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ABSTRACT

A NOVEL POST-TRANSLATIONAL MODIFICATION ON THE CENTRAL
CRISPR ENZYME: DISCOVERY OF CAS9 UBIQUITYLATION

The CRISPR/Cas9 system offers a simple method for genome engineering by
utilizing the ability of the bacterial Cas9 enzyme to cleave any desired genomic region under
the guidance of a complementary RNA molecule. Due to its minimalism and versatility, the
CRISPR/Cas9 system is increasingly being used as a gene editing platform in higher
organisms, with the current applications encompassing diverse fields such as disease
therapy, biotechnology and agriculture. Despite such widespread use of this prokaryotic
protein, there is a lack of knowledge regarding its behavior and regulation in eukaryotic

systems where the majority of these applications are implemented.

In this study, we aim to elucidate the mechanisms of Cas9 regulation in eukaryotic
systems with the specific goal of investigating the potential post-translational modifications
(PTMs) on this protein. As part of this, we show that Cas9 gets ubiquitylated, promoting its
proteasomal degradation. In addition, we present a cell culture-based experimental setup
where we aim to discover that the Streptococcus pyogenes Cas9 protein undergoes SUMO

modification following the engulfment of these bacteria by human immune cells.

We expect that these results will lead to a better understanding of the eukaryotic post-
translational regulation of Cas9. Our hope is that uncovering the functional implications of
these PTMs will contribute to the development of safer therapies and improve the current
CRISPR-based applications, while paving the way for new ones. Moreover, we hope that a
potential discovery of in vivo Cas9 sumoylation may create a new frontier for future research

focusing on host-pathogen interactions.



OZET

CRISPR SIiSTEMININ KiLIT ENZiMi UZERINDE YENI BiR
POSTTRANSLASYONEL MODIFiKASYON: CAS9 UBIiKIiTINASYONUNUN
KESFi

CRISPR/Cas9 sistemi, bakteriyel Cas9 enziminin genomda arzu edilen bolgeleri
tamamlayict bir RNA molekiiliiniin yonlendirmesi neticesinde kesebilmesi 6zelligini
kullanan bir genom miihendisligi metodudur. Bu sistem, minimalist ve uyarlanabilir gen
editleme platformu olmasi sebebiyle gelismis organizmalarda gittikge daha yaygin bir
bicimde kullanilmaktadir. Sistemin giiniimiizdeki uygulamalar1 hastalik terapisi,
biyoteknoloji ve ziraaat gibi farkli alanlar1 kapsar. Bu prokaryotik proteinin kullaniminin bu
denli yaygin olmasina ragmen, uygulamalarin en yaygin oldugu 6karyotik sistemlerde nasil

davrandigina ve regiile edildigine dair fazla bilgimiz yoktur.

Bu calismada, Cas9’un Okaryotik sistemlerde nasil regiile edildigini, ugradigi
potansiyel post translasyonel modifikasyonlar (PTM’ler) baglaminda inceleyerek ortaya
cikarmay1 amaglamaktayiz. Bu hedefin bir pargasi olarak Cas9’un ubikitin modifikasyonuna
ve neticesinde proteazomal yikilima ugradigini gésteriyoruz. Bunun yaninda, bu ¢alismada
insan bagisiklik sistemi hiicrelerinin Streptococcus pyogenes bakterisini igine almasini
takiben, bakterideki Cas9 proteininin hiicre tarafindan SUMO modikifikasyonuna

ugradigini gézlemlemeyi amagladigimiz bir hiicre kiiltiirli bazli deney kurulumu sunuyoruz.

Elde ettigimiz sonuglarin, Cas9’un Okaryotik sistemlerdeki post-translasyonel
modifikasyonlarmin daha iyi anlasiimasma yol agacagini diisiinmekteyiz. Umidimiz, bu
PTM’lerin fonksiyonel neticelerinin ortaya ¢ikarilmasinin, daha giivenli terapilerin
gelistirilmesine ve halihazirda kullanilan CRISPR bazli uygulamalar: iyilestirilmesine
katkida bulunmasi ve yeni uygulamalarin 6niinii agmasidir. Bunun yani sira, Cas9’un dogada
SUMO modifikasyonuna ugradigina dair olas1 bir kesfin, gelecekte konak-patojen

etkilesimlerini inceleyecek arastirmalar i¢in yeni bir cephe agcacagini ummaktayiz.
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1. INTRODUCTION

Voltaire once said that the art of medicine consists of amusing the patients while
nature cures the disease. As the quote illustrates, for thousands of years, the predominant
attitude towards disease was one of helplessness, often infused with a sense of paranormal
terror. Disease could claim anyone, anytime, ravage entire communities at once, and
disappear in an instant just as it came to be. Therefore, to those born before modern
medicine, this seemingly whimsical and omnipotent force was inevitably attributed to acts
of supernatural beings. The shaman-doctors of the antiquity haggled with the deities to
restore the afflicted to good health, the Greeks believed that sickness was a form of divine
vengeance against humans for accepting the gift of fire from Prometheus, and the Middle
Age Europeans banished the leprous into isolated colonies to suffer the consequence of their

sins.

This pervasive pattern of desperation was punctured by the advent of the Germ
Theory in the 19th century. By appreciating the connection between pathogens and disease,
the science of medicine experienced a quantum leap that marked the transition into the
modern era, where the use of sanitation and antimicrobial agents form a cornerstone in our
efforts to fight disease. In parallel to our efforts to control infections, we discovered other
environmental factors that contribute to diseases, such as bad nutrition, consumption of
tobacco, and a sedentary lifestyle. However, as we peeled away at these external threats
against our existence, we discovered another layer at the core, one that is much more
fundamental to our being, one that consists of the blueprints to who we are. The burgeoning
field of genetics in the 20th century showed us how disease and death are built into our
nature, and faced with genetic diseases, humans experienced a new degree of helplessness

that reduced our disease-fighting efforts to a mere attempt to manage symptoms.

1.1. Gene Therapy

Today, we are experiencing another quantum leap in medical science, thanks to the

concept of gene therapy. Gene therapy revolves around the notion of expressing exogenous



DNA in the human genome in order to treat inherited diseases by compensating for the
defective endogenous copy. This idea, the realization of which would enable scientists to
access and manipulate our genetic codes to cure diseases, was initially conceptualized in a
1966 paper by Edward Tatum. Dr. Tatum expounded on the possibility of using viruses as
vectors to deliver desired DNA molecules to a patient’s isolated and cultured cells, which
would then be re-implanted into the patient (Tatum, 1966). At the time, the ability of viruses
to transfer genetic material between their bacterial hosts had been known for more than a
decade, thanks to the careful work by Zinder and Lederberg on Salmonella typhimurium and

its infecting phage (Zinder and Lederberg, 1952).

Two years after Edward Tatum’s seminal paper, in a proof-of-concept
demonstration, Rogers et al. artificially polyadenylated the tobacco mosaic virus genome in
the laboratory and infected tobacco plants with this modified strain, after which they were
able to isolate the corresponding poly-lysine oligopeptides from the plants (Rogers and
Pfuderer, 1968). These results affirmed the theoretical suitability of viral vectors for

delivering genetic material into the eukaryotic genome for expression.

The development of recombinant DNA technology in the 1970s enabled scientists to
isolate and join together separate genomic fragments. For gene therapy efforts, this meant
that the introduction of desired human genes into precise sites within viral genomes to be
delivered into patients was now a plausible prospect. In 1990, the first FDA-approved human
gene-therapy trial was initiated at the NIH Clinical Center in Maryland, with the aim of
treating two children with adenosine deaminase deficiency presenting with severe combined
immunodeficiency (ADA-SCID) (Blaese et al., 1995). This monogenic disorder results from
a defect in the enzyme adenosine deaminase which regulates nucleic acid turnover and
breaks down adenosine obtained from food (Cristalli et al., 2001). As part of this trial, the
investigators used a disabled retroviral vector to transduce an intact adenosine deaminase
gene into the patients’ isolated peripheral blood lymphocytes, which were then transfused
back to the patients. The trial results fell short of expectations, failing to demonstrate a

permanent therapeutic response (Blaese et al., 1995).

Despite the initial failures, gene therapy continued to garner increased attention due

to its immense potential until the death of Jesse Gelsinger in 1999 as a direct consequence



of the therapy protocols. The 18-year-old was participating in a clinical trial at the University
of Pennsylvania with the hopes of overcoming a partial ornithine transcarbamylase (OTC)
deficiency. During the course of the treatment, he developed a severe immune reaction to
the adenoviral vector carrying the corrective gene, leading to multiple organ failure and
death (Stolberg, 1999). The case brought the risks of gene therapy into public attention, and
the ensuing ethical and safety concerns checked the enthusiasm of scientists who had been

enthralled by the therapeutic possibilities.

Compounding the issue of immunogenicity was the possibility of insertional
mutagenesis resulting from the random integration of the transgene into actively transcribed
loci within the human genome. A disruption of an anti-oncogene or an upregulation of a
proto-oncogene due to insertional mutagenesis can induce cancer (Baum, 2007). This
hypothetical scenario became a reality during the follow-up of a gene-therapy clinical trial
for X-linked severe combined immunodeficiency (SCID-X1). Despite the treatment
resulting in a definitive cure for the condition (Cavazzana-Calvo et al., 2000), two of the
patients developed leukemias after several years due to retroviral insertion near the promoter
of a proto-oncogene called LMO2, leading to its abnormal activation (Hacein-Bey-Abina et
al., 2003). As such, prevention of random integration of constructs through precise
localization to specific genomic loci has become a major goal for the efforts to increase the
safety and availability of this therapeutic modality. Part of these efforts has been to engineer
different vectors to modify the level and duration of transgene expression in response to the
given specific therapeutic context, and there has also been an increased tendency towards
using lentiviral vectors which are less prone to trigger proto-oncogene activation compared
to their retroviral counterparts (Lundstrom, 2018). Thanks to the increasingly safe
applications of these disarmed viruses, scientists have been able to achieve impressive
clinical benefits by programming T cells to express specially-engineered chimeric antigen
receptor constructs that are capable of targeting lymphoid tumors (Dunbar et al., 2018). As
a result of these exciting developments in the realm of gene therapy, many recent clinical
trials demonstrated promising outcomes in terms of safety and efficacy for a great variety of
inheritable diseases including B-cell malignancies, hemoglobinopathies, neuromuscular

diseases and thalassemia (Naldini, 2015).



1.2. Genome Editing

In parallel to the development of viral vector-based gene therapy protocols, a new
therapeutic modality emerged in the 21st century with the promise of reducing the risk of
immunogenicity, achieving better target locus specificity and thereby entirely eliminating
the issue of genotoxicity due to insertional mutagenesis. “Genome editing” sets out to
resolve these problems by directly ablating or replacing the defective gene rather than merely
inserting its correct copy into an unrelated locus within the genome. Moreover, whereas
traditional gene therapies fail to address dominant negative mutations that result in
deleterious gain-of-function phenotypes, as the supplementation of the correct gene does not
eliminate the mutant copy, genome editing is able to overcome this limitation thanks to this
direct targeting (Pelletier et al., 2006; Li et al., 2018). In this sense, genome editing is similar
to the RNA-interference- or RNAi-based therapies which seek to silence or destroy the
mutant messenger RNA products before they can be translated (Mansoori et al., 2014).
However, unlike RNAY, it tackles the problem at its genetic root and thus offers a permanent
solution (Li et al., 2018).

“Genome editing” refers to an array of technologies that exploit the ability of several
cellular nucleases to recognize specific genomic loci and induce precise double-strand
breaks (DSBs) in the DNA, with the aim of removing deleterious mutations through the
activation of endogenous repair pathways (Guha et al., 2017). While the nonhomologous
end-joining (NHEJ) pathway disrupts the target gene by stochastically inducing insertion or
deletion mutations (indels) at the breakage site (Jeggo, 1998), homology-directed repair
(HDR) can create more specific alterations by incorporating the sequence of a donor DNA
template (Ahmad et al., 2018). From a therapeutic perspective, this means that HDR permits
in-situ repair of pathogenic mutations through the provision of an exogenous DNA molecule
carrying the “correct” nucleotide sequence (Jasin, 1996). Unfortunately, the error-prone
NHE]J typically occurs more efficiently compared to HDR (Jeggo, 1998; Mao et al., 2008),
and therefore, a major research focus has been finding ways to prompt the cell towards the

HDR pathway in response to DSBs.

