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1. Summary

Embryo Developmental Arrest (EDA) is an infertility phenotype, characterized by
developmental arrest during the early cleavage stages or lower blastocyst formation rates.
Defects in a number of maternal genes have been associated with EDA, one of them being
PADI6. Besides oocyte donation, treatment options for these patients are limited. Therefore,
we aimed to develop a relevant mouse model, harboring a disease-causing Padi6 point
mutation, to compare three future strategies to restore PADI6 function: nuclear transfer for
defective ooplasm replacement, CRISPR/Cas13 mRNA base editing to correct the defective
Padi6 mRNA and Padi6 complementary RNA (cRNA) injection, to complement defective Padi6
MRNA.

The generation of the relevant mouse model consisted of electroporation-mediated delivery of
CRISPR/Cas9 components into mouse zygotes, after which good quality blastocysts were
transferred to pseudo-pregnant female mice. The resulting offspring was genotyped by next-
generation sequencing. Only Padi6é knock-out mice were encountered to date, which were
selected for further breeding and exploratory phenotyping, which included zygote collection
and embryonic developmental assessment, immunostaining and histology. From these
preliminary data, it was shown that both fertilization and the first cleavages were compromised.
Next, ready-to-use cRNA was already prepared by ligating Padi6 cDNA into an expression
vector, followed by its in vitro transcription.

In conclusion, additional electroporation and embryo transfer attempts should be undertaken
to obtain a mouse model with the desired point mutation, however both cRNA administration
and nuclear transfer can already be evaluated in the currently produced Padi6 knock out
model.

2. Societal impact

PADI6 mRNA transcripts are exclusively expressed in oocytes and early embryos, making
them responsible for the first cleavage stages of development. When mutations in PADI6
occur, embryo arrest takes place during the early developmental stages, usually before the onset
of embryo genome activation. Since treatment options for EDA are rather limited, most of these
patients have to seek oocyte donation to fulfill their child wish. As a lot of people want to obtain
a genetically related child, other possible treatment options are being investigated. During this
research, three potential future treatment options to overcome EDA will be assessed, making
use of a Padi6 mouse model.

Once one or more of these methods are proven to be efficient and safe by evaluation in a
mouse model, they will be further validated in subfertile human couples diagnosed with EDA,
in a preclinical research setting.



3. Introduction
3.1. Embryonic development

3.1.1. Preimplantation embryo
The preimplantation embryonic development is made up of several stages: fertilization, cell
cleavage, morula development and blastocyst formation. The late blastocyst will later implant
in the uterine wall'?2.

Preimplantation development starts with fertilization, which is an essential step in the whole
reproducibility process®. Fertilization is a complex process, which is believed to be conserved
across mammalian species, and consists of different steps to make the emergence of a zygote
happen (Figure 1).

Cumulus layer

1) Migration through

cumulus layer :
R - W

Cortical granules

First polar body

2) Adhesion and penetration
through zona pellucida

3) Fusion of both plasma
membranes

4) Oocyte activation and
cortical reaction

Polyspermy block

Figure 1: Graphical overview of the four big steps during the fertilization process: 1) migration of the
spermatozoa through the cumulus layer, 2) adhesion and penetration through the zona pellucida, 3)
fusion of the oocyte’s and spermatozoa’s plasma membrane and 4) oocyte activation and cortical
reaction. The fifth step, fusion of the male and female pronuclei, is not shown in this figure.

First, migration of a spermatozoon through the cumulus layer, which is the protective layer
surrounding the haploid matured oocyte, is possible due to a hyaluronic reaction®. Due to the
presence of a hyaluronic enzyme on the sperm cell and its mechanical function, digestion of
the protective layer can take place. Once the sperm has passed the first barrier, it needs to
adhere and penetrate through the second surrounding layer, the zona pellucida®2. Attachment
and penetration through the zona pellucida is mediated by the incorporated glycoproteins and
the sperms acrosome reaction. Next, fusion of the oocyte’s and spermatozoon’s plasma
membranes takes place, followed by oocyte activation, during which the arrested Mll oocyte
resumes meiosis, and polyspermy block®. The fertilization process ends with fusion of the male
and female pronucleus. In this way a diploid and totipotent zygote is formed.

Following fertilization, mitotic cleavages in the embryo take place!®(Figure 2). These
symmetrical cleavages divide the zygote into more and progressively smaller cells, called
blastomeres, without causing any change in its overall volume. Once the embryo consists out
of eight to sixteen cells, which is at embryonic day (E) 3.5 in human embryos and E2.5 in
mouse embryos, it undergoes compaction. This process is characterized by flattening of the
blastomeres and the increased occurrence of tight junctions, which causes more cell adhesion.
At the end of this process the morula is formed. Concurrent with compaction, polarization takes
place, causing the formation of an apical-basal axis. Moreover, polarization is possible due to
the localization of different elements inside the blastomeres. For example the nucleus, cell
adhesion structures and acetylated microtubes are located at the basal side, whereas actin



filaments, microtubes and microvilli can be found apically. Molecularly, two systems lay at the
basis of the polarization process; the Par-aPCK system, containing Par-6 Family Cell Polarity
Regulator Beta (PARD6B), Par-3 Family Cell Polarity Regulator (PARD3) and atypical PKC
(aPKC), and the Parl. The Par-aPCK system coordinates the formation of the apical domain,
and the Parl is responsible for the assembly of the basolateral domain.

Also at the eight to sixteen cell stage, the first lineage segregation takes place, blastomeres
become part of the inner cell mass (ICM) or the trophectoderm (TE)!. Together with a
cavitation by fluid accumulation, this decision is leading to the formation of the early blastocyst,
at E3.5 in mice and E5 in human. The internally positioned blastomeres are forming the ICM,
whereas the external cells surrounding the blastocoel cavity become the TE (Figure 2). While
the ICM cells contain a pluripotent character, mainly forming all fetal tissues, the cells from the
TE play an important role in the implantation process and contribute to the fetal part of the
placenta.

At E4.5 in mice and E6 in humans, just before the blastocyst implants in the uterine wall, the
second cell fate decision or lineage segregation takes place, this time only occurring in the
ICMI%11 The ICM changes to a two-layered structure, existing out of a primitive endoderm
(PE) and an epiblast (EPI). These two layers later form the yolk sac and the embryo proper,
respectively (Figure 2). This time, the cell fate decision is provoked by the timing of blastomere
internalization. Cells becoming the EPI are most likely internalized during the first round of
division and those internalizing in the second round will become part of the PE. Further in the
process, the two-layered structure becomes a three-layered structure, consisting of the
ectoderm, endoderm and the mesoderm in between. At E5 and E7 of the developmental
process in respectively mouse and human, the blastocyst hatches, meaning the embryo is
released from the zona pellucida. Without hatching, implantation of the embryo cannot take
place, which is required for further proper embryonic development.

Mouse
Stage: Zygote 2-Cell a-cell 8-Cell Morula Early Late Implanted
* E0.5 E1.5 E2.0 E25 E3.0 blastocyst blastocyst embryo
E3.5 E45 ES.0
EGA Polarization 1%'lineage 2" lineage
Compactation segregation segregation
Human

Stage: Zygote 2-Cell a-Cell 8-Cell Morula Early Late implanted
EO.5 E1.5 E2.0 E3.5 E4.0 blastocyst blastocyst embryo
E5.0 E6.0 E7.0

EGA Polarization 1stlineage 2" lineage
Compactation segregation segregation

Figure 2: Overview of the embryonic developmental process from zygote formation to implantation in
mouse (A) and human (B).

3.2. Subfertility
Subfertility can be defined as a prolonged time of unwanted non-conception. There is a
worldwide subfertility rate of 10 to 15 percent!?. Subfertility can be caused by male or female
factors or even a combination of them. This can occur due to a variety of reasons such as
damage of the reproductive organs, genetic defects, health problems, overexposure to certain
environmental factors, structural problems, etc.



To help patients with fertility problems, assisted reproductive technology (ART) procedures
have been applied with increasing success during the past years. The used techniques in the
clinic are ovulation induction together with timed coitus, intra-uterine insemination (IUl), in vitro
fertilization (IVF) and the most commonly applied technique is intracytoplasmic sperm injection
(ICSI), first introduced in 19923, During this procedure, a single sperm is injected into the
cytoplasm of an oocyte. The procedure consists out of different steps: stimulation of the
ovaries, followed by collection of the oocytes (egg retrieval), next the matured oocytes are
injected with a sperm cell into the cytoplasm and the resulting embryos are cultured in vitro
until the blastocyst stage, after which good quality embryos are transferred back to the patient
or cryopreserved.

3.2.1. Embryo Arrest

The ICSI technique has an overall good success rate, showing high fertilization rates, however
for some patients, no high-quality blastocysts can be obtained. Ten percent of human embryos
generated by IVF or ICSI arrests during the early cleavages!. On top of this, 40% of these
patients have at least one arrested embryo per treatment cycle. These two findings indicate
that embryo developmental arrest (EDA) is a common phenomenon in humans. When EDA
recurrently takes place for the same individual, it is seen that the embryos generally stop
developing before or at the onset of embryonic genome activation (EGA), which takes place
between the second and third day in human, when the embryo consists out of four to eight
cells, and around the two-cell stage in mice. Since the embryo’s survival shortly after the
fertilization is completely dependent on the maternal factors already present in the zygote, the
cause of recurrent EDA is therefore believed to be mainly maternally related°*®,

3.2.1.1. Genetic developmental phases

The first stages of embryo development are fully controlled by the maternal transcriptome?°:16,
During oocyte growth, maternal macromolecules (messenger RNA (mMRNA) and proteins) are
formed and deposited in the ooplasm. These factors stay present and active until the
embryonic genome is activated, between the one- and two-cell stage in mice and between the
four- and eight-cell stage in humans. The maternal factors are responsible for three major
actions. Firstly, combining the paternal and maternal DNA to from the genome of the embryo,
meaning that the maternal as well as the paternal genomic contributions are reprogrammed.
Directly after fertilization, histones coming from the mother replace the paternal protamines,
extensively erasing almost all DNA methylation from the father. Secondly, the degradation of
the maternal proteins and RNA, and lastly, transcription activation of the embryonic genome.
This embryonic genome activation does not only change gene expression, but also the
metabolism; meaning a more active metabolism occurs due to the high energy demand of the
further developmental stages (a more rapid cell division, blastocyst stage formation and the
mass increasement of the embryo).

The different maternal factors present in the oocyte are transcribed from the so-called maternal
effect genes (MEGs). These encoded maternal factors are RNA, proteins, subcellular
organelles and macromolecules 7. A group of these MEGs contributes to the formation of a
multi-protein complex, the subcortical maternal complex (SCMC), consisting of the following
protein members: KHDC3 (or FILIA), NLRP2, NLRP5 (or MATER), NLRP7, TLE6, OOEP (or
FLOPED) and PADI6. However, not all components are identified yet (Figure 3). In both mice
and humans, the complex is situated in the subcortex of the oocyte and the embryo. Important
is that the ICM is completely free of the complex, due to the fact that the SCMC is only
segregated in the outer cells of the morula and blastocyst. The exact function of the complex
has not been fully unraveled yet. However, valuable information on its functionality has been
already obtained in mouse, employing knock-out models. In mouse, it has been shown that a
knockout of different SCMC members results in embryos that are not able to develop beyond
the first cleavage stage. Lately, by identifying causal mutations in a number of these genes in



patients showing embryo developmental arrest, their importance in embryo development has
also been confirmed in human.

Oocyte membrane

SCMC +— \ F-actin

COFILIN
TLE6

NLRP5
NLRP7 -

NLRP2 CPLs

Figure 3: Schematic representation of the SCMC localized in the subcortical region of the oocyte.
SCMS: subcortical maternal complex, CPLs: cytoplasmatic lattices, F-actin: Filamentous actin. The
function of the different SCMC components: . Figure adapted from Bebbere et al (2016)16.

Multiple functions important for embryonic development have been linked to the SCMC 1618,
The complex shows involvement in events taking place during the oocyte maturation, as well
as in events after the fertilization. The complex does not only have a structural function, but is
also involved in the redistribution of the mitochondria during maturation and after fertilization.
A proper mitochondrial localization is important for the signaling events which are associated
with fertilization or developmental competence. Furthermore, the SCMC participates in
epigenetic reprogramming following fertilization. Accordingly, loss-of-function mutations in the
genes of the SCMC result in an arrest at the two- to four-cell stage in humans and the one-cell
stage in mice, at onset of the maternal-to-embryonic transition (MET)*°.

A SCMC specific gene, TLEG, controls the meiotic spindle formation and migration by
mediating the cytoplasmic F-actin!®8, Furthermore, the NLRP5 and KHDC3L genes mediate
the epigenetic reprogramming after fertilization. A mutation in these genes will therefore be
associated with imprinting disturbance. In addition, due to the fact that the NLRP2 and NLRP7
genes fulfill the function of reprogramming imprints in the maternal germline, mutations in these
genes cause a demethylation of the maternal pronucleus leading to imprinting disorders and
even biparental hydatidiform moles 2%, The last SCMC member, PADI6, is responsible for
the post-translational modifications important for further embryo development. Therefore,
PADI6-mutations lead to developmental arrest during the early cleavage stages. As PADIG6 is
the subject of this thesis, it will be discussed further in section 3.2.2. Not only the appearance
of mutations in the genes of the SCMC members, but also the other MEGs can hamper proper
embryonic development in different ways. For instance, TUBB8 is a gene encoding for a
special B-tubulin isotype, which is the major structural component of the meiotic spindle and is
important for the cytoskeletal function??2?®, This function plays an important role in the
completion of the meiosis after fertilization and the following first cleavages. So, loss-of-
function mutation in TUBB8 lead to spindle-assembly defects during maturation and
fertilization occur and arrest of the embryo follows. Furthermore, the product expressed form
the PLK4 gene controls the assembly of the daughter centriole. Problems with this product
lead to alterations of its formation or even to duplication of the centriole?*.



Not only disruptions in the MEGs, and SCMC genes specifically, can lead to developmental
arrest, but also problems in all other genes responsible for the pre-implantation development.
Dysfunction of NOP2, a gene important for the first lineage specification program, causes an
arrest during the transition from morula to blastocyst?®. Furthermore, the dysfunction of NOC4L
can also cause an arrest at this transition 2. Expression of the gene inhibits apoptosis and
promotes proliferation at the morula stage resulting in embryonic growth. In addition, problems
with EGA obviously lead to a block of embryonic development, as this is a crucial step during
embryogenesis. Furthermore, a lack of E-cadherin and a-catenin causes arrest at the
blastocyst stage, these elements are important during the morula stage'®. Problems occurring
in other stage-specific genes (figure 4) can also result in arrest of the embryo. All of these are
possible causes of the EDA phenomenon.
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Genes required for successful pre-implantation embryo development

MEGs Morula genes TE-determining  PE-determining
genes genes
KHDC3 (or FILIA) E-Cadherin
NLRP2 a-Catenin Amot Gatad
NLRP5 (or MATER) B-Catenin Cdx2 Gataé
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PADI6
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Nanog Sox2
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Figure 4: Genes required for successful pre-implantation embryo development in the mice. MEGs
responsible for the first developmental stages, morula and first and second lineage specific genes are
listed under the different developmental stages. Figure adapted from 19,

3.2.2. PADI6

3.2.2.1. Expression and function
In this project the focus lies on the PADI6 gene, a member of the SCMC. In human, this gene
is located on chromosome 1:17,372,196-17,401,699 on the forward strand and is 29,50
kilobase (kb) long (Ensembl: ENSG00000276747). In mouse, Padi6 is located on chromosome
4:140,454,666-140,469,954 on the reverse strand and is 15,29kb long (Ensembil:
ENSMUSG00000040935). PADI6, standing for peptidyl arginine deiminase, type VI, is a
member of the peptidylarginine deiminase or PAD family. These enzymes are responsible for
post-translational protein modifications converting arginine (Arg) to citrulline (Cit) residues'??’-
%0, This conversion takes place in the presence of calcium ions, which makes the change of
the ketene group of arginine to a ketone group possible. Citrulline has a neutral net charge,
this increases the hydrophobicity of the protein and will cause changes in the protein-protein
intermolecular interactions, causing changes in the folding and function. Up to now, five
isoforms of mammalian PAD have been isolated; PADI1, PADI2, PADI3, PADI4 and PADI6.
In general, mammalian PADs show a protein sequence similarity of 70-95%. All PAD members


http://www.ensembl.org/Mus_musculus/Location/View?db=core;g=ENSMUSG00000040935;mr=4:140451992-140490453;r=4:140454666-140469954;t=ENSMUST00000130267

are responsible for the conversion of arginine to citrulline. However, PADIG is the only PAD for
which no enzymatic activity is identified, yet. Each of the mentioned isoforms has its own
substrate specificity and tissue-specific expression pattern. Strikingly, PADI6 is only expressed
in the ovary and weakly in the testis, but never in other tissues. PADI6 is present in the
cytoplasmaitic lattices (CPLSs), but is also required for its formation. CPLs are structures unique
to mammalian oocytes and preimplantation embryos, but yet poorly-defined. At the cellular
level, PADI6 is the first oocyte-specific protein to be localized to the CPL and plays a role in
organelle positioning and redistribution?®31-33, Therefore it is not only an important mediator of
the cell fate during the early embryonic development, but is also an important marker for oocyte
quality.

Little is known about the expression regulation of the PADI6 gene?®. So far, for all the other
PAD isoforms the transcription factors (TFs) critical for their expression have been identified
(Table 1). Initially, it was shown that the TF Sp1 is involved in the regulation of PADIA, PADI2,
PADI3 and PADI4. Although the 5’-flanking regions of the PAD genes are not conserved and
the transcriptional regulation mechanisms differs between the genes, it was hypothesized that
Spl also regulates the transcription of the PADI6 gene, which was later experimentally
confirmed?.

