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Abstract

The ability to derive induced pluripotent stem cells (iPSCs) from any individual has opened
up the possibility to generate patient- and disease-specific cell culture models. Such models
facilitate research into disease mechanisms and provide a platform for in vitro drug screens. A
drawback of disease-specific iPSC models is the lack of genetically matched controls. Recent
implementation of bacterial adaptive immune system known as clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) systems in
mammalian cells as a new genome editing tool has provided unparalleled simplicity and
precision to introduce site-specific changes into host DNA. A central aim of this thesis was to
generate tools to implement a Crispr/Cas9 based system in an iPSC model of genetic
inflammatory disease with a goal to replace disease-causing allele with its wild type

counterpart.

Familial Mediterranean Fever (FMF) is a autosomal recessive autoinflammatory disease
caused by the mutations in the mefv gene. FMF has a high carrier rate in Turkey and the most
severe form of the disease result from homozygous M694V mutations. iPSCs were derived
from one such FMF patient and the presence of the disease-associated mutations was
confirmed by DNA sequencing. To target the disease allele, single chimeric guide RNAs
targeting mefv sequence at the vicinity of the M694V mutation were designed and cloned into
expression vectors. The functionality of Crispr/Cas9 components in mammalian cells were
confirmed using a Green fluorescent protein (GFP) reporter assay in 293T cells. To monitor
homologous recombination (HR), a reporter construct in which GFP sequence was interrupted
by the targeted mefv sequences was generated. Different HR donor templates were tested and
linearized plasmids were observed to be the most efficient. Next, the ability of the selected
guide RNAs to cleave the endogenous mefv locus was confirmed by a mismatch-specific
DNA endonuclease assay. However, we failed to detect a corrected allele upon introduction of
the Crispr components and a repair template bearing the wild type mefv exon 10 sequences
into patient-specific iPSCs. To facilitate detection of corrected allele, a new donor template
bearing silent mutations that create new restriction sites was designed. This donor template
will enable the use of restriction fragment length polymorphism assay (RFLP) for screening

rare iPSC clones that are successfully corrected.



Ozet

Herhangi bir bireyden uyarilmis pluripotent kok hiicre tiiretilebilmesi, hastaya ve hastaliga
0zgl hiicre kiiltliri modellemelerinin olusmasina olanak saglamistir. Bu tlir modeller hastalik
mekanizmalarina yonelik arastirmayr hizlandirmis, yapay kosullarda ilag taramalarinin
yapilabilmesi i¢in platform saglamistir. Hastalia 6zgii uyarilmis pluripotent kok hiicre
modellemelerinin giicliiklerinden biri genetik olarak esit kontrollerin yoklugudur. Yakin
zamanda bakteriye ait edinilmis bagisiklik sisteminin (clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated (Cas) systems) memeli hiicrelerine
uygulabilir kilinmasi1 yeni bir genom yazilimini tiiretmis olup konak DNA’ya sekansa 6zgii
degisimler olusturabilmesi ic¢in basitlik ve kesinlik saglamistir. Bu tezde ana amag
Crispr/Cas9’a dayal1 bir sistemin atesli genetik bir hastaligin uyarilmis pluripotent kok hiicre
modelinde uygulanabilmesi i¢in araglar olusturmak ve hastaliga neden olan aleli yabanil tip

kopyasiyla degistirmektir.

Ailesel Akdeniz Atesi mefv genindeki mutasyonlar sonucu ortaya ¢ikan otozomal ¢ekinik
otoinflamatuvar bir hastaliktir. Ailesel Akdeniz Atesi Tiirkiye’de yliksek bir tagiyic1 oranina
sahiptir ve hastaligin en ciddi bicimi M694V homozigot mutasyonlarda goriiliir. Bu
durumdaki bir hastadan tiiretilen uyarilmis pluripotent kok hiicreler ve hastalia neden olan
mutasyonlar DNA dizilemesiyle gosterilmistir. Mutasyonlu aleli hedeflemek igin mefv
sekansini hedefleyen M694V mutasyonu yakininda bulunan tek ve kimerik rehber RNA’ler
tasarlanmistir ve anlatim vektorlerinin i¢ine kopyalanmistir. Crispr/Cas9 pargalarinin memeli
hiicrelerdeki islevselligi yesil floresan haberci proteini (GFP) analiziyle insan embryonal
bobrek hiicrelerinde dogrulanmistir. Homolog rekombinasyonu gdzlemleyebilmek i¢in yesil
floresan haberci protein sekansi, hedeflenmis mefv sekansi tarafindan sekteye ugratilmis bir
haberci vektor kullanilmistir. Degisik homolog rekombinasyon dondr vektorleri test edilmis
ve en verimli olarak linearize vekorler secilmistir. Daha sonra, secilmis rehber RNA’lerin
endojen mefv lokusunu kesebilme kapasitesi DNA bazlarindaki uyumsuzluga yonelik DNA
endoniikleaz analiziyle gosterilmistir. Ancak Crispr parcalarnin ve mefv geni 10. exon
sekanslarini iceren onarim vektdriinlin hastaya 6zgii uyarilmis pluripotent kok hiicrelerine
verilmesinden sonra diizeltilmis alel saptanamamistir. Diizeltilmis alelin saptanmasini
kolaylastirmak i¢in, belirsiz mutasyonlar ve yeni restriksiyon bdlgeleri tasiyan farkli bir
onarim vektorli tasarlanmistir. Tasarlanan bu dondr vektor ile restriksiyon fragment length
polimorfizm analizi (RFLP) yapilip basarili olarak diizeltilen seyrek olarak bulunan uyarilmig

pluripotent kok hiicre klonlarinin taranmasi saglanacaktir.
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CHAPTER 1

INTRODUCTION

1.1.  Induced Pluripotent Stem Cells

The major source of pluripotent stem cells have traditionally been embryonic stem cells
(ESC) which are derived from inner cell mass of blastocysts. These cells have the capacity to
proliferate continuously while maintaining pluripotency, as they retain the ability to
differentiate into various kinds of cell types. While a promising source of cell for clinical cell
replacement therapies, their use has been problematic because of ethical concerns. In 2006,
Takahashi and Yamanaka identified the factors that induce pluripotency in somatic cells [1].
Starting with 24 candidate genes, they further narrowed the candidates down to four by using
a reporter gene driven G418 resistance as a detection mean for pluripotency. The resulting
four factors that can reprogram somatic cells into induced pluripotent stem cells (iPSCs) were
identified as Oct3/4, Sox2, KIf4 and c-Myc[1]. The reprogrammed cells express ESC markers
such as Oct3/4, Sox2, Nanog, exhibit demethylation of Oct3/4 and Nanog promoters, are
positive for alkaline phosphatase and SSEA-1, and can form teratomas in nude mice, all of
which demonstrate their pluripotency. In addition, mouse iPSCs derived from GFP-expressing
mouse tail-tip fibroblasts under CAG promoter were able to generate embryos containing
GFP-positive iPSCs when they are microinjected into blastocysts proving their ability to

contribute to chimeras [1]

A following study by Takashi and Yamanaka demonstrated that human dermal fibroblasts can
also be reprogrammed into human induced pluripotent stem cells (hiPSCs) by retroviral
introduction of the same set of four factors [2]. hiPSCs expressed ES cell-like markers Oct3/4,
Sox2, Nanog, Gdf3, Fgf4 as well as becoming positive for SSEA-3, SSEA-4, tumor-related
antigen 1 (TRA-1-60), TRA-1-81 and alkaline phosphatase. hiPSCs displayed exponential
growth, high telomerase activity, and the ability to differentiate into three germ layers in
embryoid bodies and teratomas [2]. Alternatively, Thomson and colleagues observed that
human somatic cells can be reprogrammed into iPSCs by the introduction of Oct3/4, Sox2,
Nanog and Lin28[3]. The expression of ES cell-like markers, teratoma formation, increased



telomerase activity and karyotype analysis all proved that hiPSCs generated via these four

factors are functionally indistinguishable from ES cells[3].

Pluripotency in both mouse and human somatic cells is established through the expression of
Oct3/4 and Sox2[4]. However, downstream regulations differ such that there seen variations
epigenome, transcriptome, self-renewal and differentiation capacities, which may temper the
generation of human iPSCs compared to that of mouse iPSCs. In addition, c-Myc has a
negative role in the self-renewal of human embryonic stem cells provided that ectopic
expression of c-Myc leads to differentiation and apoptosis of ES cells. In contrast to human

ES cells, mouse ES cells are positively affected by the exogenous expression of c-Myc[2].

1.1.1. General mechanisms of reprogramming

There are distinctive stages in the process of reprogramming somatic cells to generate
iIPSCs[5]. The first stage begins with the induction of proliferation and the downregulation of
fibroblast-specific genes. Before the upregulation of pluripotency-related genes, cells gain
epithelial characteristics by expressing genes such as E-cadherin and stage-specific antigen 1
(SSEA-1). At the late stage, pluripotency-related gene promoters are demethylated resulting
in a more open chromatin structure which is followed by the binding of reprogramming

factors to establish pluripotency [5].

Reprogramming is a highly inefficient process. The inefficiency is due to several factors one
of which is the variability in the stoichiometry of four the exogenously expressed factors.
Even though a large proportion of the initial cells express all the reprogramming factors, they
do not necessarily end up as iPSC colonies at the end of the process. It is known that the
differentiation status of the starting cell populations have an effect on the efficiency of
reprogramming. Hematopoietic stem or progenitor cells produce iPSC colonies 300-fold
higher than terminally differentiated cells do[6]. One study also showed that all target pre-B-
cell populations can give rise to iPSCs when they were cultured for longer periods[5]. In
addition, insertional mutagenesis caused by lentiviral vectors was thought to reduce the
reprogramming efficiency. The data coming from the use of non-integrative reprogramming
vectors and secondary reprogramming technique in which defined integration site is present in
the all cells of the mice eliminated the possibility. The first one involving oriP/EBNAL
plasmid yielded 3 to 6 colonies per million transfected cells[7]. The latter, on the other hand,
had reprogramming efficiency ranging from 0.26% to 2% [8]. The choice of donor cell type

affects the efficiency and the quality of iPSCs. Most of the iPSCs use fibroblasts as donor
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cells. However, human primary keratinocytes was shown to be reprogrammed more
efficiently than fibroblasts[9]. Cord blood CD133" cell can be reprogrammed with only Sox2
and Oct4 transduction. Based on the examples, the choice of the donor cell type determines

the kinetics of reprogramming process[10].

In the generation of iPSCs, the combination of reprogramming factors influences the donor
cells in terms of pluripotency, cell proliferation and epigenetics. Several combinations of the
four factor (OSKM) together with chemical compounds that alter chromatin modifications,
miRNAs and enzymes are all examined for their effect on reprogramming [10]. For example,
Nanog expression with OSKM in mouse B cells accelerates the appearance of iPSC
colonies[11]. Utf1, a pluripotency transcription factor, has been shown to increase the number
of AP" cells in human dermal fibroblasts[12]. Similarly, Sall4 has found to elevate iPSC
generation when transduced with OSK[13]. Human telomerase reverse transcriptase (nTERT)
and SV40 large T antigen (SV40LT) promote cell proliferation in combination with
OSKM[14]. In addition, a chemical compound that acts as a mitogen-activated kinase kinase
(MEK) inhibitor has been shown to increase the number of iPSCs in combination with KIf4
and Oct4[15]. Expression of miR-290 cluster increased the number of GFP™ iPSC colonies
when they are introduced to Oct4-GFP MEFs[16]. Chromatin remodeling complexes have
also an effect on reprogramming as evidence by the increased efficieny in reprogramming
upon treatment with certain histone deacetylase (HDAC) inhibitors such as suberoylanilide
hydrotaxamide acid (SAHA), trichostatin A (TSA), butyrate and valporic acid (VPA) enhance
reprogramming [17].