Another barrier in the way of efficient use of genome editing was the question of

how to focus on a specific genomic locus to introduce a DSB, which was overcome through



the use of zinc-finger nucleases (ZFNs) and transcription-activator-like effector nucleases
(TALENS) (Bibikova et al., 2002; Li et al., 2011). These nucleases can be custom-designed
to bind to any desired DNA sequence with a relatively high specificity (Carroll, 2008);
however, as a fundamental limitation, a given ZFN or TALEN cannot be repurposed to bind
to a novel locus, as target specificity arises from these proteins’ individualized amino acid
sequences within their DNA binding domains (Urnov et al., 2010; Li et al., 2011; Miller et
al., 2011). Therefore, each time a new DNA sequence is to be targeted for cleavage, de novo
design and validation are required, impeding flexible and high-throughput application
(Doudna and Charpentier, 2014; Wang et al., 2016).

1.3. Discovery and Mechanism of the CRISPR/Cas System

Arguably the greatest breakthrough in the field of genome editing was attained with
the discovery and manipulation of the CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas (CRISPR-associated protein) system (Hsu et al., 2014; Wang et
al., 2016). CRISPRs are short repetitive elements intercalated with unique spacer sequences
within the prokaryotic genome, as first reported by Yoshizumi Ishino in Escherichia coli
(Ishino et al., 1987). Following this serendipitous discovery, numerous theoretical functions
were attributed to these repetitive sequences, until a systematic analysis revealed that the
spacer sequences contained within the CRISPRs matched to viral and plasmid genomic
elements (Bolotin e al., 2005; Mojica et al., 2005; Pourcel et al., 2005). In addition, several
well-conserved genes were discovered to reside in the vicinity of CRISPRs in various
bacteria whose protein products contained helicase- and nuclease-like domains (Jansen et
al.,2002; Bolotin ef al., 2005). The finding of the extrachromosomal origin of CRISPR loci
in combination with the putative nuclease genes (named CRISPR-associated, or cas) gave
rise to the more concrete and currently accepted model. According to this, CRISPR/Cas is a
prokaryotic defense system that endows acquired immunity against foreign genetic elements
such as bacteriophages and plasmids (Barrangou et al., 2007) (Figure 1.1). These elements
get incorporated into the CRISPR loci to confer immunological memory to the host cell. The
CRISPR array, including the spacer (the incorporated protospacer), then gets transcribed to
produce a precursor CRISPR RNA (pre-crRNA), which undergoes processing by Cas
nucleases and other host enzymes to generate mature crRNAs (Brouns ef al., 2008). After

this step, the mature crRNAs form a complex with the Cas nucleases and, through Watson-



Crick base pairing, guide them to recognize complementary invading genetic elements for
cleavage and neutralization (Garneau ef al., 2010). Although the specifics vary between the
six different types of CRISPR/Cas systems (I-VI) found in prokaryotes, this overall theme
holds.

Bacteriophage

Spacer acquisition Invasive viral or plasmid DNA [N [N Protospacer
Integration
cas operon CRISPR array
Locus mmm Cas9 Cas1 Cas2 Csn2
=100 A ndm 8
U Spacers Repeats
l Transcription
3 5 3 5 3 5 3 5
T HHHH / HHH HHHH
re-ctRNA 5 / 3
P i [ 2 7 i
crRNA maturation
crRNA biogenesis (RNase Ill processing A and crRNA 5’ trimming A)
3 5 3 5 3 5 3 5
CRNA 5 e—_ 3 T I HEHH
3 5
5 REFHES Phage

DNA interference

Site-specific cleavage
Cas9

Figure 1.1. Schematic Representation of Cas/CRISPR System in Bacteria. The invading
genomic element is incorporated into the bacterial genome and gives rise to crRNAs, which
help the nuclease to recognize and destroy the complementary viral DNA in future

infections.

1.4. Cas9: The Key Enzyme of the Type II CRISPR/Cas System

The ability of the CRISPR/Cas system to introduce DSBs in the invading genome

led to the insight that the same mechanism could be exploited for host-independent genome



engineering applications (Cong et al., 2013; Mali et al., 2013). This was helped by the
modularity of the system, in that the target specificity is mainly determined by the
independently-provided guide RNA rather than the nuclease structure itself as is the case for
ZFNs and TALENs (Jinek et al., 2012). Moreover, the type II CRISPR/Cas system was
discovered to require only a single multidomain endonuclease called Cas9 to cleave its
targets, unlike the other two types that were known at the time (I and III) that rely on the
coordinated activity of a multisubunit complex (Makarova et al., 2015; Makarova et al.,
2017). More detailed studies revealed that the presence of a short (2-5 bp) protospacer-
adjacent motif (PAM) flanking the 3’ end of the target DNA is essential for Cas9
compatibility and also contributes to target specificity (Deveau et al., 2008). This PAM is
absent in the flanking regions of the host CRISPR spacer elements, and therefore the issue

of self-targeting is circumvented (Leenay ef al., 2016).

Although the PAM requirement seems to limit the targeting scope, the particular
Cas9 homologue in Streptococcus pyogenes (SpCas9) recognizes a relatively ubiquitous
motif consisting of 5°-NGG-3’, which helped it become the most popular homologue for
genome editing applications (Jinek ef al., 2012). The type II CRISPR endonuclease
homologues, including SpCas9, form their effector complexes using an additional unique
RNA molecule called the frans-activating crRNA (tractrRNA) (Deltcheva et al., 2011).
While the crRNA strand hybridizes with the target DNA along a 20-bp stretch, the tracrRNA
binds the crRNA, forming the functional duplex (Gasiunas et al., 2012; Jinek et al., 2012).
This system was further simplified for laboratory applications when Martin Jinek et al.
demonstrated that a ~100-nucleotide chimeric single guide RNA (sgRNA) engineered to
contain both of these components could induce sequence-specific DSBs with comparable
efficiency (Jinek ef al., 2012). Following these developments, the current most commonly-
used system based on a single nuclease and a single guide RNA was established, and

CRISPR/Cas9 became a versatile gene-targeting platform.

1.5. Structure of Cas9

The crystal structures of the Streptococcus pyogenes, Staphylococcus aureus and
Actinomyces naeslundii Cas9 enzymes have been determined by different groups, and

SpCas9 was resolved in its apo form as well as the two holo forms (bound to sgRNA or



sgRNA-DNA) (Anders et al., 2014; Jiang et al., 2015; Jinek et al., 2014; Nishimasu et al.,
2014, Nishimasu et al., 2015). The overall architecture of Cas9 is constituted of two lobes
possessing distinctive functions, with the REC lobe being responsible for helical recognition
and the NUC lobe effecting the enzyme’s nuclease activity (Figure 1.2). The guide RNA-
target DNA complex sits within the groove between these lobes. Comprising the NUC lobe
are two separate nuclease domains called RuvC and HNH, each cleaving a separate strand
within the target duplex, as well as a wedge domain (WED) and a PAM-interacting (PI)
domain. Detailed understanding of these structural components led to the creation of a
working model for Cas9 activation, according to which the initially autoinhibited protein
becomes activated upon sgRNA binding, as the ensuing conformational change exposes the
catalytic site of the HNH domain and enables DNA binding (Jinek et al., 2014; Jiang et al.,
2015).

Sa Cas9

Figure 1.2. Structural models of S. pyogenes and S. aureus Cas9 in their holo forms.
(Adapted from Wang et al., 2016)

1.6. Applications of the CRISPR/Cas9 System

The basic system of Cas9 and sgRNA has been used for a broad array of eukaryotic

genome editing applications within medical, biotechnological and agricultural settings (Hsu



et al., 2014). SpCas9 is the most commonly used variant, and the desired genomic loci can
be targeted by designing complementary sgRNA molecules. After the enzyme cleaves the
targeted loci, the cell can attempt to repair the DSB through NHEJ or HDR. Alternatively, a
donor DNA fragment can be provided to serve as a template to fill the gap, offering the
possibility of swapping the endogenous gene with an exogenous fragment to correct

deleterious mutations (Ormond et al., 2017).

With the enhanced understanding of Cas9 structure and function came the possibility
of artificially modifying the CRISPR system to develop novel applications, all of which take
advantage of the enzyme’s ability to bind to a particular genomic region under the guidance
of a given sgRNA (Doudna and Charpentier, 2014). One such application, called CRISPR
interference (CRISPRi), relies on an enzymatically-inactivated Cas9 variant that is referred
to as dCas9 (Qi et al., 2013). dCas9 contains point mutations in its RuvCl and HNH
domains, and therefore cannot execute the catalytic cleavage of dsDNA (Qi et al., 2013).
The binding of the dCas9-sgRNA can disrupt transcriptional elongation at a target gene. It
can also hinder RNA polymerase and transcriptional activator access, essentially causing

gene silencing without destroying the target (Qi et al., 2013).

A major approach in the development of Cas9-based biotechnological applications
centers around creation of multidomain proteins in order to combine the activities of multiple
enzymes. Multidomain proteins can be crafted by either creating an end-to-end linkage by
connecting the N- and C- terminals of two separate proteins via a peptide link or performing
domain insertion by splicing one domain into another (Ostermeier, 2005). This approach has
been used to reduce nonspecific, off-target binding of Cas9 by linking two dCas9 proteins
to FokI nuclease domains, whose endonucleolytic activity requires dimerization (Tsai et al.,
2014). When the dCas9 proteins recognize their sgRNA-programmed loci, which are in
sufficient proximity by design, the individual Fokl domains dimerize and induce a DSB at
the region halfway between the two dCas9 proteins. As this system depends on the
simultaneous recognition of two distinct genomic regions, targeting specificity is
exponentially improved (Tsai et al., 2014). Furthermore, scientists have generated end-to-
end fusion chimeras of dCas9 and several deaminases for precise base editing applications
without necessitating any cleavage events, also putting CRISPR/Cas9 into use as a precise

cargo delivery system (Komor et al., 2016; Gaudelli et al., 2017).
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Researchers are also able to reversibly modulate the regulation rather than sequence
identity of endogenous target genes by altering the epigenomic landscape. Such epigenome
editing has been achieved by creating a dCas9:sgRNA construct linked to a transcriptional
activator, such as VP64, which is capable increasing target gene transcription and
independently inducing a relaxed chromatin conformation (Maeder ef al., 2013; Polstein et
al., 2015). Similarly, a Cas9-DNA methyltransferase (DNMT3A) fusion product can
promote CpG methylation within the immediate vicinity of its target region, leading to

transcriptional repression (McDonald et al., 2016).

Aside from its biotechnological applications, the CRISPR/Cas9 system has seen
increasingly widespread implementation in clinical contexts, with multiple ongoing trials
exploring its therapeutic safety and viability for several conditions including sickle cell
disease (NCTO03167450), advanced esophageal cancer (NCTO03081715), relapsed or
refractory leukemia and lymphoma (NCT03398967, NCT03166878), non-small cell lung
cancer (NCT02793856), Epstein-Barr virus-associated malignancies (NCT03044743), and
HIV-related hematological malignancies (NCT03164135). In addition, CRISPR proved to
be a reliable, low-cost method for creation mouse models to study the pathogenic
implications of specific gene ablations (Baliou ef al., 2018). The system has also been used
to create gene knockouts and sequence deletions in induced pluripotent stem cells (iPSCs)
and other primary cell lines for cell-based assays, leading to development of cancer therapies
based on newly-discovered intracellular interactions (Kawamura et al., 2015; Engel et al.,

2016; Kavlashvili et al., 2016; Raza et al, 2016; Singh et al., 2016; Zhang et al., 2016).

The concurrent application of patient-derived iPSC and CRISPR technologies
constitutes a particularly potent therapeutic weapon which scientists can wield with great
flexibility to generate transplantable stem cell populations carrying desired genetic
alterations. For instance, by using the CRISPR/Cas9 system on iPSCs, researchers have
successfully reverted chromosomal inversions involving the F'§ gene, whose disruption leads
to hemophilia A (Park et al., 2015). When engrafted into mice, the “corrected” iPSCs
differentiated into endothelial cells and rescued the disease phenotype. The ability of iPSCs
to differentiate into all three cell layers (endoderm, mesoderm and ectoderm) immensely
expands therapeutic possibilities, while their autologous transplantation eliminates the

immune incompatibility concern (Singh et al., 2015). A similar approach combining the
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CRISPR and iPSC technologies has been adopted to correct pathogenic mutations in various
other contexts including B-thalassemia (Xie ef al., 2014) and cystic fibrosis (Firth et al.,
2015).