Table 1: Overview of the different transcription factors (TF) critical for the expression of the PAD genes
(PADI1, PADI2, PADI3, PADI4 and PADI6).

PAD isoform Expression regulating TF
PADI1 MZF1 and Sp1
PADI2 Sp1/Sp3
PADI3 NF-Y and Sp1/Sp3
PADI4 AP-1, NF-Y and Sp1l
PADI6 Spl

3.2.2.2. Association of PADI6 mutations with pathologies

Since PADI6 is crucial for embryonic development prior to and beyond the two-cell stage,
mutations in this gene lead to early embryonic arrest. In patients with an EDA phenotype,
homozygous and compound-heterozygous mutations have been detected!23+37. Until now,
five studies have analyzed the genome of ten patients suffering from EDA, from which eight
different mutations have been discovered (Table 2). Three types of disease-causing PADI6
mutations have been reported: nonsense, missense and frameshift mutations (UniprotKB:
Q6TGC4). Moreover, some of the found mutations are conserved in mice, such as c.1618G>A,
€.970C>T, ¢.831_832del, ¢.1708C>T, c.1521dup and c.1369C>T.

Table 2: Overview of the discovered PADI6 mutations leading to EDA. DEL = deletion, dup = duplication,
* = stop codon, fs* = frameshift leading to a nonsense mediated decay, A = adenine, C = cytosine, G =
guanine, T = thymine, GIn = glutamine, Gly = glycine, His = histidine, Arg = arginine, Ser = serine, Pro
= proline, lle = Isoleucine, Asn = Asparagine, Thr = Threonine, Cys = cysteine.

Patient Mutation Position Protein change Type of mutation

1 Homozygous c.1141C>T p.(GIn381*) Nonsense

2 Homozygous c.1141C>T p.(GIn381*) Nonsense

3 Homozygous c.1141C>T p.(GIn381*) Nonsense

4 Compound- €.2009_2010del / p.(Glu670Glyfs*48) / Frameshift /
heterozygous C.633T>A p.(His211GIn) Missense

5 Compound- €.1618G>A / p.(Gly540Arg) / Missense /
heterozygous c.970C>T p.(GIn324*) Nonsense

6 Homozygous c.831_832del p.(Ser278Profs*59) Frameshift

7 Homozygous C.1796T>A p.(lle599Asn) Missense

8 Compound- c.1117A>C/ p.(Thr373Pro) / Missense /
heterozygous c.1708C>T p.(Arg570Cys) Missense

9 Homozygous c.1521dup p.(Ser508GInfs*5) Frameshift

10 Homozygous €.1369C>T p.(Arg457%) Nonsense



Interestingly, biallelic mutations in the PADI6 gene have not only been associated with EDA
but also with some other phenotypes, such as miscarriages and hydatidiform moles (HM) or
molar pregnancies3!:*>38, Hydatidiform moles are aberrant pregnancies which are identified by
the absence of embryonic development or an abnormal form or by an abnormal placenta
having variable trophoblastic proliferation and villous hydrops, these last one containing a high
risk of developing into gestational trophoblastic neoplasia. The HM phenotype is caused by
the interaction of mutant PADI6 and YAP, the downstream modulator of the Hippo signaling
pathway, having a big influence on cell migration and invasion of the trophoblast. Moreover,
the phenotype is also observed for other SCMC genes, namely NLRP7 and KHDC3L. In
addition, another pathology caused by either biallelic PADI6 mutations or heterozygous
frameshift mutations (T669Kfs*85) is the aberrant methylation of multiple imprinted loci in the
genome, called multi-locus imprinting disturbance or MLID?":3°, which has been associated with
the imprinting disorder Beckwith-Wiedemann syndrome (BWS). In general, this syndrome
occurs sporadically, but research has shown that a significant ratio of MLID cases are familiar.
About 100 loci of imprinted genes play a crucial role in fetal growth. When an imprinting
disorder in one of these genes appears, some serious problems concerning development
occur. Furthermore, mutations occurring in PADI6 can lead to the occurrence of epilepsy. A
study from R. J. Buono et al. investigated the effect of mutations located in PADI6 and other
SCMC genes, like NLRP5 and NLRP7, on the development of epilepsy*°. The presence of
different causal mutations in the affected patients, could be a possible cause these patients
develop different phenotypes, which points to a genotype-phenotype effect.

In human patients harboring PADI6 mutations and showing EDA, ovarian stimulation did not
yield a significant difference in oocyte number and maturation rate compared to control
patients. On the other hand, the fertilization rate in these patients was clearly decreased during
multiple IVF/ICSI cycles*#%. Immunofluorescence analysis has been performed on these
oocytes, to examine the expression and localization of the PADI6 protein. The signal was present
in the cytoplasm of control oocytes, more specially in the subcortex, but absent in the affected
oocytes containing homozygous nonsense mutations and compound-heterozygous
mutations!?37,

Interestingly, in accordance to patients with NLRP5 and NLRP7 mutations, patients harboring
PADI6 mutations also show a decrease in de novo DNA methylation and maternal methylation
marks, and a diminished formation of the CPLs®.

3.2.2.3. EDA mouse models
A number of mouse models showing relevant EDA phenotypes have already been developed:
two non-PADI6 related models, by the knock-out of two other MEGs/SCMC genes (TLE6 and
NLRP2) and one model containing a knock-out of the PADI6 gene, Padi6™™! & /padi™m!-Yec 41,
All these models show a relevant phenotype associated with EDA: female infertility by failure
of zygotic cell division.

The Padi6tm1.1Jgo/Padi6tm1.1Jgo mouse model contains a deletion of exon 2 and 3, resulting
in a nonfunctional gene, and relies on the Cre-Lox system to obtain a gene knockout*!.
Examination of the Padi6 knock-out (KO) mice showed no abnormalities in any of the organs
and tissues. After comparison of the KO mice with the wild-type (WT) mice, it was concluded
that mutant males showed normal fertility, whereas female KO mice did not produce any
offspring. Furthermore, morphology and physiology comparison of ovaries from KO and WT
mice did not reveal any differences concerning the number and developmental stages of
follicles present in the ovaries. Furthermore, follicles were also cultured ex vivo to check
whether KO follicles undergo normal development and maturation. Again no differences were
observed between WT and KO mice. However, electron microscopy analysis in Mll-arrested
oocytes showed absence of the cytoplasmatic sheets in oocytes deficient for Padi6. Lastly,
also no difference between the KO and WT mice was observed concerning endocrine function
and the estrous cycle. From these results, it can be concluded that, in mouse, PADI6 is not
crucial for oocyte growth, maturation and ovulation. From these elements, it became quite



certain that the PADI6 deficiency either affects the fertilization or early embryonic development.
Knowing this, the research group further investigated the influence of Padi6 mutations on
zygotes and early embryonic development. During fertilization, no difference was observed in
the pronuclear formation comparing KO and WT zygotes, but it was seen that none of the KO
embryos developed beyond the two-cell stage. This confirms the important role of Padi6 in
early embryonic development and initiation of the EGA.

To further identify the mechanistic defects leading to EDA, the CPLs have been further studied
in the Padi6 KO mouse model®3. Examination of MIl oocytes derived from Padi6 KO mice has
shown that these structures were completely absent. So, PADIG6 clearly plays a crucial role in
the organization of these structures. It is yet unclear whether the organization is hampered by
the absence of citrullination due to inactivation or loss of the PADI6 enzyme, or whether PADI6
has a different role in CPL development.

The major function of CPLs is the storage of different components needed for protein
synthesis, such as ribosomes. Additionally, they are involved in regulation of microtubule
dynamics and oocyte maturation in human and mouse. Therefore, absence of the CPLs
already hints towards disturbed ribosomal distribution and hence defective EGA. Interestingly,
even though lack of lattice seems to appeatr, it had no consequences for the general ribosomal
levels in the oocyte. Moreover, the PADI6/CPL is thought to be important for the regulation of
microtubule (MT) mediated organelle positioning and movement?®. Kan et al. showed, in
mouse WT germinal vesical (GV), MIl oocytes and early embryos the specific co-localization
of PADI6 with a-tubulin, further showing a-tubulin is also a component of the oocyte CPLs.
These findings were found to be similar in human oocytes. Further, it is clearly seen that the
spindle MTs are significantly shorter in KO oocytes compared to WT oocytes. On top of this,
the diameter of the equatorial and aligned chromosomes parallel to equator is wider in KO than
in WT oocytes. Next, organelle positioning is analyzed. It is seen that in the absence of PADIG,
organelle distribution is more diffuse, meaning that PADI6 is important for organelle positioning
in immature oocytes and redistribution during maturation. In conclusion, these findings show
that an insufficient CPL formation, which is the ribosomal storage place and releases maternal
factors during the embryogenesis, leads to an overall lower protein synthesis in two-cell
embryos. Due to this change, an incomplete EGA takes place leading to a developmental
arrest at the two-cell stage. The most interesting finding, is the fact that the origin of this two-
cell arrest lies within a defect during oocyte growth3. Furthermore, Padi6 mutations lead to an
altered structure of the spindle MT and an altered organelle positioning?®. All these findings
shows the importance of the PADI6 and the CPLs as mediators of the cell fate during early
embryonic development.

3.2.3. Treatment options for EDA

Until now, treatment options for EDA are rather limited. In practice, most of these patients have
to seek oocyte donation. However, to obtain a genetically related child, some studies have
shown a good outcome of the application of Assisted Oocyte Activation (AOA), which is a
procedure generally used to overcome failed fertilization*>43, The AOA procedure aims to
artificially activate the oocyte, which means the alleviation of meiotic arrest in which MIl oocytes
reside. There are different types of AOA methods; electrical**, mechanical®®, or chemical
activation. For the latter, with the use of Calcium ionophores (lonomycin, A23187) the
permeability of the membrane is increased. All these techniques lead to an increase of the
calcium (Ca?*) influx, on which oocyte activation depends. The rationale to apply AOA for EDA
patients is to trigger the early post-fertilization cleavages by the induction of Ca?* oscillations
at fertilization.

In a study by Ebner et al., patients with a history of in vitro developmental problems of their
embryos after a previous ICSI cycle were included*. During ICSI, AOA using a calcium
ionophore was applied. The fertilization, cleavage and clinical pregnancy rate were compared
between ICSI cycle attempts with and without the performance of AOA. The results revealed
no significant difference in fertilization and cleavage rate between the treated and untreated



group. Although no significant cleavage rate difference was observed, 42,9% of the treated
embryos developed to the blastocyst stage compared to only 13,8% in the control group.
Lastly, a significant increase of the implantation rate was seen, 44,4% compared to 12,5%.
Even though these results are promising, it is unclear whether this technique truly overcomes
EDA caused by specific genetic defects. However, it could be useful for a selected group of
patients who experience cleavage failure due to low post-fertilization potential. Therefore,
further research, involving larger sample sizes, on this approach to overcome EDA is still
needed.

3.3. Genome editing

Using targeted genome editing tools, modifications at specified sites of the genome can be
made. It can either be applied to analyze the function of specific genes and regulatory elements
by specifically knocking them out. Alternatively, defined sequences can be knocked-in, making
use of DNA templates with sequence homology“®. This latter approach, discovered in 19894,
was a real breakthrough, focusing on the integration of exogenous repair templates that
contain sequence homology to the donor site. This study observed however that the desired
targeting outcome occurred extremely infrequent (1:108-10° cells). To overcome this drawback,
a series of studies was conducted by Haber and Jasin“®-°3, which led to the discovery that
HDR-mediated recombination events were stimulated by the introduction of DNA double-
strand breaks (DSBs). Important to note is that these DSBs can be repaired by the
Homologous directed repair (HDR) mediated pathway in the presence of an homology repair
template, but are in fact generally repaired by the more dominant nonhomologous end-joining
(NHEJ), re-ligating the broken DNA ends®*. This pathway is however error-prone, leading to
insertions (INS) and deletion (DEL) mutations into the genome at the target site.

3.3.1. Different classes of precise genome editing technologies

So far, four different classes of customizable DNA-binding proteins have been engineered to
enable the introduction of a site-specific DNA DSB: meganucleases derived from mobile
genetic elements, zinc finger (ZFN) nucleases based on eukaryotic transcription factors,
transcription activator-like effectors (TALENS) from Xanthomonas bacteria and the Cas9 RNA-
guided DNA endonucleases, derived from the type Il bacterial adaptive immune system,
CRISPR/Cas946°3%5-% The first three proteins are able to recognize DNA sequences by
protein-DNA interactions. While meganucleases have integrated nuclease and DNA-binding
domains, ZFNs and TALENs are made of a series of individual modules targeting respectively
three or one nucleotides (nts), which are then linked to a nuclease Fokl domain. ZFNs and
TALENSs are thus customizable, making it possible to assemble the different domains in a
desired order.

Each of the techniques has however limitations. Since meganucleases only act at specific
large (12-45 base pairs (bp)) DNA target sites, these are not quite often present at the locus
of interest. Therefore, meganucleases are rarely used as a DNA editing technique. As for the
ZFNs and TALENSs, dimerization of the Fokl nuclease domains is needed in order to be active,
this requires the design of two monomers, each binding on one side of the targeted sequence.
As for all the protein-based systems, they are all very labor-intensive to assemble, every other
target is in need of a different set of DNA-binding modules making it very time-consuming to
engineer. Due to the drawbacks of these protein-based techniques, the CRISPR/Cas9
technique is the most popular to use®.

3.3.2. CRISPR/Cas9 technique
The CRISPR/Cas9 genome editing technique, acronym for Clustered Regularly Interspaced
Short Palindromic Repeats/CRISPR associated proteins, is derived from an adaptive immune
system of bacteria and archaea against invading viruses?*®®1%3, The technique makes use of
the two-component CRISPR/Cas9 complex, which exist out of CRISPR RNAs (crRNAs) and
the Cas9 RNA-endonuclease. Where the small crRNAs are able to recognize specific DNA
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sequences, the Cas9 can introduce DSBs into the DNA. For an easy application, researchers
introduced the 100 nt long guide RNA (gRNA), which is a chimeric RNA made up from crRNA
forming a duplex with a transactivating crRNA (tracrRNA) (Figure 5a). This tracrRNA:crRNA
complex guides the Cas9 to the targeted sequence containing a PAM sequence or two to six
nucleotides protospacer adjacent motif. Depending on the used Cas9 enzyme a different
protospacer adjacent motif (PAM) sequence is required. For the S. pyogenes Cas9, which is
used most of the time, a 5’-NGG-3’ PAM needs to be present. Once this is recognized by the
endonuclease, a DSB three bp upstream form the PAM is introduced.

Next, the break is repaired by either the NHEJ or the HDR pathway® (Figure 5b). As
mentioned before, NHEJ is the dominant pathway. Initiation of this pathway starts with the
biding of ring-shaped Ku70/Ku80 protein heterodimers at the DSB ends, which prevents the
DNA from breaking further down and it also recruits the DNA ligase.

A Cas9
\
- SgRNA
tracrRNA _J
B — I ;. IO ]
Non-homologus end Double-strinded braak Homology-directed repair
joining Corrects gene of interest
Disrupts gene of interest |
| | | |
Non-PAM PAM Single
% Dqule; Strg;ied Single stranded stranded Donor
O or- Donor DNA ) DNA ,
/ / T 3 5 5 3
il M I
Nucleotide deletion Nucleotide addition >< >< l l
l l I I T, IO or T I
il T ! | |
Disrupted DNA Disrupted DNA m Hm T T
T Repaired DNA Repaired DNA Repaired DNA

Frameshift resulting in
gene knock-out

Figure 5: (A) Schematic overview of CRISPR/Cas9 complex and (B) endogenous repair mechanisms,
Homologous direct repair (HDR) and Non-homologous end joining (NHEJ), to repair DSB introduced by
CRISPR/Cas9 system.

Re-ligation of the broken DNA ends does however not always occur correctly, leading to INS
or DEL mutations, which can in turn lead to a shift in the mRNA reading frame, a premature
stop codon and an impaired protein production®+%®, Striking is that the NHEJ outcomes are not
random, but they can be predicted depending on the local sequence context. Logically, the
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HDR use a single-stranded (ss) or double-stranded DNA (dsDNA) template to guide the repair
of the DSB.

Even though CRISPR/Cas9 had taken the edge compared to ZFNs and TALENS, it still comes
with several challenges®. One of the major persisting limitations of targeted genome editing
approaches is the potential editing at off-target sites, which are identical or similar sequences
to the target DNA. When off-target editing occurs, other important genes could be knocked out
resulting in misleading phenotypes. Luckily, to minimize potential off-target effects, in silico
prediction tools can be used, so the target site containing the least potential off-targets can be
selected. Next to unwanted off-target effects, unwanted on-target effects can also occur®’.
More specifically, it is possible that instead of a repair of the targeted site, partial or complete
loss of the targeted chromosome takes place. Further, editing of for instance embryos using
the CRISPR/Cas9 technique can be suboptimal, giving rise to mosaicism®. Mosaicism means
that the individual contains both edited and non-edited cells. In embryos, this occurs due to the
presence of at least one untargeted blastomere, meaning editing takes place after the first
cleavage. A last obstacle is the PAM dependency. In theory, even with the PAM dependency,
CRISPR/Cas9 can be applied to many DNA sequences, but in practice, and especially when
aiming for HDR at one specific DNA locus, it can happen that the number of target sites at the
locus of interest are rather limited®®.