There are two major ways in which the four Yamanaka factors can be delivered into somatic

cells. These can be classified as integrating and non-integrating delivery methods.

One of the initial integrating methods to introduce reprogramming factors into donor cells has
been retroviral delivery[10]. Some of Moloney monkey leukemia virus (MMLV)-derived
retroviruses used in this methodology are pMXs, PLib and PMSVCs. Their cloning capacity
is 8kb. They infect dividing cells and the retroviral genes are silenced through
reprogramming, which is desired for the quality of iPSCs. The reprogramming efficiency,
however, is 0.1% in MEFs, 0.01% in human fibroblasts. The other major viral delivery system
is HIV-derived lentiviral vectors. These generally can be produced at high titer and their
cloning capacity is higher than MMLVs-derived retroviruses, ranging between 8-10kb. They

are able to infect both dividing and non-dividing cells. The efficiency of reprogramming with



these vectors is comparable to MMLV-derived retroviruses. A disadvantage of the lentiviral
vectors is that transgene silencing is less robust but this can be overcome with the use of tet-
inducible systems [10]. In general viral delivery of the four factors has some drawbacks, one
of which is that the random integration of the viruses might disrupt tumor-suppressor genes if
they are integrated in ORFs. They also cause the formation of heterogeneous iPSC colonies,
which hampers comparative analysis. Reactivation of silenced transgenes can occur during
differentiation or transplantation due to tissue-specific activation, causing tumor formation.

This, however, has been overcome by Cre-deletable and inducible lentiviruses[10].

The second way to introduce OSKM into the donor cells is transfection of linear DNA via
liposomal transfection or electroporation. The use of polycistronic vectors with self-cleaving
(2A) sequences showed that single copy of the vector is sufficient to produce iPSCs colonies.
10% of the iPSC colonies have been shown to have a single copy of such transfected
transgenes. However, the efficiency of transfection is too low in this approach. Combined
with the low efficiency of reprogramming, this system requires too many donor cells to obtain
one single iPSC colony generation. Another disadvantage is that when this vector is flanked
by loxP sites and deleted by transient Cre recombinase expression, iPSC colonies start to

differentiate meaning that their self-renewal is not maintained[10].

The third method is the use of PiggyBac transposon (PB). PB facilitates the integration of the
transgenes. The vector includes the transposon and is co-transfected with a helper plasmid
containing the transposase. The advantage of PB is that it leaves no genomic scar as Cre or
FLT recombinase do [18]. Therefore, it enables precise deletion of transgenes. The drawback
of PB is that it has an increased rate of non-conservative deletion events due to transposase
activity [10].

Non-integrative delivery system comprises of 4 methods: Transduction with integration-
deficient viral vectors, episomal DNA, RNA and protein transfections. In most of these cases,
both transfection and reprogramming efficiency is low and the generation of iPSC colonies
takes several weeks. One of the earliest integration-deficient viral delivery utilizes
adenoviruses, PHIHG-Ad2[19]. In one study, integration-free iPS cells have been obtained
from mouse hepatocytes[19]. Another study showed the generation of diploid transgene-free
IPSCs from human fetal fibroblasts[20]. Adenoviruses infect both dividing and non-dividing
cells but the infection efficiency is very low, ranging between 0.0001% and 0.0018% in

mouse[20].



Sendai-viral vectors are also non-integrative and are able to transfer foreign DNA into the
host cell. They replicate constitutively as negative-sense ssRNA in the cytoplasm of the host
cell. Therefore, it is difficult to eliminate them from the infected cells. Sendai viral vectors

which express OSKM have been shown to reprogram human fibroblasts and T cells[21][22].

Transient episomal delivery is simpler than viral delivery. MEFs can give rise to iPSCs either
with a serial transfection of two plasmids, OSK and myc or with a polycistronic vector
expressing OSKM. Out of iPSCs colonies, only 33% and 8% was integration-free. Yet,
human fetal fibroblasts and keratinocytes have failed to produce iPSCs. The problem might
result from the low transfection efficiency of large plasmids, inappropriate dilution of the
vectors and the silencing of prokaryotic sequences present at the vector backbone [23][24].
The use of oriP/EBNA1 vector which are maintained during the cell divisions eliminated the
serial transfections and dilutions of the episomal vectors. Yu et al, 2009 succeeded in
generating iPSCs from HFFs with the aid of oriP/EBNAL together with OSK and Nanog,
OSK and SV40LT,Myc and Lin28, respectively[25]. The same procedure, when applied to
human fibroblasts, yielded only 3 to 6 iPSC colonies per million transfected cells, which was

extremely low.

The third option for non-integrative delivery is through RNA. Direct delivery of synthetic
MRNAs into donor cells has been established [26]. The study proved that the reprogramming
efficiency is higher than that of other non-integrative systems. 2% of neonatal fibroblasts gave
rise to iPSC colonies in 17 days. In this system, mRNAs are modified to be protected from
endogenous antiviral cell defense response. RNA delivery is simple and efficient yet labor

intensive and expensive to implement.

Finally, protein delivery method can be utilized to exclude unnecessary genetic material in the
donor cells. For that, proteins are co-delivered with HIV transactivator of transcription (Tat)
or polyarginine. In one study, Oct4-GFP MEFs were serial transduced with poly-arginine-
tagged recombinant OSKM proteins. When HDAC inhibitor, VPA was supplied, iPSC
colonies emerged[27]. However, protein delivery is highly inefficient and labour-intensive.

1.1.2. Disease modeling with human induced pluripotent stem cells

The basic instruments to study disease mechanisms have traditionally been animal models and
human cell culture. However, there are limitations in animal models of human diseases.

Firstly, mouse models do not completely recapitulate human diseases due to differences in



their genomes. Likewise, many genetic variants related to human diseases are located in non-
coding regions. Since these regions are not conserved in mice, their potential contributions to
the disease phenotypes cannot be observed. The other reason for the lack of representation of
human diseases in animal model is that some disease mutations in animals are lethal.
Moreover, the drugs used in animal models may not necessarily be as effective in humans,

hindering drug screens.

The ability to generate pluripotent cells in a personalized manner has been very useful in
understanding of disease mechanisms and has the potential to revolutionize regenerative
medicine. Owing to the availability of somatic cells from individuals with the disease via skin
biopsy or cord blood, disease- and patient-specific iPSCs could be derived and then
differentiated into diseased cell type on demand. One of the advantages of the technology is to
provide the affected cell type which is normally difficult to derive from patients and culture

them indefinitely.

The beginning of iPSC-based disease modeling was with the generation of iPSCs derived
from aged ALS patients[28]. In this study, iPSCs were differentiated into motor neurons,
which are the diseased cells in ALS. Another study generated iPSCs from adenosine
deaminase deficiency-related severe combined immunodeficiency (ADA-SCID), Scwachman-
Bodian-Diamond syndrome, Gaucher Disease type I, Duchenne and Becker muscular
dystrophy, Parkinson disease, Huntington disease , juvenile-onset, type 1 diabetes mellitus,
Down syndrome and the carrier state of Lesch-Nyhan syndrome patients[29]. Patient-derived
IPSCs were differentiated into embryoid bodies to confirm their pluripotency. Teratoma
formation assays in immunosuppressed mice were successful producing three germ layers.
This study enabled a platform to compare normal and diseased cells to understand pathology
of the disease. Disease modeling with the aid of IPSC technology facilitates the study of
monogenic diseases as well as complex ones. Some examples include : Hematological
diseases such as p-thalassemia, Fanconi anemia, neurological diseases such as Spinal
muscular atrophy, Frontotemporal dementia and metabolic diseases such as Wilson’s disease,

Type | diabetes etc (see also Table 1) [30].

There is an increasing number of studies in literature exemplifying disease pathology in
patient-derived iPSCs. For example, one such study focused on Chronic infantile neurologic
cutaneous and articular syndrome (CINCA) caused by mutations the NLRP3 gene[31]. The

mutations exhibit somatic mosaicism hampering the description of CINCA pathogenesis. By



generating NLRP3-mutant and nonmutant iPSCs and differentiating them into macrophages
which are the affected cell type in CINCA, mutant iPSC-derived macrophages were
distinctively found to secrete IL-1B at abnormal levels. The authors demonstrated that
disease-related phenotype was caused by NLRP3 mutation. Large quantity of NLRP3-mutant
IPSCs was also instrumental for a drug screen. This study employed anti-inflammatory
compounds available for drug screen and revealed that increased IL-1p secretion could be
prevented by certain drug compounds.

The second utility of the patient-derived iPSCs is the ease of drug screens on the affected cell
lines. Testing candidate small molecules on diseased-cell types derived from patient-specific
iPSCs is dependant on the abilty to detect disase-specific phenotypes. Disease-related
phenotypes are either mitigated or sustained upon the application of candidate small
compounds. This technique has been very informative in a model for spinal muscular atrophy
(SMA) and Rett syndrome [32][33]. For instance, valproic and tobramycin has been found to
be effective in SMA-specific cells elevating neural survival[32]. IGF1 treatment has increased
glutamatergic synapse number and resulted in changes in neural morphology in neurons
differentiated from Rett-iPSCs [33]. In another example, the antipsychotic Loxapine has
increased neuronal connectivity and the expression of several glutamate receptor in
Schizophrenia-iPSCs [34].

1.1.3. Challenges in disease modeling

A crucial factor in disease modeling is to observe a disease-related phenotype in iPSCs to
compare with that of controls. However not all patient-derived iPSC display an overt cell-
culture phenotype. This is more likely to be the case when modeling sporadic or late-onset
diseases. For example, iPSCs derived from sporadic Parkinson’s disease patients do not show
distinctive phenotype when differentiated and compared to controls [35]. Other examples

include type | diabetes, Down syndrome and Crigler-Najjar syndrome [36].

Variability among patient-derived iPSC clones is another constraint in disease modeling with
IPSC. The heterogeneity of iPSCs might stem from the methods by which iPSCs are
produced, the subsequent culture media, the factors to which they have been exposed and the
viral integration site and number[37]. Additionally, it is affected by the age, gender and the
ethnicity of donor individuals. The other reason for variability of iPSCs is the epigenetic state

of starting somatic cells. It is known that iPSCs retain epigenetic traces of somatic cells from



which they are originated[37]-[39].Some iPSCs lose this residual epigenetic memory as they

are continually passaged in culture.

The main rationale in disease modeling is to compare the diseased and healthy phenotype
distinguished by DNA variants, with an isogenic background. In other words, it is especially
crucial to have rigorous controls which are genetically as similar as possible to the patient-
derived iPSCs. The discrepancy between control and patient iPSCs stems primarily from
differences in genetic background. In many studies the controls are generally derived from
unrelated healthy individuals who have a different genome than the patients. However, ideally
genetically matched controls would be wild type and mutant cells would differ only in the

disease causing mutation[37].

Having an isogenic control is more reliable and has become plausible with gene editing
technologies. To induce the disease-causing mutation in the parental cell line or to correct the
mutation in the patient-derived cell line would be both beneficial depending on the disease
type. In that case, working with multiple clones of the selected colonies has been advised due
to potential mutations which might arise during clonal isolation[40][41].One example of such
approach has been used in ALS modeling in which a non-cell autonomous effect on the motor
cells was observed [42]. Yet, the most important question during comparison of controls and
patient-derived iPSC colonies is that if idiosyncratic differences between iPSCs or the

disease-related DNA variants actually cause the disease-related phenotype in patient-iPSCs.

The improvements in reprogramming methods and gene-editing strategies have decreased the
variability among iPSCs, thus mitigating one of the main drawbacks of the iPSC-based
studies. Gene editing strategies have enabled the generation of isogenic parental cell lines
whereas advancements in reprogramming methods expedite the generation of a large number
of patient-derived iPSCs. Improvements in both of these technologies conditions will enable
the generation of more reliable control groups leading to the discovery of disease-causing

mutations and form a platform for screening small compounds.