The CRISPR system can also be used to edit human germline or embryonic cells,
and as the resultant genetic modifications can be passed on to future generations, the ethical
implications of such interventions are hotly debated (Mo, 2015). The first reported attempt
to perform gene editing was by Junjiu Huang of Sun Yat-Sen University and resulted in an
excess number of off-target mutations in nonviable zygotes, hinting at the dangers of
premature applications in humans (Liang et al., 2015). Two years later, arguably the most
successful application of CRISPR-Cas9-mediated genome editing in human embryos was
announced, with researchers correcting a heterozygous MYBPC3 mutation that is implicated
in hypertrophic cardiomyopathy (Ma et al., 2017). The repaired embryos demonstrated low
mosaicism and a preferential use of HDR in response to DSBs, along with a low incidence
of off-target mutations. In 2018, another group in China performed dCas9-deaminase-
mediated base editing in human embryos and corrected a point mutation causing Marfan
syndrome with high efficiency and no observed off-target effects or indel formation (Zeng
etal., 2018).

1.7. Practical and Potential Issues of the CRISPR/Cas9 System

Since the initial applications for genome editing in 2013, the use of CRISPR/Cas9
has spread like a wildfire, at times appearing to outpace the contemporaneous knowledge
regarding its risks and implications. The most striking demonstration of just how far some
scientists are willing to go was given by He Jiankui of the Southern University of Science
and Technology in China, who recently shocked the scientific community by announcing
the birth of the world’s first CRISPR-edited babies (Cyranoski and Ledford, 2018). Despite
this haste in widening the system’s applications, there are numerous issues that need to be

contended with, including deleterious off-target mutations and mosaicism.

Off-target cleavage events can occur as a result of nonspecific sgRNA recognition

of non-targeted genomic regions due their sequence similarity to the target region (Hsu et
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al., 2013). Similarly, the 3-nucleotide-long PAM sequence is also abundant in genomic
regions, conferring a small degree of promiscuousness to Cas9 binding (O’Geen et al.,
2015). Multiple successful strategies have been developed to reduce the CRISPR/Cas9 off-
target effects, such as creating single amino acid mutant variants that carry less positive
charge in their DNA-interacting domains, with the aim of eliminating nonspecific
electrostatic attractions between the enzyme and the negatively-charged DNA backbone
(Slaymaker et al., 2016). Another approach involves temporal restriction of Cas9 activity,
so that the ribonucleoprotein complex does not linger around for long after on-target locus
modification (Davis et al., 2015; Zetsche et al., 2015). Stipulating two independent Cas9
binding events for target cleavage to occur, as in the case of the dCas9-Fokl fusion system
introduced above, can also reduce off-target events (Tsai et al., 2014). However, while these
diverse strategies may lower off-target events to acceptable levels for many research
applications, their successful execution did not entirely abate the concerns of genotoxicity
when it comes to human genome-editing. A recent publication used long-range genotyping
to show that CRISPR/Cas9 may cause more extensive and potentially deleterious genomic
rearrangements than earlier thought, including inversions and large deletions that could have
been missed with previously used short-range analyses (Kosicki et al., 2018). Other findings
suggest that Cas9-mediated genome editing results in DNA damage that engenders a p53-
dependent response and growth arrest (Haapaniemi et al., 2018). Therefore, future
therapeutic applications will benefit from a more nuanced understanding of CRISPR/Cas9-

induced DNA damage and the subsequently activated intracellular response pathways.

The use of CRISPR-Cas9 in the cleaving embryos may also engender mosaicism,
where a subpopulation of cells possesses a distinct genomic makeup compared to the rest of
the embryo (Yen et al., 2014; Mehravar et al., 2018). Mosaicism in this case may arise due
to several factors, including an inefficiency or absence of editing in some of the constituent
cells, or an overabundance or persistence in expression of the CRISPR-Cas9
ribonucleoprotein which may cause stochastic off-target genomic damage in different cells
and lead to genomic divergence (Mehravar et al., 2018; Tu et al., 2017). Scientists have
developed multiple strategies to counter this problem, such as optimization of the timing,
delivery method and concentration of the CRISPR-Cas9 components (Mehravar et al.,
2018). For instance, co-injection of the ribonucleoprotein along with sperm into human
oocytes during fertilization was observed to result in only a single case of mosaicism in the

42 embryos that were included in the study (Ma et al., 2017). While these results are
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encouraging, mosaicism remains to be a significant challenge for germline or embryonic
editing applications. The present genotyping methods used to evaluate of the mosaicism
status are predicated on the destruction of the embryo, and they are not sensitive enough to
detect the smaller mutations in the genome, possibly underestimating the rates of mosaicism
(Mehravar et al., 2018). Furthermore, none of the current genome editing methods has
consistently demonstrated an absence of mosaicism in the treated embryos, jeopardizing

human applications (Mehravar et al., 2018).

Another issue that limits human applications is the relative lack of control in regard
to which intrinsic molecular repair pathway gets activated in the cell in response to the
CRISPR-mediated endonucleolytic activity. As explained above, a DSB can be resolved
through HDR and NHEJ, the latter of which is more efficient yet prone to creating random
indel mutations at the damaged site (Rouet et al., 1994; Choulika et al., 1995; Jeggo, 1998).
For this reason, and due to the ability of the HDR to incorporate an exogenous “donor”
template sequence into the breakage site, many researchers have attempted to develop
strategies to prod the cells towards this pathway as part of genome-editing applications
(Ormond et al., 2017). The preference for HDR vs. NHEJ can change depending on the cell
cycle stage, and HDR efficiency can be increased if DNA damage machinery is activated
during S and G2 phases (Heyer et al., 2010; Yang et al., 2016). Consequently, scientists
have had success with fusing Cas9 to Geminin, a substrate of the cell-cycle-modulating
APC/Cdh1 ubiquitin ligase complex (Gutschner ef al., 2016; Howden et al., 2016). As a
result, the fusion product gets ubiquitylated and degraded during the G1 phase when the
ligase complex is maximally active, and Cas9 endonucleolytic activity remains restricted to
S, G2 and M phases, dramatically increasing the HDR efficiency (Gutschner ef al., 2016).
Another approach exploits the chemical modulators of the DSB repair pathways to
selectively promote CRISPR-mediated HDR (Maruyama et al., 2015; Yu et al., 2015; Li et
al., 2017). The effectiveness of these interventions within a human embryonic or germline
editing context has yet to be explored; however, it has also been suggested that human
zygotes may inherently favor HDR over NHEJ, unlike iPSCs and somatic cells (Ma ef al.,
2017).

A recent preprint article also highlighted the potential dangers of delivering a

bacterial protein into humans for treatment purposes, harking back to the immunogenicity
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problem that plagued gene therapy in its early days (Charlesworth et al., 2018). Although
the article has not gone through peer-review process as of the publication of this thesis, it
reports pre-existing immunity against Cas9 in 34 human donors, with antibodies being
detected against Staphylococcus aureus Cas9 (SaCas9) and SpCas9 in 65% and 79% of the
tested blood samples, respectively. While these findings may be expected due to the
ubiquitous presence of these bacteria in human tissues, Charlesworth et al. also report the
presence of interferon-y-secreting anti-SaCas9 cytotoxic T-cells in nearly half of the donor
samples, raising the possibility that the immune system may attack the CRISPR-edited cells
that express this Cas9 homologue, which may negate the therapeutic intervention or
potentially trigger a systemic immune response (Charlesworth et al., 2018). Therefore,
proper risk assessment and prevention strategies need to be in place to maximize long-term

safety and efficacy of therapies based on CRISPR-Cas9-mediated gene editing.

1.8. Posttranslational Regulation of Cas9

The previous section touched upon many hurdles facing the clinical applications of
CRISPR/Cas9. I also discussed the increasingly-sophisticated interventions established to
counter them. However, despite the growing body of scientific literature that examines how
the Cas9 enzyme’s activity might influence cellular processes, we lack the fundamental
knowledge regarding how these processes might in turn influence Cas9. Future development
of safe and effective therapeutic approaches is predicated on the completion of this missing
piece of the puzzle, and for this reason, this project focuses on uncovering the

posttranslational regulatory mechanisms of Cas9.

Proteins undergo a wide extent of reversible covalent modifications in the cell, which
can dynamically change their localization, function, interaction partners, or stability (Duan
and Walther, 2015). These post-translational modifications (PTMs) are thought to play a
more prominent role in eukaryotes compared to prokaryotic organisms, both in terms of
modification diversity and frequency (Walsh et al., 2005). Eukaryotic PTMs include
phosphorylation, ubiquitylation, acetylation, sumoylation, methylation and glycosylation
among others (Prabakaran et al., 2012). While proteins in bacteria can also undergo many
of these PTMs, such as phosphorylation, acetylation, glycosylation and methylation, other

types of PTMs such as sumoylation are entirely absent in the prokaryotic repertoire
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(Ravikumar et al., 2015; Wimmer et al., 2012). Curiously, the small peptide ubiquitin has a
functional bacterial analog in the prokaryotic ubiquitin-like protein (Pup), which also tags

target proteins for degradation (Cain ef al., 2014).

To date, no covalently-linked PTMs have been reported on the Cas9 protein, either
in a prokaryotic or eukaryotic setting. Our group has previously identified multiple candidate
in silico SUMO attachment sites and confirmed that Cas9 undergoes sumoylation using
multiple cell lines, which constitutes the first PTM ever identified on this protein to our
knowledge. Furthermore, I was able to show that Cas9 gets ubiquitylated, and my
preliminary data suggest that Cas9 ubiquitylation entails a proteasome-dependent
degradation. In the next two sections, I will briefly discuss these two PTMs and their

implications for target proteins.

1.9. Ubiquitylation

As its name suggests, ubiquitylation is a ubiquitous PTM in the eukaryotic cell, with
its substrates being involved in almost all eukaryotic cellular processes (Swatek and
Komander, 2016). The eponymous ubiquitin is a small peptide comprised of 76 amino acids
and forms reversible isopeptide bonds with suitable target lysine (Lys) residues (Swatek and
Komander, 2016). This bond formation is a three-step process, where each step is catalyzed
by a distinct enzyme (Swatek and Komander, 2016) (Figure 1.3). The first step involves the
catalytic cleavage of the carboxyl (C) terminus of the ubiquitin protein, which exposes a
terminal diglycine (GG) residue and enables thioester linkage formation to the E1 ubiquitin-
activating enzyme in an ATP-dependent manner (Haas ef al., 1982; Michael Rape, 2017).
Next, the activated ubiquitin peptide gets transferred to an E2 ubiquitin-conjugating enzyme
(Michael Rape, 2017). In the final step, an E3 ligase coordinates the attachment of the
ubiquitin to a target protein (Michael Rape, 2017). While the ubiquitylation machinery
contains multiple enzymes that are able participate in each step, the E3 ligases constitute the
most diverse group, with more than 600 predicted members (Michael Rape, 2017). Since
they recruit the substrate proteins, target specificity is determined by the identity of the E3
enzyme involved (Michael Rape, 2017). Another class of enzymes called deubiquitinases
(DUBSs) includes specialized proteases dedicated to reversing this modification (Komander
et al., 2009).
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Interestingly, the ubiquitin peptide itself contains seven Lys residues that are subject to
ubiquitin attachment, and multiple ubiquitin proteins can be also connected to each other via
their amino (N) termini (Michael Rape, 2017). This enables the formation of ubiquitin chains
possessing different topologies that portend distinct fates for the target proteins (Figure 1.3).
For instance, a target protein can be linked to a single ubiquitin (monoubiquitylation), which
usually changes the binding partner profile (Michael Rape, 2017). Alternatively, ubiquitin
peptides can form polymeric branches on the target protein via their 11th or 48th Lys
residues (K11 or K48), leading to its proteasome-mediated degradation (Chau et al., 1989;
Mark Hochstrasser, 1996; Meyer and Rape, 2014). Another frequent ubiquitin chain
formation (polyubiquitylation) pattern is established via K63 polymerization and performs
nondegradative roles, such as modulating DNA repair and regulating protein kinase activity
in key cellular signaling pathways such as IL-1, NF-kB (Chen and Sun, 2009). Moreover,
ubiquitin can also be modified via other PTMs such as sumoylation, acetylation and
phosphorylation, further expanding the complexity of its modification patterns and

functional repertoire (Swatek and Komander, 2016).
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Figure 1.3. Enzymatic machinery and functional outcomes of ubiquitylation (Adopted
from Michael Rape, 2017)
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1.10. Sumoylation