3.3.3. CRISPR/Cas13 RNA-base editing

An alternative CRISPR/Cas system is CRISPR/Cas13, relying on the Cas13 enzyme which is
able to cleave RNA®70 At least four different subtypes are present in the Cas13 family:
Casl3a, also known as C2c¢c2, Casl13b, Casl3c and Casl13d. Such as Cas9, Casl13 can be
isolated from bacteria where it is used in an adaptive immune system to protect against the
invasion of RNA phages. Overall Cas13 proteins work similarly then Cas9. Cas13 also makes
use of a gRNA, which is a crRNA forming a short hairpin structure next to a spacer sequence,
approximately 64nts long. The spacer is responsible for the target specificity and therefore
needs to be between 28 and 30 nucleotides long and complementary to the target sequence.
As in CRISPRS/Cas9, the Cas13 protein complexes with the gRNA, which is made possible
through the binding of Cas13 with a short hairpin in the crRNA. All Cas13s are able to cleave
a target transcript, leading to non-specific degradation of any nearby transcript. The Cas13
activity is thought to be part of a programmed cell death pathway in bacteria.

Casl3s have already been successfully applied in mammalian cells to obtain transcript
knockdown =73, Subtype Cas13a and certain orthologs of Cas13b show good activity for RNA
knockdown or editing, but remarkable is that the Cas13b orthologs are more stable and robust
in mammalian cells. More recent, in 2018, Cas13d has proven to be very efficient and robust
for knockdown experiment across endogenous transcripts and can also be used for the
modulation of splicing of these transcripts.

Further engineering of the Cas13 enzyme has enabled more precise RNA editing approaches,
such as RNA base editing, which enables the introduction or restoration of a mutation in the
transcript. This first developed system, called RNA Editing for Programmable A to |
Replacement (REPAIR), was developed by the Zhang Lab. In this approach, dead Cas13
(dCasl13) is paired to an ‘adenosine deaminases acting on RNA’ or short ADAR; @adenosine
deaminase acting on RNA) molecule. By using this fusion protein together with a target-specific
crRNA, the ADAR; enzyme can deaminate adenosines (A) mispaired with cytidine (C) based
on RNA duplexes (cRNA:target RNA)®. The deaminated A is later changed to an inosine (1),
a nucleobase functionally equivalent to guanosine (G) in translation and splicing. The
deaminase activity of ADAR depends on the duplex length and also the position of A within the
duplex. Research showed that a gRNA length of 50nts and the target base on 34™ nucleotide
position provides the most robust efficiency. Depending on the deaminase protein linked to
Cas13, not only A can be modified to G, but also C can be modified to U using this technique.
In this way the targeted RNAs can lead to a temporary base pair change, which can either lead
to a halt (introduction of mutation) or restoration (correction of mutation) of protein production.
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This leads to the idea that the RNA-editing system can be used to develop treatments for
genetic diseases.

Further engineering of the REPAIR system has led to two subtypes: REPAIRv: (version 1) and
REPAIRy. (version 2)%74 REPAIRy: showed to many off-targets due to a high activity and
overexpression of ADAR. These high off-target rates can be reduced by using the REPAIRy;,
where the catalytic site of ADAR2pp (ADAR2 deaminase domain) is mutated (E488Q). A
drawback of the last system is the presence of a lower editing efficiency. Depending on the
application, either one of the systems can be used, however, further modifications combining
the best qualities of each system, would be preferred. In this sense, in 2020, a new REPAIR
system was created: REPAIR, (version X), this version is as specific as version 2 and as active
as version 1.

4. Research objectives

Most of the patients diagnosed with EDA must rely on oocyte donation to fulfill their child wish.
Using this technique, good quality oocytes from a healthy donor are collected followed by
performing IVF or ICSI cycles using the sperm of the father. However, due to a strong desire
for a genetically related child, we aim to assess three potential treatment options to overcome
EDA, making use of a Padi6 mouse model:

1) Complementary RNA (cRNA) injection. With this technique the defective mRNA will be
complemented and fulfill its function.

2) Repairing the defective Padi6 mRNA by using CRISPR/Cas13 base editing, in a
temporary fashion, aiming to reinitiate functional protein production.

3) Nuclear transfer, meant to replace the defective Padi6 mRNA present in the oocyte by
transferring the nucleus of the diseased oocyte to a healthy donor oocyte.

4.1. Short-term objectives

The embryos of a Padi6 KO mouse model will be used to evaluate the different treatment
options. For cRNA injection and nuclear transfer, any Padi6 KO mouse model can be used.
However, for repair of the nonfunctional Padi6 mRNA, a specific model needs to be produced.
As this technique only allows modifications in the RNA C>U or A>G, this model needs to
contain a missense mutation in the Padi6 gene. More specifically, a model containing a
substitution of G>A on position 1582 in the cDNA will be made, which is conserved in humans
(Table 2. patient 5). By the use of the CRISPR/Cas9 genome editing technique and a repair
template, manipulation of WT mice zygotes to incorporate the specific mutation can take place
(Figure 6).

Cas9:gRNA complex
Zygot
E yoore . PADI&+/-
; - Mosaic .
+ \ PADI6+/+
S

c.1582G>A

§ Electroporation
Figure 6: Schematic overview of procedure for specific mouse model production using the
CRISPR/Cas9 gene editing technique, the CRISPR components were introduced into the zygote by
electroporation.

Further, the Padi6 cRNA used to complement the defective mRNA will be produced. WT mRNA
is produced by in vitro transcription (IVT) form WT cDNA which is incorporated in an expression
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vector, a plasmid containing an enhancer and promoter region leading to an efficient
transcription of the gene.

Lastly, because the CRISPR/Cas13 RNA-base editing technique is not yet often used, it still
needs to be optimized before the efficiency of the technique can be examined. No software to
identify the optimal target is yet designed, so different gRNAs need to be tested. Optimization
of this technique will be performed in WT mice zygotes.

4.2. Long-term objectives
In the future, these two treatment options will be further investigated. Both techniques will be
tested using Padi6 KO mouse zygotes to test their efficiency. Experiments concerning delivery
efficiency, in vivo expression and the functionality will be performed. Furthermore, a third
possible treatment method will be examined, nuclear transfer. Nuclear transfer will be
performed by transferring the nucleus of the defected oocyte to an enucleated healthy, WT
oocytes.

Once these methods are optimized, all three treatments will be evaluated using the produced
specific mouse model and compared to each other to see if one or more of them are efficient
and safe to use. Eventually one or more will be used in subfertile human couples diagnosed
with EDA.

5. Materials & Methods

5.1. Production of the mouse model

5.1.1. Zygote manipulation

5.1.1.1. Design crRNA and repair template

For the development of a disease-relevant mouse model, the ¢.1618G>A mutation was
chosen, since it has been detected in patients experiencing EDA, and is conserved in mouse
(c.1582G>A). With the use of the Benchling algorithm, a crRNA targeting Padi6 was selected.
All possible crRNAs were evaluated in the region of interest, which is g.11686 — g.11759, or
exon 13 (Figure 7). The guide parameters were set to 20 for guide length, GRCm38 (mm10,
Mus Musculus) for genome and NGG (SpCas9, 3’ side) as PAM sequence. Based on the
position, specificity and efficiency score the best predicted crRNA was chosen. Because it is
meant to produce a mouse model containing a point mutation, G>A, on position g.11732 exon
13, the crRNA design with sequence 5-GCGCAGAACAGCTCCTTTCTA-3' has preference,
since repair will demolish PAM site from TGG>TAG.
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Figure 7: Benchling algorithm outcome for the design of crRNA targeting exon 13 of the Padi6 gene.
Underlined in blue is the PAM sequence (TGG), indicated in green is the target sequence and indicated

in red is the base needed to be changed.

As for the repair template design the HDR IDT tool was used’. By choosing the desired
template length, position and type of base pair alteration, the tool proposes HDR template
sequences in accordance to the forward strand or reverse strand, which are reported to have
a similar potency’®. (Table 3).

Table 3: Overview of the possible forward and reversed repair templates with their sequence. Mutation
to be incorporated is indicated in red.

Strand Template Sequence
Forward (+) TGAGGTGGGGAAGGAGGGCACTAGGCGGGAGTCACCTTACTATTAGAAAGGA
GCTGTTCTGCTCCAATGTCTTCAAACAGGGTCA
Reverse (-) TGACCCTGTTTGAAGACATTGGAGCAGAACAGCTCCTTTCTAATAGTAAGGTGA
CTCCCGCCTAGTGCCCTCCTTCCCCACCTCA

5.1.1.2. Assemblage CRISPR/Cas9 RNP complex
Assemblage of the CRISPR/Cas9 ribonucleoprotein (RNP) complex consist of three steps.
First, the resuspension of the lyophilized crRNA (5-GCAGAACAGCTCCTTTCTAA-3,
Integrated DNA Technologies (IDT)) and tracrRNA (#1073190, IDT) oligos was performed in
Tris-EDTA buffer solution (TE buffer) (#93283-100ML, Sigma-Aldrich) to a final concentration
of 100uM, aliquoted and stored at -20°C. Next, these two oligos were mixed in equimolar
concentration in a sterile microcentrifuge tube (Table 4).

Table 4: Used oligos, crRNA and tracrRNA, with their final concentration.

Component Final Concentration (uM)
CRISPR/Cas9 crRNA 100
CRISPR/Cas9 tracrRNA 100
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This mixture was heated at 95°C for 5 minutes and afterwards cooled down to 15-25°C, mixed
with Alt-R S.p. Cas9 Nuclease (#1081059, IDT) and incubated for 5 minutes. Subsequently,
the repair template and OptiMEM™ (#31985-062, Thermo Fisher Scientific) solution were
added, the solution was distributed in aliquots of 5L stored at -80°C until use (Table 5).

Table 5: Different components mixed for the RNP production, crRNA:tracrRNA duplex, Cas9, Template
and OptiMEM™  with their final concentration.

Component Amount
crRNA:tracrRNA duplex (50uM) 0,1 pg/pL
Cas9 enzyme (10pg/pL stock) 0,2 pg/pL
Template (3,70191 pg/pL ) 0,1 pg/pL
OptiMEM™ To 25,43uL

5.1.1.3. Zygote collection

Eight to twelve-week old B6D2F1 female mice (Janvier laboratories) underwent an
intraperitoneal injection with 0.10mL 5 IU or pregnant mare’s serum gonadotrophin (PMSG,
Folligon®) (Invert, Boxmeer, the Netherlands) and 48 hours later with 0.10mL 10 IU, human
Chorionic Gonadotrophin (hCG, Chorulon®) (Invert, Boxmeer, the Netherlands), after which they
were mated overnight with male B6D2F1 mice, younger than six months. Nineteen to twenty-one
hours after the hCG injection, these females were sacrificed, ovaries were dissected out and
collected in 2mL KSOM-HEPES medium (in house, 10mL KSOM-HEPES containing 0,049
bovine serum albumin (BSA, #12657, Sigma-Aldrich)) and cumulus oocyte complexes (COCSs)
were isolated from the oviduct's ampullae. Afterwards, COCs were shortly incubated in
hyaluronidase (in house, 200 IU/mL hyaluronidase in KSOM-HEPES) for maximum 5 minutes,
causing the detachment of the cumulus cells surrounding the zygote. The cleared zygotes
were washed in KSOM-HEPES and transferred to KSOM (in house, 10mL KSOM-low glucose
containing 0,04g BSA) for incubation at 37°C (5% O; and 6% CO;). Embryos were transferred
to Syndey IVF blastocyst medium (50mL) (#G20929, Cook Medical) 68-72 hours after
Chorulon® injection. Embryonic development to the two-cell and blastocyst stage was
assessed respectively 48 and 120 hours post Chorulon® administration.

5.1.1.4. Electroporation of the zygotes

For the electroporation, zygote collection was performed until the KSOM-HEPES wash steps,
followed by pooling of the zygotes in KSOM-HEPES, after which a group of +/- 15 zygotes was
washed in OptiMEM™ medium. Subsequently, 5uL of the RNP complex was pipetted in
between the lanes of the glass microslide (#45-0104, BTX), which was connected with the
electroporator (ECM 830, BTX), after which the zygotes were added to the drop of RNP.
Electroporation was carried out with the following setting: 2 pulses at 30V, 2ms pulse duration
with a 100ms interval. Electroporated zygotes were recollected and transferred to the KSOM-
HEPES dish for washing steps and were finally collected in the KSOM dish for further
incubation. Two types of controls were included: medium controls, collected by conventional
zygote collection and negative controls were obtained by the electroporation with a RNP
containing a nonfunctional RNP complex, with the Alt-R® CRISPR/Cas9 Negative control
crRNA #2 (IDT) (Figure 8).
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Figure 8: Schematic overview of the set-up for mouse zygote electroporation. Ovaries are collected in
2mL KSOM-HEPES and COCs are isolated from the oviduct’'s ampullae (1). The collected COCs are
briefly incubated in hyaluronidase to get rid of the surrounding cumulus cells, followed by a wash in
KSOM-HEPES (2). All the zygotes are pooled in KSOM-HEPES (3). A group of 15 zygotes is washed
in OptiMEM (4) and put in RNP complex between the two electrodes of the microslide (5). The
electroporated zygotes are again collected and transferred to a KSOM-HEPES culture dish (6),
transferred and washed in KSOM (7) and lastly, transferred to the KSOM culture dish wish is placed in
the incubator (8)7".

5.1.1.5. DNA editing analysis

To check the editing efficiency after performing electroporation, the embryos were collected
and DNA extraction was performed using the PicoPure™ DNA extraction kit (#KIT0103,
Thermo Fisher Scientific). Using this kit, per each 10pL of extraction solution, which is a mixture
of 155uL reconstitution buffer with 20mg/mL proteinase K, one embryo was collected.
Hereafter, the tubes were incubated for 3 hours at 65°C and proteinase K was inactivated for
10 minutes at 95°C. Following DNA extraction, a polymerase chain reaction (PCR) was
performed after which PCR samples were analyzed by next-generation sequencing (NGS) at
the Center for Medical Genetics, Ghent’®. The raw NGS data were evaluated using BATCH-
GE bioinformatics, developed in house’, and visually screened using the Integrative
Genomics Viewer (IGV).

5.1.1.5.1. Polymerase chain reaction
The PCR mastermix was made by mixing Kapa2G Robust MM (#KK5701, Sigma-Aldrich), a
forward (5’-AAC AAC GAC CAG AAG GTT GG-3’) and reversed primer (5’- GGT CGC AAC
CAA AAG ACA TT-3’) (IDT) both with a concentration of 2uM (Table 7).

Table 7: Different components mixed to produce the PCR mastermix and the amount needed per PCR
reaction.

Product Amount (UL per PCR reaction)
Kapa2G Robust MM 5
Forward Primer (2uM) 1,25
Reversed Primer (2uM) 1,25
DNA 2,5
Total volume To 10pL

To a volume of 7,5uL mastermix, 2,5uL of the extracted DNA was added. A touchdown PCR
reaction was performed on a Proflex machine (#4484073, Thermo Fisher Scientific) (Table 8),
after which PCR samples were analyzed by next-generation sequencing (NGS) at the Center
for Medical Genetics Ghent™. The raw NGS data were evaluated using the in-house developed
BATCH-GE bioinformatics tool’®, and visually screened using Integrative Genomics Viewer
(IGV).
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Table 8: Overview of the different steps in the touchdown PCR reaction process

Time Temperature (°C)
1.Activation 3 min 95
2.Denaturation 15 sec 95
3.Annealing 10 sec X (-1 every cycle) 12X
4.Elongation 15 sec 72
2.Denaturation 15 sec 95
3.Annealing 10 sec X-12 12X
4.Elongation 15 sec 72
5.Final 10 min 72
Hold infinite 15

5.1.1.6. Embryo transfer to pseudo-pregnant mice

For embryo transfer experiments, female and vasectomized male mice of the CD1 strain were
used. Three days before mating, female mice were placed on dirty male bedding material, in
order to stimulate the Whitten effect. Hereafter, on the day of zygote collection and
electroporation, breeding of female CD1 mice in proestrus or estrus with a vasectomized male
was set up. The next morning, a check of the plug was being performed and the mice were
separated again until embryo transfer, which took place three days later. Good quality E3.5
embryos were transferred to pseudopregnant female mice using the Non-Surgical Embryo
Transfer device for mice (MNEST, #60010, ParaTech). First the embryos were transferred to
KSOM medium. A group of 12-20 embryos were then slowly pulled into the tip of the mMNSET
device put onto a P-2 pipetman set to 1.8L. After the pipetman is set to 2.0pL, aimed to create
an air bubble at the catheter tip, the mNSET tip was inserted into the speculum used to spread
and hold open the vaginal walls. While holding the mice by the tail and in an angle of 45-70°,
undisturbed insertion of the mMNSET tip could take place. The embryos were then released by
pushing the plunger until the second pipet stop and without releasing the plunger the mNSET
device was released from the speculum. Delivery was expected eighteen days following
embryo transfer.

5.1.1.7. Offspring analysis
5.1.1.7.1. Toe clipping
Toe clipping was performed on 1 week old pups, using small, sharp scissors. In this way not
only the genotype of these mice could be analyzed, but it also marked the different pups. Toes
are always clipped form the hind legs, from left to right starting at the right hind leg and all
separately collected in 0,2 mL PCR tubes.

5.1.1.7.2. DNA extraction from the clipped toes
Toe clipping was followed by DNA extraction®. Fifty uL of Alkaline Lysis Reagent (in-house
made mixture of NaOH, EDTA and ddH-O (distilled water), pH 12) was added to the obtained
tissue, followed by 30 minutes heating at 95°C and afterwards cooled down to 4°C (Table 6
A). Next, 50uL neutralization Buffer (in-house made mixture of Tris-HCL and ddH-O, pH 5)
was added (Table 6 B).
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Table 6: Components mixed for the production of (A) the alkaline lyse reagent and (B) the neutralization
buffer, with their final concentration.

Alkaline Lysis Reagent

Reagent Final concentration (mM)
NaOH 25

EDTA 0.2

ddHz20 /

Neutralization Buffer

Reagent Final concentration (mM)
Tris-HCL 40
ddH-20 /

5.1.2. Immunostaining of the embryos
Embryos were fixated by incubating them into paraformaldehyde 4% (PFA) (in house) for 30
minutes at room temperature (RT), after which they were washed one time in PBS 1X at RT
and once in ice-cold PBS1X, each time for 10 minutes. If not immediately stained, the dish
containing the embryos was closed with parafilm and stored at 4°C.

