA. A drop of
50L GLOBAL Media with BSA was placed into a dish for culturing. In total, 12 drops were placed
in a single dish. Mineral oil was poured into the dish until all of the drips were coated, and the dish
was then equilibrated in a 5 percent CO2 incubator at 37 °C and %95 humidity. After
electroporation, the embryos were taken and placed in these drops. 10 embryos were delivered for
each drop. Embryos were cultivated in the incubator for 4 days in an embryo culture plate. When
embryos reach the morula or blastula stages, they were gathered into clean PCR tubes which
include 10ul HotShot buffer. Samples (embryo mix) heated for 2 minutes in HotShot Lysis Buffer
at 95°C. 10uL HotShot Neutralization Buffer was added to each PCR tube (applied according to
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Truett et al., 2000). The mixture was kept at -20°C as a DNA template for further genotyping
procedures.

3.2.5 Ribonucleoprotein complex (RNP) Mix preparation

Firstly, sgRNA and Cas9 are mixed with opti-MEM on the clean PCR tube. 2ul HDR is
added and incubated for 10 min at room temperature before electroporation. The mixture (RNP
mix) was placed in a 0.1-cm-gap electroporation cuvette. Embryos were subsequently
electroporated with a square-wave technique in a Bio-Rad Gene Pulser XCell device using the
conditions listed in (Table 6). Electroporated embryos were gathered on a dish after being washed
three times with 50L Opti-MEM. The embryos obtained as demonstrated in section 3.3.1 were
added to the RNP solution by mouth pipetting.

Table 6. Electroporation conditions.

Condition Value
Voltage 30V
Pulses 4-6
Pulse length 3ms

Pulse interval 100ms

Table 7.RNP-Mix set-up for Tyr editing.

Ingredients Amount
Tyr-sgRNA (3.2ug/ul) 0.8ul
Tyr-HDR oligo (100uM) 2 ul
Cas9 IDT (61uM) 1.3ul
Opti-MEM 15.9ul
Total 20ul
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Table 8. RNP-Mix set-up for CENP-A editing.

Ingredients Amount
CENPA-sgRNA (3ug/ul) 0.8ul
CENP-A HDR oligo (100uM) 2ul
Cas9 IDT (61uM) 1.3ul
Opti-MEM 15.9ul
Total 20ul

3.2.6 Genotyping PCR of Tyr-edited embryos

CRISPR-EZ settings were optimized for editing efficiency and embryo viability.
The NHEJ and HDR editing techniques for exon 1 of the Tyr gene are presented. NHEJ editing
successfully anneals a Hinfl site disrupting Tyr gene function (Figure 12). PCR conditions and

set-up are demonstrated in (Tables 9 and 10).

i _Hinfl_
WT 5’ GTGCACCATCTGGACCTCAGTTCCCCTTCAAAGGGGTGGATGACCGTBAGTEC TGGCCCTCTGTGTTTTATAATAGGACCTGCCAGTGCTC 3’

v PAM

|
NHEJ 5 GTGCACCATCTGGACCTCAGTTCCCCTTCAAAGGGGTGGATGACCGT- % - CIGGCCCTCTGTGTTTTATAATAGGACCTGCCAGTGCTC 3
A

ECORI_
HDR 5 GTGCACCATCTGGACCTCAGTTCCCCTTCAAAGGGGTGGATGACCGTGAALTCCIGGCCCTCTGTG IATAATAGGACCTGCCAGTGCTC 3

(92 nt ssDNA Donor Oligo) PA| Stop

&
g CRISPR-EZ
S ( A
NHEJ

Edited p> L L LY - - —
Jnedited p - = - - . —

A in

HDR -

Jnedltedb————---—- —————— - -----------:
Edited P

Figure 12. Schematic representation of genotyping strategy for Tyr-editing. The Hinfl site is

replaced with an EcoRlI site in a successful HDR editing, resulting in a frameshift mutation that

disables Tyr gene function (adapted from Modzelewski et al., 2018)