Another ubiquitin-like eukaryotic peptide that is capable of substrate modification is
SUMO (small ubiquitin-related modifier). All eukaryotes express at least one SUMO
isoform, and multiple paralogues are found in vertebrates. SUMO1, SUMO2, and SUMO3
are known to play diverse roles within the cell, and the latter two are generally grouped
together as SUMO2/3 due to their extremely high sequence identity (98%) and seemingly
identical functions (Wimmer ef al., 2012). In contrast, SUMOI1 has around 48% sequence

similarity to SUMO2/3, although the three proteins have common features, such as a partial
(~18%) sequence homology to ubiquitin, as well a shared target motif and enzymatic

machinery (Jiirgen Dohmen, 2004; Wimmer et al., 2012; Hendriks and Vertegaal, 2016)
(Figure 1.4).
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Figure 1.4. Structural comparison of modifier peptides and the SUMO machinery.
(Adopted from Martin et al., 2007)

Similar to ubiquitylation, SUMO proteins are attached to target Lys residues in a
three-step ATP-dependent process, with the participation of a different set of E1, E2 and E3
enzymes that were initially characterized in Saccharomyces cerevisae (Jirgen Dohmen,
2004). SUMO proteins undergo maturation to become compatible for target attachment by

SUMO-specific proteases which cleave the C terminus of the peptide to expose a diglycine
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residue (Ronald Hay, 2005). The mature protein undergoes adenylation by a heterodimeric
E1 complex consisting of SAE1 and SAE2 in humans (Ronald Hay, 2005). In the second
step, the activated SUMO gets transferred to the SUMO conjugating E2 enzyme, called
Ubc9, via a trans-esterification reaction (Ronald Hay, 2005). Remarkably, the Ubc9 protein
is the only E2 enzyme within the sumoylation machinery and can select the specific SUMO
substrate without the help of an E3 enzyme (Ronald Hay, 2005). Therefore, following the
conjugation of SUMO, Ubc9 can directly catalyze its attachment to the €-amino group of
the target Lys via an isopeptide linkage (Ronald Hay, 2005). This Lys residue is generally
included in a canonical recognition motif consisting of WKxE, where y signifies a large
hydrophobic residue, and x stands for any amino acid (Ronald Hay, 2005). Nevertheless,
barring a few known exceptions such as the sumoylation of RanGAPI, a specific E3 ligase
is usually involved in the transfer of SUMO protein to its target and serves to increase the
catalytic efficiency of this reaction (Flotho and Melchior, 2013). As with ubiquitin, SUMO
can be deconjugated through the action of proteases, making sumoylation a reversible PTM
(Hickey et al., 2012). Also similarly, SUMO2/3 possesses an acceptor Lys, enabling poly-
SUMO chain formation (Geiss-Friedlander and Melchior, 2007).

Studies on biological systems where sumoylation is abolished through the knockout
or knockdown of Ubc9 revealed the critical roles played by this process. Mice with Ubc9-
knockout genotype do not survive beyond the embryonic stage and their cells display
disrupted nuclear organization as well as abnormalities in chromosomal organization
(Nacerddine et al., 2005). This mutant phenotype hints at the essential involvement of
sumoylation in central cellular pathways regulating cell cycle and genome integrity, and
indeed, many key components of these pathways have been identified to undergo SUMO
modification, such as DNA topoisomerase II, anaphase-promoting complex/cyclosome, and
PCNA (Ronald Hay, 2005). In addition, the activities of many important transcription factors
can be regulated through sumoylation, among which are the tumor suppressor protein p53,
NFAT-1, and androgen receptor (Ronald Hay, 2005). While the majority of SUMO
substrates are located in the nucleus, cytosolic and membrane proteins also get sumoylated,
including G-protein signaling components, glucose transporters, and ion channels (Martin
et al.,2007).
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SUMO binding can have distinct biochemical consequences for its target proteins.
In the case of PML protein, SUMO2/3 chain formation was discovered to lead to its
degradation through RNF4-mediated ubiquitylation (Weisshaar et al., 2008), whereas
SUMO1 modification influences its localization to PML nuclear bodies (Miiller et al., 1998).
In other instances, such as in the NF-kB inhibitor IkBa, sumoylation may antagonize
ubiquitin-dependent proteasome-mediated degradation (Desterro ef al., 1998). In addition,
sumoylation may interfere with protein interactions, or create novel binding partners (Geiss-

Friedlander and Melchior).
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3. AIM OF STUDY

In this study, our overall aim is to uncover the post-translational regulatory
mechanisms of the Cas9 protein within a eukaryotic setting in order to explore their practical
implications for the therapeutic and biotechnological applications of the CRISPR/Cas9
system. We also aim to place these modifications in a more physiologically-relevant context,
with the belief that exploring the presence of eukaryotic modifications on this prokaryotic

protein may contribute to our understanding of host-pathogen interactions.

Our first specific aim is to show that Cas9 gets ubiquitylated using cell-based assays
such as immunoprecipitation and histidine pulldown in HEK293 cells. By doing so, we also

aim to discover the functional consequences of Cas9 ubiquitylation.

Our second aim is to show the sumoylation of Cas9 by performing live infections of
THP1 cells by Streptococcus pyogenes and detecting the direct interactions between
bacterial Cas9 and eukaryotic SUMO1 or SUMO2/3 paralogues using proximity ligation

assay.
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4.1. Biological Materials
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For the experiments focusing on the ubiquitylation of Cas9, we used human

embryonic kidney (HEK293) cells that were kindly provided to us by Dr. Nurhan Ozlii from

Kog University, as well as human kidney-derived HK-2 cells. The human monocytic THP-

1 cell line that we used for experiments involving live infections were a generous donation

by Dr. Nesrin Ozéren at Bogazigi University. HeLa cells were also used for live infections.

The Streptococcus pyogenes isolates that were used as part of these infection experiments

were harvested from patients and kindly provided to us by the microbiology laboratory of

the Department of Infectious Diseases at Cerrahpasa Faculty of Medicine.

4.2. Experimental Equipments and Devices

The tables below contain lists of the equipments, devices and disposable materials

used throughout this project.

Table 4.1. Equipments and Devices.

Equipment or Device

Supplier

Autoclaves

Midas 55, Prior Clave, UK
ASB260T, Astell, UK

Cell culture incubator

WTC, Binder, Germany

Carbon dioxide tank (cell

Genc Karbon, Turkey

culture)
Centrifuges Ultracentrifuge J2MC, Beckman, USA VWR CTI15RE,
g Japan Allegra X-22, Beckman USA
Cold room Birikim Elektrik Sogutma, Turkey

Confocal microscope

Leica SP8, USA
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Electrophoresis
equipments

Mini-Protean III Cell, Bio-Rad, USA

Fluorescent microscope

Axio Observer.Z1, Zeiss, Germany

Freezers and Refrigerators

4 °C: Ugur, USS 374 DTKY, Turkey
-20 °C: Ugur, UFR 370 SD, Turkey
-80 °C: ULT deep freezer, Thermo, UK
-150 °C: Sanyo MDF-1156, UK

Heat block

Block heater analog, VWR, USA

Ice flaker

Scotsman Inc. AF20, Italy

Inverted microscope

Z1 Axio Observer, Zeiss, USA

Laminal flow cabinet

Class II B, Tezsan, Turkey

Micropipettes

Finnpipette, Thermo, USA

Microwave oven

Argelik, Turkey

Nanodrop ND-1000, Thermo Fisher, USA
Oven Gallenkamp, 300, UK
pH meter Hanna Instruments, USA
Pipettor S1 Pipet Filler, Thermo Fisher, USA
Power supply EC XL 300, Thermo Fisher, USA
Rotator ISOLAB, Germany

Rotator-mixer

Grant Instruments, UK

Shaker

Analog Orbital Shaker, VWR, USA

Softwares

Quantity One, Bio-Rad, Italy
Imagel, Image Analysis Software, NIH, USA
XStella 1.0, Stella, Germany
FlowJo, USA,

PyMOL, USA
Syngene-Genetools, UK
Leica LASX, USA

Sonicator

SONOPULS, Bandelin, Germany

Vortex

VWR, USA

Water purification

WA-TECH UP Water Purification Sys., Germany
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Water purification system

UTES, Turkey

Western blot
documentation system

G-BOX Chemi XX6, Syngene, UK

Table 4.2. Disposable Materials.

Material

Supplier

Cell culture petri dishes (145 mm, 100 mm, 60 mm) TPP, Switzerland

Cell culture flask (75 cm?) with filter screw cap

TPP, Switzerland

Cell scraper

TPP, Switzerland

Centrifuge Tubes (15 mL, 50 mL)

CAPP, Denmark

Cover slips (20 mm)

Marienfeld, Germany

Cryogenic vials (2 mL)

CAPP, Denmark

Microfuge Tubes (1.5 mL, 2 mL)

CAPP, Denmark

Micropipette tips

Axygen, USA

Multiwell plates (6-well, 12-well)

TPP, Switzerland

Nitrocellulose membrane

GE Life Sciences, England

Petri dishes

Firat Plastik, Turkey

Pipette tips (bulk)

CAPP, Denmark

Pipette tips (filtered)

BioPointe Scientific, USA

Serological pipettes (5 mL, 10 mL, 25 mL)

CAPP, Denmark

Syringe filter units (0.22 um, 0.45 um)

EMD Millipore, USA

Syringes (1 mL, 5 mL, 10 mL, 50 mL)

Set Medikal, Turkey

Test tubes (0.2 mL, 0.5 mL, 1.5 mL, 2 mL)

CAPP, Denmark

Whatman filter paper-extra thick

Thermo Scientific, USA
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4.3. Cell and Bacterial Culture

The following table contains the media and solutions used for cell and bacterial

culturing.
Table 4.3. Growth Media and Reagents.
Material Supplier
Agar with 5% sheep blood BD, Germany
Doxycycline hyclate Sigma-Aldrich
Dulbecco’s Modified Eagle Medium (DMEM) Gibco, Fisher Scientific, USA
Fetal bovine serum (FBS) Gibco, Fisher Scientific, USA
HEPES buffered saline (HBS) Lonza, Switzerland
Gentamicin (50 mg/mL) GeneMark, Taiwan
Luria-Bertani (LB) broth Caisson Laboratories, USA
Penicillin/streptomycin (100X) Lonza, Switzerland
Roswell Park Memorial Institute (RPMI) medium Gibco, Fisher Scientific, USA
Todd Hewitt Broth (THB) VWR, USA
Trypsin-EDTA (0.5 mM EDTA, 0.025% Trypsin) Gibco, Fisher Scientific, USA

4.4. Plasmids

Below is a list of the plasmids used in the experiments for this project.



25

Table 4.4. Plasmids.

Construct Origin Backbone
Provi Dr. N. C. Tol
FLAG-Cas9 (S. pyogenes) rovided by Dr oed pCW
Emre
i . Thé
His-Ubiquitin Provided by‘ Dr. Hugues de Thé, Unknown
Collége de France
FLAG-pCMV Provided by Dr. Necla Birgiil pCMV

4.5. General Kits, Enzymes and Chemicals

The following tables contain lists of the kits and chemicals that were used for this

project.
Table 4.5. Kits and Reagents.
Product Supplier
Complete Mini Protease Inhibitor Cocktail Roche, Switzerland
Duolink® In Situ Orange Starter Kit Mouse/Rabbit Sigma-Aldrich, USA
ECL-Femto Thermo, USA
ECL-Pico Thermo, USA
Ni-NTA Agarose QIAGEN, Netherlands
PageRuler Prestained Protein Ladder Thermo, USA
Protein A/G PLUS-Agarose Santa Cruz Biotechnology, USA
ZymoPURETM MidiPrep Kit Zymo Research, USA




Table 4.6. Chemicals.