When staining oocytes coming from the fridge, they are first washed in PBS 1X for 5 minutes
at RT. Following, is the permeabilization step where the embryos were brought into PBT 0.5%
and put on the shaker for 20 minutes at RT. Thereatfter, all the embryos were transferred to
the blocking solution and put on the shaker for 1 hour of incubation. A 1:250 dilution of the
primary antibody (Ab), anti-PADI6 (#0rb312631, Biorbyt), in blocking solution was made. The
embryos were incubated overnight on the shaker at RT. A part of the embryos were incubated
in the primary Ab solution and a couple of embryos were used as negative control, these were
incubated in blocking solution.

The next day, all the embryos were stained with the secondary Ab, starting with washing the
embryos three times in PBT 0.1% for 10 minutes. Following the wash steps the embryos are
incubated for 1 hour with the secondary Ab solution, which is a mixture of 1:500 diluted
secondary Ab (#A21206, Thermo Fisher Scientific), DAPI (#62248, Thermo Fisher Scientific)
1:100 dilution and blocking solution. From this step onwards, it is important to keep the
secondary Ab solution and the stained embryos in the dark to prevent bleaching. Following
incubation with the secondary Ab, the embryos were washed in blocking solution and each
embryo was placed in a <5pL drop of PBS 1X. These drops were placed on the imaging dish,
WillCo® glass bottom dish (#GWST-5040, WillCo Wells BV) covered with oil. Once all the
embryos were transferred to a drop, the staining could be visualized by confocal imaging.

5.1.3. Ovary staining
Following zygote collection, the remaining ovarian tissue was fixated by incubation in PFA
overnight. The next day, the ovaries were transferred to 70% ethanol and stored at 4°C until
the tissue was embedded in paraffin using standard procedures. Every 50um in the ovary
tissue two 5um coupes were collected an a glass slide, which were later stained by hematoxylin
and eosin, using standard procedures and visualized using a stereomicroscope.

5.2. Production of the Padi6 cRNA

5.2.1. Preparation bacterial work
To 9,6g Lysogeny Broth (LB) agar (#22700041, Thermo Fisher Scientific) or 6g LB broth
(#12780052, Thermo Fisher Scientific), 300mL distilled water was added, shaken until
everything was dissolved and put into the autoclave. After cooling the media down, the
produced LB agar medium was used to prepare the agar plates, taking place in a laminar air
flow. Either ampicillin (AMP, 1:1000) (#11593027, Thermo Fisher Scientific) or Kanamycin
(KAN, 1:1000) (#11815024, Thermo Fisher Scientific) was added to the medium, before
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pouring the Petri dishes. As for the LB broth medium, it was stored at 4°C until the liquid
cultures for upscaling of the bacteria, needed to be prepared.

5.2.2. Production of the expression vector containing the Padié cDNA

5.2.2.1. Transformation into E.coli bacteria

At the day of transformation, 1pg-100ng plasmid DNA (Padi6é (NM_153106) mouse untagged
clone plasmid (#MC201892, Clini Sciences/Origen)) was added to 50uL 5-alpha competent
E.coli mixture (#C2987H, New England Biolabs® (NEB®)). After an incubation of 30 minutes on
ice, the bacteria underwent a heat shock by placing them in a heat bath of 45°C for 30 seconds
and set back on ice. Following the incubation on ice for 5 minutes, 950uL of Super Optimal
broth with Catabolite repression (SOC) outgrowth medium (#B89020S, NEB®) was added and
the mixture was incubated at 37°C for 1 hour on the shaker, whereafter the bacteria were
spread onto the antibiotic-containing agar plates.

5.2.2.2. Upscaling of bacterial colonies

When colonies were formed on the plate, liquid upscaling was performed. First, the colonies
were enlarged on a new plate by drawing a line with an inoculation swab used to pick up a part
of the colony. Secondly, the other part of the colony was also picked up and placed in a tube
containing antibiotic-containing LB broth. The liquid culture and the plate were incubated
overnight at 37°C (not longer than 16 hours), the morning after the plate was closed with
parafilm and stored at 4°C. The liquid culture was used to both prepare a bacterial glycerol
stock, as well as extract large amounts of plasmid DNA.

5.2.2.3.  DNA extraction and DNA concentration measuring
Before the DNA is extracted, a 1mL glycerol stock that can be stored at -80°C was made
(Table 9).

Table 9: Components and their amounts need to make a glycerol stock of the bacterial colonies.

Component Amount (uL )
Glycerol (#G5516-100ML, Sigma-Aldrich) Y, total volume
Sterile H20 Y, total volume
Liquid culture % total volume

The Spin Miniprep Kit (#27104, QIAgen) is designed to extract plasmid DNA from bacterial
cultures. After the liquid cultures were centrifuged, the formed pellet was resuspended in
resuspension buffer (P1). 250uL was transferred to a microcentrifuge and mixed with the same
amount of lyse buffer (P2). After 5 minutes of incubation, neutralization buffer (N3) was added
and centrifugation was performed, whereafter the supernatant was centrifuged again using a
QIAprep 2.0 Spin Column. Further, two wash steps were performed, the first one using
washing buffer (PB) and the second one using a purification buffer (PE). Lastly, the DNA was
eluted from the spin column by adding elution buffer (EB) and centrifuging.

Once all the DNA was eluted, the concentration was measured using the Qubit® 2.0
fluorometer and Qubit™ dsDNA HS Assay Kit (#Q32851, Thermo Fisher Scientific). A working
solution, which is Qubit™ reagent 1:200 diluted in Qubit™ buffer, for the amount of samples
and two standards was made. Further, the assay tubes were prepared, two of them containing
190pL working solution and 10pL of standard 1 or 2 and the other tubes containing 199uL
working solution and 1uL sample. Right before the concentration measuring the tubes were
vortexed.

5.2.2.4. Ligation of Padi6 cDNA into expression vector of Plcz1
5.2.2.4.1. LR- PCR, purification and concentration measuring of Padi6
plasmid DNA
To amplify the Padi6 cDNA from the Padi6 (NM_153106) mouse untagged clone plasmid
(#MC201892, Clini Sciences/Origen), a long-range PCR was performed. From a 100uM stock
of primers containing a restriction site for the Notl-HF® (#R3189S, NEB) and HindIlI-HF®
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(#R3104S, NEB) restriction enzymes, a 10uM working solution was made. Further, a mixture
using the components present in the TaKaRa La Taq® kit (#\RR002M, Cionech) and with a
total volume of 50uL per PCR reaction was prepared (Table 10). The Long-Range (LR) PCR
was performed on the Proflex machine (Table 11). The amplified DNA region was further
purified by making use of the QIAquick® PCR & Gel Cleanup kit (#28506, QlAgen). When the
color of the PCR product PB mixture changes sodium acetate (pH 5.0) was added and the
solution was centrifuged using a QIAquick column. After the DNA was washed using PE buffer,
the DNA could be diluted by adding EB buffer. Once the DNA was collected the concentration
was measured using Qubit® 2.0 fluorometer.

Table 10: (A) Overview of the different components with their final concentration mixed for the LR-PCR
reaction and (B) an overview of the sequence of the primers used to perform LR-PCR to make ligation
possible. Indicated in red is a random added sequence and the underlined region indicates the restriction
site.

Component Final concentration

Takara LA Taq 5U/uL
10X LA PCR Buffer Il iml
MgCl: 25mM
dNTP Mixture 2,5mM
Template <1pg (optimal: 0,5uQ)
Forward primer 0,2-1uM
Reversed primer 0,2-1uM
H20 To 50pL

Primer Sequence
Forward GGAGCTAAGCTTATGTCTTTTCAGAACTCACTCAGC
Reversed AGATCCGCGGCCGCTTATGGGGTCATCTTCCACCAC

Table 11: Overview of the different steps in the LR-PCR reaction process.

Time Temperature (°C)
1.Activation 1 min 94
2.Denaturation 10 sec 98 30X
3.Annealing & elongation 2 min 68 (0,5-1 min/kb)
4.Final 10 min 72
5.2.2.4.2. Restriction digest of PCR product and expression vector

The amplified PCR fragment will be cloned into an expression vector. In order to do so, both
the PCR product and the expression vector were digested by restriction enzymes, Notl-HF®
and Hindlll-HF® (mixture composition, see Table 12). The mixture was then incubated for 10
minutes at 37°C.

Table 12: Overview of the different components with their final concentration for the preparation of the
restriction digest mixture.

Components Final concentration
DNA 1lug
10X rCutSmart™ Buffer (#B6004S, NEB) 1X
Notl-HF 20U
Hindlll-HF 20U
Nuclease-Free water (#B1500L, NEB) To 50uL
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Where the restricted PCR product was again purified using the QIAquick® PCR & Gel Cleanup
kit and the DNA concentration was measured using Qubit® 2.0 fluorometer, the restricted
expression vector was loaded on a agarose gel.

5.2.2.4.3. Gel electrophoresis and gel extraction of vector
Agarose gel was made according standard procedure. The agarose gel was placed in an
electrophoresis tank with the same type of buffer as used in the gel, TAE, slots closest to the
cathode. Once the combs were removed the slots were filled with either a DNA ladder, or the
sample, mixed with loading (Table 13).

Table 13: Preparation of loading mixtures, all components with their amount needed for the (A) ladder
mixture and (B) the sample mixture.

Component Amount (uL)
ddH20 4uL
Gel loading dye 6X (#B7021S, NEB) luL
DNA ladder (#N3200S, NEB) lpL

Component Amount
Gel loading dye 6X 1 volume
DNA (Vector) 5 volume

Following sufficient size separation the DNA band matching the size of the vector backbone,
around 3kb, was cut out of the gel aided by UV visualization. The DNA was purified again using
the QIAquick® PCR & Gel Cleanup kit and measured using the Qubit® 2.0 fluorometer.

5.2.2.4.4. Ligation process
A reaction containing: T4 DNA ligase reaction buffer (#B0202S, NEB), vector DNA, insert DNA,
nuclease-free water and Hi-T4™ DNA ligase ((#M2622S, NEB), which was added at last, was
set up on ice and incubated for 10 minutes at RT (Table 14). Following the 10 minutes
incubation, the mixture underwent heat inactivation for 10 minutes at 65°C. Once the reaction
is then chilled on ice, 5L is transformed into 50uL competent cells.

Table 14: All components with their final concentration needed for the production of the reaction to
perform ligation.

Components Final concentration
T4 DNA ligase reaction buffer 10X
Vector DNA (3kb) 50 ng (0.020 pmol)
Insert DNA (Padi6 cDNA) (2kb) 37.5 ng (0.060 pmol)
Nuclease-free water To 20uL

Hi-T4™ DNA ligase

5.2.2.4.5. Colony PCR after ligation

To check if the ligation process was successful, a colony PCR was conducted. Two primer
pairs, binding near the ligation regions, were mixed together with Kapa2G Robust and
nuclease-free water (Table 15). To this mixture a part of the bacterial colonies was added and
a standard PCR reaction was performed on a Proflex machine (Table 16). The remaining part
of the colonies was used to set up colony growth on a new agar plate and for the liquid culture
upscaling, in the presence of ampicillin. After colony PCR, the samples were assessed on the
fragment analyzer, which analyzes PCR by capillary electrophoresis.
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Table 15: (A) Overview of the different components with their used amount mixed for the colony-PCR
reaction and (B) an overview of the sequence of the primers used to perform colony-PCR to control the

incorporation of the insert, Padi6 cDNA.

Components Amount (uL)
Kapa 5
Forward primer 1,25
Reversed Primer 1,25
Nuclease-free H20 To 2,5

Primer pair 1

Primer Sequence
Forward TGTGTGGAATTGTGAGCGGA
Reversed TTCACAAGCAGGATGGCTCC
Primer pair 2
Primer Sequence
Forward GGGAACGTGACCCTGTTTGA
Reversed TTGGGTAACGCCAGGGTTTT

Table 16: Overview of the different steps in the FORD PCR reaction process.

Time Temperature °C
1.Activation 3 min 95
2.Denaturation 15 sec 95
3.Annealing 10 sec 75
4.Elongation 15 sec 72
5.Final 1 min 72
Hold Infinite 15

5.2.2.4.6. Sanger sequencing

35X

Bacterial DNA was prepared from liquid cultures for which the corresponding colony PCRs
showed PCR bands of expected sizes. From these bacterial DNA samples, the full sequence
was assessed by Sanger sequencing. In order to do so, first, several PCR reactions, amplifying
regions of approximately 500 bp, were performed (Table 17). Next using an enzyme solution
consisting of Antarctic Phosphatase (5000U/mL) (#M0289L, NEB) and Exonuclease |
(2000U/mL) (#M0568S, NEB) mixed with nuclease-free water, the PCR products were purified.
To 1 volume of the enzyme solution, 5 volumes of the PCR product were added and incubated

for 15 minutes at 37°C followed by a heat inactivation at 80°C for 20 minutes.
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Table 17: Overview of the used flanking primers (flanking the whole Padi6 gene) and internal primers
(primers to amplify internal parts of the Padi6 gene) of the Padi6 region to perform Sanger sequencing.

Primer Sequence
Flanking Padi6
Forward TGTGTGGAATTGTGAGCGGA
Reversed TTGGGTAACGCCAGGGTTTT
Internal primers
1 Forward CAAGCGCGCAATTAACCCTC
1 Reversed TTCACAAGCAGGATGGCTCC
2 Forward ATCTCCCTGGAGGCAGACAT
2 Reversed TCTAGAGGCATCTGGGTGCT
3 Forward GGGCCTGATCTCCTTGTCAC
3 Reversed AAAGCTGCCACCAATGAGGA
4 Forward TAGCCTGGATTCCATCGGGA
4 Reversed GTTTGGTGCTCTGCTGGTTG
5 Forward GGGAACGTGACCCTGTTTGA
5 Reversed GGGTGTTCTTGAGGCTGGTT

A 1uM solution of the same primers used for PCR, was used to perform cycle sequencing.
Therefore, 9uL of a master mix (Table 18) was added to 1L of the purified PCR product and
the cycle sequencing reaction was continued (Table 19). This mixture contains the DNA
template, sequencing primer, a thermostable polymerase, deoxyribonucleotide triphosphate
(dNTPs), dideoxynucleotide triphosphates (ddNTPs) and a buffer.

Table 18: Components of the Sanger master mix.

Component Amount (uL)
Ready Reaction (n+1) x 0.5
ABI-buffer 5X (n+1) x 2
Primer (forward/reversed, 1uM) (n+1) x 2
Nuclease-free H20 (n+1) x 4,5

Table 19: Overview of the different steps of the cycle sequencing reaction.

Time Temperature °C
1.Activation 5 min 95
2.Denaturation 10 sec 95
3.Annealing 5 sec 55 25X
4.Elongation 2 min 60
5.Final 10 min 15
Hold Infinite 15

The resulting sequencing reaction was purified with the use of magnetic beads (GC Biotech).
DNA binds to these beads, after washing them three times with a 85% ethanol solution and
placing them on the magnet, the DNA was eluted by adding water. These reactions were then
analyzed using the sequencer (#ABI3730XL, Applied Biosystems) and using Finch TV
(Geospiza).

5.2.2.4.7. Side-directed mutagenesis
To correct incorporated single nucleotide polymorphisms in the Padi6 cDNA incorporated in
the expression plasmid, site directed mutagenesis was performed using the Q5® Site-Directed
Mutagenesis Kit (#E0554S, NEB). Therefore, two primer pairs containing the desired
sequence were designed using the NEB primer design software, NEBaseChanger™ (Table
19). Due to the presence of two undesired single nucleotide polymorphisms, this mutagenesis
procedure needed to be performed sequentially two times.
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Table 19: Overview of the primers designed to perform mutagenesis. Incorporated mutation is indicated
in red.

Primer Sequence
Primer pair 1

2577-C-T-F GAGGCAGACAICTATCGAGATG
2577-C-T-R CAGGGAGATCTCGATGCC

Primer pair 2
2399-G-A-F CAAAGAGGACaCTGTGGTCTGGAG
2399-G-A-R CCAGCGATGACGGAGCTA

The whole mutagenesis process consist of three steps, starting with the exponential
amplification. During this step a mixture (Table 20 A) underwent exponential amplification by
conducting a PCR reaction on the Proflex machine (Table 20 B). Amplification of the plasmid
occurs by back to back annealing of the designed primers containing the wanted mutation,
after denaturation of the DNA took place. This amplification results in a linearized PCR product
of the plasmid.

Table 20: (A) Overview of the different components with their used amount mixed for the mutagenesis
process and (B) an overview of the different steps of the PCR reaction.

Component Final concentration
Q5 Hot Start High-Fidelity 2X Master Mix 1X
Forward primer (1L0pM) 0,5 uM
Reversed primer (10uM) 0,5 uM
Template DNA 1-25ng
Nuclease-free water To 25uL

Time Temperature °C
1.Initial Denaturation 30 sec 98
2.Denaturation 10 sec 98
3.Annealing 10-30 sec 50-72 25X
4.Elongation 20-30 sec/kb 72
5.Final Extension 2 min 72
Hold Infinite 5-10

Following the amplification, a Kinase-Ligase-Dpnl (KLD) reaction was performed. This reaction
causes circulation of the PCR product and removal of the template. A mixture consisting of 4
components (Table 21) was made and incubated for 5 minutes at RT, whereafter
transformation to competent cells was conducted.