1.2.  Genome Engineering Strategies

Making site-specific changes on the genomes of various organisms has been envisioned since
the discovery of the DNA double helix. Provided that cells have internal mechanisms to repair
double-stranded breaks which otherwise would be fatal, the early approaches for site-specific
recognition and cleavage started with the use of oligonucleotides and small molecules [43].



The first study utilized oligonucleotides along with bleomycin or psoralen which are cross-
linking agents in mammalian and yeast cells [44], [45] Next, self-splicing introns were
used[46], leading to design of artificial nucleases that can cleave DNA. One study produced
such artificial endonuclease by combining the domains of homing nucleases[47]. With the

generation of zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases

(TALENS), genome editing became much more promising.

Table 1. Gene correction in iPSCs by genome editing tools

Disease Gene(Mutation) Technique Reference
Cystic fibrosis CFTR CRISPR [48]
ZFN [49]
Beta-thalassemia / HBB (1VS2-654) C/T CRISPR&TALEN [50]
Sickle cell disease HBB 69(A/T) CRISPR [51]
HBB -28 (A/G)and  CRISPR [18]
4-bp deletion
HBB CD17 (A-T) CRISPR [52]
HBB ZFN [53]
HIV CCR5 ZFN [54]
CRISPR [55]
Myeloproliferative JAK2 (V617F) CRISPR [56]
neoplasm
Alphal- antitrypsin ~ ATT (Z-ATT)
deficiency
Familial platelet RUNX1 (Y260X) ZFN [57]
disorder
R174X TALEN [58]
X-linked chronic NOX2 TALEN [59]
granulomatous
disease (X-CDG)
Chronic CYBA, NCFI,NCF2, ZFN [60]
granulomatous NCF4
disease (CDG)
Duchenne Muscular DMD CRISPR&TALEN [61]
Distrophy
Frontotemporal GRN(IVS1+5G>C) ZFN [62]
dementia
Cardiomyopathy PLN (R14del) TALEN [63]
Severe combined PRKDC(Y4046%*) ZFN [64]
immunodeficiency
Fanconi anemia FANCA HR dependent gene editing [65]
Alpha-1 antitrypsin ~ ATT (Q342K) TALEN [66]
deficiency
Hemophilia A F8 TALEN [67]
Parkinson’s Disease =~ LKRR2 ZFN [68]
Tauopathy TAU (A152T) ZFN [69]
Huntington Disease =~ HTT HR-dependent gene editing [70]




1.2.1. Zinc Finger Nucleases (ZFNs)

One of the tools of targeted genome engineering is zinc finger nucleases which cause
cleavage in the genome followed by a repair mechanism. It leads to several gene
modifications in the genome. These modifications include gene knockout, gene addition and
homology-based repair. The examples of such modifications have been shown in model
organisms such as Drosophila melanogaster, zebrafish, rats, Arabidopsis thaliana, some crop
species, as well as human embryonic stem, haematopoietic stem and induced pluripotent stem
cells [71][69][70].

Zinc finger nucleases (ZFNs) combine site-specific DNA-binding domains and the
endonuclease domain of bacterial Fokl restriction enzyme[71]. Zinc-finger domains recognize
3 bp DNA sequence and they can be arranged in tandem to specifically target the DNA. Each
zinc finger determines base-specific binding and binds to 3-bp target in the genome thanks to
a region of tandem array of Cys2-His2[74]. Each ZFN contains three to six zinc fingers to
target 9-24bp DNA. Modular assembly approach is used for making ZFNs and is based on
functional autonomy of individual fingers on DNA. To eliminate potential off-target effects
which might stem from unspecific complementarity, ZFNs must be designed to target

recognition target sequences which are expected to be unique within the genome.

The second feature of a zinc finger nuclease is to include a zinc finger protein with a Fokl
nuclease domain. This domain plays a role in cleavage generation in the genome when there
is complementarity between DNA binding site and the target sequence. The cleavage is
strictly restricted to binding. Fokl catalytic domain catalyzes double stranded breaks (DSBs)
and the most important point is that it has to dimerize to function[75]. DSB is generated only
when correct orientation and appropriate spacing between the dimers occurs. Upon binding,
the Fokl domains dimerize and catalyze DSBs with 5° overhang. Resulting DSB is repaired
by nonhomologous end joining (NHEJ) or homology-directed repair (HDR). NHEJ is
employed to induce frameshift mutations at the target gene whereas HDR is used for precise
editing or correcting with a concomitant donor template. HDR s utilized only when there is a
template strand such as a plasmid or single stranded oligonucleotides (sSODNs). NHEJ does

not require the presence of a template strand.

ZFNs have been shown to carry out genome editing in various organisms with different
efficiency. Gene disruption in D.melanogaster yielded 10% efficiency with ZFNs[76]. In

zebrafish 50% of targeted clones showed germline mosaicism[77]. In rats, extended
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recognition sites and stable transgenesis of inducible ZFNs were used generating SCID
mice[78]. First application of ZFNs in endogenous Dhfr locus in mammalian cells was with
Chinese hamster ovary cells (CHO) resulting in 15% efficiency[79]. As for HDR-based
studies, in mammal cells, IL2RG gene was targeted in K562 cells by creating de novo point
mutations with 20% efficiency and 8% showed biallelic modification[80]. In ES cells, 6%
targeting efficiency was obtained without selection and stable gene expression occurred[81].
In human mesenchymal stem cells, the efficiency was 50% without selection[82].

Several studies have focused on gene editing in iPSCs using ZFNs (Table 1). One such study
dealt with sickle cell anemia, caused by E6V mutation in B-globin gene, in three different
iPSC lines [53]. After characterization of SCD-iPSCs with ESC markers, karyotyping and
teratoma formation assay, SCD-iPSCs were transfected with ZFNs along with introduction of
a donor template containing wild type sequence for the B-globin gene. The confirmation of
donor template integration and successive correction of the mutation provided a proof-of-

principle study in ZFN-mediated gene editing.

1.2.2. Transcription Activator-Like Effector Nucleases (TALENS)

Transcription activator-like effectors (TALES) are DNA-binding domains and when combined
to Fokl nuclease they constitute TALENSs and enables site-specific targeting [83]. TALEs
were discovered in the plant pathogen Xanthomonas where they drive the expression of
effector-specific genes in the host plant cells [84]. These repeats were characterized as a novel
DNA-binding domain. TALE repeats consist of tandem arrays with 10-30 repeats, each
includes 33 to 35 amino acids[83]. Each repeat also contains two additional amino acids, the
repeat-variable-diresidue (RVD), which specify the cognate nucleotide [85]. The emergence
of TALENSs was based on the idea of changing RVDs. By the alterations in RVDs, the target
of TALE repeats could be determined, enabling target choice flexibility. Similar to ZFNs,
TALE domain fused to Fokl endonuclease domain lead to TALENs which are site-specific
nucleases [86]. TALENSs generate DSBs on the genome to be repaired by NHEJ or HDR.

TALENS proved to be efficient in genome editing in hiPSCs and hESCs[87]. The experiments
on different hiPSC lines showed 2-34% indel rate by NHEJ depending on the cells and 1.6%
HDR-based knockin rate. The same study also showed low off-target effects. As an example,
Hemophilia A, a genetic blood disorder was studied with TALENs[67]. Mutations in blood
coagulation factor VIII (F8) were targeted by TALEN pairs to invert 140 kbp chromosomal

segment on the F8 gene as this type of chromosomal inversions is the most frequent observed.
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Additionally, they inverted back the segment to obtain normal positioning. Similar to the
study with ZFNs, after generating patient-specific iPSCs, they were confirmed for
pluripotency. TALEN pairs were transfected into patient-derived iPSCs and checked for
inversion by PCR to two inversion breakpoints. About 1.4% inversion efficiency was seen in
hiPSCs. The same TALEN pair also reversed the inversion with 1.3% efficiency. Resulting
corrected iPSCs showed F8 mRNA and protein expression as wild type cells proving that F8
expression was restored with TALENS.

Compared to ZFNs, TALENS are relatively easier and time-efficient to design. Knowing that
ZFNs are able to target 9-24 bp sequences in-length, TALE repeats can be engineered to
target more extended DNA sequences. Although binding affinity was found as high as 96%,
the extended targets may result in decrease in binding affinity to DNA [88]. One of the other
advantages of TALEN is to cause less off-target effects and toxicity than ZFNs when they are
introduced into cells[89]. TALENSs were especially shown to have very low off-target effects

on hiPSCs based on a whole-genome sequencing study[90], [91].

There are some limitations on TALEN-based studies. The first one is the large size of
TALENs whose cDNA is around 3kb. This hampers the delivery of TALENS into the cells.
Parallel to that, the use of viral delivery due to its large size makes it inappropriate for gene
therapy. The second disadvantage of TALENS is the repetitive sequences which impair their
lentiviral-based delivery because TALEN sequences are not stable such that rearrangement
can occur following their lentiviral delivery[92]. However, re-coded TALENS (re-TALENS)
were optimized by eliminating direct or inverted repeats longer than 11 bp in order to improve
the delivery and the expression of TALENS[93].

The design and the synthesis of the proteins for both ZFNs and TALENSs are difficult and
time-consuming. Recent adaptation of Crispr/Cas9 system from bacteria as a gene-editing tool

started a new era in genome engineering technology with its simplicity and cost-efficiency

12



1.2.3. Crispr/Cas9
1.2.3.1. Development and Mechanism of Crispr/Cas9 systems

Crispr/Cas is a bacterial and archaeal immune system in which RNA-guided nucleases cleave
foreign DNA or RNA[94]-[96]. CRISPR loci in bacteria or archaea involve CRISPR-
associated genes (Cas) and a CRISPR array. CRISPR array consists of repetitive sequences
(direct repeats) distributed among short variable sequences, from which it takes its name:
Clustered regularly interspaced palindromic repeats [97]. These short variable sequences stem
from invading DNA called protospacers that get incorporated into bacterial genomes.
Protospacers are called spacers in host DNA and they are flanked by protospacer adjacent
motifs (PAMs). CRISPR arrays are first transcribed into a single RNA and processed into
shorter CRISPR RNAs (crRNAs). These small RNAs base-pair with protospacers within
foreign DNA and guide a multifunctional protein complex including Cas protein to recognize
and cut the invading DNA [94].

The repetitive sequences (spacers) were first described in Escherichia coli and include 29 nt.
repeats that were interspersed with 32 nt. nonrepetitive sequences [98]. Later, as new clusters
of repeats were discovered in other microbial species, they were classified as clustered repeat
elements [99]. One of the intriguing findings came about in 2005 suggesting the
extrachromosomal origin of the spacers [100], [101]. Its been shown that viruses were unable
infect the host cells with spacers matching with their genomes suggesting a role for spacers in

immunity and defense.

There are three types of CRISPR system. Type Il CRISPR system was discovered in
Streptococcus thermophiles and its role in adaptive immune system was demonstrated[102].
Type | CRISPR found in E. coli was shown to transcribe CRISPR array and further process it
into small Crispr RNAs (crRNAs) containing individual spacers[103]. Later, Type IlI
CRISPR studied in Staphylococcus epidermidis was demonstrated to impede plasmid

conjugation via Cas activity[104].
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Figure 1. Representation of Crispr/Cas Systems in bacterial cells upon viral entry
(Adapted from [105] )

1.2.3.2. Components of Type Il CRISPR system

Unlike type | and IlI, type Il has substantially reduced number of Cas proteins and Cas9 is
employed for cleavage. In addition type Il system employs a noncoding trans-activating
crRNA (tracrRNA) which hybridizes with crRNA to form a scaffold and facilitate the
guidance of Cas9 (Figure 2). In adapting the type Il system for use in mammalian systems
crRNA and tracrRNA has been combined to generate a single chimeric guide RNA (gRNA)
that can be efficiently transcribed as a single transcript. [106]

Cas9 consists of two nuclease domains: RuvC and HNH. The first one has a single nuclease
domain while the latter has multiple subdomains. Single-particle electron microscopy
revealed that the apo state (non-DNA binding state) of Cas9 is catalytically inactive and that it
requires a structural activation for DNA recognition. Without DNA binding of gRNA, HNH
domain is blocked by RuvC domain. Guide RNA enables the activation of Cas9 by triggering
a conformational change within Cas9 [107]. Another structural study unraveled that the
domain of SpCas9 in complex with sgRNA. It consists of an alpha-helical recognition site
(REC),a nuclease lobe (NUC) with HNH and RuvC domains and a Protospacer adjacent
motifs-interacting (PI) region [108]. These studies together show that Cas9 requires gRNA-
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DNA hybridization in order to catalyze DSB. It also demonstrated that HNH nuclease domain
of Cas9 cleaves complementary strands whereas RuvC nuclease domain cleaves

noncomplementary strand.