Chemical

Supplier

2-mercaptoethanol

Merck, Germany

4’6-diamidino-2-phenylindole (DAPI)

Sigma-Aldrich, USA

Acetic acid

Sigma-Aldrich, USA

Acrylamide

Bio-Rad, USA

Ammonium persulfate (APS)

AppliChem, Germany

Ampicillin

Sigma-Aldrich, USA

Bovine serum albumin (BSA)

Capricorn Scientific, Germany

Bromophenol blue

Sigma-Aldrich, USA

Calcium chloride dehydrate

Sigma-Aldrich, USA

Cycloheximide

Sigma-Aldrich, USA

Dimethy! sulfoxide (DMSO)

Sigma-Aldrich, USA

Disodium hydrogen phosphate

Merck, Germany

Ethanol

Merck, Germany

Ethylenediaminetetraacetic acid (EDTA)

Wisent Bioproducts, Canada

Glycerol MP Biomedicals, USA
Glycine NeoFROXX, Germany
Goat serum Gibco, Fisher Scientific, USA

Guanidine hydrochloride

Santa Cruz Biotechnology, USA

Hydrochloric acid

Sigma-Aldrich, USA

Imidazole Sigma-Aldrich, USA
Isopropanol Sigma-Aldrich, USA
Kanamycin Gold Biotechnology, USA

Methanol Merck, Germany

MG132 Calbiochem, Germany
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N-ethylmaleimide (NEM)

Sigma-Aldrich, USA

Nonidet P-40

Sigma-Aldrich, USA

Paraformaldehyde (PFA)

Santa Cruz Biotechnology, USA

Potassium chloride

Sigma-Aldrich, USA

Phorbol 12-myristate 13-acetate (PMA)

Santa Cruz Biotechnology, USA

Sodium chloride

Merck, Germany

Sodium dodecyl sulfate (SDS)

Merck, Germany

Sodium hydroxide

Merck, Germany

Tetramethylethylenediamine (TEMED)

Sigma-Aldrich, USA

Tris-base

Sigma-Aldrich, USA

Triton X-100

VWR, USA

Tween 20

Merck, Germany

4.6. Buffers and Antibodies

The following tables contain the recipes for the solutions, gels, and buffers, as well

as a list of the antibodies used throughout this project.

Table 4.7. Solutions and Buffers.

Solution/Buffer Content
80 mM NaHPO4
1.5 M NaCl
10X Phosphate buffered saline with Tween 20 20 mM KH>POq4
(PBS-T) 30 mM KCl
1% Tween 20

(pH 7.4)
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Table 4.7. Solutions and Buffers (cont.)

10X SDS Western blot running buffer

1% (w/v) SDS
3.03% (w/v) Tris base
11.41% (w/v) glycine

in ddH>0

10X SDS Western blot transfer buffer

3.03% (w/v) Tris base
11.41% (w/v) glycine
in ddH,O

4X Laemmli buffer

200 mM TrisHCI (pH 6.8)
8% SDS
40% glycerol
4% 2-mercaptoethanol
50 mM EDTA
0.08% bromophenol blue
in ddH20

5% Stacking gel (Western Blot)

0.125 mM TrisHCI (pH 6.8)
0.1% (w/v) SDS
4% (w/v) acrylamide:bisacrylamide
0.05% (w/v) APS
0.0075% (w/v) TEMED
in ddH20

7% Resolving gel (Western blot)

375 mM TrisHCI (pH 8.8)
0.1% (w/v) SDS
7% (w/v) acrylamide:bisacrylamide
0.05% (w/v) APS
0.005% (w/v) TEMED
in ddH20

Buffer A (His pulldown)

6 M guanidine-HCI
0.1 M Na;HPO4+/NaH2PO4 (1:7
mixture)
15 mM imidazole
in ddH»O (final pH 8.0)




Table 4.7. Solutions and Buffers (cont.)

Buffer A/TI (His pulldown)

1 volume Buffer A
3 volumes Buffer TI

Immunofluorescence blocking & antibody

solution

5% (w/v) goat serum
3% BSA
in PBS

Immunoprecipitation lysis buffer

2% SDS
50 mM TrisHCI (pH 8.0)
20 mM NEM
Protease inhibitor cocktail
in ddH>0

N-ethylmaleimide (NEM) stock solution

0.5 M N-ethylmaleimide in ethanol

Radioimmunoprecipitation (RIPA) buffer

50 mM TrisHCl
250 mM NaCl
0.5% NP-40
10% glycerol
in ddH20 (pH 7.2)

TI buffer (His pulldown)

25 mM TrisHCI
25 mM imidazole
in ddH»O (final pH 6.8)

Western blot blocking & antibody solution

5% (w/v) skim milk
in PBS-T




Table 4.8. Antibodies.
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Antibody Supplier Source | Dilution
B-Actin (#8457L) Cell Signalling Technologies, USA | Rabbit | 1:1000
Cas9 (#844301) BioLegend, USA Mouse | 1:100
FLAG (#F3165) Sigma-Aldrich, USA Mouse | 1:1000
6X Histidine (#sc-57598) Santa Cruz Biotechnology, USA | Mouse | 1:1000
Mouse IgG, Alexa Fluor 546 ) o
Thermo Fisher Scientific, USA Goat 1:800
(#A-11003)
Rabbit IgG, Alexa Fluor 488 ) o
Thermo Fisher Scientific, USA Goat 1:800
(#A-11034)
SUMO-1 (#4930S) Cell Signalling Technologies, USA | Rabbit | 1:100
SUMO-2/3 (#4971S) Cell Signalling Technologies, USA | Rabbit | 1:100
Tubulin Santa Cruz Biotechnology, USA | Mouse | 1:1000
Ubiquitin (FK2) ) )
Enzo Life Sciences, USA Mouse | 1:1000

(#BML-PW8&810-0500)
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5. METHODS

5.1. Cell Culture

HeLa, HK-2 and HEK293 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. They were grown in 100 mm cell culture dishes in a humidified
incubator that maintained the temperature at 37°C and CO2 levels at 5%. The cells were

passaged every 2-3 days when they reached a confluency of ~90%.

THP-1 cells were maintained in suspension in Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% FBS and 1% penicillin/streptomycin. They were
maintained in the same incubator as HEK293 cells using 75 ¢cm? tissue culture flasks and

passaged every few days upon visual confirmation of sufficient confluency.

5.2. Generation of Stable Cell Lines

HEK293 cells were seeded into 100-mm cell culture dishes and grown to 80%
confluency, after which they were transfected with a pCW-Cas9 lentiviral construct.
Following day, the cell medium was aspirated and replaced with fresh medium containing
25 uM of chloroquine. A mixture containing 7.5 ug of psPAX; and 4 pg of p-VSV-G helper
plasmids along with 10 pg of pCW-Cas9 was prepared in sterile double-distilled water. 62.5
puL of 2 M CaCl; was then added to bring the total volume up to 500 pL. The solution was
then resuspended and spinned in a microfuge. Next, an equal volume of 1X HEPES Buffered
Saline Solution (HBS) was added dropwise and the mixture was vigorously resuspended.
After a 10-minute incubation at room temperature, the mixture was added onto the cells in
a dropwise manner. Following a 6-hour incubation in the cell culture incubator, the cell
medium was removed and replaced with DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin (complete medium). 72 hours after transfection, the cell medium was
collected and passed through a 0.45 puM filter to harvest the lentivirus. The filtered medium

was aliquoted into microfuge tubes to be used for lentiviral transduction.
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150,000 HEK293 cells were seeded into 6-well cell culture dishes for lentiviral
transduction. Next day, the lentivirus-containing medium was mixed with polybrene to
obtain a final concentration of 4 pg/mL. The cell media in the 6-well plates was aspirated
and replaced with 300 puL of lentivirus-containing medium. This medium was removed after
6-8 hours and fresh complete medium was added onto the cells. The transduced cells were

then selected for by the addition of 2 pg/mL of puromycin, until all untransduced cells were
dead.

5.3. Transfection

HEK293 cells were transfected the day after being seeded into 100 mm cell culture
dishes, when they reached a confluency of 50-70%. For each plate, 420 pL of ddH>O was
aliquoted into 1.5 mL microfuge tubes, to which 18 pug of plasmid DNA was added, followed
by vortexing and a brief centrifugation step. Following this, 61 uL of 2 M calcium chloride
(CaCly) solution was added dropwise, and the mixture was left to incubate at room
temperature for 5 minutes. Next, 500 pL of 2X HBS was added dropwise. The resultant ~1
mL transfection mixture was vigorously resuspended and left to incubate at room
temperature for 10 minutes. After incubation, the mixture was resuspended and distributed
in a dropwise manner onto the cells. Concurrently with transfection, doxycycline was added
to the medium with a final concentration of 2 pg/mL, as the Cas9 expression plasmid is

doxycycline-inducible.

The cells were incubated for at least 18 hours before lysis to allow for optimal

expression.

5.4. Histidine Pulldown Assay

For histidine pulldown experiments, HEK293 cells were grown in 100 mm dishes to
a confluency of ~90% for lysis. The day before lysis, cells were transfected as described
above with His-ubiquitin, FLAG-Cas9 and FLAG-pCMV constructs (Table 5.1), except for
the stable cell line for which FLAG-Cas9 transfection was not performed. The FLAG-pCMV

construct was used to equalize the amount of transfected DNA. A few hours after
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transfection, cells were treated with 2 uM of MG 132 or an equal volume of DMSO as carrier.

The treatment was continued overnight (~16 h).

Table 5.1. Transfection and Treatment Plan for Histidine Pulldown.

Plate # Plasmid Treatment
1 10 pg His-ubiquitin + 8 ug FLAG-pCMV MG132
2 8 ng Flag-Cas9 + 10 pg FLAG-pCMV MG132
3 8 ng Flag-Cas9 + 10 pg His-ubiquitin MG132
4 8 ng Flag-Cas9 + 10 pg His-ubiquitin DMSO

The following day, 50 pL of Ni-NTA slurry was equilibrated for each experimental
group. For equilibration, 1 mL of Buffer A was added to the Ni-NTA beads in a 1.5 mL
microfuge tube. Next, the tube was spinned in a room temperature microfuge for 45 seconds.

The supernatant was removed, and the wash was repeated two more times.

After the beads were equilibrated, the cell medium was aspirated, and the cells were
quickly washed with 5 mL of 1X PBS. The PBS was removed, and another wash was
performed with a 20 mM NEM solution in cold PBS. After this solution was removed, | mL
of ice-cold PBS was added to each plate. The cells were scraped, transferred to 1.5 mL
microfuge tubes and centrifuged for 45 seconds at maximum speed. The supernatant was
removed, and the cells were resuspended in 500 pL of PBS. 20 pL of this suspension was
set aside and lysed in 50 pL of 2X Laemmli buffer to serve as whole cell lysate control. The
lysate was boiled at 95 °C, centrifuged for 10 minutes at 4 °C at maximum speed, and stored

at -20 °C until Western blotting.

The remaining cell suspension was spinned for 45 seconds at maximum speed, and
after the supernatant were removed, the cells were lysed in 1 mL of Buffer A. Afterwards,
the lysate was sonicated until it was no longer viscous. 50 pL of equilibrated Ni-NTA beads

were added to each lysate, and the mixture was incubated on a rotator-mixer at room
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temperature for 3 h. After the incubation was over, the tubes were centrifuged for 10 seconds
at maximum speed, and all but the last 100 uL of the supernatant was discarded. The
remaining resin was resuspended in 1 mL of Buffer A, and after a 10 second centrifugation
at maximum speed, 1 mL of the supernatant was discarded. This wash step was repeated
once more with Buffer A, after which two washes were performed with Buffer A/TI and one
additional wash was performed with TI Buffer. After the wash, a 26G needle was inserted
into the resin pellet to remove any residual liquid, and the dry resin was resuspended in 100
pL of 2X Laemmli buffer containing 0.1 M imidazole. The lysate was boiled at 95 °C for 10
minutes, spinned down for 45 seconds at room temperature, and stored at -20 °C until

Western blotting.

5.5. Immunoprecipitation Assay

For immunoprecipitation, same transfection and treatment protocols were followed
as described for the histidine pulldown assay (Table 5.1). Before lysis, a 100 pL slurry of
protein A/G agarose beads was set aside for each experimental group and equilibrated via 3
separate washes with RIPA buffer. The cell media were aspirated, and the cells were washed
with 1 mL of 20 mM NEM dissolved in cold PBS. The solution was removed, and the cells
were scraped using 1.5 mL of cold PBS and transferred into 1.5 mL microfuge tubes. After
centrifugation for 1 minute at 3000 g at 4 °C, the supernatant was aspirated, and the cells
were lysed using 150 pL of cold lysis buffer consisting of 2% SDS, 50 mM Tris, 20 mM
NEM and protease inhibitor cocktail. The lysis was performed by vigorously resuspending
the mixture with a pipette. The lysates were then sonicated, and after ensuring sufficiently
low viscosity, the lysis buffer was diluted 1:10 using RIPA buffer containing 10 mM NEM
and protease inhibitor cocktail. 200 puL of lysate from each group was collected and
resuspended in 4X Laemmli buffer to serve as whole cell transfection control. The lysate
mixture was boiled at 95 °C for 10 minutes, centrifuged at maximum speed for 10 minutes

at 4 °C, and stored at -20 °C until Western blotting.