Table 20: Overview of the different components with their used amount mixed for the Kinase-ligase-
Dpnl reaction during mutagenesis process (A)

Component Amount
PCR product lpL
2X KLD Reaction Buffer Final concentration: 1X
10X KLD Enzyme Mix Final concentration 1X
Nuclease-free water To 10uL

5.2.2.4.8. In vitro transcription
To produce ready-to-deliver Padi6 cRNA, in vitro transcription (IVT) of the produced
expression plasmid was performed. Before IVT can be conducted, a fresh LR-PCR reaction of
the plasmid needed to be performed. In the used reaction mixture, a forward primer located
upstream of the start codon, and a reverse primer located downstream of the poly A signal
incorporated in the plasmid sequence, were used (Table 22).
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Table 22: Overview of the used primers (forward and reversed), designed for the PlcZ plasmid, needed
to perform LR-PCR possible.

Primer Sequence
Forward TGTGTGGAATTGTGAGCGGA
Reversed TTGGGTAACGCCAGGGTTTT

For the IVT mMMESSAGE mMACHINE™ T3 transcription kit (#AM1348, Thermo Fisher
Scientific) was used. The procedure starts with a capped transcription reaction assembly
where the transcription reaction is assembled at RT (Table 23), mixed and incubated at 37°C
for 1 hour, whereafter 1uL TURBO DNase was added and incubated for another 15 minutes
at 37°C.

Table 23: Overview of the different components with their used amount, mixed to make a capped
transcription reaction possible.

Component Amount
Nuclease-free water To 20uL
2X NTP/CAP 10pL
10X Reaction Buffer 2uL
Linear Template DNA 0,1-1pg
T3 enzyme Mix 2uL

Following the transcription reaction, recovery of RNA was performed using the MEGAclear™
kit (#AM1908, Thermo Fisher Scientific). The resulting RNA sample was mixed with Elution
Solution, Binding Solution and 100% ethanol, whereafter the mixture was applied to a filter
cartridge and centrifuged. Next, the RNA attached to the filter was washed two times using
Wash Solution and by applying Elution Solution, the RNA could be collected.

The obtained RNA was assessed for its concentration using Qubit® 2.0 fluorometer and Qubit™
RNA HS Assay Kit (#Q32852, Thermo Fisher Scientific) and quality by analyzation on the
fragment analyzer using the Fragment Analyzer Systems RNA Kit (#DNF-471-0500, Aligent)

5.3. CRISPR/Cas13 base editing

5.3.1. Production of the gRNA

Until now, programs for designing a suitable gRNA do not yet exist. Therefore a suitable design
was made by searching the literature. The Zhang lab showed that the optimal length of the
gRNA would be 50 nts consisting from only a crRNA. The optimal position of the incorporated
mutation is at position 32, 34 or 36, but further there are no strict design rules yet. Based on
these rules and the cDNA sequence of Padi6 containing the G>A point mutation, possible
gRNAs were designed (Table 24). Because the mouse model containing this point mutation
does not yet exist, the CRISPR/Cas13 base editing is first tested in WT mice zygotes, therefore
other gRNAs were designed (Table 24). These gRNAs contain a mismatch with an adenosine,
present in the WT sequence, two nucleotides upstream from the point mutation.
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Table 24: Overview of the CRISPR/Cas13 gRNA designs, to make gene editing possible of the point
mutation present in Padi6 mutated genome and WT genome. In red the position of the U, which needs
to be mismatched with the A needed to be edited.

Position of Sequence (3’- -5’)
mismatching

Uin gRNA

Mutated genome (G>A, position g.11732)
36 UCGAGGAAAGAUUAUCAUUCCACUGAGGGCGGAUCACGGGAGGAAGGGGU
34 UGUCGAGGAAAGAUUAUCAUUCCACUGAGGGCGGAUCACGGGAGGAAGGG
32 CUUGUCGAGGAAAGAUUAUCAUUCCACUGAGGGCGGAUCACGGGAGGAAG
WT genome

36 CUUGUCGAGGAAAGAUUACCAUUCCACUGAGGGCGGAUCACGGGAGGAAG
34 GUCUUGUCGAGGAAAGAUUACCAUUCCACUGAGGGCGGAUCACGGGAGGA
32 UCGUCUUGUCGAGGAAAGAUUACCAUUCCACUGAGGGCGGAUCACGGGAG

5.3.2. Production Cas13 base editor
A plasmid containing the cDNA for dca s13-ADARdd, TC1316 (#164883, Addgene) is made
available by the Zhang lab. IVT was conducted on this plasmid, in order to produce the Cas13
cRNA.

Again the IVT starts with the LR-PCR reaction of the plasmid. Primers used to perform this
reaction were designed using the Primer3Plus program (Table 25). These primers needed to
be between 22 and 30 nts long, having <50% GC content, a low capacity of secondary
structure formation and the annealing temperature needed to be between 58°C and 68°C.

Table 25: Overview of the primers (two forward and one reversed primer) designed to perform IVT.

Primer Sequence
Forward 1 GTCGGATCCATCGAGAAGAA
Forward 2 GAAAGTCGGATCCATCGAGA
Reversed CTTGTACAGCTCGTCCATGC

For the IVT mMMESSAGE mMACHINE™ T7 ULTRA transcription kit (#AM1345, Thermo Fisher
Scientific) was used. Using this kit the procedure starts also with a capped transcription
reaction assembly where the transcription reaction is assembled at RT (Table 26), mixed and
incubated at 37°C for 1 hour, whereafter 1uL TURBO DNase was added and incubated for
another 15 minutes at 37°C.

Table 26: Overview of the different components with their used amount, mixed to make a capped
transcription reaction possible.

Component Amount
Nuclease-free water To 20puL
T7 2X NTP/ARCA 10pL
10X T7 Reaction Buffer 2uL
Linear Template DNA 0,1-1pg
T7 enzyme Mix 2uL

Before recovery of the RNA can take place, a poly(A) tailing procedure needed to be
performed. To the RNA solution tailing reagents was added (Table 26), after setting 2,5uL
aside, 4uL E-PAP enzyme was added and incubated for 30 minutes at 37°C. Lastly, the RNA
is recovered, again using the MEGAclear™ kit and quality was assessed by capillary
electrophoresis (fragment analyzer, Agilent).
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5.4. Statistics
By the use of SPSS® Statistics software (IBM) statistical analysis was performed. First, the
normality and homogeneity of variance were evaluated using Shapiro-wilk and Levene’s test.
When the assumptions were met, one-way ANOVA analysis was performed to compare the
means between different groups. If ANOVA showed significant statistical difference, a Tukey
post-hoc test was conducted. If one or both assumptions were not met, the non-parametric
Kruskal-Wallis test was performed. For each test the significance level was set at 0.05.

6. Results
6.1. Production of the mouse model

6.1.1. Optimalisation gene editing
WT mouse zygotes were electroporated with the CRISPR/Cas9 RNP complex targeting Padi6
and a DNA template molecule containing the desired base pair substitution G>A. For the
optimization of the procedure, a total of seven electroporation experiment was conducted.

In total n= 392 zygotes were collected from n=17 mice and divided into seven groups to
compare embryonic development until blastocyst stage between the different electroporation
conditions (Table 27). First, the embryonic development was just compared between embryos
electroporated with the forward template at 30V, negative control groups and medium control
groups. Later, four extra conditions were added: electroporation with the forward template at
20V, the forward template together with an electroporation enhancer at 30V and lastly two
groups of zygotes electroporated with the reversed template with and without enhancer at 30V.
Because these last three conditions were not conducted in triplicate, no statistical analysis
could be performed. All electroporation conditions were compared to each other and two
different control groups, the medium and negative control. The medium control group contain
embryos which did not undergo electroporation. The negative control groups includes embryos
which did undergo electroporation, however with a nonfunctional CRISPR/Cas9 complex.

Table 27: Overview of the electroporation optimization experiments, listing the surviving embryo
numbers together with their percentage of survival and standard deviation per electroporation condition
every day after the electroporation until the blastocyst stage. F/RRT = forward/reversed repair template,
+E/-E= with/without enhancer. Morula and blastocyst percentages were calculated relative to the
amount of two-cell embryos.

Electroporation EO El E2 E3,5
(Fertilization) (Two-cell) (Morula) (Blastocyst)
Padi6 KO 39 33 20 20
(20V; FRT; -E) (84,62% £9,19) (60,61%) (60,61%)
Padi6 KO 108 105 89 37
(30V; FRT; -E) (97,22% +14,73) (84,76% £14,52) (35,24% +6,01)
Padi6 KO 28 28 28 8
(30V; FRT; +E) (100%) (100%) (28,57%)
Padi6 KO 55 55 55 27
(30V; RRT; -E) (100%) (100%) (49,09%)
Padi6 KO 43 43 43 15
(30V; RRT; +E) (100%) (100%) (34,88%)
Negative control 19 13 10 9
(68,42% +2,31) (76,92% +0,58) (69,23% +1)

Medium control

101

88
(87,13% +10,39)

70
(79,55% +6,11)

40
(45,45% +4,72)



Figure 9 provides an overview of the mean developmental rate each day per experimental
condition. From the curves, no big differences in blastocyst formation rate between the different
electroporation groups, at least performed two times, could be observed. Statistical analysis
confirmed no significant difference existed (p=0,583). Even though no statical analysis from
the last three electroporation conditions could be done, the figure shows no big difference
concerning the blastocyst formation rate between these last electroporation conditions and
control groups.
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Day O (Fertilized) Day 1 (Two-cell) Day 2 (Morula) Day 3,5 (Early
Blastocysts)
Figure 9: Developmental rate percentages until E3,5 of embryos electroporated with different
conditions, negative and medium control. Two-cell percentages were calculated relative to the amount
of fertilized zygotes, whereas morula and blastocyst percentages were calculated relative to the amount
of two-cell embryos. The exact embryo numbers are listed in Table 27 .

A sequence analysis of Padi6-targeted embryos electroporated with the forward repair
template, with or without enhancer and at 20V or 30V was performed. Figure 10 shows the
mean mutagenesis efficiency (indels) per experimental group (left). Since repair occurred in
several embryos, however, always mosaic, calculating the mean repair efficiency would not be
so informative. Therefore, in Figure 10 (right), the percentage of embryos having a repair
efficiency >5% (right) is depicted for the different conditions.

The embryos electroporated at 20V show a significantly lower mean mutagenesis efficiency
compared to the other two conditions (p<0,001). Although the mean mutagenesis efficiency of
the embryos electroporated at 30V without and with enhancer differs (98,30% > 71,68%), the
statistical analysis showed no significant difference between these groups (p=0,121). As for
the repair efficiency it is seen that in only one out of nineteen (5,26%) embryos electroporated
at 20V, repair took place in a mosaic fashion since 38,49% of the NGS reads harbored the
base repair substitution of interest. Also in only one out of seven (14,29%) embryos
electroporated at 30V with an enhancer repair was present, this time only in 8,13% of the cells
and lastly in 10 out of 73 (13,70%) embryos electroporated at 30V without enhancer, repair
took place with mosaicism varying between 0,13 and 64,18%. These results turned out to be
not statistically different from each other (p=0.598). The exact mutagenesis and repair
efficiencies per analyzed embryo per condition are shown in Table S1.
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Figure 10: (A) Mean mutagenesis efficiencies of embryos per electroporation condition (20V, 30V
without enhancer (-E) and 30V with enhancer (+E), all with forward repair template (FRT)), with
significancy (p<0,001, ***). (B) Percentage of electroporated embryos with a repair efficiency >5% per
electroporation condition.

Due to unavailability of NGS sequencing, embryos electroporated with the reversed repair
template at 30V with and without enhancer were preliminary analyzed by Sanger sequencing
(Table S2). Appearance of the repair was evaluated based on the presence of the g.12426G>A
substitution. However, this method is not sensitive enough to discriminate multiple low frequent
alleles within one sample, therefore NGS analysis will be performed as well.

6.1.2. Electroporation experiments followed by ET
From the optimization experiments, all conditions applying 30V during electroporation were
highly efficient, which was applied during further experiments. Furthermore, inclusion of a
negative control in the exploratory experiments showed that electroporation did not have any
influence on the survival of the embryos. Therefore, during the following electroporation
experiments, only a medium control was incorporated. A total of six electroporation
experiments to obtain genetically adapted embryos to conduct ET were performed (Table 28).

Table 28: Overview of the electroporation experiments followed by ET, listing the surviving embryo
numbers together with their percentage of survival and standard deviation per electroporation condition
every day after the electroporation until the blastocyst stage. F/RRT = forward/reversed repair template,
+E/-E= with/without enhancer.

Electroporation Day 0 Day 1 Day 2 Day 3,5
(Fertilization) (Two-cell) (Morula) (Blastocyst)
Padi6 KO 14 10 9 9
(20V; FRT; -E) (71,43%) (90%) (90%)
Padi6 KO 239 230 203 168
(30V; FRT; -E) (96,23% £36,15) (88,26% +32,71) (73,04% £23,54)
Padi6 KO 83 73 72 35
(30V; FRT,; -E; (87,95% £9,19) (98,63% £8,49) (47,95% +14,85)
Template conc. X2)
Padi6 KO 16 15 14 14
(30V; FRT; +E) (93,75%) (93,33%) (93,33%)
Padi6 KO 57 52 50 30
(30V; RRT; -E) (91,23% +21,21) (96,15% +22,63) (57,69% £9,90)
Padi6 KO 58 42 29 10
(30V; RRT; +E) (72,41% #11,31) (69,05% +20,51) (23,81% +7,07)
Medium controls 119 100 91 80

(84,03% +8,12)

(91% =+8,15)

(80% +8,82)

Electroporated embryos that reached the early blastocyst stage were used for fresh embryo
transfer if, after mating of CD1 female mice with vasectomized males, a plug was observed
the following morning. When none of the mice showed a plug, the embryos were vitrified for
later use or cultured till E4,5 to perform a PADI6 immunostaining (thirteen KO and nine
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controls, see 6.1.5 Immunostaining WT and KO embryos). N=65 of the embryos electroporated
with the FRT were vitrified form which 24 were already used to perform three ETs, resulting in
one mouse giving birth to two pups. Moreover, 40 embryos electroporated with the RRT with
and without an enhancer were also vitrified, but not yet used for ET.

A total of n=13 mice underwent ET, of which n=6 mice gave birth, even though, according to
weight measurements of the female mice during the days following embryo transfer, we
expected more mice to give birth. The average combined litter size was n=3 pups. However,
when the litter obtained from WT embryos was excluded, the average litter size dropped to
n=2 pups, suggesting an effect of CRISPR/Cas9 targeting and/or the corresponding
experimental procedures. Because the ET procedure was never conducted before in our lab,
the first mouse was transferred with twelve WT blastocysts. This transfer resulted in an
offspring of six pups born seventeen days after ET. Nine ET were conducted with fresh Padi6
KO embryos. All these embryos were electroporated at 30V with the FRT form which +15
without the use of an enhancer, £15 with enhancer and 58 with a 2 times higher concentration
of the repair template. From the ET using the electroporated embryos without enhancer, n=2
mice successfully gave birth to seven pups. The ETs (n=4) with embryos electroporated with
a 2x higher concentration of the repair template, resulted in one mouse having three pups.
Lastly, only one mouse was transferred using the embryos electroporated with an enhancer,
which turned out not successful. As an attempt to achieve more mice having a plug, the female
CD1 mice were put on the dirty male bedding three days before mating, and when they were
five months of age, they were replaced by younger mice (ET 10/03/2022 ) (Table 29).

Analysis on toe tissue of the resulting (potential mosaic) offspring revealed a high editing
efficiency, although we have not yet identified offspring with the incorporation of the
desired G>A point mutation (Table 29).
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Table 29: Overview of the performed ET experiments; date of transfer, the number of vitrified or non-vitrified embryos that were transferred. DOB = date of
birth, Vit = vitrified INS = insertion, DEL = deletion, WT = wild type.

Date ET

6/11/2021

18/11/2021

22/11/2021

22/11/2021

25/11/2021

17/12/2021
17/12/2021

25/01/2022

25/01/2022
1/02/2022
1/02/2022

10/03/2022

10/03/2022

DOB
mother

15/09/2021

15/09/2021

15/09/2021

15/09/2021

15/09/2021

15/09/2021
15/09/2021

15/09/2021

15/09/2021
15/09/2021
15/09/2021
26/01/2022
26/01/2022

#
transferred
embryos
12

13

17

13

15

14
14

14

14

15

15
+15
+15

Electroporation

conditions

Medium controls
30V; FRT; -E

30V; FRT; -E

30V, FRT; -E

30V; FRT; -E

30V; FRT; -E
30V; FRT; -E

30V; 2x FRT; -E

30V; 2x FRT; -E
30V; 2x FRT; -E
30V; 2x FRT; -E
30V; FRT; -E
30V; FRT; +E

Fresh/
Vit

Fresh

Fresh

Fresh

Vit

Fresh

Vit
Vit

Fresh

Fresh
Fresh
Fresh
Fresh
Fresh

DOB

25/11/2021
06/12/2021

/

11/12/2021

13/12/2021

/
/

11/02/2021

/

/

/
28/03/2021

/

Litter
size

6

3

~ P~ —~ -

Sex

IIENEIEGh | I

~~ - T1T < -~

Mutation

WT
INS1
INS1+DEL14
INS1
/

INS1+DEL4
DEL7+INS4
WT
WT
INS1
INS1+bp
substitution
INS1+DELS8
/

/

INS2

DEL2
INS1

~ O~~~ ~—

Editing
efficiency
(%)

100
99,83
100

93,07
69,78

37,70
34,25

100

99,88

99,91
99,65

Note

Kept for breeding
Kept for breeding

Deceased during
procedure

Kept for breeding

Kept for breeding

Kept for experiment
Kept for experiment

Pre-weaning death
/
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6.1.3. Zygote collection from Padi6é KO mice

In order to evaluate the development of embryos originating from PADI6-deficient oocytes,
three female Padi6 KO mice obtained following the embryo transfer experiments described
above, underwent ovarian stimulation, overnight mating with a B6D2F1 male, and were then
sacrificed to collect their zygotes. As a control, a B6D2F1 female was sacrificed as well, to
enable comparison of the development between Padi6 KO and WT embryos possible. During
the first experiment, some of the oocytes/embryos were fixated and later stained for PADI6
(6.1.5 Immunostaining WT and KO embryos).