Target recognition by gRNA/Cas9 complexes are achieved by Watson-Crick base pairing
between the target sequence and protospacer of guide RNA (20-bp) at the 5’ site. The
hybridization also requires the presence of a Protospacer adjacent motif (PAM) at the 3’ end
of DNA target site (Figure 2) [109]. Single—molecule imaging showed that Cas9 bound to
gRNA first interacts with PAM sequence preventing unbound Cas9 from unspecific
interactions along the DNA [107]. PAM binding together with gRNA-DNA hybridization
activates nuclease domains of Cas9 and trigger cleavage. PAM sequences are specific to Cas9
orthologs, meaning that its range depends on the Cas9 protein. For example, the PAM
sequence of Streptococcus pyogenes Cas9 (SpCas9) is 5’-NGG[110]. It occurs in human
genome at every 8 bp. SpCas9 can also bind to 5’-NAG but at a very lower rate. S.
thermophilus has 5-NNAGAAW as type I and 5°-NGGNG as type Ill. Neisseria
meningitidis has 5’-NNNNGATT PAM sequence [111]. The variety of PAM sequences can
be employed to targeting of different loci within the same cell. Alternatively, specificity of
PAM can be altered, in which Cas9 from S. thermophilus could be used for 5’-NGG sequence

by changing the PAM-interacting domain of Cas9 nuclease.

In 2012 purified Cas9 protein from Streptococcus thermophilus and Streptococcus pyogenes
has been shown in vitro to target and cleave DNA, paving its way to gene editing [112]. In
this study, both crRNA-tracrRNA hybrid and a single guide RNA (sgRNA) were used to
cleave DNA. In 2013, four groups simultaneously showed that heterologous expression of
Cas9 from S. pyogenes and S.thermopilus (codon optimized) when combined with a single
chimeric gRNA (tracrRNA:crRNA) cause double stranded breaks (DSBs) at the target site in
mammalian cells [109], [113], [114]. The cells used include human embryonic kidney,

chronic myelogenous leukemia and induced pluripotent stem cells.
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Figure 2. Schematic representation of Cas9-gRNA targeting

DSBs introduced on DNA lead to gene editing by nonhomologous end joining (NHEJ) and
homology-directed repair (HDR). NHEJ is an error-prone intrinsic DNA repair mechanism in
the cell, which can occur any time in case of a DSB. Homology-directed repair, on the other
hands, occurs only when there is a repair template with homology arms. This period
corresponds to late S and G, phase. The first mechanism may cause frame shifts on reading
frame leading to truncated mRNAs [115] and truncated mRNAs are discarded by nonsense-
mediated decay[116]. HDR is used for precise alterations on the genome such as gene
correction or insertion. It requires a repair template in which desired genetic modification is
present. Repair template could be single-stranded oligonucleotide (sSODN) or double-
stranded DNA vector [117], [118].

1.2.3.3. Application Crispr/Cas9 system in human induced pluripotent stem
cells

The implementation of Crispr/Cas9 system in human iPSCs was first demonstrated by Mali
and his colleagues in 2013 [109]. This study quantified indel mutations in PPP1R12C gene at
AAYV locus by next-generation sequencing. The indel mutation rate was found to be as 2.3%

and 3.9% as a result of NHEJ mechanism [109]. Knowing that NHEJ occurs more frequently
than HDR, the efficiency of Crispr/Cas9 is expected to be much lower in iPSCs.

Efficient and precise genome editing in iPSCs is based on HDR with a specific repair
template. Gene disruption, on the other hand, is achieved via NHEJ mechanism. Accordingly,

in case of monogenic diseases, genome-editing with a homologous repair template is
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desirable. Firth et al. produced iPSCs from cystic fibrosis patients carrying homozygous
deletion of F508 in the CFTR gene[48]. Two methods were used in the generation of iPSCs.
The first was transduction with 6-factor polycistronic lentiviruses which was later excised by
Cre recombinase. The second was achieved by 4 individual Sendai viruses. The disease-
specific iPSCs were then transfected with two separate plasmids expressing codon-optimized
Cas9 and a gRNA hairpin. The functionality of gRNAs was validated both in HEK293 and
IPSCs. The prominent aspect of the study was to accomplish footprint-free gene editing on the
CFRT gene. Knowing that Cre recombinase leaves a genomic scar after excision, this study
employed a piggyBac transposase to exclude additional sequences. Authors constructed a
repair template with silent mutations creating Clal site around the correction site and added
pBac site together with a puromycin cassette. With this construct, they were able to select
recombination of the repair template with puromycin. The integration efficiency of selected
clones was found 16.7%. This study was important with its footprint-free gene-editing

strategy, which would be useful in clinical applications[48].

Three groups have separately contributed to the gene correction in B-thalassemia patient
iIPSCs by using Crispr/Cas9 system. Each has focused on different mutations on HBB locus.
One of the studies aimed to correct -28 (A/G) and 4-bp deletion at codon 41 and codon 42 of
exon 2 [18]. Generation of patient iPSCs was through temperature-sensitive Sendai viruses
containing OSKM. Three different gRNAs targeting HBB were tested in 293T cells for their
functionality. As a repair template, the authors used piggyBac vector with neomycin cassette
and both homology arms for HBB included 4-bp deleted sequence. The repair template was
transfected into patient-derived iPSCs along with gRNA and Cas9 vector. Primers, one of
which corresponded to piggyBac vector and the other corresponded to HBB outside the repair
template, were designed to monitor HR-mediated correction. Out of 51 screened clones, 12
showed HDR corresponding to 23.5% efficiency. Similar to piggyBac vector used studies,
piggyBac cassette was removed from corrected clones followed by negative selection with
FIAU. Excision efficiency was calculated as 12.4%. 6 potential off-target sites similar to
gRNA used for targeting were detected by BLAST search and these sites were analyzed by T7
Endonculease assay, which in turn showed no off-target effect. However, without whole

genome sequencing, off-target effect has not been eliminated.

The other study has concentrated on 69A>T mutation in exonl on HBB locus [51]. Differing
than other studies, the authors generated iPSCs from adult hematopoietic cells by the transient

expression of episomal oriP/EBNA-1 vector containing OSK and Lin28[119]. For gene

17



targeting, designed gRNAs were cloned into Zero-blunt TOPO vector and human codon
optimized Cas9 was used as a separate plasmid. Repair template comprised of HBB DNA
template and PGK-puro-GFP cassette flanked by loxP sites. First, it was shown that one of
the three gRNAs designed caused 3.5% indel by Illumina sequencing. Following selection
with puromycin, PCR was used to detect targeted integration. Out of 10 clones screened, 4 of

them showed HDR corresponding to 40% efficiency.

B-thalassemia patient iPSCs were also derived from patient fibroblasts carrying CD17 (A-T)
homozygous mutation via polycistronic (OSKM) and excisable lentiviral system [52]. A
single gRNA targeting HBB in the vicinity of point mutation and Cas9 plasmid were first
tested in 293T cells, verified by T7E assay (43% indel rate). Repair template contained PGK-
Hygromycin cassette flanked by loxP. Same as previous [-thalassemia studies, gene
correction was detected by PCR. Out of 18 hygromycin resistant clones, 3 were shown to
integrate the repair template. Direct sequencing also validated gene correction at the mutated
site after excision of hygromycin cassette in three clones. Therefore, the targeting efficiency

was calculated as 16.67% for Crispr-mediated gene editing.

One study compared TALENSs and Crispr/Cas9 in terms of DSBs generation and homology-
based integration in B-thalassemia derived-iPSCs [50] given that both strategies can target
HBB locus [18], [52], [120]. Firstly, iPSCs were generated with oriP/EBNA-1 based pCEB4
episomal vector containing Oct4, Sox2, KIf4, SVAOLT and miR-302-367. Hence, integration-
free iPSCs were obtained. By using TALENs and Cas9/gRNAs, the authors tried to correct
IVS2-654 C>T mutation. T7 endonuclease assay showed that Crispr/Cas9 gave rise to DSBs
at a higher rate. To quantify HDR, they utilized piggyBac repair template with puromycin
cassette. Primers, one of which corresponded to piggyBac vector and the other corresponded
to HBB outside the repair template, were designed to monitor HR-mediated integration. In this
case, TALENs were found to be more efficient than Crispr/Cas9 with 33% and 12.3%
efficiency, respectively. Additionally, off-target effects were compared in 293T cells and
patient iPSCs by T7 endonuclease assay. This assay showed more apparent indel formation in
the cells transfected with Crispr components. Out of ten potential off-target sites, 7 of them
were mutated in Crispr/Cas9 samples whereas 3 of them mutated in TALEN samples in
patient iPSCs [50].

Crispr -mediated gene correction has been shown in dystrophin gene in Duchenne Muscular

Dystrophy (DMD) patient iPSCs [61]. Dystrophin gene is located on X chromosome and the
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absence of exon 44 in mature mRNA causes DMD. In this study, three strategies were
developed to restore the reading frame of the protein: exon 45 skipping, reading frame shift
and exon 44 knock-in. First, 5’ region of exon 45 was selected as a target site for which
gRNAs and TALENs were designed. Among 15 pairs of TALENs and 5 gRNAs, the ones
with highest cleavage activity were selected with a Xcml sensitivity assay. TALEN and
gRNAL gave similar mutagenesis rates. To generate exon 44 knock-in, the authors designed a
donor template containing silent mutations at the nuclease-targeting site in exon 45 and a
hygromycin cassette flanked by loxP sites. After hygromycin selection and limiting dilution,
clones were analyzed by PCR. TALEN-mediated clones showed %95 efficiency whereas
Crispr-mediated clones had 75% recombination. Southern blot confirmed single-copy knockin
with 87% and 50% efficiency in TALEN- and Crispr-mediated samples, respectively. Cre
recombinase excised hygromycin cassette with 60% and 65% in TALEN- and Crispr-
mediated knockin experiments. Finally, T7E assay and amplicon deep sequencing were
applied on corrected clones to detect rare mutations at the target site. No increased mutation
rate was observed. Additionally, G-band for karyotyping, SNP array for detecting CNVs and
exome sequencing for SNVs and small indels were employed all of which showed no
additional aberrations. This study underscores the combination of various methods for off-

target mutagenesis for gene therapy.

1.3. Familial Mediterranean Fever

Familial Mediterranean Fever (FMF) is a hereditary autosomal recessive autoinflammatory
disease, characterized by recurrent fever and pain in abdomen, chest or joints[121]. It is
primarily observed in Middle Eastern populations such as Sephardic Jews, Armenian, Turkish
and Arabian descendants. It is caused by missense mutations in the MEFV gene encoding
pyrin protein which is a regulatory protein in inflammation. MEFV is located on chromosome
16. Over 80 mutations have been identified in the literature [122]. The majority of the
mutations is clustered in exonl0 (Figure 3) and the most common are M694V, M680I,
M6941 and V726A, accounting for 80 % of FMF cases in the Middle East [123].
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Figure 3. The distribution of MEFV mutations and the domains of pyrin protein
(Adapted from [124])

Prevalence of mutation differs in various populations. For example, in Turkish population,
M649V is most prevalent followed by M680I and V726A [125]. Some studies indicate that
M694V homozygous patients undergo a more severe form of the disease [125]. Amyloidosis,
which is the most serious complication in FMF, has been reported in such patients more
frequently. However, a relationship between a mutation and the age of onset of the disease has
not been clearly identified [126].