EcoRl
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1 F2
UCTTTTCGCAGACACTCAA;?EN [TCTGTACAATTTGGGCCCCC

tcLtttcggagacactcaaatcaaaaatgtttcttctaatcaagacchcLLctchtacaaLttgggcccccaaaLccaaacttacagLttccgcagtt
t 100
8 1gaa as lgLLLLLngdgLLL agtttttacaaagaagatt lglLng lgt,g aagagz lLdLgLLu‘luccugggggLLL aggtttgaatgtcaaaggecgtcaa

HinFl

|
gaaacccatgaagttgcctgagcactggcaggtcctattataaaacacagagggccagnacr acggtcatccacccctttgaaggggaactgaggtcca

+ t + + 200

ctttgggtacttcaacggactcgtgaccgtccaggataatattttgtgtctCCCQQECuwg{ [gccagtaggtggggaaacttccccttgactccaggt
HDR template

- |

SgRNA

Pl

gatgg[gcactgqacagaaggatatcctggcaggaacctctgcctgaaagc g

H 251
ctaccacgtgacctgtt,ttcctataggaccgtccttggagacggactttcg L
——

HDR template

TCCTTGGAGACGGACTTTCG|
R1

Figure 13. The arrangement of screening primers for Tyr-gene locus. After Nested PCR,
amplicons should give 200bp and amplicons were analyzed by using Hinfl and EcoRI enzymes.
EcoRI digestion shows NHEJ edited embryos while Hinfl restriction indicates WT phenotype.

Table 9. Nested PCR set-up used for genotyping Tyr-edited embryos.

Component Amount Final Concentration

5x GoTaq Green buffer 2ul 1x

dNPTs 0.2ul -

MgCl; 0.6ul -

sgTyr F1 for screening Tl 1mM

sgTyr R1 for screening Tl 1mM

GoTag enzyme 0.1l -

H20 2.1ul -

DNA 3ul -

Total 10ul -

Table 10. Thermocycler conditions of Tyr-Genotyping.

Cycle Number Denature Anneal Extend
1 95 C% 2 min
2-31 95C% 10 60 C° 10s 72 C° 10s
32 72 C° 2min
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After applying the first PCR shown in Table7, 1/100 diluted first PCR product is used for
the second PCR template. Thermocycler conditions are the same as indicated in (Table 10). The

expected amplicon should be 200bp size.

Table 11. PCR conditions of Tyr-Genotyping.

Component Amount Final Concentration

5x GoTaq Green buffer 4ul 1x

dNPTs 0.4ul -

MgCl. 1.2ul -

sgTyr F2 for screening Tl 1mM

sgTyr R1 for screening Tul 1mM

GoTaq enzyme 0.1l -

H20 2.1l -

DNA 11.3ul -

Total 20ud -

3.2.7 Restriction Analysis for Tyr-Editing

Successful HDR editing creates EcoRI one site at the Tyr locus, as indicated in section 3.4,

whereas Hinfl restriction is employed to detect non-edited embryos as a negative control.

Table 12. Restriction analysis ingredients for Tyr-editing.

Component Component Amount (1x reaction)
Hinfl enzyme (1U) EcoRI enzyme (1U) Tl
DNA (second PCR) DNA (second PCR) 5ul
Cutsmart Buffer Cutsmart Buffer Tul
ddH0 ddH:0 3ul

3.2.8 Genotyping strategy for CENP-A

For the genotyping of CENP-A again Nested PCR amplification is used. which allows clear

bands for further restriction analysis. HDR introduces a novel Pstl restriction site.
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Start (0) KD469 KD471
tttttgaactgctggcgace CTTGCTCGCGTTCGGTTTC

tcaaaagatgcggtgggaggggcgggtgattttttgaactgctggcgaccgagttctggcggtcctgacgcgcaccttgggcttgctcgcgttcggtttcggcagcaggaccqagaaggc
I T 120

aattt(ctacgccaccctccccgcccactaaaaaacttgacgaccgctggctcaagaccgccaggactgcgcgtggaacccgaacgagcgcaagccaaagccgtcgtcctggttcttccg