By comparing the survival of the collected WT and KO embryos, it was seen that some oocytes
obtained from Padi6 KO females failed to fertilize, and when they did fertilize, embryos arrested
between the one-cell and two-cell stage, whereas the WT embryos did not arrest (Table 30
and Figure S1, S2, S3, S4). N=20 embryos from the first collection were stained for PADI6
(see 6.1.5 Immunostaining WT and KO embryos), eight embryos (four KO and four WT) were
fixated at E1, while four controls and eight KO embryos were fixated the following day.
Moreover, after collections, ovaries of both WT and KO mice were fixated to later make and
stain tissue coupes.

Table 30: Overview of zygote collections of Padi6-targeted FO mice, listing the surviving embryo
numbers per condition every day after collection. During the first collection, both zygotes, unfertilized
oocytes and two-cell stage embryos were removed from the developmental follow up to perform
immunostaining and genome analysis. Numbers indicated in red are the amount of embryos fixated at
day 0 and indicated in blue are the amount of embryos fixated at day 1.

Collection Type Day 0 (Zygote) Day 1 Day 2 Day 3.5
2PNor2PB Unfertilized (Two-cell) (Morula) (Early Blasto)
WT 14 (-4) 1 10/10 (-5) 5/5 5/5
1 Padi6 KO 7 (-2) (-4) 13 (-2) (-4) 0/5 0/5 0/5
WT 11 9 2/11 0/11 0/11
2 Padi6 KO 22 22 9/22 0/22 0/22
WT 5 0 1/5 0/5 0/5
3 Padi6 KO 4 7 4/4 4/4 4/4

6.1.4. Breeding with KO male and female mice

Two male and two female founder mice were mated with WT C57BL/6 mice to establish a
stable mutant line. This mating was executed to validate whether the KO mutation was present
in their germ cells — thus hereditary — and whether these mice were fertile. Three trios were
set up, containing two female and one male mice. Over two months of time, the two trios
containing a KO male mouse produced eight litters (Table 31). The trio with the KO female
mice on the other hand did not give birth during these two months. The resulting offspring was
genotyped through Sanger sequencing, to confirm whether the expected Padi6 mutation was
present in heterozygosity. Only the mice showing heterozygosity were kept for further
research. Interestingly, male 2 developed epilepsy, which is a phenotype also recurring in
human.
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Table 31: Overview of all the litters resulting from the breedings set up between a Padi6 KO male and
two WT female. Next to the set up trio, date of birth (DOB) of the pups, litter size, mutated/WT and sex
is presented.

KO male mouse in trio DOB Litter size Genotype
Male 1 04/03/2022 8 WT
28/03/2022 8 /
13/04/2022 11 WT
29/04/2022 6 WT
Male 2 06/03/2022 7 4 KO
3WT
07/03/2022 5 1 KO
4AWT
30/03/2022 3 /
09/05/2022 9 4 KO
5WT

6.1.5. Immunostaining WT and KO embryos
Three immunostaining experiments were performed. The first two immunostainings were
conducted on WT and Padi6-targeted embryos, for which we expected close to 100% editing
efficiency, taking our previous experiments into account. The third staining was performed on
both embryos and fertilized oocytes originating from Padi6-targeted FO mice.

During the first immunostaining experiment, n=18 embryos were stained, divided into three
groups. The control group and electroporated at 30V with the forward repair template or KO
group both contained eight WT or electroporated embryos and from each group one embryo
was not incubated with the primary Ab serving as the negative control (Figure S5). For the
following staining, n=27 embryos electroporated at 30V with the forward repair template, from
which thirteen with enhancer and fourteen without enhancer, ten negative and medium controls
were stained (Figure S6). In the third experiment, n=20 WT embryos and unfertilized oocytes
or embryos originating from Padi6-targeted FO mice, were fixated over two days (day 0 and
day 1) to stain the different stages until development arrest occurred (Figure 11).

DAPI PADI6 Merge

B DAPI PADI6 Merge

Negative control

Negative control

KO Fertilized
KO Fertilized

KO Unfertilized
KO Unfertilized

WT

Figure 11: IF image of PADIG6 (green) expression in
wild-type (WT), KO embryos and unfertilized oocytes and negative control embryos fixated on (A) EO
or (B) E1.
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In the first two stainings, a signal was observed in both the control and electroporated groups.
Unexpectedly, in the third experiment, a fluorescent signal was also observed in oocytes and
embryos obtained from Padi6-targeted FO mice. In all stained oocytes and embryos, the
fluorescent signal was located cytoplasmatic, more specifically in the subcortex.

6.1.6. Hematoxylin and eosin ovarian staining
A hematoxylin and eosin (H&E) staining on the collected stimulated WT and KO mouse ovaries
was performed. Hematoxylin stains the cell nuclei purplish blue, whereas eosin provides a pink
color to the cytoplasm and extracellular matrix structures. The presence of the different follicle
maturation stages was verified and compared (Figure 12). Presence of the different oocyte
maturation stages in both WT and Padi6 KO ovaries indicates that loss of Padi6 has no
influence on the follicle maturation process.

n .
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e
L

Padi6 KO
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<
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Primordial Primary Secondary/Antral Graafian
follicles follicles follicles follicles

Figure 12: H&E staining of the fixated WT and Padi6 KO mouse ovaries indicating the presence of the
different oocyte maturation stages. Scale bar = 500um

6.2. Production of Padi6 cRNA

To produce Padi6 cRNA, a LR-PCR of the cDNA clone (NM_153106) containing the Padi6
cDNA was performed, followed by restriction digest and ligation of the cDNA into an expression
vector. These plasmids were transfected to E.Coli bacteria. Once the bacteria were grown on
the agar plate (Figure S7), colony PCR to asses correct ligation was performed (Figure S8).
These results revealed which colonies incorporated the plasmid containing Padi6 cDNA, only
colony five and fourteen did not contain the insert. Sanger sequencing of the positive colonies
revealed the incorporation of two unexpected mutations into the Padi6é cDNA (Table 32 and
Figure S9). Therefore, sequential mutagenesis using adapted primers containing the base pair
change was performed in order to restore the wild type genetic sequence.

Table 32: Overview of the unexpected incorporated mutations in the Padi6 cDNA after ligation of the
insert and expression vector.

Position Base Old codon New codon Old AA New AA
(refseq)
c.238 A>G ACT GCT Thr Ala
c.416 T>C ATC ACC lle Thr

Once the first mutagenesis, meant to restore the ¢.238A>G mutation, was performed, Sanger
sequencing was used to select successfully mutagenized colonies. The outcome showed that
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in only three out of 24 (12,5%) plasmids the mutagenesis was successful. In two of these
plasmids not only the restore took place, but also an insertion of 106bp and deletion of 1bp
were found (Figure S10). Therefore, only the DNA of one plasmid could be further used. With
this plasmid, the same approach was followed to restore the ¢.416T>C mutation. Mutagenesis
was successful in two of the twelve (16,67%) colonies that were analyzed by Sanger
sequencing. Again in only one plasmid the mutation was restored without the appearance of
other mutations (Figure S11). This plasmid was stored until IVT was being performed. After a
successful first IVT of the Padi6 cDNA, the concentration of the recovered RNA was measured,
showing a stock concentration of 196ng/pL and analyzed by capillary electrophoresis for
guality assessment (Figure 13).
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Figure 13: Fragment analyzation results of the by IVT produced Padi6 mRNA.

6.3. CRISPR/Cas13 base editing

6.3.1. Optimization LR-PCR
First a LR-PCR of the TC1316 plasmid was performed using two sets of designed LR primers.
Analysis of the resulting product on the fragment analyzer revealed a concentration of
1,8ng/uL, which was too low to conduct IVT.

By adapting the amount of the primers and template and annealing temperature, a second LR-
PCR was conducted, resulting in an increased amount of the product: 84,4 ng/pL and 103,8
ng/pL (Figure 14). Where the added amount of the primers was 0,4pM in the first LR-PCR,
the added primer amount was now 1uM. As for the template, instead of adding 1uL or 0,193ug,
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0,5ug was added in the second attempt. Furthermore, the annealing temperature was set to
60°C instead of 68°C.
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Figure 14: The fragment analyzation results of TC1316 plasmid LR-PCR optimizations using (A) first
primer pair and (B) second primer pair.

6.3.2. IVT of the TC1316 plasmid
The LR-PCR with the first primer set was used as input for IVT. The first conducted IVT resulted
in the recovery of RNA with a concentration of 130ng/uL, whereas the concentration of the
produced product form the second IVT, where the second primer set was used, was only

18,5ug/uL. Again the product was analyzed by capillary electrophoresis for quality assessment
(Figure 15).
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Figure 15: Fragment analyzation results of the by IVT produced TC1316 plasmid insert Cas13 base
editor, s13d-ADARdd.

7. Discussion

7.1. Production of the mouse model

The first goal of this project was to produce a mouse model containing a substitution of G>A
on position 1582. For this, we opted to electroporate mouse embryos at the zygote stage, a
process which has previously been optimized in our lab to obtain efficient gene knock-out
(optimal settings 30V pulses, 2 pulses of 2ms and 100ms between each pulls)’’. This optimized
protocol was implemented in our experimental set-up, however, we still investigated how slight
adaptations influenced the homology-directed repair pathway, while maintaining a good
embryos development rate as well.

The performed electroporation optimization experiments showed no significant difference in
blastocyst formation rate between the groups electroporated with Padi6-targeting
CRISPR/Cas9 components, the negative control group, and the medium control group.
Therefore, we concluded that the electroporation process itself, the voltage parameter (20V vs
30V), and the presence of the CRISPR/Cas9 components do not have and influence on
blastocyst formation ability. Moreover, we tested some additional conditions, such as the
addition of an electroporation enhancer. However, not in multiple replicates, so from these
experiments, no conclusions on influence on blastocyst formation rate can be drawn yet. It
must be noted that, in general, blastocyst formation rates were rather low, compared to earlier
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findings’’. We suspect that this is probably due to the experimental set-up and a practical
learning curve. More specially, a crucial factor is speed, and we believe a long incubation time
into KSOM-HEPES medium, outside of the incubator during the procedure, might have
influenced the developmental rates as previous research also investigated®-82, To avoid this
problem, the mice could be for instance sacrificed one by one, instead of at the same time,
and experiments could be performed with two operators instead of one.

Next-generation sequencing analysis allowed for the calculation of the mutagenesis (indel) and
repair (base pair substitution) efficiency per electroporated embryo. The revealed significant
lower mutagenesis efficiency of the embryos electroporated at 20V compared to 30V
conditions shows that the 30V conditions are preferred in order to obtain genetically adapted
mice. Considering the HDR pathway, in which we were mostly interested, in general a low
number of embryos were observed containing the precise base pair substitution of interest. If
precise editing was observed, it was also always in a mosaic fashion, meaning there is still
room to improve the efficiency. It is known that that the NHEJ pathway is dominant over the
HDR pathway, which explains these low percentages®+®48384 Previous studies showed that
adding a electroporation enhancer has the ability to increase the HDR rate®-87. Therefore, an
electroporation enhancer was added to the RNP complex and electroporation using the
reverse repair template, possibly in the combination of the enhancer were conducted. Still the
experiment needs to be repeated and NGS needs to be performed in order to conclude the
success of these interventions. The use of an electroporation enhancer seems to influence
general mutagenesis efficiency, but did not influence the HDR rate. Whether the use of
different repair templates (such as the revers template tested here once), has an influence,
needs to be determined in additional experiments. Up until now it is not yet clear which
condition is best to obtain a good repair efficiency in a high amount of embryos. If possible it
would be advised to not use the electroporation enhancer. The used enhancer is dissolved in
dimethyl sulfoxide (DMSO)® and as research has determined, DMSO has a cytotoxic effect
on the mouse preimplantation embryos®. From our developmental curves (Figure 9), this
cytotoxic effect could potentially already be noticed, looking at the blastocyst formation rates of
the performed experiments, but, since include embryo numbers are low, the experiments must
be further repeated. Moreover, the repair efficiency could be enhanced in other ways®>*. Instead
of trying to increase the HDR efficiency, the NHEJ pathway could be inhibited. Different chemical
elements or small interfering RNA (siRNA) can be used to inhibit key regulators of this pathway.
The downside of these methods is the presence of many safety issues. The use of chemicals
are able to increase the toxicity and lead to apoptosis. Moreover, the low repair efficiency could
occur due to a low repair potency of the gene itself. Even though the low repair efficiencies, the
numbers concerning repair efficiency show that at least one in seven electroporated embryos
carries the desired point mutation. Injection at the oocyte stage instead of at the zygote stage
could have a positive influence, but is practically more challenging®.

In general, the higher the editing percentage, the higher the amount of cells containing the
mutation and, if we would proceed to embryo transfer, the higher the chance that the mutation
of interest would be present in the germ cells of the obtained pups. From the numbers we have
shown here, it could be estimated that one out of seven pups would carry the specific point
mutation. However, these pups are mosaic, so there is no guarantee that the germ cells would
contain the mutation of interest, which would be necessary to obtain a constitutive mutant
mouse line. Furthermore, indications from our, and previous research we expect that only the
male mice are fertile and can transfer the mutation their offspring 222, In conclusion, there is a
one in fourteen chance that a pup would contain the desired mutation, albeit in a mosaic
fashion.

Although for each ET experiment three or four CD1 mice were mated with a vasectomized
male, none, one or two mice showed a plug the next day, not being abnormal but which
complicated fresh ET attempts®*4. Therefore, we have also conducted ET experiments with
vitrified-thawed embryos, however, inexperience with the technique might have compromised
pregnancies with these pups. Alternatively, to boost the number of fresh ET experiments, from
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the fifth ET experiment onwards, the female mice were put on the dirty bedding of the male
mice, three days before the mating, in order to provoke the Whitten effect. Due to the presence
of male pheromones, the estrus stage of the estrous cycle can be induced, which makes the
females receptive to mating®>®. We have obtained mixed effects with this approach, however
only conclusions can be drawn from this approach when performed for an increased number
of experiments. Looking at the different ET experiments itself, it stands out the ET efficiency
was rather acceptable during the first attempts, but was decreasing by time. AT the moment
the female CD1 mice were five months of age, new mice were bought to check if age has an
influence on the ET efficiency. The first experiments with the new CD1 mice were not
successful to date, so it is still unsure what the reasons behind the latest failures are.
Interestingly, weight measurements of the mice after embryo transfer often indicated that these
mice could be pregnant. However, only some provided offspring. Either the pregnancy was
lost during the last stages, or the pups were still born and removed by either the mothers or
the caretakers before we had the chance to notice. Lastly, it is also possible that the mother
showed a phantom pregnancy. Other research showed the use of the mNSET device leads to
an pregnancy rate around 80% and in 35% of the cases to live born mice®"%,

Failed attempts of ET could be attributed to a number of factors. Firstly, due to inexperience
with the technique. Previous research has shown that in the first year of using the mNSET
device to perform ET, a decrease of the pregnancy rate and pups born alive was observed
compared to when the surgical technique was used®’. Due to more experience, they observed
an increase in efficiency, which even surpassed the one obtained using the surgical method.
Next, the application of genome editing itself and potential toxicity of the products could also
influence the success rate, which is also seen in previous research®’. In order to rule out one
of these problems as possible cause, each time ET with KO embryos is carried out ,a control
ET with negative or medium control embryos should be carried out in parallel. As an alternative,
ET could also be conducted in surgical manner, but literature stated the non-surgical would be
better®®19t, Not only the success rate is low, the technique is more complex, slower, more
expensive, more likely to get contaminated and there is a need of specialized apparatus.

Nonetheless, the obtained offspring from this project showed high editing efficiency, but the
desired mutation was not yet incorporated. Because repair appeared in a small amount of
electroporated embryos, there is a lower chance the right embryo implanted in the uterus and
gave rise to a live offspring. One way to make sure the right embryos are transferred and
implanted is by performing a pre-implantation genetic test on the electroporated embryos!®2.
During this procedure a few cells are taken from the trophectoderm of the formed
electroporated blastocyst to analyze the genome. On top of the higher price, the technique is
rather complex, because several risky steps such as electroporation, biopsy at E3.5,
vitrification and thawing, need to be performed. Therefore, in order to obtain the mouse model
containing the desired point mutation, ET experiments should continue to be performed
regularly.

Six mice form the ET’s resulting offspring were kept for further breeding. Most interest went to
the male pups because these mice are able to transfer the mutation to their offspring in order
to produce a constitutive Padi6 KO mouse line. But also four female mice were kept to check
if they were indeed infertile, which was confirmed by two experiments: firstly, the female KO
mice were not able to produce any offspring over a breeding of two months. Secondly,
collection and follow up experiments of the embryos obtained form Padi6-targeted FO mice,
showed decreased fertilization rates, embryos arrested between E1 and E2, while more
fertilization and less arrest was present in the WT group, which corresponds to the literature
(mouse and human) 3436:37:41,

The breeding set-up with male KO mice resulted in different litters with an average litter size
of seven. Furthermore, we checked heterozygosity of the resulting offspring, which indicated
that in fact only one of the two kept KO males carried indicated Padi6 mutation in the germ
cells, because all litters from male 1 were always WT. This is an excellent example of

40



mosaicism, since analysis of toe tissue from this mouse showed a Padi6é mutation, while his
germ cells apparently did not contain any mutation. Heterozygous offspring will be further bred
to obtain both Padi6 ** and Padi6 ” mice, to use in further experiments.

7.1.1. Immunostaining experiments
Immunostaining of Padié KO embryos collected from Padi6-deficient mice, electroporated and
WT embryos were conducted in order to evaluate the PADI Ab purchased form Biorbyt.