MEFV was found to be expressed in mature neutrophils and macrophages. The
prepromyelocyctic cell line HL60 expresses MEFV at granulocyctic and monocyctic
differention. It is also expressed in monocyctic cell lines such as U937 and THP-1 [127].
Pyrin encoded by MEFV plays role IL-1p processing, NF-«kB activation and apoptosis [121].
Mutated pyrin causes abnormalities in inflammation. Pyrin, also called marenostrin, involves
a novel protein domain called Pyrin domain (PYD) at the N-terminal and it belongs to the
death domain fold family [128]. PYD domain has been suggested to interact with apoptosis-
associated speck-like protein (ASC) and regulate NF-«B activation[129]. Pyrin also
comprises of b-Zip, B-Box, coiled-coil and a C- terminal B30.2 domains. C-terminal B30.2
domain, on the other hand, has been reported to interact with caspase-1 to modulate I1L-13
[130]. It is also important to note that the M694V mutation resides in B30.2 domain.

Studies showed that pyrin regulates the IL-1pB, pro-inflammatory cytokine [129]. Impaired
pyrin has been speculated to play role in NLRP3 inflammasomes [128]. Inflammasomes are
cytosolic multiprotein complexes responsible for the maturation of proinflammatory cytokine
such as IL-1p.

Elevated IL-1B level is one the disease-related phenotypes of FMF patients. IL-1pB is
translated as pro protein to be cleaved by cysteine-aspartic acid protease caspase-1 [131].
Activity of caspase-1 is self-regulatory as well as affected by other mechanisms. Caspase-1
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activation occurs upon signaling by danger-associated molecular patterns (DAMPs) and
pathogen-associated molecular pattern (PAMPs)[131]. The signaling assembles
inflammasomes which consist of Nod-Like receptor subfamily NLRP3 containing PYD
domain, adaptor protein ASC and caspase-1 [131][132]. Pyrin has been thought to regulate
inflammasome assembly as a negative modulator. However, there are a discrepancies between
the studies where Pyrin has been shown to either increase IL- 1B secretion or diminish
it[128][130]. As such, the exact role of the Pyrin mutations in yet fully elucidated. In order to
facilitate research on understanding the disease mechanisms of FMF, cell lines that harbor
particular mefv mutations and their genetically matched controls are needed. Towards this
goal, we have recently described the generation of iPSCs from a patient harboring
homozygous M694V mutation in the mefv gene[133].
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CHAPTER 2

MATERIALS AND METHODS

2.1. Maintenance and expansion of human iPSCs

FMF patient iPSCs were cultured with mTeSR1 or E8 medium on tissue culture plates coated
with Matrigel or Vitronectin, respectively. Accutase (Sigma) for 5 minutes at 37°C was used
for the detachment of the cells cultured in mTeSR1. The cells were collected with Dulbecco’s
modified Eagle’s medium (DMEM F12) and centrifuged at 1000rpm for 2 minutes. They
were plated with fresh mTeSR1 supplemented with 10 uM ROCK inhibitor Y-27632 during
the first 24 hours. PBS EDTA was used to detach cells cultured in E8 medium. After washing
two times with PBS-EDTA, cells were incubated PBS-EDTA for 3 minutes at 37°C. Then,
PBS-EDTA was carefully aspirated and the cells were collected with DMEM F12 to be
centrifuged at 1000rpm for 2 minutes. Fresh E8 medium was slowly added to obtain clumps
and those were plated on vitronectin-coated plates. The cells were passaged every 5 days. All

cells were maintained on 6-well plates at 37°C and 5% CO, in a humidified incubator.

2.2.  Design and cloning of sgRNAs and mefv repair template

100bp mefv sequence was chosen at the vicinity of M694V mutation on mefv gene at position
16p13.3 as a target sequence. SgRNAs with highest score in CRISPR design tool [134]were
directly ordered to be synthesized and cloned into PX459 vector and PX330 (Addgene
#48139 and #58782). Plasmids were digested by Bbsl for 1 hour at 37°C and treated with
Antarctic Phosphatase (NEB, UK) and 10X AP Buffer for another 15 minutes at 37°C.
Synthesized top and bottom oligos (100uM of each) were annealed and phosphorylated with
10X T4 Ligation Buffer (NEB), T4 PNK (NEB) using a themocycler with the following
parameters: 37°C for 30 minutes and 95°C for 5 minutes then ramping down to 25°C at 5°C
/minute. Annealed and phosphorylated oligos were 1:200 diluted, of which 1ul was used in
ligation reaction with Bbsl-digested PX459 or PX330. For ligation, Quick Ligation Kit (NEB,
UK) was used. Digested and AP-treated vector alone was used as a control. 5 pl of ligation
reaction was transformed into competent bacteria. Successful clones were confirmed by

sequencing. 80bp GFP single strand oligodeoxynucleotides (ssODNSs) were ordered from IDT
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to be used in GFP reporter assay. Truncated GFP vector (tGFP) (Addgene #26864) was
linearized with Xbal at 37°C for 1 hour. tGFP was also used to detect homologous

recombination rate in GFP reporter assay.

As a mefv repair template, 760bp mefv fragment covering M694V was PCR amplified with
the following conditions: 98°C 30 sec, 98°C 10 sec, 64°C 30 sec, 72°C 45 sec, 34 cycles and
PCR purified with NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel, Germany) and
cloned into pCR4-TOPO vector. Silent mutation and Rsal restriction site were introduced into
mefv repair template by site directed mutagenesis. (NEB Q5® Site-Directed Mutagenesis Kit.
At the first step of site directed mutagenesis 25ng of pCR4-TOPO vector was PCR amplified
with site directed mutagenesis primers using the following conditions: 98°C 30 seconds,
98°C 10 seconds, 65°C (seed sequence silent mutation) 69°C (Rsal site mutation) 30
seconds, 72°C 2 minutes, 4°C hold. 1ul of PCR product was KLD treated with 2X KLD
Reaction Buffer, 10X KLD Enzyme Mix and nuclease-free water at room temperature for 5
minutes. 5 pl of KLD reaction was transformed into NEB 5-alpha Competent E.coli. Colony
picking followed by inoculation and mini-prep (MN, Germany) were confirmed by
sequencing. Selected clones were DNA purified with NucleoBond® Xtra Maxi EF (MN,

Germany) and linearized with Xmnl.

180bp mefv antisense wild type and mutant sSODNs were ordered from IDT to be used in HR.

Table 2. mefv exonl0 targeting gRNAS

gRNAs targeting mefv exon10 Sequence

gRNA1 CACCGTCGCCAGAGAATGGCTACT
gRNA2 CACCGTGTCGCCAGAGAATGGCTAC
gRNA3 CACCGACCACCCAGTAGCCATTCTC
gRNA4 CACCGCCTGCTTATGGATGTCTTGC
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Table 3. List of primers for mefv exon 10 amplification, repair template design and T7

endonuclease assay

Primers

Sequence

E10U2- F (mefv exon10)
E10D1- R (mefv exonl0)
F_mefv_100bp fragment
R_mefv_100bp fragment
Q5_fwd_seed el10g2
Q5_rev_seed el0g2

Q5 _Rsal_fwd

Q5 _Rsal_rev
T7E_el0g2_fwd
T7E_el0g2_rev
fwd_mefv_el 50
rev_mefv_el 620
M694V_common_F
M694V_common_R
M694V_M

M694V_V

TGCATTTCCCATAGCAGCTA
TTCCAGAAGAACTACCCTGT
TTATCGTCTAGAGGGAGCCTGCAAGACATCCA
ATTTAGGCGCGCCTTTATTAGCAGGCGGTCGG
CAGAGAATGGTTATTGGGTGG
GCGACAGAGTCATGTTCCCTT
CTGGCCGCCGGTACTGGGAGG
AGAGGAAACTCGGAGAGCCC
CTACCCTGTCCCTGTTTCCTG
AGAGCAGCTGGCGAATGTAT
ACCCCTAGTGACCATCTGCT
TGCTAACCTAGAGATGTTTGTCTGA
CCCAACCTCATCTTCTCTGATGATCTGA
CAGAGAAAGAGCAGCTGGCGAATGTATA
AGAATGGCTACTGGGTGGTGATAAGGG
TGGACGCCTGGTACTCATTTTCCTTAAT

2.3.  Generation of 293T cells stably expressing GFP

PEGIP lentiviral vector (Addgene #26777) stably expressing GFP with puromycin cassette
was packaged using Human Embryonic Kidney cells (HEK, 293Ts). Viral production was
performed by the liposomal transfection of transfer vector (pEGIP), envelope vector (VSV-G)
and packaging vector (VPR-AS8.2) into 293T cells. 2.5x10° cells were seeded on 10cm-plates
at day 0 with DMEM with 10% FBS and 1% penicillin/streptomycin (D10 medium). Next
day, they were transfected with 2.5ug pEGIP, 2.25 ug VPR-AS8.2 and 2.5 ug VSV-G using
FuGENE® HD Transfection Reagent (Roche, Switzerland). At day 2, fresh D10 medium was
added on the plates. 48h and 72h post transfections, media was collected and filtered

(0.45um). Viruses were collected in medium were aliquoted in 1ml and stored at -80°C.

200,000 293T cells were seeded on 6-well plates one day prior to transduction and transduced
with 0.5ml of pEGIP containing fresh DMEM+10% FBS supplemented with 10ug/ml
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protamine sulfate. 16h post transduction, medium was replaced with fresh D10 medium. The

cells were puromycin selected for 3 days (D2-D5).

2.4.Generation of EGFP-deficient 293T cells
pEGIP*35 lentiviral vector (Addgene #26776) involving a stop codon, Hindlll site and a
successive intervening sequence in EGFP sequence was packaged with 293T cells. Same as
with pEGIP,viral production was performed by the liposomal transfection of transfer vector
(PEGIP), envelope vector (VSV-G) and packaging vector (VPR-A8.2) into 293T cells.
2.5x10° cells were seeded on 10cm-plates at day 0 with DMEM with 10% FBS and 1%
penicillin/streptomycin (D10 medium). Next day, they were transfected with 2.5pg pEGIP,
2.25 pg VPR-A8.2 and 2.5 pg VSV-G using FuGENE® HD Transfection Reagent (Roche,
Switzerland). At day 2, fresh D10 medium was added on the plates. 48h and 72h post
transfections, media was collected and filtered (0.45um). Viruses were collected in medium

were aliquoted in 1ml and stored at -80°C.

200,000 293T cells were seeded on 6-well plates one day prior to transduction and transduced
with 0.5ml of pEGIP containing fresh DMEM+10% FBS supplemented with 10pg/ml
protamine sulfate. 16h post transduction, medium was replaced with fresh D10 medium. The

cells were puromycin selected for 3 days (D2-D5).