Pstl
HDR Donor DNA 127 nt

ttagggaaggcggcgggacccggcccctcgaggccagccatgggcccgcgtcgcaaaccgcagaccccaaggaggagacc G( uu(cccggcgcctggaccctcgcgacagagctccagq
T t f f t t t T t t t T 240

aatcccttccgccgccctgggccggggagctccggtcggtacccgggcgcagcg(ttggcgtc(ggggttcctcctctgg»« GTC Lgggccgcggacctgggagcgctgtctcgaggtca
1 L S L L 10 L 15, L .20

gtaggtaagcgagcctgccctgcacctccgaggccggtgcggtcatcctgtgggIgccgggcctgtagagggacggttcctggtcacggcttgccgctaacctcgcgtaggggtaatggtt
T ¥ T T T T T T T T T T T T T T T t T + T + T 360
catccattcgctcggacgggacgtggaggctccggccacgccagtaggacaccc|

cggcccggacatctccctgccaaggaccagtgccgaacggcgattggagcgeatccccattaccaa
—— TTGGAGCGCATCCCCATTAC)
4 KD470

tttttgtttatttgtttgtttgtttgcttgtttgttcctgaccggtttacagcagggagaaaaacgaaatgcagacaagacaaggagttggagcaaagacaaactcattctgacggacac
t + , + + + t + t + t + . + + } + t + + as0
aaaaacaaataaacaaacaaacaaacgaacaaacaaggactggccaaatgtcgtccctctttttgctttacgtctgttctgttcctcaacctcgtttctgtttgagtaagactgcctgtg

GACTGGCCAAATGTCGTCCC
KD472

Figure 14. Genotyping and screening strategy for CENP-A.

3.2.9 DNA extraction protocol for CENP-A mouse tissues

e Nail or tail from the mouse taken.

e 10ul of 20mg/ml Proteinase K is added directly into the samples.

e Water bath or heat block adjusted at 55C® and samples incubated overnight.

e Samples were taken from bath vortexed 5 min.

e 6M NaCl is prepared using double distilled water. 250ul NaCl(6M) is added to each sample.
e After 5 min vortexing, samples were centrifuged at 4C° 13.000rpm for about 10min.

e 500 pl isopropanol is added to each sample.

e Again, samples were centrifuged at 4C° 13.000rpm for about 10min.

e The liquid part should be removed carefully DNA is found at the bottom in pellet shape.
e For the washing step, 750 ul ethanol (%70) is added into microfuge tubes.

e Samples were centrifuged at 4C° 13.000rpm for about 10min.

e Removed the ethanol from the pellet and wait until it’s dry.

e 30ul nuclease-free water is added and left at 4C° overnight.

First PCR ingredients and the amount is shown in the table.
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Table 13. First PCR set-up for CENP-A.

Component Amount Final Concentration

5x GoTaq Green buffer 4ul 1x

dNPTs 0.4ul -

MgCl. 1.2ul -

CENP-A F1 for screening 0.5ul 1mM
CENP-A R1 for screening 0.5ul 1mM

GoTaq enzyme 0.1l -

H20 10.3ul -

DNA 2ul (from hotshot) -

Total 20ud -

For the template of the second PCR, 1/100 diluted first PCR product is used. At the result
of the second PCR, the amplicon should be sized at 336p.
Table 14. Second PCR set-up for CENP-A.

Component Amount Final Concentration

5x GoTaq Green buffer 4ul 1x

dNPTs 0.4ul -

MgCl; 1.2ul -

CENP-A F2 for screening 0.5ul 1mM
CENP-A R1 for screening 0.5ul 1mM

GoTag enzyme 0.1pul -

H-0 11.3ul -

DNA 1ul (1/100diluted) -

Total 20ul -
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Table 15. Thermocycler conditions of CENPA-Genotyping.