Next, 50 uL of equilibrated beads were added to each of the remaining 1.3 mL lysate
mixtures for preclearance to eliminate nonspecific protein binding to the beads. The bead-
lysate mixtures were incubated on a rotator-mixer for 1 h at room temperature. After the

incubation step was over, the microfuge tubes were spinned down on a personal centrifuge
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for 45 seconds at room temperature, and the supernatants were transferred to a fresh set of
1.5 mL microfuge tubes. 2.5 pL of antibody was added into each tube, and the samples were
left to incubate on a rotator-mixer for 2 h at 4 °C. Following this, 50 puL of equilibrated beads
were added into the tubes, and another 2 h incubation was performed under the same
conditions. Next, the tubes were spinned down, the supernatants were removed, and the bead
pellets were washed 3 times with the RIPA buffer and once with cold PBS. Any remaining
liquid was aspirated using a 26G syringe. After this step, the pellet was resuspended in 60
puL of 2X Laemmli buffer, boiled at 95 °C for 10 minutes, spinned for 45 seconds on a

personal centrifuge at room temperature and stored at -20 °C until Western blotting.

5.6. Western Blotting

Lysates were thawed for 5 minutes at 95 °C and centrifuged before being loaded onto
an SDS-PAGE gel. For the pulldown assays, 20-30 uL of each sample was loaded onto two
separate gels, accounting for the transfection and pulldown controls. After loading,
electrophoresis was performed at 70 V and 130 V for the stacking and resolving portions of
the SDS-PAGE gels, respectively. A protein ladder was used as reference to terminate the
electrophoresis at the desired point. After this step, each gel was transferred onto a
nitrocellulose membrane sandwiched between components consisting of a single thick
Whatman filter paper and a cassette sponge. The enclosing cassette was placed into a wet
system for the transfer step, which was carried out at 100 V for 3 h at 4 °C. Next, the
nitrocellulose membranes that now contained the proteins were incubated in blocking
solution (5% milk in PBS-T) for 1 h on a room-temperature shaker. After this step, the
membranes were transferred into 50 mL centrifuge tubes and were supplied with the
corresponding primary antibody dissolved in blocking solution. The tubes were incubated
on a centrifuge tube rotator overnight at 4 °C. Next day, 3 5-minute washes were performed
with PBS-T, and the membranes were treated with the secondary antibody dissolved in
blocking solution. Following a 1 h room temperature incubation with the secondary antibody
solution, the membranes were washed 3 times with PBS-T for 10 minutes each. Next,
visualization was performed by applying a horseradish peroxidase solution directly onto the
membranes, which led to a chemiluminescence signal that was detected by a visualization

system (GBox Chemi, Syngene, UK).
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5.7. Mass Spectrometry

MS/MS was performed to determine the ubiquitylated sites on Cas9. HEK293 cells
were seeded into 100 mm cell culture dishes and transfected with FLAG-Cas9 and His-
ubiquitin constructs. His pulldown was performed as described above, and the proteins were
eluted by incubating the Ni-NTA beads with 120 pL of 1 M imidazole on a rotator-mixer
for 2 h at room temperature, followed by another overnight incubation at 4 °C. Next day, 5
uL of the elute was mixed with an equal volume of 4X Laemmli, boiled at 95 °C for 10
minutes and stored at -20 °C until Western blotting to analyze protein levels. Next, 100 uL
from each elute was transferred into concentration tubes, on top of which 400 uL of RIPA
buffer was added. The samples were centrifuged at 15,000 g for 5 min. When the volume
above the filter was down to 100 pL, it was supplemented with another 400 puL of RIPA
buffer, and this process was repeated for a total of three times. Finally, the remaining
concentrated samples were transferred into a fresh set of 1.5 mL microfuge tubes, and the
volume was completed to 500 L. with RIPA buffer. Again, 25 uL of the sample was set
aside, mixed with 8 uL of 4X Laemmli, boiled at 95 °C for 10 minutes and stored at -20 °C

until Western blotting to analyze protein levels.

Next, a protease inhibitor cocktail was added into each sample tube along with 3 pL
of anti-FLAG antibody, and the samples were handled as described in the
immunoprecipitation protocol starting with the lysate-antibody incubation step, except that
the elution was performed using 65 pL of 2X Laemmli. The samples were then sent to the

European Molecular Biology Laboratory (EMBL) for analysis.

5.8. Bacterial Culture and Infection

The number of bacteria in the suspension cultures of Streptococcus pyogenes was
determined by inoculating the bacteria into 10 mL Todd Hewitt Broth (THB) in a 15 mL
centrifuge tube and incubating the sealed tube overnight (16 h) at 37 °C. Next day, the culture
was retrieved, and serial dilutions were performed in THB. For each diluted suspension, an
optical density measurement was obtained at 600 nm (ODsoo) using a spectrophotometer.

The suspensions were then plated on agar plates containing sheep blood and incubated
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overnight at 37 °C. The following day, a colony count was performed on the blood agar
plates, and the number of observed colonies was taken to be indicative of the number of
bacteria in the corresponding suspension. This number was then correlated to the previously
obtained ODgoo measurements so that a standard could be established for the infections to

estimate the number of bacteria in a given culture based on its ODgoo value.

Before infection, Streptococcus pyogenes were inoculated into 10 mL of Todd
Hewitt Broth (THB) and grown overnight as described in the previous paragraph. A non-
inoculated THB tube was also incubated to control for contamination. Next day, the bacterial
suspension was diluted 1:10 in THB into a separate subculture, and ODsoo measurement was
obtained at this initial timepoint. The subculture was then incubated at 37 °C until the ODgoo

value quadrupled, indicating that the bacterial growth curve had attained the log phase.

In parallel, THP-1 cells were seeded on 20 mm cover slips within 12-well plates the
day before infection, with 500,000 cells being apportioned into each well. The cells were
treated overnight (~18 h) with 20 ng/mL of PMA dissolved in complete RPMI in order to
induce monocyte differentiation for optimal attachment and infectivity. Next day, the
treatment medium was removed, and the adherent cells were washed with PBS. After the
PBS was removed, 500 puL of incomplete RPMI (without FBS or penicillin/streptomycin)
was added into the wells, and log phase Streptococcus pyogenes suspension was added
dropwise onto the cells. The multiplicity of infection (MOI) was standardized at 20. After
internalization was allowed to take place for 2 h in the cell culture incubator, the medium
was removed, and the cells were treated with 400 pg/mL of gentamicin in incomplete RPMI
for 45 minutes to kill of any extracellular bacteria. After this step, the cells were removed

from the incubator and washed 3 times with PBS to remove any residual bacteria.

5.9. Immunofluorescence

Immunofluorescence experiments were performed with THP-1 cells infected as
described above. For this purpose, the PBS-washed cells were fixed with 4%
paraformaldehyde in PBS for 30 minutes at room temperature. The paraformaldehyde

solution was removed after this time period, and the cells were washed for 5 minutes with a
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300 mM solution of glycine in cold PBS to quench the free aldehyde groups and prevent
nonspecific antibody binding. The glycine solution was removed, and 2 5-minute washes
were performed with PBS. After this, the cells were permeabilized with 0.25% Triton-X in
PBS for 30 minutes at room temperature. This solution was removed, and the cells
underwent 3 5-minute washes with PBS at room temperature. After washing, a blocking
solution (3% BSA and 5% goat. Serum in PBS) was added to the cells. Following two hours
of blocking at room temperature, the cover slips were removed from the 12-well plates and
placed upside down onto a parafilm-coated platform containing 20 pL of the primary
antibody solution (1:100 in blocking solution). The setup was transferred into a portable
humidifying chamber, which was left overnight at 4 °C. Next day, the cover slips were
flipped, and the antibody solution was removed via a pipette. 3 5-minute PBS incubations
were performed at room temperature, after which the cover slips were placed onto the
parafilm platform to be incubated with the secondary antibody solution (1:800 in blocking
solution). After a 4 h incubation in a dark humidifying chamber at room temperature, the
cover slips were flipped again, and the antibody solution was washed off with 3 5-minute
PBS incubations at room temperature. The cover slips were then mounted onto slides using
8 uL of Vectashield mounting medium containing DAPI, and a transparent nail polish was
applied along the periphery of the cover slips. The slides were then stored at 4 °C until

visualization under the confocal microscope (Leica TCS SP8, USA).

5.10. Proximity Ligation Assay

THP-1 cells were used for in situ proximity ligation assay following infection with
Streptococcus pyogenes as described above. The immunofluorescence protocol was
followed until after the overnight primary antibody incubation step was completed. After the
cover slips were flipped, the surface containing the adherent cells was incubated 3 times in
PBS-T for 5 minutes each at room temperature. In parallel, oligonucleotide-conjugated
secondary antibodies were included in a solution containing 4 uL of mouse secondary
(PLUS), 4 pL of rabbit secondary (MINUS) and 12 pL of PLA dilution buffer for each
condition. The mixture was prepared within a 0.2 mL test tube, centrifuged and vortexed.
The 20 uL mixture was then applied onto the parafilm platform, on which a cover slip was
placed with the adherent cells facing down. The cells were incubated in this solution for 4 h

at room temperature in a humidifying chamber. After this step, the cover slips were
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incubated 5 times in PBS-T for 5 minutes each to eliminate excess antibody. During these
washes, a ligation mix was prepared by diluting the 5X ligation buffer in nuclease-free sterile
water to a final volume of 20 pL per condition and adding 0.5 uL of ligase. The mixture was
gently vortexed and briefly centrifuged. When the PBS-T washes were finished, the cover
slips were incubated in the ligation mixture on parafilm for 30 minutes in a humidifying
chamber at 37 °C. After ligation, 5 5-minute incubations were performed in PBS-T as
described in the previous step. During these washes, 5X amplification buffer was diluted in
nuclease-free sterile water to yield a final volume of 20 pL per condition, into which 0.75
uL of polymerase was added. Once the PBS-T washes were complete, the cover slips were
transferred onto the polymerization mixture on parafilm and incubated for 120 minutes at
37 °C in a humidifying chamber. Following polymerization, the cover slips were washed at
room temperature with 2 10-minute incubations in 1x PLA wash buffer, followed by a final
I-minute incubation in 0.01x PLA wash buffer. The cover slips were then dried off, mounted
and stored as described in the immunofluorescence protocol. All of the buffers, antibodies

and enzymes used after the primary antibody incubation step were provided by the PLA kit.

The same protocol was followed for the experiments involving the endogenous

ubiquitin modification in Cas9-stable HK2 cells, excluding the infection step.
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6. RESULTS

6.1. Generation of the Cas9-Stable HEK293 Cells

Human embryonic kidney (HEK293) cells were transduced with a doxycycline-
inducible lentiviral construct expressing FLAG-Cas9 for immunoprecipitation and histidine
pulldown experiments. The Cas9 levels upon an overnight treatment with 2 pg/mL of
doxycycline were determined via Western blotting by probing with anti-FLAG antibody
(Figure 6.1). Upon confirmation of sufficient protein levels, we proceeded with the
experiments using this stable expression system, in parallel to experiments with a

transfection-based system where the FLAG-Cas9 construct is transiently-expressed.

Dox - S S
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R 1A G
160-
0 A s | Tubulin

Figure 6.1. Inducible FLAG-Cas9 expression in HEK293 cells. FLAG-Cas9 expression
was induced in HEK293 cells following lentiviral transduction and overnight doxycycline
treatment. The cells were lysed next day, and the expression levels were determined by
immunoblotting in biological duplicates. Tubulin was used as loading control. Dox =

doxycycline.
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6.2. Investigation of Cas9 Ubiquitylation by His Pulldown Assays

In order to investigate the potential post-translational modifications on the Cas9
protein, we started out by assaying for the covalent interactions between Cas9 and ubiquitin
in HEK293 cells. Ubiquitylation often leads to decreased protein stability due to proteasomal
degradation, which can be circumvented with the use of proteasomal inhibitors such as
MGI132 (Hayashi et al., 1992). We explored whether this was the case for Cas9 by
performing transfections with His-ubiquitin and FLAG-Cas9 in the presence or absence of
MG132, followed by pulldown with Ni-NTA agarose beads and immunoblotting with anti-
FLAG antibody. Our results revealed robust ubiquitin modification on Cas9, yielding a
ladder-like pattern which suggests polyubiquitylation or ubiquitylation at multiple residues
(Figure 6.2). This pattern was largely absent in the experimental group that was treated with

the carrier, hinting at the degradation of modified Cas9 by the ubiquitin-proteasome system.