2.5.  Generation of pegip-mefv-100bp construct

The target site encompassing M694V mutation in mefv sequence to design gRNAs was 100bp
in length. This sequence was amplified by PCR by using specific primers, each of which
contained Xbal or Ascl restriction site at their 5” site. The following condition was used for
amplification: 95°C 3 min, 95°C 30 sec, 57.5°C 30 sec, 72°C 30 sec x 35 cycles and PCR
product was run on 2% agarose gel. Gel extraction was done with NucleoSpin® Gel and PCR
Clean-up Kit (Macherey-Nagel, Germany) and resulting 100bp fragment was digested with
Ascl and Xbal to get proper overhangs at 37°C for 1 hour. Digestion product was PCR
purified with the same kit. pEGIP-mefv-crispr_clone7 vector DNA in which Xbal and Ascl,
sites were previously constructed by Dr. Tamer Onder was digested with Xbal and Ascl at
37°C for 1 hour and treated with AP at 37°C for 15 min. AP was inhibited at 70°C for 5
minutes. 4.5 ng of insert was used for 50 ng vector DNA in ligation reaction at RT for 10
minutes with Quick Ligation Kit (NEB, UK). 5 pl of ligation reaction was transformed into
50 ul competent DHS5a. Successful clones were first checked with double digestion with Xbal

and Ascl and further confirmed by sequencing. 2.5 pg Pegip-mefv-100bp construct was
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transfected with envelope vector (VSV-G) and packaging vector (VPR-A8.2) using
FuGENE® HD Transfection Reagent (Roche, Switzerland) into 2.5x10° 293T cells on 10-cm
plates seeded 1 day before. At day 2, fresh D10 medium was added on the plates. 48h and 72h
post transfections, media was collected and filtered (0.45um). Viruses were collected in
medium were aliquoted in 1ml to be stored at -80°C. 1x 10° 293T cells were seeded on 6-cm
plates. Those cells were infected with pEGIP-mefv-100bp virus at MOI:10 , MOI:1 and
MOI:0.1 with 8 pg protamine sulfate (Sigma-Aldrich). Next day, fresh D10 was added into
plates subsequent to aspiration of the older. At day 2, puromycin selection started and
majority of infected cells with MOI:0.1 were dead at the end of the 3™ day. Those cells were
expected to have single or double integration site, therefore they were expanded to be used for

testing mefv-targeting gRNAs.

2.6.  Transfection of 293T cells and FMF patient iPSCs

200,000 293T cells were seeded on 6-well plates one day prior to transfection. FuGENE® HD
Transfection Reagent along with DMEM was used to transfect 1 pg PX459 and/or 1 ug
linearized tGFP or GFP ssODNs. FUtdTW (Addgene #22478) vector was used as a
transfection control. DNA:FUGENE ratio was determined as 1:3. FUGENE+DMEM and
DNA+DMEM mixtures were prepared separately and later added on each other. Final
FUGENE+DNA mixture was incubated at room temperate for 30 minutes and added on 293T

cells dropwise.

Nucleofection of iPSCs were achieved by Amaxa 4D-Nucleofector X unit (Lonza). FMF
patient iPSCs cultured on conditioned medium on Matrigel-coated 6-well plates were treated
with 10 puM ROCK inhibitor (Y-27632) overnight one day prior to nucleofection. At the day
of nucleofection 12-well plates were coated with Matrigel and kept at room temperature 1h
before nucleofection, one well for each nucleofection reaction. Additional mTeSR1
supplemented with 10 uM ROCK inhibitor was prepared. Iml of pre-warmed mTeSR1 with
ROCK inhibitor was added on each well after aspirating DMEM F12 in Matrigel-coated 12-
well plates. For each nucleofection reaction, 0.5-2x10° cells were used. 0.5x10° cells were
most frequently used in our experiments for a single cuvette. mTeSR1 with ROCK inhibitor
was removed from the plates and FMF patient iPSCs were disassociated with Accutase at
37°C for 5-8 minutes and gently collected with DMEM. By pipeting up and down, single cell
suspension was obtained and centrifuged at 1000rpm for 2 minutes. The cells were

resuspended in mTeSR1 with ROCK inhibitor and counted. Required number of cells was
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collected separated and centrifuged again at 1000rpm for 2 minutes. The cells were
resuspended pre-warmed P3 Primary Cell Solution. 1 pg PX459 (containing Cas9 and
gRNA), 1 pg mefv repair template or 1 pl mefv ssODN (10 uM) were dissolved in P3
Primary Cell Solution. The concentration of the plasmids was arranged so that the volume of
the total DNA did not exceed 1/10 of the reaction volume (10ul for 100 pl nucleocuvette).
Therefore, the cells were resuspended in 80 pl whereas the DNA mixtures were prepared in
20 pl solutions. They were added in each other for each nucleofection reaction and transferred
to 100 ul single nucleocuvette which was placed into Amaxa Nucleofector. Program CB-150
was run for nucleofection of iPSCs. After the reaction, 400 ul warm mTeSR1 with ROCK
inhibitor was added to the nucleocuvettes and each reaction was transferred into Matrigel-
coated 12-well plate avoiding frequent pipetting up and down. 24h post transfection, cells
were checked for attachment and medium was replaced with fresh mTeSR1. 48h post
nucleofection, 0.5 pg/ml puromycin was added to start the selection process which continued
approximately for 6 days (until untransfected controls all died). 1 ug pmax-GFP and 1 pg
pEGIP plasmid were both used as positive controls for nucleofections.

2.7.  Surveyor Nuclease Assay

293T cells in 6-well plates were harvested for genomic DNA extraction. First, D10 medium
(DMEM+10% FBS+1% penicillin/streptomycin) was aspirated. Upon trypsin addition, the
cells were disassociated at 37°C after 3 minutes. The cells were collected with the same
amount of D10 and centrifuged at 1500rpm for 5 minutes. Cell pellets were resuspended in
1X PBS (Hyclone) and centrifuged at 300 rpm for 3 minutes. DNA isolation was achieved by
NucleoSpin® Tissue kit (MN, Germany). DNA concentrations were measured in nanodrop.
50ng/ul template DNA was used for amplification. 760bp sequence around M694V mutation
in exon10 of mefv locus was PCR amplified with Surveyor primers (see Table 1) using
Phusiong High-Fidelity DNA Polymerase (NEB). The conditions were as follows: 98°C for
30 seconds, 98°C for 10 seconds, 64°C for 30 seconds, 72°C for 45 seconds, (34 cycles) 72°C
for 5 minutes, 4°C hold. 5 pl of 50 pl reaction was run in 1.0% agarose gel to detect single
DNA band. 200-400ng of PCR product was used for heteroduplex formation using a
thermocycler. The program for hybridization is shown in Table II. 18 ul of hybridized PCR
product was treated with 0.15M MgCl,, 1 ul Surveyor Nuclease at 42°C for 1 hour. 2.2 ul
(1/10™ of final volume) Stop Solution was used at the end of the reaction. (The amounts were
determined based on control experiments in which control plasmids of the kit were used). The

digestion products were run on 2% agarose gel and analyzed.
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2.8.  Amplification-Refractory Mutation System

Amplificaton- Refractory Mutation System (ARMS) utilizes multiple primers in a single PCR
reaction for genotyping wild type and mutant alleles in samples. ARMS primers for mutant

and wild type MEFV alleles were designed as indicated in Figure 4. (Table 3)
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Figure 4. Design of ARMS PCR primers for wild type and mutant MEFV alleles.
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Genomic DNA was isolated from dH1fs, 293Ts, FMF patient and parent iPSCs, Using 50ng
template DNA, PCR amplification was done by the following conditions: 94°C 5 min, 65°C
30 s, 72°C 25s for 33 cycles, a final extension step at 72°C for 10 min. 15ul of PCR product

was run on 2% agarose gel and visualized.

2.9.  Single cell isolation of 293T and THP-1 cells

In order to seed 293T cells into 96-well plates they were first trypsinized and centrifuged at
1500 rpm for 5 minutes. They were resuspended in D10 medium and counted. Limiting
dilution was applied to obtain 1 cell in 100 pul D10 medium. The cells in 96-well plates were
monitored for 2 weeks and the colonies started to form at the end of 2 weeks during which
100 pl fresh D10 was added once. The wells with colonies were marked for DNA isolation

and further expanded.

96-well plate was quickly inverted to dump media and remove the excess liquid by blotting on
paper towels. The cells were washed with 1X PBS 150 ul. 50 pl Bradley Lysis buffer
containing Proteinase K was added to each well. The lid of the plate was replaced and sealed
with parafilm. The plate was placed into humidified chamber at 60°C overnight. Next it was
cooled down to RT and 100 pl ice-cold EtOH/NaCl mix was added to precipitate DNA. The
plate was incubated at RT for 30 minutes and then centrifuged at 3000rpm for 20 minutes and
inverted to decant the liquid. 150 ul cold 70% EtOH was added and the plate was centrifuged
at 2000rpm for 10 minutes. The pellet was rinsed and supernatant was decanted. Washing step
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was repeated until there is no detectable EtOH. Finally, 30 ul warm TE (pH 8.0) was added

and the plate was covered with parafilm and incubated at 56°C for 10 minutes.

THP-1 cells were seeded on 96-wells in the same way. The appearance of colonies in 96-well
plate took approximately 3 weeks. After they grew, they were transferred to 48-well plates
and 24-well plates, respectively. The cells were 24-well plates were transferred to eppendorf

tubes and DNA isolation procedure was applied.

2.10. Flow Cytometry

Transfected 293T cells were treated with trypsin and incubated at 37°C for 5 minutes. Pre-
warmed D10 was added on dissociated 293T cells to be collected. The cells were transferred
to flow cytometry tubes and centrifuged at 1500 rpm for 5 minutes. The medium was
aspirated and the pellet was resuspended in 1X PBS 1% FBS solution. Resuspended cells
were placed onto ice. BD Accuri C6 Flow Cytometer (BD Biosciences) was used to analyze

the samples according to the manufacturer’s instructions.
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Table 4. List of vectors and their corresponding figures

Vector Function Important feature Figure
hCas9 Expresses human 6C,7B
codon optimized
Cas9
pX330 Expresses Cloning vector for 6C,7B
Cas9&gRNA T1and T2 gRNAs
FUtdTW Expresses Transfection control 6D
fluorescence protein
pX459 Expresses Cloning vector for 6E, 8A, 8B, 9A, 9B,
Cas9&gRNA EGFP- (T1&T2)and 10B, 10C
MEFV-targeting
gRNAs (G1-
G4),enables
puromycin selection
tGFP Truncated GFP EGFP donor 8A,9A, 9B
expression template
pEGIP Stably integrates Lentiviral backbone, 6A
EGFP puromycin selection
pPEGIP*35 Stably integrates Assessing HR- 7A
mutant EGFP mediated gene
targeting efficiency
for gRNAs T1&T2
pEGIP-100bp-mefv  Stably integrates Assessing HR- 8A, 9A, 9B
EGFP disrupted by mediated gene
100bp mefv sequence targeting efficiency
for gRNAs (G1-G4)
pCR4-TOPO-mefv  MEFV repair Silent mutations 13
template around PAMs, Rsal
site
pmax-GFP Expresses EGFP Nucleofection 11
control
lentiCRISPR v1 Stably expresses Lentiviral backbone, Al1B, A1C

Cas9&gRNAs

puromycin selection,
cloning vector for
mefv exonl gRNAs
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CHAPTER 3

RESULTS

3.1. Validation of M694V mutation in both fibroblasts and iPSCs by
sequencing
DNA samples from an FMF patient and their parent skin fibroblasts were sequenced to
pinpoint the M964V mutation to be corrected. Accordingly, FMF Patient- and parent-derived
iPSCs sequencing data confirmed M694V mutation. As a control, skin fibroblasts from a
healthy donor was used which was homozygous wild type (Figure 5A). Both FMF patient
fibroblasts and iPSCs sequencing revealed that they were homozygous for mutant A>G allele.
Parent fibroblasts and iPSCs were heterozygous for mutant A>G allele according to

sequencing data (Figure 5B).
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Figure 5. The validation of M694V mutation in both fibroblasts and iPSCs by sequencing.