Cycle Number Denature Anneal Extend
1 95 C% 2 min
2-34 95 C°, 15s 65C° 10's 72 CY, 255
35 72 C°% min

3.2.10 Restriction Analysis for CENP-A-Editing

Pstl digestion shows successful HDR-editing. The second PCR which gives 336bp should

give two distinctive bands size at 213bp and 123bp after restriction analysis that indicates

homozygous mouse. If there is a blurred band at the size of 336 in addition to 213-123bp bands

this shows a heterozygous genotype.

Table 16. Restriction analysis ingredients for CENP-A.

Component Amount (1x reaction)
Pstl enzyme (1U) Tl
DNA (second PCR) Sul
CutSmart Buffer Tl
ddH20 3ul
Total 10ul
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3.3 Workflow

This project is based on creating a mouse model for CENP-A N-terminal epigenetics
investigations. The CRISPR-EZ method was chosen for the editing system. For getting the mouse
model all steps demonstrated in (Figure 15) are applied after optimizations.

Designing and producing sgRNA

Figure 15. Workflow of the project.
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4. RESULTS

4.1 Creating Tyr Mouse model

4.1.1 sgRNA synthesis and quality confirmation

sgRNA’s produced by in vitro transcription method are analyzed by TBE-Urea gel. The
left side of the figure shows the Tyr and CENP-A sgRNAs template which should be given
exactly a 127bp amplicon. On the right side of the figure, for controlling the size of Tyr and
CENPA sgRNAs, a previously produced and characterized sgRNA is used as a marker. Urea gel
can remove secondary structure forms of RNA. In this figure, the intact band image confirms Tyr
and CENPA sgRNAs are produced successfully (Figure 16).

b

°
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-
=
(=3
@)

4= 127bp

Figure 16. Quality confirmation of produced sgRNAs. Template synthesis control (a), SgRNA
quality checking with %10x TBE urea gel, 200ng sgRNA is loaded into the gel. (b) After
optimizing the condition of the urea gel, 100ng is decided to use for subsequent experiments.
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4.1.2 Embryo genotyping

Embryos electroporated with Tyr-RNP mix genotyped using nested PCR method. After
applying the Hotshot DNA extraction protocol Tyr locus amplified with KD-431(F) and KD-
433(R). For getting a clear and bold band 1/100 diluted first PCR samples were used for applied
second PCR with KD-432(F) and KD-433(R). Correct amplification of Tyr locus size should
give 200bp as the figure indicates. In this figure, | analyzed 45 embryos 18 of them are at the stage

at blastocyst while 27 are at the morula (Figure 17).

<4=mm 2(00bp

Figure 17. Nested PCR results of Tyr-RNP electroporated embryos. The extracted DNAs of
18 blastocysts and 27 morula stage embryos are amplified using the Nested PCR procedure, which
should give 200bp size bands.

4.1.3 Restriction Analysis of Genotyped Tyr-Edited Embryos

For confirming NHEJ editing, two restriction enzymes are used to check the Tyr locus at
exon 1. A successful NHEF editing disrupts the Hinfl restriction site to EcoRI. With this strategy,
we can conclude that DNAs that are cut by the Hinfl restriction enzyme stand for non-edited Tyr
locus while the EcoRlI digest corresponds to successful HDR-editing. EcoRI and Hinfl enzymes
were used to digest chosen embryos in this figure. M14, M15, M16, and B6 have been HDR
edited at the bottom (Figure 18b).
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Figure 18. Hinfl and EcoRI Restriction analysis of Tyr-RNP electroporated embryos. The
majority of embryos had DSB at the Tyr locus, and Hinfl sites were lost due to NHEJ or HDR
repair. From the total PCR amplified embryo samples in Figure 17, only selected embryos were
analyzed by restriction digestion. Asterisk shows the embryos with the EcoRI site, suggesting the
presence of the HDR-mediated knockin allele.