His-Ub + - + + His-Ub + + + His-Ub + - + +
FLAG-Cas9 - + + + FLAG-Cas9 - + + + FLAG-Cas9 - + + +
MG132 + + + - MG132 + + + MG132 +

Input ‘

180 180- h.

WB: FLAG PD: His
WB: FLAG

PD: His
'WB: Ubiquitin

Figure 6.2. His pulldown with immunoblotting for anti-FLAG. HEK293 cells were
transfected with the indicated constructs and treated with MG132 or carrier. (a)
Ubiquitylated Cas?9 is visible upon transfection of His-Ub and FLAG-Cas9 in combination
with MG132 treatment. (b) Ubiquitin profile in the pulldown fraction. WCL = whole cell
lysate. PD = pulldown.
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To further verify our results, we repeated the experiment in HEK293 cells transduced
with a doxycycline-inducible lentiviral vector carrying FLAG-Cas9, instead of transiently
expressing this construct through transfection. As per the experimental setup that was
explained above, we transfected these cells with His-ubiquitin and performed a His pulldown
assay. Our results corroborated the presence of Cas9 ubiquitylation, which was not

observable in the group that was treated with carrier rather than MG132 (Figure 6.3).

HisUb  + - + + HisUb 4 - + + His-Ub  + - + +
Dox - + + + Dox - + + + Dox - + + +
MG132 + + + - MG132 + + + - MG132 + + + -
Input
180-
180- 180.
130-
130- 130-
WB: FLAG PD: His PD: His
WB: FLAG WB: Ubiquitin

Figure 6.3. His pulldown with immunoblotting for anti-FLAG in Cas9-stable HEK293
cells. HEK293 cells were transfected and treated as indicated above. a) Ubiquitylated Cas9
is visible upon transfection of His-Ub in combination with MG132 treatment. (b) Ubiquitin

profile in the pulldown fraction. Dox = doxycycline. PD = pulldown. WB = Western blot.

6.3. Investigation of Cas9 Ubiquitylation by Immunoprecipitation Assay

We tested the same idea using a different approach by immunoprecipitating FLAG-
Cas9 and immunoblotting for His-ubiquitin. Once more, HEK293 cells were transfected
with His-ubiquitin and FLAG-Cas9, in combination with an overnight treatment with

MG132. Following pulldown with anti-FLAG antibody and immunoblotting using His
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antibody, we observed a smear-like pattern in the group that was transfected with FLAG-
Cas9 and His-ubiquitin under MG132 treatment condition (Figure 6.4). As before, this

pattern was absent in the experimental group treated with carrier.

His-Ub + - + +
FLAG-Cas9 — + + +
MG132 + + + -
Input
His-Ub + - + +
FLAG-Cas9 — + + +
150) MG132 + + + -
1304 — G A G——
WB: FLAG

180+

130

IP: FLAG
‘WB: Ubiquitin

IP: FLAG
WB: FLAG

Figure 6.4. Immunoprecipitation of FLAG-Cas9 with immunoblotting for His. HEK293
cells were transfected with the indicated constructs and treated with MG132 or carrier.
Next day, immunoprecipitation was performed using agarose beads coupled with anti-
FLAG antibody. (a) Cas9 levels across the four experimental groups. (b) His-ubiquitin-

modified Cas9. IP = immunoprecipitation. WB = Western blot.

6.4. Investigation of Cas9 Ubiquitylation by Proximity Ligation Assay

Finally, in order to further confirm our previous results in a more natural setting
under stable expression conditions, we performed a proximity ligation assay (PLA) in
FLAG-Cas9-stable HK2 cells to probe for the ubiquitylation of Cas9. PLA is a highly
sensitive technique that enables visualization of protein-protein interactions that occur
within the proximity of less than 40 nm (Sahin et al., 2016). Therefore, it affords the

possibility of using endogenous levels of proteins to detect ubiquitin or SUMO



44

modifications, which is challenging with less sensitive methods such as

immunoprecipitation.

We used antibodies that target FLAG-Cas9 and endogenous ubiquitin, and specific
secondary antibodies that recognize only one of these primary antibodies. These secondary
antibodies are conjugated to complementary oligonucleotides that interact when the
secondary antibodies are in sufficient proximity and undergo a rolling circle amplification
reaction, the product of which yields a detectable fluorescent signal. Our results corroborated
the presence of ubiquitin modification on stably-expressed FLAG-Cas9 under MG132
treatment conditions in HK-2 cells (Figure 6.5). In addition, very few signals were observed
in the absence of MG132, indirectly confirming the proteasomal degradation hypothesis.
Negative control groups were probed with either FLAG or ubiquitin antibody, but not both,
and signified the background signal level. Thus, we were able to visualize Cas9

ubiquitylation with the endogenous levels of this modifier for the first time.
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Figure 6.5. PLA in FLAG-Cas9-stable HK-2 cells showing interaction between Cas9 and
endogenous ubiquitin. Clockwise starting from upper-left: FLAG-only primary antibody

control (+MG132), ubiquitin-only primary antibody control (+MG132), Cas9 and ubiquitin
interaction (+DMSOQ), Cas9 and ubiquitin interaction (+MG132).

6.5. Mass Spectrometry to Determine the Ubiquitylation Sites on Cas9

Having employed multiple approaches to assess Cas9 ubiquitylation, we moved on
to mapping the ubiquitin-modified sites by performing MS/MS in FLAG-Cas9- and His-
ubiquitin-transfected HEK293 cells. The samples were prepared by Yusuf Tunahan Abaci
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at Bogazici University and sent to the European Molecular Biology Laboratory (EMBL) for

analysis. The ubiquitin modifications on the Lys residues were detected as diglycine (GG)

remnants following tryptic digestion and identified as such when the Mascot score reached

a significance threshold value of >32 for the given peptide, in combination with a minimum

Mascot delta score of 5 (Table 6.1). After applying these criteria, we were left with 11 sites

that are subject to ubiquitylation (Figure 6.6).

Table 6.1. Ubiquitin-Modified Cas9 Residues as Determined by Mass Spectrometry.

Amino

Description | Position acid Sequence Score | Delta
Cas9 150 K LEESFLVEEDKKHER 27 10
Cas9 179 K KLVDSTDK 35 35
Cas9 186 K LVDSTDKADLR 75 75
Cas9 271 K LENLIAQLPGEKK 41 8
Cas9 352 K VNTEITKAPLSASMIK 40 40
Cas9 430 K MDGTEELLVKLNR 26 26
Cas9 538 K MTNFDKNLPNEK 39 33
Cas9 544 K NLPNEKVLPK 20 20

EDIQKAQVSGQGDSL

Cas? 78 « HE(I){IAI\?LAG;QPAIK 28 28
Cas9 893 K DDSIDNKVLTR 28 28
Cas9 904 K GKSDNVPSEEVVK 36 36
Cas9 934 K KFDNLTK 24 24
Cas9 940 K KFDNLTKAER 60 60
Cas9 986 K YDENDKLIR 24 24
Cas9 1062 K MIAKSEQEIGK 48 48
Cas9 1069 K SEQEIGKATAK 41 39
Cas9 1123 K KVLSMPQVNIVK 21 21
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Table 6.2. Ubiquitin-Modified Cas9 Residues as Determined by Mass Spectrometry (cont.)

Cas9 1135

K KTEVQTGGFSK

91

91

Cas9 1223

K NPIDFLEAKGYK

22

10

Cas9 1260

K MLASAGELQKGNELALPSK

56

56

a

DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNR
ICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIY
LALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVN
TEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGT
EELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL
SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE
DIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFM
QLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQ
KGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPQSFLK
DDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLI TQRKFDNLTKAERGGLSELDKAGF TKROQLVETR
QITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYP
KLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRD
FATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKK
LKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYV
NFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENII
HLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDKRPAATKKAGQAKKKK

K147 K901 K1030
K313
K140 K232 K499 kees | K1%%% k1oos K1221
| | 1N
RuvC-l Recognition Lobe RuvC-Il HNH RuvC-Ill PAM-interacting

Figure 6.6. Mass Spectrometry Results Showing Ubiquitin-Modified Residues on spCas9.

(a) The spCas9 amino acid sequence with the modified Lys residues highlighted in red. (b)

The positions of the modified residues on the spCas9 3D model. (c) The positions of the

6.6. Stability of the Ubiquitylated Cas9 Protein

modified residues within each domain.

Next, we asked how ubiquitylation-dependent proteasomal degradation impacted the

half-life of Cas9. One strategy that can be used to answer this question involves mutating all

ubiquitin-targeted lysines and comparing the stability of the mutated construct with that of
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the wild-type one. Since we lacked the relevant mutant constructs at the time, we decided to
perform a time-course analysis of Cas9 stability in the presence of absence of MG132 using
Cas9-stable HK-2 cells. For this purpose, we induced FLAG-Cas9 expression in these cells
through an overnight incubation with 2 pg/mL doxycycline while simultaneously treating
the cells with 2 uM MG132 or an equivalent volume of DMSO (carrier). Next day, we
removed doxycycline started treatment with 50 pg/mL of cycloheximide for all groups and
collected the cell lysates at defined timepoints. The results showed that Cas9 half-life was
longer than 24 hours, which was the longest timepoint we were able to pursue due to the
toxic effects of cycloheximide on the cells, especially in combination with MG132 (Figure
6.7). Although the initial levels of Cas9 seem to be higher in the MG132-treated cells, later
timepoints reveal lower levels of Cas9 in this group, most likely attributable to increased
cell death.

Dox + + + + + + + +
Chx + + + + + + + +
MG132 - - - - + + + +
t= 0 4 12 24 0 4 12 24

150 - G e e 180..-- a1 A

--—.-—-—--AMCAQIIN

Figure 6.7. Cycloheximide chase assay to analyze Cas9 stability. Cas9-expressing HK2

cells received 50 pg/mL of cycloheximide over the indicated time periods to assess the

Cas9 half-life (left panels). The same treatment was carried out in the presence of 2uM
MG132 (right panels). Actin was used as loading control. Dox = doxycycline. Chx =

cycloheximide. t = treatment duration in hours.
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6.7. Infection of Human Cell lines with S. pyogenes

Our in silico analyses on the SpCas9 amino acid sequence revealed 10 candidate
consensus motifs that may potentially be subject to SUMO modification (Figure 6.8).
Subsequent to this finding, immunoprecipitation and proximity ligation assays by Yusuf
Tunahan Abaci, another member of our group, showed that stably- and transiently-expressed
Cas9 can get modified by SUMO-1 and SUMO-2/3 (unpublished data). Consequently, we
wanted to explore what the implications of this eukaryotic modification on a bacterial protein
were in terms of the host-pathogen interactions in nature. For this purpose, we first attempted
to optimize a cell-culture-based system where we could induce infection and internalization
of S. pyogenes by human cells, followed by an assay to test whether endogenous SpCas9
gets modified by the host SUMO machinery. This bacterium is a human pathogen that
colonizes the surfaces of epithelial cells and in certain instances can invade them (Greco et
al., 1995). As previous literature showed that HeLa cells are particularly vulnerable to
intracellular infections by S. pyogenes (Greco et al., 1995), we first attempted to infect these
cells using different multiplicities of infection (M.O.1.) between 20-200 (Figure 6.9). The
cells were infected with log-phase bacteria for 2 hours and then treated with 400 ng/mL of
gentamicin in RPMI for a duration 45 minutes, which we determined to be sufficient to kill
all extracellular bacteria. When we lysed the infected cells with either 0.1% Triton-X in PBS,
deionized water or RIPA and spread the lysate on blood agar plates, we were unable to
observe any colony-forming units the following day, signifying a lack of internalization by
HeLa cells. We repeated the same protocol in HK-2 cells, which also did not give rise to any

colony-forming units of intracellular origin.