(a) The skin fibroblasts taken from an FMF patient, parent and a healthy individual were
reprogrammed into iPSCs. Both fibroblasts and iPSCs were sequenced to pinpoint M694V
mutation in all samples. (b) The location of the disease associated mutation (red arrow) as
revealed by sanger sequencing in patient, parent and healthy samples, respectively.
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3.2

Characterization of iPSCs derived from FMF patients

Primary fibroblasts cultures from a patient diagnosed with FMF and his parent were obtained

by skin biopsy. The primary fibroblasts were reprogrammed into iPSCs with episomal vectors
(Materials and Methods). iPSC clones were expanded (Figure 6A). The expanded clones

were injected into immunosuppressed mice and formed tumors containing different cell types
that represent three germ layers (Figure 6B). The clones were checked for pluripotency
markers (Oct4, Nanog, SSEA-4). All three clones of FMF patient-, parent- and PBMC iPSCs
expressed pluripotency markers (Figure 6C). FMF Patient- and parent-derived iPSCs retained

pluripotency, differentiation into three germ layers and could form teratomas [133].
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Figure 6. Characterization of iPSCs derived from FMF patients and parent iPSCs.

(a) Parent and patient fibroblasts were reprogrammed into iPSCs by the transfection of
episomal Oct-4, Sox2, KIf4 and c-myc vectors. (b) Characterization of teratomas formed by
FMF patient, parent and PBMC iPSCs. Three germ-layers for each sample were shown. (c)
Immunofluorescence staining of Oct-4, Nanog and SSEA-4 proteins in FMF patient, parent
and PBMC iPSCs. (Green for Oct-4 and Nanog, Hoecsht for nucleus, red for SSEA-4)

3.3.  Generation of a reporter system to assay Crispr/Cas9 components for DSB

In order to confirm the functionality of CRISPR components, a reporter system was
established with stably GFP-expressing 293T cells. pEGIP vector contained puromycin
cassette enabling selection after transduction (Figure 7A). The system began with the
transduction of 293T cells with pEGIP vector and followed by puromycin selection.

Transduction of the PEGIP vector was performed at an MOI of 0.3 to generate single copy



integrants which were established as a cell line. Upon transfection of Cas9 and EGFP-
targeting sgRNAs T1 and T2, GFP expression was monitored by flow cytometry at day 3. As
a transfection control Tdtomato was used. The samples which expressed Cas9 and one of the
EGFP-targeting sgRNAs together showed a significant increase (17.7% and 11.7%) in GFP-
negative cells compared to controls. (Figure 7B-D). Later, pX459 plasmid which expressed
both Cas9 and sgRNAs was used in the same system and the increase in GFP-negative cells
were analyzed at 3-day intervals (Figure 7E). The increase in GFP-negative cells were higher
in sgRNA T1-expressing samples than those of sgRNA T2-expressing ones. These results
concluded that EGFP-targeting sgRNAs and Cas9 were functional and cause double-stranded

breaks in the cell.
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Figure 7. Generation of a reporter system to assay to Crispr/Cas9 components for DSB.

(a) Schematic representation of pEGIP vector. SRNAs targeting EGFP sequence (JRNAT1
& T2 ) are underlined. (b) Flowchart for the GFP analysis in 293T cells by flow cytometry.
(c) Percent GFP (-) cells in different conditions. (d) Positive control for liposomal transfection
with Tdtomato vector. () Time-course change in GFP expression in GFP-expressing 293T
cells after transfection with pX459-T1/T2 vector. (no puromycin selection)
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3.4. GFP reporter assay confirmed homologous recombination in 293T cells

Knowing that Cas9 and EGFP sgRNAs can generate indels in 293T cells, we needed to
further demonstrate that EGFP phenotype could be restored in 293T cells by Crispr/Cas9
system when repair template was supplied. For this purpose, we used pEGIP*35 vector in
which EGFP sequences was disrupted by a stop codon and an intervening sequence. After the
transduction of 293T cells with the vector, we selected the EGFP mutant 293Ts with
puromycin and checked if EGFP was restored when they were transfected with Cas9 and
SgRNA T2 plasmids together with ssODNs for EGFP. Both GFP-antisense and sense strands
were used to compare HR efficiencies (Figure 8A). Flow cytometry showed the appearance
of GFP-positive cells in the samples containing repair template. GFP-antisense strand
appeared to be slightly more efficient than GFP-sense template with 0.5% GFP percentage
(Figure 8B). The images of EGFP-corrected and mutant 293Ts could be seen in Figure 8C.
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Figure 8. GFP reporter assay to monitor homologous recombination.

(a) Schematic representation of pEGIP*35 vector and the strategy used for Crispr/Cas9-
mediated homologous recombination in 293T cells. Double-stranded truncated GFP vector
(TGFP) and single-stranded GFP oligos were used as donor templates. (b) Percent of GFP-
expressing cells was shown by flow cytometry. (c) GFP expression in transfected 293T cells.
(JRNA T1 and gRNA T2 is 33bp and 23 bp apart from the mutant site, respectively)
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3.5.  Areporter system validated the functionality of mefv-targeting sgRNAS in
293T cells

Using the same logic behind GFP reporter assay, we tested the functionality of mefv-targeting
sgRNAs (sgRNAs’ table number). In this case, EFGP sequence was disrupted by a 100-bp
intervening mefv fragment covering targeting sites of sgRNAs (G1-G4). Linear TGFP plasmid
was used as a repair template to restore GFP in EGFP mutant 293T cells (Figure 9A). In four
mefv-targeting gRNAS, we observed an increase in GFP-positive cells percentage compared
to untransfected control. SgRNA G2 gave rise to highest %GFP among the others(Figure 9B).

gRNA2
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Figure 9. Generation of a reporter system to test the functionality of sRNAs targeting mefv
sequence.

(a) Schematic representation of pEGIP-100bp-mefv vector along with the locations of four
mefv-targeting SgRNAs along the 100bp- sequence. Donor template TGFP (linear) was used
to restore GFP expression in 293T cells transduced with pEGIP-100bp-mefv. (b) Percent GFP
of pX459 (G1 to G4) transfected 293T cells by flow cytometry.



3.6.  Linear donor template resulted in highest HR efficiency

Next, different repair templates were utilized to compare their efficiencies in terms of HR in
EGFP mutant 293Ts. These include TGFP linear, circular and antisense GFP ssODN (Figure
8A). Flow data showed an increase in %GFP in all samples. We tried to find the most
efficient mefv-targeting gRNA and donor template type in EGFP mutant 293T cells.
According to the data, SgRNA2 and linear TGFP sample generated highest GFP expression
with 3% GFP (Figure 10B). Parallel to the finding, sRNA2 was found to be the most
efficient mefv-targeting sgRNA for all types of repair templates with 1.5%, 3.0% and 1.1%

efficiencies.

stop M6E94V

A. —{EGFP mefv ]

Linear TGFP

GFP ssODN
(antisense)

37



Circular
TGFP

Linear
TGFP

ssODN

(antisense)

168777016

Faca

0 o000

B0 &1 TGFP circ
Gate: (P1 in all)

18777215

AD3 67 TOFP linear
Gatz: 1 inall)

16777246

Negative control

FacA

0 400000

10777018

w177 216

B3 53 TOFP circ
Gate: 1 in all)

Foca
0 s0om0m

A4 G2 TGH
Gate (P1in

02 6243
Gater (F1 in all)

A1
Gate (P in 2l

01 63 TOFP circ
P1in 2l

G
Gate [P1in 3l])

Faca
5000000

A0S G TGP linear
1in all)

Gale: (P!

s

Faca

o so0000

ars

B13 G348
> Gate: (P1 inall

10777,

Fica

0 s0m00

Fac-A

18777218

als

02 G4 TGFP girc

= Gate (F1inal]

= ADGGATGFP
T Gate P1inal)

B4 G445
Gale: (P inall

Cas9

gRNAL

gRNA2

gRNA3

gRNA4

TGFP
linear

TGFP-
circular

ssODN

%GFP
positive

0.0

0.7

1.5

0.8

1.0

1.4

3.0

2.2

1.8

0.6

1.1

0.5

0.7

Figure 10. Testing different donor templates for HR efficiency.

(a) Linear and circular TGFP and antisense sSODN for GFP as donor templates along with
pEGIP-100bp-mefv vector. (b) Percent GFP in different conditions by flow cytometry.

Corresponding GFP-expressing cells were shown below.
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3.7.  MEFV-targeting sgRNAs generated DSB at endogenous mefv locus

In order to prove that mefv-targeting SgRNAs can act upon endogenous mefv sequence, we
examined the presence indel mutations by NHEJ at that locus with the aid of T7 endonuclease
assay. Upon transfection of sgRNAs and Cas9 into 293T cells and puromycin selection, DNA
was collected at day 5 and T7 endonuclease assay showed expected bands in all samples.
SgRNAs could target mefv locus and cause double-stranded cleavage (Figure 11A,10B).
Next, we wanted to monitor the activity of sgRNAs on a time-dependent manner and
examined indel mutation rate by T7 endonuclease. This experiment indicated that double-
stranded cleavage at the mefv locus was detectable at day 3 post-trasnfection of Crispr/Cas9

components and increased over time (Figure 11C).
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T7PCR |

T7

Figure 11. Confirmation of double-stranded cleavage by MEFV-targeting sgRNA2 at the
endogenous mefv locus.

(a) Schematic representation of Surveyor and T7 Endonuclease assay. (b) Representation of
Surveyor/T7 endonuclease primers. F- and R- primers were designed asymmetrically so as to
obtain distinguishable fragments after endonuclease treatment. The expected bands were
179bp and 360bp for gRNA1& gRNAZ2, 185bp and 354bp for gRNA3, lastly 139bp and
400bp for gRNA4. (c) Kinetics of mefv cleavage in 293T cells. Top panel shows T7 PCR.
Lower panel shows T7 endonuclease assay with/without T7 treatment. ( 1 - Untransfected, 2-
Day2, 3-Day3, 4-Day4, 5-Day5, 6-Day6, 7-Day8)

3.8.  Nucleofection of PBMC-iPSCs

We tested the efficiencies of iPSC nucleofection before transfecting Crispr/Cas9 components
into patient iPSCs. For that, we used pmax-GFP plasmid supplied with different amounts
under various conditions. GFP expression post-transfection of iPSCs were monitored by flow
cytometry. As shown in figure 12, the highest %GFP was achieved on VTN plates in E8
medium (37.4%) but viability was too low (6.7%). Nucleofection on VTN plates in mTeSR1
medium resulted in low viability and low GFP expression.

We also investigated the effects of the presence of antibiotics in the transfection medium on
nucleofection efficiency. Matrigel-coated plates in mTeSR1 medium without antibiotics
resulted in higher GFP-positive cells than with antibiotics. Therefore, Matrigel-mTeSR1
without antibiotics was found to be the optimum in terms of cell viability and GFP
expression. However, viability was also reduced as the amount of the vector used was
increased (Figure 12A, 12B).
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Figure 12. Nucleofection of iPSC with different conditions.

(a) Graph of the amount of control plasmid vs %GFP. pmax-GFP vector was used in different
amounts (lpg, 2 ug and 4 pg)as a nucleofection control. VTN-E8 indicates iPSCs on
Vitronectin-coated plate with E8 medium. Matrigel-mTESR1 indicates the samples in
Matrigel-coated plates in mMTESR1 medium. Lastly, VTN-mTESR1 represents the samples on
Vitronectin-coated plates in mMTESR1 medium. Percent GFP was quantified by flow
cytometry. (b) Images for different nucleofection conditions.
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3.9.  Cleavage of mefv locus in patient-iPSCs

We wanted to confirm if cleavage occurred at the mefv locus in patient-iPSCs subsequent to
transient transfection of Cas9 and mefv-targeting gRNA G2. We also transduced patient-
iPSCs in order them to continuously express Cas9 and gRNA G2 using lentiviral vectors. We
monitored the cleavage by T7 endonuclease assay subsequent to puromycin selection.
Transiently transfected cells did not exhibit any cleavage whereas the cells transduced with
lentiCRISPR G2 slightly showed a pattern similar to that of 293Ts transfected with sgRNA2
(FigurelOB and Figure 13). As a control, pEGIP transduced cells were used. However, the

presence of non-specific DNA bands in all samples prevented us from arriving at a conclusive

result.
FMF patient iPSCs
59'
& é{"Q Q
e ¥ & ¢
g § ¢ 3
T7 PCR

T7E !&mu

Figure 13. Double-stranded cleavage by G2 in patient iPSCs.
Upper lane shows T7 PCR. Lower lane indicates T7 Endonuclease assay after puromycin
selection. The expected band for gRNA G2 is 179 and 360bp.
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3.10. Detection of HR in FMF patient-derived iPSCs

In order to detect Crispr/Cas9-mediated homologous recombination in FMF patient-derived
IPSCs, we utilized Amplification refractory mutation system (ARMS) PCR to amplify both
wild-type and mutant alleles together with a control fragment within the same reaction tube.
First, control experiment was designed with existing FMF patient and parent iPSC lines to
confirm that we can observe wild type and mutant alleles. Figure 14B clearly demonstrates
that FMF parent iPSCs are heterozygous, fibroblasts derived from H1 cell line (dH1f) and
293T cells are homozygous wild type and that FMF patient iPSCs are homozygous mutant for
M694V. When the same experiment was repeated with FMF patient iPSCs transfected with
Cas9 and gRNA2, we could not detect wild type allele. The rationale for the detection of
Crispr-mediated HR was represented in Figure 14A.