Visualization of the stained embryos showed the presence of a fluorescent signal in the WT
embryos as well as in the electroporated and KO embryos. Because no signal was present in
the embryos from the negative control, no non-specific staining of the secondary antibody was
present. As the Padi6 gene was mutated on zygote level by electroporation, PADI6 protein
should no longer be produced. Furthermore, the EGA phenomenon, taking place at E1, causes
degradation of the present maternal products, such as PADI6, and no further PADI6 production
in later developmental stages!®. Due to these reasons PADI6 should not be detectible after
staining was performed on the blastocyst stages of the KO embryos.

Appearance of the PADIG6 signal in the electroporated embryos could be attributed to different
reasons. First of all, it could be possible PADI6 was still present from the zygote stage and the
protein degraded slow or not at all. Therefore some PADI6 was still present in the embryos at
the moment of fixation. But because the embryos were fixated and stained at the blastocyst
stage, no degradation of PADI6 is peculiar. Further, the genome of the stained embryos will
be analyzed by NGS to make sure the genome of these embryos was indeed edited and editing
failure can be ruled out as possible cause of a clear PADI6 signal. Lastly, the fact that the used
Ab did not work specific enough is another reason for the presence of PADIG6 staining. Because
staining of the KO embryos also showed a clear PADI6 signal, it is most likely the used PADI6
Ab did not bind specifically on PADI6, but would also bind on other PADI proteins found in the
subcortex, such as PADI2, PADI3 and PADI4%4,

To confirm PADIG6 protein absence in KO embryos, additional antibodies should be assessed
or their specificity, but not many are available. Coonrod’s research group produced their own
PADI6 Ab, which was successfully used®. If possible, a collaboration could be set up.
Investigating PADI6 production at mRNA level instead of protein level is another method to
examine successful Padi6 targeting. The amount of Padi6 mRNA production is measured by
performing real-time quantitative PCR (qPCR), which makes use of a reversed transcription
reaction?%,

7.1.2. Hematoxylin-eosin staining experiments

H&E staining of the WT and KO mouse ovary tissues was conducted in order to evaluate the
follicle formation ability in Padi6 KO mice compared to WT mice. These stainings revealed all
the different follicle developmental stages were present in both ovaries. Therefore it could be
concluded the Padi6 mutation did not have any influence on the maturation of the oocytes,
which is corresponding with previous findings in the already existing EDA mouse models, other
SCMC mouse models and humans?’#1%-1%_ These investigations showed the knock-out of
these genes had no influence on the folliculogenesis, all follicle developmental stages were
found in WT as well as mutated individuals.

Furthermore, the ultrastructure of the collected WT and KO oocytes can be visualized and
analyzed using transmission electron microscopy (TEM)°%110 As PADI6 is required for the
CPLs formation, we mainly expect to see defects in these structures.

7.2. Production of Padi6 cRNA
In order to evaluate the Padi6 cRNA injection method, Padi6 cRNA was produced by
transferring the Padi6 cDNA of a clonal vector to an expression vector followed by IVT. As
mentioned, unexpected substitutions were incorporated into the Padi6 cDNA. These mutations
were solved by performing two consecutive mutagenesis. Despite the mutagenesis efficiency
of the used kit is around 90%, a success rate amounted only 12,5% and 16,67% for the first
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and second performed mutagenesis!'*!'2, The low efficiency could be linked to the sequence
of the targeted DNA sequence. These can acquire secondary structures, such as stem-loops.
Itis possible that these structures interfere with the annealing of the used primers, which needs
to occur simultaneously in order to provide a successful mutagenesis. PCR-fragmented
directed DNA synthesis could be performed if the mutagenesis efficiency wanted to be
increased!*®, With this technique a region of the DNA lying between the annealed selection
and mutagenic primers is being amplified, in order to generate the desired mutant DNA
sequence. Later on, by using this fragment as a primer, heteroduplex DNA is produced. The
high efficiency of this site-directed mutagenesis method is possible due to presence of both,
the desired and selection mutation, into the formed fragment. To avoid the limitations of this
method, a cDNA library could also be made ourselves, but is time consuming and more
expensive'®. A cDNA library is made by Padi6 mRNA isolation followed by reversed
transcription to the gene’s cDNA and ending with ligation in to an expression vector, which is
then transfected to E. Coli bacteria. Because the mRNA is mostly present in the oocyte, a large
number of oocytes is needed in order to obtain a usable Padi6 mRNA amount to perform these
different steps.

Even though a low mutagenesis efficiency rate was observed, one of the formed plasmids was
further used to perform a successful IVT. Measuring of the formed mRNA concentration and
evaluation of the fragment analyzer results, showed the success of the conduct experiment. A
good quality (RQN = 10) and concentration (2,85ng/uL) of the in vitro transcribed mMRNA was
obtained. In the future the produced mRNA will be delivered into WT mouse zygotes in order
to investigate the different delivery efficiency using different methods, by electroporation or by
injection, and the in vivo expression of the mRNA!®. When these are optimized, the mRNA
will be delivered into Padié KO mouse zygotes and the functionality will be examined.

7.3. CRISPR/Cas13 base editing
Such as the CRISPR/Cas9 technique, two components are needed in order to apply the
CRISPR/Cas13 technique: gRNA, which can be bought, and the Cas13 base editor, which is
not yet commercially available as a protein, but as plasmid containing the Cas13 base editor’s
CDNA®,

In order to conduct a successful IVT experiment, the concentration of the LR-PCR product
needs to be at least 0,2ug/pL®. Meaning the obtained TC1316 LR-PCR product concentration
was too low to be able to conduct IVT. In order to obtain a higher concentration a LR-PCR
optimization experiment was set up. In the first place, minimal recommended amount of primer
and template was used. By increasing the amount of primers and template and decreasing the
temperature of the primer annealing step, a concentration >0,2ug/uL was obtained. To perform
LR-PCR, primers with a predicted melting temperature of 60-65°C need to be produced!?’.
Furthermore, the used of a lower annealing temperature would be beneficial for the PCR
reaction due to the enhance of the PCR-suppression effect!!8,

These optimized LR-PCR conditions were further used to produce the in vitro transcribed
MRNA of Cas13-ADARyq. Even though the obtained concentrations were quite low, the mRNA
was of good quality (RQN=9,8). Further, this mRNA will be delivered by electroporation into
WT zygotes together with a pre-formed fluorophore™®. When the mRNA is translated a
fluorescence signal will be present revealing in vivo transcription of the produced mRNA is
possible. Due to a low obtained mMRNA concentration, it is to be expected no signal will be seen
and so no transcription will take place. In order to solve this problem, the cDNA insert of the
TC1316 plasmid can be transferred to the same expression vector used to express Padi6
cDNA. As seen in experiment performing IVT of the Padi6 cDNA, a high concentration of good
guality mRNA was achieved. If the in vivo transcription is successful, WT mouse zygotes will
be used to optimize the CRISPR/Cas13 technique. Eventually, the CRISPR/Cas13 technique
will be applied on the zygotes of the produced mouse model.
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Other than the achievement of a high concentration of good quality, the approach provides
more challenges!®1?1, Next to the arising batch-to-batch variabilities during the preparation of
Cas mRNA, the introduction of the Cas enzyme’s mRNA leads to a later functionality of the
enzyme, due to the fact in vivo translation to the proteins still needs to take place. In addition,
by co-delivering the gRNA and Cas mRNA, it is possible that once the Cas mRNA is fully
translated, the gRNA starts to degrade. By delaying gRNA delivery or chemically modify the
gRNA molecule, its stability can be enhanced. In addition, Cas mRNA is less stable and
susceptible to degradation by present RNAses, making fast degradation possible. Next, some
other elements occurring during this procedure makes the base editing method challenging?2.
Firstly, limitation in the targeted site can occur, making base editing difficult. Further, there is
always a chance for the appearance unexpected off-targets. Due to the fact PADIG6 is normally
expressed during the oocyte and zygote stages and important for the first cleavage stages,
timing of the CRISPR/Cas13 administration is important to make sure a functional editing can
take place. Further research should reveal at which stage the CRISPR/Cas13 administration
is the most functional.

8. Conclusion

This thesis forms the basis for further research on possible strategies to overcome EDA in a
mouse model. Starting the project, it was aimed to produce a mouse model containing a
specific mutation in the Padi6é gene, which was shown to induce EDA in one patient. By
performing electroporation with Padi6-targeting CRISPR/Cas components of mouse zygotes
followed by ET of the resulting blastocyst, genetically edited mouse were obtained. More
specifically, Padi6 KO mice were obtained, mainly containing a 1bp insertion, yet no model
displayed the desired mutation, ¢.1582G>A was obtained. In order to incorporate the specific
mutation, HDR needs to take place in the electroporated embryos in an efficient manner.
However, NGS analysis of these embryos revealed that a low number of embryos underwent
HDR, and if they did, it was in a mosaic fashion. In order to increase the HDR efficiency to
obtain the specific mutation into the genome, further modifications of the protocol should be
evaluated.

As a Padi6 KO mouse model is already obtained and Padi6 cRNA is produced in this thesis,
both nuclear transfer and cRNA administration can already be assessed for their potency as a
good treatment strategy.

If the treatment strategies prove to be efficient in mice, still some hurdles will have to be
overcome to bring this research from bench to bedside. Firstly, Padi6 cRNA administration is
only possible in patients with PADI6 mutations. For patients diagnosed with EDA caused by
mutations presentin other MEGSs, such as NLRP2, NLRP5, NLRP7, TLE6, KHDC3 and OOEP,
administration of this cRNA would not be helpful, so cRNA of their mutated genes should be
first administered and evaluated in mice. Secondly, although NT represents a more general
and practical treatment strategy, this technique entails various ethical and safety concerns.
Lastly, even though CRISPR/Cas13 base editing is the newest technique and carries the same
disadvantage as the Padi6 cRNA method, it is a good model to investigate the potential of this
method to solve infertility and could be promising towards other techniques.
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Introduction

Embryo Developmental Arrest (EDA) is a rare infertility phenotype,
characterized by arrest of the embryo during the first cleavage stages, which
is mainly attributed to inferior ococyte quality. One of the maternal genes
already associated with EDA is PAD/6. PADI6 is a maternal effect gene, whose
mRNA transcripts are expressed exclusively in oocytes and early embryos,
making them responsible for the first stages of embryonic development. As
treatment options for EDA are limited, the majority of EDA patients has to rely
on oocyte donation to obtain children. Therefore, research is set up to
investigate new possible treatment options to overcome EDA using a mouse
model.

- ~ Materials & Methods
. Mouse model:

Employing the ECM 830 electroporator (BTX), electroporation was carried out
at the zygote stage with the following settings: 30V, 2pulses, 100ms. At day
3,5 of /n vitro culture, good quality embryos were transferred to pseudo-
pregnant female mice using the Non-Surgical Embryo Transfer device for mice
(mMNSET™, #60010, ParaTech), according to the manufacturer’s instructions.
Either at the blastocyst stage (during optimization experiments) or using toe-
tissue of 7-day old pups, DNA was extracted, PCR-amplified and assessed by
NGS.

2.1Il Padi6 cRNA Production:

By means of long-range PCR, restriction digest and ligation steps, Padié
cDNA was transferred from a commercial cloning vector (Origen) to an
expression vector to produce Padi6 cRNA. The incorporation and sequence of
the cDNA insert was evaluated through colony PCR and Sanger Sequencing.
To remove unexpected mutations, mutagenesis was performed using the Q5
Site directed mutagenesis kit from NEB.

1. Production of mouse model

Wild-type (WT) mouse zygotes were
electroporated with a CRISPR/Cas9 RNP complex
targeting FPadié and a DNA template molecule
containing the desired base pair substitution G>A.
Comparison of electroporation set-ups revealed a
drastic increase in editing efficiency in embryos
electroporated at 30V (86%) compared to 20V
(12%). Next, electroporation was conducted by
applying optimized conditions (30V, 2 pulses,
100ms interval). Once the electroporated embryos S
reached the early blastocyst stage, they were used
for embryo transfer (ET). N=10 mice underwent
ET, of which n=3 mice got pregnant, resulting in -
an average litter size of n=3 pups. Analysis of the :
resulting (potential mosaic) offspring revealed a

Results :

2. Treatment options (focus cRNA)

To produce Padi6 cRNA, Padi6é <cDNA has been
incorporated into an active expression vector using
E. Coli bacteria (Figure 2).

Urad
GENT

Objectives
1. Production of a Padié mutant mouse model by CRISPR/Cas9-mediated
DNA editing (c.1582G>A) (Focus)

2.Use of the Padié mutant mouse model to compare new possible
EDA treatment options:

I Nuclear transfer to replace the defective ooplasm

Il. CRISPR/Cas13 mRNA base editing to correct the defective Padi6
mRNA molecules

ll. Padié complementary RNA (cRNA) injection, to complement the
defective Padi6 mRNA molecules (Focus)

21
CasdANA compiex

- ¥ ., ——— &
#: \ N o
_ .

21

Cas13:gRNA complex

< —(

Figure 1: Schematic overview of the different objectives.

1.Shows the workflow of the Pad#6 mutant mouse model production, using the CRISPR/Cas9 DNA editing technique. The Cas9:gRNA
complex, together with the template is being electroporated In a (wild-type) WT zygote. These electroporated embryos are then
transferred to a pseudopregnant mouse. 2. Shows the workflow of a nuclear transfer procedure, where the nucleus of the deceased
oocyte (PADIG mutant) is isolated and transferred to a WT enucleated oocyte, containing functional Padié mRNA molecules. 2.1
CRISPR/Cas13 is used to edit the defective mRNA by the electroporation of a Cas13:gRNA complex into the defective zygote. Once the
defective mRNA is repaired, transcription to the WT PADIG protein can take place. 2l Once WT cRNA is produced, this can be injected
into the zygote. In this way the defective mRNA Is complemented and WT Padi6 proteins can be produced.

PADI CRNA

A

Primer pair 1: Padi6-2399 G-A
5'-CAAAGAGGACACTGTGGTCTGGAG-3'

R. 5'-CCAGCGATGACGGAGCTA-3"

Primer pair 2: Padi6-2577 C-T
F 5"-GAGGCAGACATCTATCGAGATG-3'
R: 5'-CAGGGAGATCTCGATGCC-3

Figure 4: A Shows the used mutagenests primer pars. F = Forward primer, R =
B. Schematic f the dl

Conclusions/Future Perspectives
1. Production of mouse model
No HDR edited embryos were observed

high editing efficiency, although we have not yet
identified offspring with the incorporation of the
desired G>A point mutation (Table 1).

Table 1: Overview of the successful ET experiments; date of transfer, the number of vitrificd
or non-vitsified embryos that were transferred. DOB = date of birth, INS = insertion, DEL =
deletion. WT = wild type

1811 1 No W « "
2021 071 r INS1 + DELI4
F =
22m ) ves  wm 2 " ISt « DEL
2021 1 F DELT + NS4
251 s No 3 " wr
2021 4 " wr

Figure 2: Schematic overview showing incorporation of the cDNA in the expression vector.

The newly formed plasmid contains unexpected
mutations, which need to be restored (Figure 3).
Therefore, mutagenesis using adapted primers
is currently being performed (Figure 4).

Figure 3: Print sanger sequence of the incorporated plasmid cDNA. Here a part of the
plasmid cDNA (col11.1F and col11.1R) is compared lo the WT DNA (refseqg), the found
mutations are marked In yellow,

among the 10 mouse pups obtained by
embryo transfer. Future perspectives
include continuing ET and increase the
repair efficiency.

2. Treatment options

Mutations were found in the FPadi6 cDNA
incorporated in the plasmid in comparison
with the WT sequence. No successful
mutagenesis is performed yet. Once
mutagenesis is successful, production and
functional testing of cRNA will follow.

Next to cRNA injections, additional focus
will be applied on the CRISPR/Casi3
treatment option, by optimizing the
technology in WT mice.

Contact Details: silke.denorre@ugent.be - Phone: +32 479 68 24 11 - Connect with me on social media



11. Addendum
11.1. Supplementary Tables

Table S1: Overview of NGS analyzes (mutagenesis and repair efficiencies) of each electroporated
embryo per electroporation condition, used to optimize the zygote electroporation. All the embryos were
electroporated with the forward repair template (FRT) at 20V or 30V and with or without enhancer (+E
or -E).