4.1.4 Creating Tyr gene-edited mouse model

By using the CRISPR-EZ method, the brown pigment synthesis gene Tyrosinase was
edited in the in vivo model. After getting a high editing ratio from the embryos experiment, at the
next trial embryos were transferred into pseudo-pregnant mice to get an Tyr edited mouse model.
We have obtained albino mice both with indel mutations and targeted knockin mutation at Tyr
locus (Figure 19). After establishing the CRISPR-EZ system on Tyr locus, we proceeded with

creating a mouse model for CENP-A N-terminal mutations.
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Figure 19. Representation of the Tyr CRISPR edited mouse model. Targeted modification of
the Tyr gene results in albino coat color, whereas the other littermates display the WT black coat
color phenotype of the C57BL/6 inbred strain.

4.2 Creating CENP-A mouse model

After optimizing the CRISPR-EZ protocols and creating a Tyr-edited mouse model, we
applied the same strategy for the CENP-A knockin model. We aimed converting serine 15 and 16

into alanine. For increasing HDR efficiency, we used an asymmetric HDR design.

4.2.1 CENP-A mouse genotyping

CENP-A RNP electroporated embryos were transferred into pseudo-pregnant mice. Nested
PCR is used for genotyping CENP-A edited mice. For the first PCR KD-469(F) and KD-472(R)
are used. 1/100 diluted first PCR reaction mix is used for the second PCR template which is
amplified with KD-471(F) and KD-472(R). Second PCR should give 336bp exactly in the figure
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demonstrated. Bands seen above and below the 336bp size indicate indel mutations such as C4-C5
(Figure 20).
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Figure 20. Genotyping of live-born pups after CENP-A CRISPR-EZ protocol (C1-C8).
CENP-A edited embryos were transferred into host CD1 mice. Live-born pups were genotyped by
nested PCR. For the control (unedited WT), mouse embryonic fibroblast (MEF) genomic DNA
was used. PCR products were separated by 2% agarose gel 90V around 1h.

4.2.2 Restriction analysis results of CENP-A edited mice

After CENP-A CRISPR editing, HDR introduces a novel Pstl site at the mutation zone. A
homozygous digestion pattern should give two bands at the size of 213bp and 123bp. The C1
mouse in the figure has a strong probability of being homozygous, whereas the C2, C3, C6, and
C7 digestion patterns show the presence of the knockin mutation. These mice are potentially

mosaic genetically and could as well carry additional indel mutations.
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Figure 21. Restriction Analysis of CENP-A electroporated mice with Pstl (C1-C8). Digested
products run for 1.5 h at %2 agarose gel with 90V. MEF is used as the negative control (non-
digested). A complete digestion reaction of 10ul is loaded which includes a 5ul PCR product
digested with Pstl.
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tcgaggccagccatgggcccgcgtcgcaaaccgcagaccccaaggaggagaccTGCAGCcccggcgecctggaccctcgcgacagagctcg

TCGAGGCCAGCCATGGGCCCGCGTCGCAAACCGCAGACCCCAAGGAGGAGAchGCAGCCCCGGCGCCTGGACCCTCGCGACAGAGCTCC

s

Figure 22. Sanger sequencing confirmation of C1 mouse. The figure shows that targeted serine
15 and serine 16 are converted to alanine successfully. TGCAGC sequence corresponds to the C1
mouse CENP-A N-terminal locus. Pstl site is added via codon choice and silent mutations.
Densitogram does not suggest the presence of additional alleles, although the presence of very large
deletions that could not be amplified by our nested PCR protocol cannot be ruled out.

C10
12
C13
Cl4
Cls
C16
€1y
C19
C20
C21
22
N

Mef

Cl11

T —————————— — W 336bp

~

110

mih

Figure 23. Genotyping of the live-born second-generation CENP-A edited pups (C9-C22). As
shown in the diagram, genotyping pups gives a 336bp PCR product at the correct size. All amplicon
lines are at the same size indicating that there are no indel mutations.
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Figure 24. Restriction analysis of live-born second-generation CENP-A edited pups with Pstl.
Digested products run for 1.5 h at %2 agarose gel with 90V. MEF is used as the negative control,
and C1 (knock-in) pup DNA is used for positive control.