A. Cas9 & B

gRNA G2

NUCLEOFECTION

® ,) Patient

o iPSCs
PUROMYCIN
SELECTION
DETECTION OF
CORRECTION
(HR)
RFLP ARMS

Figure 14. Diagram for the detection of HR in patient iPSCs.

(a) CRISPR-mediated HR can be detected either by RLFP or ARMS method subsequent to
puromycin selection of transfected cells. (b) Control experiment with ARMS PCR
demonstrating wild type and mutant alleles in various samples.

43



3.11. Design of mefv donor template

To be able to screen for corrected patient iPSCs, we designed a donor template where we
could make use of restriction fragment length polymorphism (RFLP) by introducing Rsal
restriction site in mefv donor template. Knowing that Cas9-sgRNA complex can re-cleave the
repaired allele, we also created silent a mutation on sgRNA target site nearby PAM sequence
to eliminate unwanted targeting. Upon recombination with this improved donor template,
corrected patient iPSCs are expected to give a different pattern than that of parent, FMF
patient and healthy control (Figure 15).

Silent mutations
pCR4-TOPO-mefv M694V

MEFV

GTAC

Rsal site { CATG

RFLP
with Rsal

Wild Corrected
Patient  Parent  type patient

Figure 15. Design of a new mefv donor template.

The scheme of pCR4-TOPO-mefv vector is shown. The silent mutations around M694V
mutation is shown with yellow arrows. One of the silent mutations generates a Rsal site in
mefv sequence. Expected bands after RFLP were shown for all samples.
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CHAPTER 4

DISCUSSION

4.1. Increasing the efficiency of homologous recombination

NHEJ-mediated repair of DSBs occurs in cells at any stage of the cell cycle, therfore gene
knockout experiments via NHEJ-mediated insertion or deletion (indel) mutations has been
showed to work efficiently[135]. However, homology-directed repair (HDR) which enables
precise editing such as integration of a specific fragment or insertion of point mutations at the
targeted site occurs only in dividing cells. Therefore, it has remained an inefficient process,
creating a major challenge in precise gene editing [109]. In experiments presented in this
thesis, GFP reporter assay in 293T cells with antisense and sense sSODNs yielded 0.5% and
0.3% HR rate, respectively (Figure 7B, 7C). Similarly, MEFV-targeting gRNAS in
combination with different repair templates (tGFP linear/circular and ssODNs) revealed low
HDR efficiency (0.5-3%) in 293T cells by flow cytometry (Figure 9B). HDR efficiency is
expected to be even lower in patient-specific iPSCs. Recently, small compounds have been
identified in order to elevate HDR rate [136]-[138]. Yu and his colleagues reported that
L755507 increased HDR 3-fold for large fragment insertions and 9-fold for point mutation. It
exhibited maximum effects at 5 uM within 24 hours post electroporation. It was also effective
in a variety of cell types such as cancer cell lines, primary cells and neural stem cells.
L755507 is a B3-adrenergic receptor partial agonist and it has been found that it increases
lipolysis and metabolic rate in rhesus monkeys[134]. Alternatively, NHEJ inhibitors have
been found to elevate HDR rates [136], [137]. These inhibitors involve compounds that target
various proteins such as KU70, KU80 and DNA ligase IV [137]. Another study indicated that
DNA ligase IV inhibitor Scr7 compound increased the efficiency of HDR in mammalian cells
and in mice up to 19-fold[136]. When we performed the reporter assay of mefv-targeting
gRNAs in patient iPSCs as we had done with 293Ts, CRISPR-mediated HDR efficiency with
tGFP donor vector was 0.1% in patient-specific iPSCs compared to negative controls. Since it

was not possible to conclude that CRISPR-mediated HDR occurred based on this data, it may
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be helpful to employ L755570 or Scr in order to obtain more reliable data in future

experiments.

4.2. The specificity and off-target effects of Crispr/Cas9

One of the major concerns regarding CRISPR-mediated gene editing is potential off-target
mutations. Undesired genetic modifications can be oncogenic and lead to proliferation of
edited cells. In addition, they can disrupt the function of crucial genes. Each case would be
harmful in terms of clinical applications. Off —target effects can occur at sites which bear high
similarity to the on-target sites and has been reported be as high as 77% in terms of
Crispr/Cas9 system [139]. The same study also argued that 7-12 bp seed sequence of gRNAs
are sensitive to mismatches effecting Cas9 activity. In low similarity regions, nucleases have
relatively low affinity due to mismatches between guide RNA and DNA. Nonetheless,
nucleases may generate off-target mutations in those regions as well. Whole genome
sequencing performed on transfected human iPSCs and human embryonic stem cells
(HUES9) examined small indels, single nucleotide variants (SNVSs), structural variants (SVs)
such as chromosomal inversion, rearrangements and deletions and found no statistically
significant off-target rate along the whole genome[140]. Mismatch sensitivity of Cas9
nuclease and low off-target mutation rate in hiPSCs have been confirmed by deep sequencing

of predicted off-target sites and whole genome sequencing by other studies [141].

There are a number of approaches to minimize the frequency of off-target mutation. One of
them is to improve targeting specificity of Cas9. Mutant Cas9 (D10A) generates a nick on a
single strand. By using paired nickases and two separate gRNASs targeting opposite strands of
the target site, it is possible to generate two nicks in close proximity, which are in turn
processed as a double-stranded break within the cell. Because a single nick on the DNA can
be repaired by base excision repair system [142], it drastically reduces possible off-target
effect of Cas9 [143].

The other approach is the truncation of guide RNAs which reduces off-target effects by 5000-
fold by shortening the complementarity between RNA and DNA[144]. The truncation may be
generated by use of cDNA-derived sgRNA sequence or by adding two extra guanine
nucleotides to 5’ end of gRNAs. Finally, inactive Cas9 (nickase) may be coupled with Fokl
increasing the specificity of Cas9[145]. One study has proved that Cas9 variants which have
inactivating point mutations in the catalytic domains generated nicked open circular plasmids

indicating that each domain is responsible for cleavage in one strand[108]. Inactive Cas9,
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Cas9D10A has been shown to yield HR rates comparable with active Cas9 but it resulted in
lower NHEJ rate[105].

4.3. Increasing transfection efficiency of iPSCs

Transfection efficiency in human iPSCs have been reported as 60-70% [146]. We performed a
set of nucleofection experiments according to the established protocols for human iPSC gene
editing by using PGK-Puro-GFP plasmid as a transfection control, none which gave rise to
GFP positive cells. In addition, the majority of the cells were killed subsequent to puromycin
selection. This might have occurred from two reasons: Inefficient transfection or a SNP in
pX459 plasmid reducing its efficacy. To eliminate the latter, we cloned our gRNAs into the
more efficient pX459 Version 2. We next set up a control experiment by using pmax-GFP
vector as a control which is much smaller than PGK-Puro-GFP. A variety of conditions were
tested for nucleofection efficiency. We employed E8 and mTesR1 medium to distinguish their
effects on transfection. The effect of antibiotic supplemented medium and the amount of the
vector were the other factors that were tested. Finally we were able to obtain 35% efficiency
with the cells on vitronectin coated plates in E8 medium (Figure 12). However, the viability
of iPSCs was extremely low. We achieved comparable efficiencies with 2 pg pmax-GFP
transfected iPSCs on Matrigel plates without penicillin/streptomycin and 4ug pmax-GFP
transfected iPSCs on Matrigel-coated plates with mTeSR1 penicillin/streptomycin (29% and
31%). Comparing the viability of iPSCs, we decided on using 2 pg plasmid and medium
without antibiotics. Low efficiency might also stem from relatively big sizes of control
plasmids. When we used pEGIP plasmid as a transfection control, we were unable to obtain

transfected cells.

To circumvent issues related to transfection, we tried infecting iPSCs with lentiCRISPR G2
and performed puromycin selection. Expanded cells were analyzed by T7 endonuclease assay
and lentiCRISPR G2 infected iPSCs seemed to be mutated. pX459 transfected cells did not
result in any mutant DNA band. Although this finding might be promising, it has to be
repeated. Additionally, it is important to eliminate extra viral integrations on the genome to be
able to obtain an isogenic control. Therefore, transfection conditions should be optimized

rather than focusing on infections.
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4.4. Investigating the role of pyrin in FMF in knockout cell lines

Pyrin plays role in inflammation and IL-1 secretion. Increased IL-1f production is one of the
disease-related phenotypes in FMF patients. However, its exact role in IL-1 production is yet
to be determined due to contradictory data in the literature. In order to further elucidate the
role of pyrin in this mechanism, we aimed to knockout pyrin expression in THP-1 and HL-60
cells via Crispr/Cas9 gene editing system. We observed by T7 endonuclease assay that all of
the three gRNAs designed for exon 1 of mefv were functional and generated indel mutations
at the cleavage site (Figure A1D and ALE). Infected THP-1 cells were tested via ELISA and
showed an increase in IL-1p production (data not shown). This finding supports the idea that
pyrin inhibits IL-1f secretion. In order to generate pyrin knockout cell line, single cell clones
of infected and positively selected cells were prepared to be checked with T7 endonuclease

assay.
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APPENDIX

The role of pyrin in inflammation has not yet known. In order to further understand the
mechanism of FMF and to investigate the role of pyrin in IL-1 production, we aimed to
generate a knockout cell line and check its phenotype to compare with the disease phenotype
in terms of IL-1B production. To achieve this, we designed three sgRNAs targeting mefv
exonl and cloned them into lentiCRISPR vector. THP-1 and HL-60 cells were transduced. T7
endonuclease after selection showed that all of three sgRNAs caused indel mutation in exonl
(Figure A1D and AlE).

A.
gRNA3 ggccggtgaagatggccact gRNA2 tggggaagagtacgcc gRNA1 gcgggccatcaaccagegee
- ——0—c——3+ 00 —0—C———
exonl exon2 exon3 exon4 exon5 exon6 exon7  exon8 exon9 exonl0
B.
lentiCRISPR SERNA
C.

D THP-1 HL60

T7PCR

Figure A.1. Design and verification of gRNAs for MEFV knock-out cell lines.

(@) Three sgRNAs targeting exonl of mefv locus are shown. (b) The representation of
lentiCRISPR v1, cloning vector for exonl gRNAs. (c) Flowchart for obtaining knock-out
THP-1 cells. (d) T7 endonuclease assay for THP-1 and HL60 cells. Upper panel shows T7
PCR. Lower panel shows T7 digestion. Lane 1,2,3,4 and 5 correspond to exonl gRNA1,
gRNA2, gRNA3 and pEGIP infected samples for THP-1, respectively. Lanes 1,2,3 and 4
correspond to exon 1 gRNA3, gRNA2, gRNAL1 and pEGIP, respectively.
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