Electroporated Embryo

Padi6 KO 1 (20V; FRT; -E)
Padi6 KO 2 (20V; FRT; -E)
Padi6 KO 3 (20V; FRT; -E)
Padi6 KO 4 (20V; FRT; -E)
Padi6 KO 5 (20V; FRT; -E)
Padi6 KO 6 (20V; FRT; -E)
Padi6 KO 7 (20V; FRT; -E)
Padi6 KO 8 (20V; FRT; -E)
Padi6 KO 9 (20V; FRT; -E)
Padi6 KO 10 (20V; FRT; -E)
Padi6 KO 11 (20V; FRT; -E)
Padi6 KO 12 (20V; FRT; -E)
Padi6 KO 13 (20V; FRT; -E)
Padi6 KO 14 (20V; FRT; -E)
Padi6 KO 15 (20V; FRT; -E)
Padi6 KO 16 (20V; FRT; -E)
Padi6 KO 17 (20V; FRT; -E)
Padi6 KO 18 (20V; FRT; -E)
Padi6 KO 19 (20V; FRT; -E)

Padi6 KO 1 (30V; FRT, -E)
Padi6 KO 2 (30V; FRT, -E)
Padi6 KO 3 (30V; FRT, -E)
Padi6 KO 4 (30V; FRT, -E)
Padi6 KO 5 (30V; FRT, -E)
Padi6 KO 6 (30V; FRT, -E)
Padi6 KO 7 (30V; FRT, -E)
Padi6 KO 8 (30V; FRT, -E)
Padi6 KO 9 (30V; FRT, -E)
Padi6 KO 10 (30V; FRT, -E)
Padi6 KO 11 (30V; FRT, -E)
Padi6 KO 12 (30V; FRT, -E)
Padi6 KO 13 (30V; FRT, -E)
Padi6 KO 14 (30V; FRT, -E)
Padi6 KO 15 (30V; FRT, -E)
Padi6é KO 16 (30V; FRT, -E)
Padi6 KO 17 (30V; FRT, -E)
Padi6 KO 18 (30V; FRT, -E)
Padi6 KO 19 (30V; FRT, -E)
(Arrested)

Padi6 KO 20 (30V; FRT, -E)
Padi6 KO 21 (30V; FRT, -E)
(Arrested)

Padi6 KO 22 (30V; FRT, -E)
(Arrested)

Padi6 KO 23 (30V; FRT, -E)
(Arrested)

Mutagenesis efficiency
(readpairs with indels /

readpairs without indels)

99,88% (870/1)
0,63% (15/2350)
56,58% (1139/874)
99,72% (1836/5)
99,41% (678/4)
99,74% (391/1)
0,66% (2/299)
0,79% (2/250)
1,07% (2/184)
22,72% (220/748)
1,09% (11/992)
1,76% (23/1278)
1,10%(16/1429)
19,16% (244/1029)
0,82% (6/723)
65,42% (282/149)
14,90% (97/554)
1,40% (9/632)
27,24% (188/502)

100% (2/0)
42,66% (64/86)
53,23% (263/231)
55,90% (317/250)
95,09% (288/20)
98,50% (132/2)
100% (1/0)
35,42% (130/237)
88,16% (693/93)
95,45 % (42/2)
62,31% (169/103)
84,24% (353/66)
99,75% (408/1)
36,17% (17/30)
97,20% (521/15)
98,11% (52/1)
77,04% (1383/412)
67,02% (252/124)
98,96% (191/2)

61,41% (444/279)
10,71% (6/50

28,57% (4/10)

26,78% (30/82)

Repair efficiency
(readpairs with repair /

total readpairs)

00,00%

0,29% (7/2365)

38,49% (775/2013)

00,00%

00,00%

00,00%

0,33% (1/301)

0,39% (1/252)

00,00%

0,10% (1/968)

0,29% (3/1003)

0,00%

0,13% (2/1445)

0,00%

0,27% (2/729)

0,00%

0,00%

0,00%

0,00%

00,00%
52,66% (79/150)
00,00%

36,15% (205/567)
3,67% (15/408)
00,00%

00,00%

56,13% (206/367)
8,65% (68/786)
2,27% (1/44)
00,00%

11,45% (48/419)
00,00%

51,06% (24/47)
00,00%

00,00%

00,00%

00,00%

00,00%

00,00%
00,00%

00,00%

00,00%



Padi6 KO 24 (30V;
(Arrested)

Padi6 KO 25 (30V;
(Arrested)

Padi6 KO 26 (30V;
Padi6 KO 27 (30V;
Padi6 KO 28 (30V;
Padi6 KO 29 (30V;
Padi6é KO 30 (30V;
Padi6 KO 31 (30V;
Padi6 KO 32 (30V;
Padi6 KO 33 (30V;
Padi6 KO 34 (30V;
Padi6 KO 35 (30V;
Padi6 KO 36 (30V;
Padi6 KO 37 (30V;
Padi6 KO 38 (30V;
Padi6 KO 39 (30V;
Padi6 KO 40 (30V;
Padi6 KO 41 (30V;
Padi6 KO 42 (30V;
(Arrested)

Padi6 KO 43 (30V;
(Arrested)

Padi6 KO 44 (30V;
(Arrested)

Padi6 KO 45 (30V;
(Arrested)

Padi6 KO 46 (30V;
Padi6 KO 47 (30V;
Padi6 KO 48 (30V;
Padi6 KO 49 (30V;
Padi6 KO 50 (30V;
Padi6é KO 51 (30V;
Padi6 KO 52 (30V;
Padi6 KO 53 (30V;
Padi6 KO 54 (30V;
Padi6 KO 55 (30V;
Padi6 KO 56 (30V;
Padi6 KO 57 (30V;
Padi6 KO 58 (30V;
Padi6 KO 59 (30V;
Padi6 KO 60 (30V;
Padi6 KO 61 (30V;
Padi6 KO 62 (30V;
Padi6 KO 63 (30V;
Padi6 KO 64 (30V;
Padi6 KO 65 (30V;
Padi6 KO 66 (30V;
Padi6 KO 67 (30V;
Padi6 KO 68 (30V;
Padi6 KO 69 (30V;
Padi6 KO 70 (30V;
Padi6 KO 71 (30V;
Padi6 KO 72 (30V;
Padi6é KO 73 (30V;

FRT, -E)
FRT, -E)

FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)

FRT, -E)
FRT, -E)
FRT, -E)

FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)
FRT, -E)

Padi6 KO 1 (30V; FRT, +E)
Padi6 KO 2 (30V; FRT, +E)

72,82% (134/50)
23,73% (244/784)

0,83% (3/256)
34,00% (521/1011)
1,08% (9/820)
28,01% (297/763)
95,87% (1466/63)
99,82% (1726/3)
99,86% (1485/2)
1,76% (23/1278)
1,10% (16/1429)
19,16% (244/1029)
0,82% (6/723)
65,42% (282/149)
14,90% (97/554)
1,40% (9/632)
27,24% (188/502)
94, 35 (853/51)
99,78% (1831/4)

100% (1/0)
97,43% (683/18)
99,93% (1495/1)

96,76% (1912/64)
100% (199/0)
99,68% (1272/4)
27,52% (259/682)
100% (105/0)
99,83% (1200/2)
96,91% (849/27)
100% (808/0)
99,95% (2142/1)
95,81% (848/37)
99,93% (1527/1)
85,20% (432/75)
99,86% (734/1)
100% (350/0)
99,89% (918/1)
100% (435/0)
96,32% (708/27)
100% (600/0)
95,81% (458/20)
41,59% (47/66)
98,68% (678/9)
24,32% (99/308)
99,17% (239/2)
99,35%(460/3)
99,85% (1374/2)
87,35% (311/45)
98,22% (388/7)
98,41% (310/5)

98,93% (93/1)
99,88% (897/1)

00,00%
0,29% (3/1028)

00,00%
0,13% (2/1532)
0,24% (2/829)
0,18% (2/1060)
00,00%
00,00%
00,00%

0,29% (3/1003)
00,00%

0,13% (2/1445)
00,00%

0,27% (2/729)
00,00%
00,00%
00,00%
00,00%
00,00%

00,00%
00,00%
00,00%

00,00%
00,00%

00,00%

64,18% (604/941)
00,00%

00,00%

00,00%

00,00%

00,00%

00,00%

00,00%

13,41% (68/507)
00,00%

00,00%

00,00%

00,00%

00,00%

00,00%

00,00%

00,00%

00,00%

62,40% (254/407)
00,00%

00,00%

00,00%

10,67% (38/356)
00,00%

00,00%

00,00%
00,00%



Padi6 KO 3 (30V; FRT,
Padi6 KO 4 (30V; FRT,
Padi6 KO 5 (30V; FRT,
Padi6 KO 6 (30V; FRT,
Padi6 KO 7 (30V; FRT,

+E)
+E)
+E)
+E)
+E)

100% (147/0)
98,63% (290/4)
98,97% (388/4)
91,56% (304/28)
99,15% (468/4)

00,00%
00,00%
00,00%
8,13% (27/332)
00,00%



Table S2: Sanger sequencing results from embryos electroporated using the reversed repair template
(RRT). The first twelve embryos were electroporated without enhancer (-E), the last thirteen with
enhancer (+E). The Sanger results of the region around the wanted mutation (g.12426G>A) per embryo
are compared with the reference sequence (Refseq.).

Electroporated embryos Sanger analysis

Padi6 KO 1 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTCTAWTGSYAAGGTGAC-
Padi6 KO 2 (30V; RRT,; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 3 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 4 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 5 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 6 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGKGAC-
Padi6 KO 7 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 8 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGGGAC-
Padi6 KO 9 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 10 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTYTAAKGGTAAGGKGAY-
Padi6 KO 11 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 12 (30V; RRT; -E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 1 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 2 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 3 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 4 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 5 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Blastocyst) Padi6 KO -CCTTTYTAATGGTAAGGKGAC-
Padi6 KO 6 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 7 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGTTKGGAACTC-

Padi6 KO 8 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGKGAC-
Padi6 KO 9 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGKAAGGKGAC-
Padi6 KO 10 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 11 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 12 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-
(Morula) Padi6 KO -CCTTTCTAATGGTAAGGTGAC-
Padi6 KO 13 (30V; RRT; +E) Refseq. -CCTTTCTAATGGTAAGGTGAC-

(Morula) Padi6 KO -CCTTTCTAWTGGWAAGGKGAY-



11.2. Supplementary Figures
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Figure S1: Stereo microscopy pictures of WT embryos at EO (one -cell) at an enlargement of (1) 10x
(2) 20x. The presence of pronuclei and the disappearance of the conus distinguish the fertilized eggs
from the unfertilized once.
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Figure S2: Stereo microscopy pictures of Padi6 KO embryos at EO (one -cell) at an enlargement of (1)
10x (2) 20x. The presence and of pronuclei and the disappearance of the conus distinguish the fertilized
eggs from the unfertilized once.
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Figure S3: Stereo microscopy pictures of WT embryos at E1 (two-cell) at an enlargement of (1) 10x (2)
20x.
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Figure S4: Stereo microscopy pictures of Padi6 KO embryos at E1 (two-cell) at an enlargement of (1)
10x (2) 20x.
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Figure S5: Immunofluorescent staining (IF) image of PADI6 (green) expression in wild-type (WT),
electroporated and negative control blastocysts.
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Figure S6: IF image of PADI6 (green) expression in wild-type (WT), electroporated with and without
enhancer and negative control (A) morulas and (B) blastocysts.



Figure S7: Growth of the E.Coli bacteria which incorporated the plasmid containing the Padi6 cDNA
and ampicillin (Amp) resistance gene on Amp positive agar plates.
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Figure S8: Results of the fragment analyzation after colony-PCR of fifteen colonies grown on the Amp
positive agar plates. D5-E7 consist the colony DNA of 15 colonies together with the primer couple used
to check the first transition (F: TGTGTGGAATTGTGAGCGGA, R: TTCACAAGCAGGATGGCTCC), E9-
F11 the colony DNA of the same 15 colonies together with the primer couple used to check the second
transition (F: GGGAACGTGACCCTGTTTGA, R: TTGGGTAACGCCAGGGTTTT) and E8 and F12
containing a control sample.
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Figure S9: Sanger sequencing results of the colonies containing the wanted insert. In yellow the two

unexpected mutations incorporated in the Padié cDNA causing change of amino acid (AA).
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GRRATCACCTTGGACATCAGCAAGTGTGCACCAGACRAGTGCAAGTCTTICABEREGEEE  12¢ SARRARRARIARARAAIAARINARRS RAARA AR SRR KAARAARANRERARARRS A2
172 FRefseq GTGGTCTGGAGGTCAATGAACCATCCCACAGTGGCATTGGTGAGGATGGTGGCGCCCAGE
SOTTCCCCCACGATCTICATCCACATCICTAGCTCCTCATCGCTGGCARRGAGGACAS 193¢ *F s i rere e vt et
Refseq CCCACTGTGGATGARGACAAGGTGCTGGTCTCCTACTTCTGTCCTGACCAAGAAGTCCCC
172 gp CCCACTGTGGATGAAGACAAGGTGCTGGTCTCCTACTTCTGTCCTGACCAAGAAGTCCCC
GTGGTCTGGAGGTCARTGAACCATCCCACAGTGGCATTCATCTCTAGCTCCGTCATCGCT 246 AREAERR
Refseq ACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCCTGGAGGCAGACACCTAT
""""" CCRE O G CLCCCALCAT CT T GO CATCT CYACCTCCAICATCG 223 gp ACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCCTGGAGGCAGACACCTAT
CEERRRGAGEREHE Hccc GGATCTTGATCCACATCTCTAGCTCCGTCATCG 306 KRR RAA I AR ARA KA ARARAARA KRR KA RAAKARAA KA KRR AR AR R ARAIA AR
g
Plasmid 10
CTGGCARAGAGGACGCTGTGGTCTGGAGGTCAATGAACCATCCCACAGTGGCATTGGTGA 283 —
CTGGCAARGAGGACACTGTGGTCTGGAGGTCAATGAACCATCCCACAGTGGCATTGGTGA 366 Refseq GGTTCCCCCAGGATCTTGATCCACATCTCTAGCTCCGTCATCGCTGGCARAGAGGACGCT
* ERaTEsiLE 1F GGTTCCCCCAGGATCTTGATCCACATCTCTAGCTCCGTCATCGCTGEMARAGAGGACACT
KAAAARAR R AR AR AR RARARA AN AAA KR AR AR AR AAARAARI AR AAKRARARR 24
GGATGGTGGCGCCCAGCCCCACTGT AAGGTGCTGGTCTCCTACTTCTGTC 343
GGATGGTGGCGCCCAGCCCCACTGTGGAT AAGGTGCTGGTCTCCTACTTCTGTC 426 Refseq GTGGTCTGGAGGTCAATGAACCATCCCACAGTGGCATTGGTGAGGATGGTGGCGCCCAGT
bk » 1F GTGGTCTGGAGGTCAATGAACCATCCCACAGTGGCATTGGTGAGGATGGTGGCGCCCAGE
KARRARARRARRRARRARRRAARARAARAARRARARARAARAKRARARARKAAARRARAS
CTGACCAAGAAGTCCCCACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCC 403
CTGACCAAGAAGTCCCCACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCC 486 Refseq CCCACTGTGGATGAAGACAAGGTGCTGGTCTCCTACTTCTGTCCTGACCAAGAAGTCCCC
1F CCCACTGTGGATGAAGACAAGGTGCTGGTCTCCTACTTCTGTCCTGACCAAGAAGTCCCC
KRARARA KRR RAAA AR R ARARA AR AAARA AR AAAAAA AR ARARARRARAAAAA A RARS
TGGAGGCAGACACCTATCGAGATGGACAACTGGACATGCCAAGTGATAAGCAAGCTARGA 463
TGGAGGCAGACACCTATCGAGATGGACAACTGGACATGCCAAGTGATAAGCAAGCTAAGA 546 Refseq ACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCCTGGAGGCAGACACCTAT
* 1F ACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCCTGGAGGCAGACACCTAT
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Figure S10: Sanger sequencing results of the colonies in which the first mutagenesis was successful.
In yellow the mutations needed to be changed and in green new found mutations.



RefSeq GGTTCCCCCAGGATCTTGATCCACATCTCTAGCTCCGTCATCGCTGGCAAAGAGGACGCT 240
1F GGTTCCCCCAGGATCTTGATCCACATCTCTAGCTCCGTCATCGCTGGCARAAGAGGACACT 207

Fhkkrk kA ddkhArrhrhddddrrrddrhrrrrrrdrrardhrrrdrdrrrrorddrhhbriarrdrid &k

RefSeqg GTGGTCTGGAGGTCAATGAACCATCCCACAGTGGCATTGGTGAGGATGGTGGCGCCCAGC 300
1F GTGGTCTGGAGGTCAATGAACCATCCCACAGTGGCATTGGTGAGGATGGTGGCGCCCAGC 267

SRR EEEEEEEEEEEEEEEE TR Rk R R

RefSeg CCCACTGTGGATGAAGACAAGGTGCTGGTCTCCTACTTCTGTCCTGACCAAGAAGTCCCC 360

1F CCCACTGTGGATGAAGACAAGGTGCTGGTCTCCTACTTCTGTCCTGACCAAGAAGTCCCC 327
EE RS S SRR R LRSS SRR A S SR EEEEEEEE LR EEEEEEEEEEEEEEEEEEEEEEEEEEEEE S

RefSeqg ACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCCTGGAGGCAGACACCTAT 420

1F ACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCCTGlAGGCAGACATCTAT 386
(et S A A A SRS E SRS EEEEEEEEEEREEEEEEEEEEEEEE IS EEEEEE NS

Plasmid 3

RefSeq GGTTCCCCCAGGATCTTGATCCACATCTCTAGCTCCGTCATCGCTGGCAAAGAGGACGCT 240

1F GGTTCCCCCAGGATCTTGATCCACATCTCTAGCTCCGTCATCGCTGGCARAGAGGACACT 209
B R R R R kR g o o A O e e S SR

RefSeg GTGGTCTGGAGGTCAATGAACCATCCCACAGTGGCATTGGTGAGGATGGTGGCGCCCAGC 300

1F GTGGTCTGGAGGTCAATGAACCATCCCACAGTGGCATTGGTGAGGATGGTGGCGCCCAGC 269
RS S RS R E SRS SRR R E R EEEEEE R RS AR RS R EEEEE LR EEEEEEEEEEEEEREEEEEEESE

RefSeqg CCCACTGTGGATGAAGACAAGGTGCTGGTCTCCTACTTCTGTCCTGACCAAGARAGTCCCC 360

1F CCCACTGTGGATGRAGACAAGGTGCTGGTCTCCTACTTCTGTCCTGACCRAAGARAGTCCCC 329
AT I I A AT I A A A AT A I A AT T A A A A A AT A A A A A A AT A A AT A A A AT A A Ao ddhhd

RefsSeq BACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCCTGGAGGCAGACACCTAT 420

1F ACGGCCACAGCTGTGCTGTTTCTCACCGGCATCGAGATCTCCCTGGAGGCAGACATCTAT 389
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Figure S11: Sanger sequencing results of the colonies in which the second mutagenesis was
successful. In yellow the mutations needed to be changed and in green new found mutations.