4.2.3 CRISPR-edited CENP-A mice

Based on the genotyping results shown in (Figure 21 and 22), we backcrossed C1 and C3
(knock-in  females) with C57BL/6 males. Offspring labeled with C9 through C22 have
predominantly heterozygous genotypes as expected. Due to the fact that they are born in the same
cage, we are unable to distinguish the mothers of the pups (Table 18).

At the (Table 17), we have classified the genotypes of founder mice as WT, knockin or
indel. Due to the nature of the CRISP-EZ technique, the genomic editing can take place at different
time points during embryo development. Different proportions of cells in the developing embryo
might have different genotypes (WT, knockin, insertion, deletion). Due to this genetic mosaicism,
it is usually not possible to assign a genotype to the founder mice. We classify these mice as (i)
WT when the PCR product is the same size as the WT and does not get digested with the restriction
enzyme (Pstl), (ii) as knockin when they carry the knockin allele at detectable levels in agarose
gel, (iii) as indel when the PCR amplicon is fuzzy or shows bigger or smaller fragments, but
restriction digestion does not show the knockin mutation. After founder mice are bred with
C57BL/6 mice, the newborns don’t have genetic mosaicism. Furthermore, we bred C17 (a
heterozygous male) with C12, C13, and C14 (heterozygous females). After pups are born, it will
be determined whether a Mendelian distribution will occur.
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Table 17. Genotypes of CENP-A knockin founders.

Animal ID Sex  Generation Genotype
Cnp-k1 (C1) F Founder Knock-in
Cnp-k2 (C2) F Founder Knock-in
Cnp-k3 (C3) F Founder Knock-in
Cnp-k4 (C4) F Founder WT
Cnp-k5 (C5) M Founder Indel
Cnp-k6 (C6) M Founder Knock-in
Cnp-k7 (C7) M Founder Knock-in
Cnp-k8 (C8) M Founder WT

Table 18. Genotypes of CENP-A new-born pups from backcrossing of C1 and C3 (knockin)
females with C57BL/6 males.

Animal ID Sex  Generation Genotype
Cnp-k9 (C9) F FIN1 Heterozygous
Cnp-k10 (C10) F FIN1 Heterozygous
Cnp-k11 (C11) F FIN1 WT
Cnp-k12 (C12) F FIN1 Heterozygous
Cnp-k13 (C13) F FIN1 Heterozygous
Cnp-k14 (C14) F FIN1 Heterozygous
Cnp-k15 (C15) F FIN1 Heterozygous
Cnp-k16 (C16) F FIN1 Heterozygous
Cnp-k17 (C17) M FIN1 Heterozygous
Cnp-k19 (C19) M FIN1 Heterozygous
Cnp-k20 (C20) M FIN1 Heterozygous
Cnp-k21 (C21) M FIN1 Heterozygous
Cnp-k22 (C22) M FIN1 Heterozygous
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5. Dl ION

In this study, we aim to create a mouse model that includes mutated S15 and S16 residues
at the N-Terminal of CENP-A. We successfully converted targeted S15, and S16 into alanine.
There are studies on the N-terminal role of human CENP-A and related PTMs investigation in
vitro, particularly in human CENP-A S7p, which is hypothesized to correspond to the mitotic
phosphorylation function of mouse CENP-A S15 and S16. (Dalkara, Defne. (2017); Ors et al.,
2017). Previous research demonstrated controversial results regarding the role of S7
phosphorylation in centromere function. However, the experiments were carried out generally via
using HeLa cells. The fact that CENP-A is a fundamental protein is one of the most difficult aspects
of working with it, it's challenging to get rid of completely because CENP-A deficiency is fatal to
cells and organisms at the same time very low percentage of the CENP-A amount is sufficient to
sustain partial centromere function (Fachinetti et al., 2013). Understanding the CENP-A PTM site
function is difficult using in vitro models however, in vivo models will provide more information
about the lethality of investigated sites. As another important point, studies that used the SiRNA
method were biased by partially downregulated CENP-A which may have influenced the results.
CENP-A is a highly stable and long-lived protein; as a result, it is challenging to diminish its levels
using RNA. technology.

In this research, we were able to create a homozygous mutated CENP-A mouse model
which includes S15 and S16 mutated N-Terminal. In our work, we could precisely conclude that
blocking phosphorylation at residue serinel5 and 16 in the N-terminal of mouse CENP-A is not
causing lethal chromosomal abnormality during mitosis. All the mutated mice are perfectly healthy.
Despite creating a CENP-A-mutant mouse model for functional research, our results are unable to
reveal minor epigenetic modifications arising from S15 and S16 alanine conversion.

This project is based on CRISPR-EZ, which requires correctly designed single-guide RNA
(SyRNA). There are limitations to finding PAM sites for desired mutations while sgRNA
designing regardless of the source or website you choose. (Cui et al., 2018) Designing and choosing
optimized sgRNA for in vivo editing is more challenging because T7 or SP6 promoters in
CRISPR/Cas9 system restrict GG or GA in the 5'-end of the sgRNA sequence which resulted in
more limited PAM targeting sites. (Moreno-Mateos et al., 2015). In (Figure 14) which is includes
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quality confirmation of produced sgRNA for Tyr and CENP-A editing shows the correct size and
intact structure of sgRNA. For a better understanding of the sgRNA’s quality, we could use a
bioanalyzer for the additional control. By using the IVT method for producing sgRNAs, we were
able to create mouse models for Tyr and CENP-A. We preferred to use Nested PCR for genotyping
because working with embryos (morula-blastocyst stage) is challenging due to their low DNA
quantity. (In Figure 17), (Figure 20) and (Figure 23) we were able to get a bold band at the result
of two-step PCR. In some embryo screening trials, even nested PCR was unable to amplify target
regions. In both Tyr-CENP-A edited embryo genotyping, in some cases, there are bands of slightly
different than expected size which is coming from mostly indel mutations. Creating a working
genotyping and screening strategy is the key part of the project. According to restriction analysis
results in (Figure 18) Hinfl (wildtype control), non-digested embryos are also non-digested with
EcoRI (HDR-editing control). This may have occurred due to restriction analysis conditions or
indel mutations resulting from CRISPR incisions at different locations. This study led to the
establishment of a CENP-A mouse model carrying 15S and 16S mutations, as validated by

restriction and sequencing analyses.
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6. NCLUSION AND RECOMMENDATION

We've achieved two significant findings as a result of the project. Firstly, using the

CRISPR-EZ technology, in-vivo models for knock-out and knock-in mutations were successfully
produced. In terms of efficacy and simplicity, it is a far superior technique to other in-vivo delivery
methods. Secondly, with the phenotypic observation of mutant CENP-A pups, we conclude that
the CENP-A S15/S16 mutation is not lethal to the organism. We may further postulate that the
conversion of phosphorylation sites (S15/16) to alanine did not lead to abnormal chromosomal
segregation. The organism may be able to restore the function of these phosphorylation sites by
using other serine or threonine residues in the CENP-A N terminal.
Furthermore, this study requires additional analysis including immunocytochemistry and
quantification of mitotic defects for better investigation of possible minor centromere abnormality
during the cell cycle. Moreover, despite we observed no lethal phenotype, mutations at S15 and
S16 may have resulted in changes in the binding affinity of CENP-A-related substrates, such as
CENP-C, CENP-N, and HJURP. In healthy cell division, CENP-A recruits CENP-C and HJURP
protein, which helps maintain the CENP-A amount at centromeres. These mutation sites may result
in lower CENP-C and HJURP levels, which organisms may be able to tolerate during the cell cycle.
At this point, nuclear/mitotic defect analysis should be performed to gain a better understanding of
its epigenetic function. In particular, western blotting can be performed to assess changing protein
levels during the cell cycle.

In the future perspective, we aim to mutate all serines located in the N-terminal of mouse
CENP-A. Creating of such a mouse model will provide a clear picture of the related PTMs and the
function of the protein in the cell. In addition, MEF cells derived from mutant CENP-A and WT
mice can employ nuclear isolations and immunoblotting methods to obtain a greater understanding

of epigenetic modifications.
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