Given that the epithelial cell infections did not work in our hands, we decided to
adopt a different approach that relied on the ability of THP-1 human monocytic cells to
engulf pathogens rather than the infectivity of our S. pyogenes strain. For this purpose, we
infected these cells using an M.O.I. of 50 for only 1 hour in order to prevent bacterial death
subsequent to engulfment, followed by a 45-minute treatment with 400 pg/mL of
gentamicin. Upon trying 3 different lysis protocols as described in the previous paragraph
and plating the lysate that was diluted 1:5 in Todd Hewitt Broth on agar plates, we were able

to observe 12 colony-forming units. Hence, we concluded that at least 60 bacteria were
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internalized by THP-1 cells, which likely is an underestimation of the actual number given

the bactericidal activity of these cells.

a b

Cas9 Wild Type Amino Acid Sequence

DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK
NRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD
LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENL
IAQLPGEKKNGLFGNLIALSLGLT PNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAT
LLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGY IDGGASQEEFYKF
IKPILEKMDGTEELLVKLNREDLLRKQRTFDNGS I PHQIHLGELHATLRRQEDFY PFLKDNREKIEKILTFRIPY
YVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELT
KVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEI SGVEDRFNASLGTYHDLLK
IIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQ
SGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGS PAIKKGILQTVKVVDEL
VKVMGRHKPENIVI! TTQRGQK IEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRDM
YVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK
FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQ
FYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMN
FFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDK
LIARKKDWDPKKYGGFDSPTVAYSVLVVARKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKK
DLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLD
EITEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENITHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEV
LDATLIHQSITGLYETRIDLSQLGGDKRPAATKKAGQAKKKK

c K1047

K704 K10
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| K1003|
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Figure 6.8. Consensus sumoylation motifs on SpCas9. (a) The SpCas9 amino acid
sequence with candidate sumoylation sites highlighted in red. (b) The same sites on the

SpCas9 3D model. (c) The location of each candidate site within SpCas9 domains.
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Non-Infected Infected

Figure 6.9. DAPI staining of HeLa cells. HeLa cells were infected with S. pyogenes for 2
hours, followed by a 45-minute gentamicin treatment. The filamentous and rosary bead-
like Streptococcal colonies are visible in the second panel surrounding the HeLa cell

nuclei.

After confirming that THP-1 cells were capable of internalizing bacteria, we
proceeded with the immunofluorescence staining of SUMO proteins and Cas9, before
attempting a PLA to show an interaction between these proteins. Since THP-1 are normally
suspension cells that become adherent upon differentiation into macrophages, the additional
incubations that we performed as part of the immunofluorescence protocol led to detachment
of the cells from their culture dishes, hindering our immunolabeling efforts. For this reason,
we started to treat the cells overnight with 20 ng/mL of phorbol 12-myristate 13- acetate
(PMA) prior to infection, which induces THP-1 differentiation and adherence while also
priming these cells for interactions with pathogens (Starr et al., 2018). After the cells became
sufficiently adherent, we performed infection and immunolabeling of the cells with SUMO-
1 and Cas9. After optimizing the protocol to work in our system, we were able to observe
SUMO-1 labeling in both non-infected and infected cells, as well as Cas9 labeling in only
the infected cells (Figure 6.10). Despite these results, further experiments did not show

consistent and prevalent labeling of Cas9 in these cells, although both SUMO-1 and SUMO-
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2 were successfully labeled (Figure 6.11). A time-course experiment where we started the
immunofluorescence protocol 4 and 5 hours post-infection also failed to yield improved

Cas9 labeling (data not shown).

SUMO-1 SUMO-1

Figure 6.10. SUMO-1 and Cas9 labeling in (a) non-infected and (b) infected THP-1 cells.
For each panel: upper left image = DAPI; upper right image = SUMO-1; lower left image

= Cas9; lower right image = merged images.
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SUMO-2 SUMO-2

Figure 6.11. SUMO-2 labeling in THP-1 cells. Clockwise starting from upper-left
panel: SUMO-2 labeling in non-infected cells, SUMO-2 labeling in infected cells, DAPI

labeling in infected cells, DAPI labeling in non-infected cells.

Next, we performed an in situ PLA to investigate the presence of SUMO-I
modification on Cas9 in THP-1 cells. For this purpose, we infected THP-1 cells as described
above and performed a PLA. Our results failed to show an interaction between Cas9 and
SUMO-1 (Figure 6.12). However, the control group where we attempted to visualize Cas9
in the infected cells via immunocytochemistry also failed to show Cas9 labeling. As such,
we were unable to draw any conclusions regarding whether Cas9 may actually get
sumoylated in our system, although the lack of Cas9 labeling may imply scarce presence of

this protein in the eukaryotic environment, rendering it practically inaccessible to the SUMO

machinery.
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Figure 6.12. Proximity ligation assay for SUMO-1-Cas9 interaction. Top row: non-
infected THP-1 cells. Bottom row: infected THP-1 cells. From left to right: bright field,
DAPI, and PLA signal.
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7. DISCUSSION

7.1. Ubiquitylation of Cas9

In this project, we investigated the eukaryotic post-translational modifications on
Cas9 protein, with the hopes of gaining an insight into how this bacterial protein might be
regulated in human cells and what the implications of such regulation might be for CRISPR-
based applications. Our results from multiple experimental approaches showed for the first
time that Cas9 is subject to ubiquitylation in human cell lines, which seems to be decreasing
the stability of the modified protein via proteasomal degradation (Figures 6.2, 6.3, 6.4, 6.5).
We were able to verify our findings in Cas9-stable cell lines, which constitute a more
relevant system for the current CRISPR-based applications. These results are in line with
the previous findings by another group which showed that fusing a ubiquitin protein to Cas9
leads to decreased half-life in non-human primate embryos, leading to reduced mosaicism
(Tu et al., 2017). Our PLA results in Cas9-inducible HK-2 cells show that Cas9 is heavily

ubiquitylated with endogenous levels of this modifier.

We pursued our line of investigation by pinpointing the specific sites on SpCas9 that
get ubiquitylated, which according to our preliminary mass spectrometry data seem to be
spanning over 11 Lys residues. A better understanding of how the ubiquitin-proteasome
system regulates wild-type Cas9 in human cells could help us fine-tune the stability of this
important protein for different applications. While our mass spectrometry results give us all
the ubiquitin-modified Lys residues, future quantitative proteomic analyses (e.g. SILAC)
could tell us which residues qualify as major ubiquitylation sites. As a follow-up, these major
ubiquitylation sites will be mutated into arginine, thus precluding modification. Generation
of the relevant mutant constructs will help us explore the functional consequences of Cas9
ubiquitylation in greater detail, which may include alterations in the on and off rates for

DNA binding, target specificity, and enzymatic efficiency aside from stability.

Moreover, ubiquitylation of Cas9 may also constitute an evolutionarily conserved

intracellular response mechanism against microbial invasion. Polyubiquitin chains were
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previously shown to coat the extracellular membrane surface of Salmonella enterica, an
intracellular bacterium, and this modification was shown to be among the prerequisite steps
leading to autophagy response following infection (Wang et al., 2018). Similarly,
ubiquitylation of Cas9 may play a part in innate immunity against the invading pathogen.
Another possibility is that the ubiquitylation of Cas9 in eukaryotes is purely incidental and
may reflect an analogous modification of this enzyme by the prokaryotic ubiquitin-like
protein (Pup) in bacteria. Nevertheless, ubiquitin modification does seem to have functional

consequences for Cas9, as our data suggest that proteasomal degradation may be at play.

7.2. Sumoylation of Cas9 in the Infection System

Our laboratory previously showed that overexpressed or stably-expressed Cas9 gets
sumoylated (unpublished data). A part of this project involved the demonstration of Cas9
sumoylation in a natural setting whereby we attempted to simulate S. pyogenes infection of
human cells. While this bacterium usually colonizes the epithelial cell surfaces, an
accumulating body of evidence suggests that S. pyogenes can also invade human cells as an
intracellular pathogen (Rohde and Cleary, 2016). However, the invasive capabilities of S.
pyogenes in cell culture seem to be contingent upon sufficient cell surface expression levels
of the fibronectin-binding Sfbl and F protein, and other proteins also modulate the
invasiveness phenotype (Molinari et al., 1997; Okada et al., 1998). Our attempts to infect
the epithelium-derived HeLLa and HK-2 cells with a patient-derived M2 strain of S. pyogenes
were unsuccessful, potentially due to the non-compatible state of our particular clinical
isolate. For instance, the Sfbl protein is only expressed in 70% percent of clinical isolates
(Valentin-Weigand et al., 1994). As the genotype of the isolate we used is unclear, future
experiments would benefit from obtaining multiple isolates and selecting them for

invasiveness.

After infecting the THP-1 cells with S. pyogenes, we proceeded with the
immunocytochemical labeling of Cas9 and SUMO proteins. Although SUMO isoforms were
stained successfully in both infected and non-infected cells, we were unable to consistently
detect Cas9 presence in the infected cells. There are several explanations for this outcome.
One potential issue could be inadequate internalization of bacteria by our THP-1 cells, which

might be inferred given the low number of colony forming units we observed after lysing
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the cells and spreading the lysate on blood agar plates. However, a confounding factor is the
bactericidal activity of THP-1 cells which might also account for the low survival rates of
internalized bacteria (Raza et al., 2000). Moreover, z-stack confocal images also revealed

prevalent internalization of S. pyogenes by THP-1.

One other explanation for the lack of staining is that Cas9 is not present in the
eukaryotic cytosol following infection and, as such, not accessible to our antibodies. If
sumoylation of Cas9 is an evolutionarily-conserved natural process, we would expect Cas9
to be found as a soluble protein within the eukaryotic cell to interact with the host SUMO
machinery. Nevertheless, to date, there are no reports of Cas9 surviving or operating
naturally in eukaryotic cells. If this process indeed occurs as part of host-pathogen
interactions, it might rely on specialized bacterial secretion systems which serve to enhance
virulence by delivering molecular components that disrupt host defense systems into
eukaryotic cells (Zhang et al., 2012). If this is the case, internalization of bacteria might not
be a necessary precursor for the existence of Cas9 in the host cytoplasm. Alternatively, Cas9
might get released and exposed to the SUMO machinery following internalization and
destruction of bacteria. We were able to visualize Cas9 through immunocytochemical
staining, albeit sparsely, which suggests that either of these two processes might be at play.
Nevertheless, it is also unclear how the staining protocol might be optimized to yield better
results, as the exact conditions that are conducive to Cas9 release are unknown, and it is
possible that Cas9 release and sumoylation are time-dependent events. In any case, we were
unable to detect any PLA signals representing Cas9 sumoylation, which is expected given
the lack of Cas9 labeling. Consequently, we are unable to reach any conclusions as to
whether Cas9 sumoylation, which we have discovered in our laboratory under

overexpression conditions, is a natural process.

Although we have not been able to demonstrate that ubiquitylation or sumoylation
of Cas9 occurs in nature, our findings in cell culture-based experiments are highly relevant
for CRISPR applications. As detailed in the introduction of this thesis, PTMs may modulate
a protein’s interactome, half-life, activity or localization. Moreover, several Cas9 SUMO
motifs are found within the nt-groove, which stabilizes interactions with the non-target
strand of the target DNA sequence (Slaymaker et al., 2016). Mutating the positively-charged

residues within this groove into neutral amino acids resulted in significantly less off-target
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binding events (Slaymaker et al., 2016). Incidentally, several of these mutated sites
correspond to canonical SUMO motifs, and one of these, K848, led to significantly increased
specificity in Cas9 activity (Slaymaker et al., 2016). It is possible that the abolishment of
SUMO modification on this site is a contributing factor to the functional modification of this
protein. Duygu Yesildag from our group has generated the lysine-to-arginine mutants for all
candidate sumoylation sites, and after mass spectrometry analysis to determine which
residues are bona fide sumoylation sites, we aim to move on to functional assays that will
help us parse out the specific effects of each mutation with regards to diverse outcomes such

as off-target effects and stability.

To our knowledge, our group has defined the first two eukaryotic PTMs on the
prokaryotic Cas9 protein. Both SUMO and ubiquitin modifications are known to be highly
sensitive to infection status, and several pathogens are known to interfere with these
processes through protease effectors that reverse these PTMs (Ribet and Cossart, 2010).
Given the importance of these modifications in host-pathogen interactions and the
downregulation of global sumoylation by pathogens such as Listeria monocytogenes, it is
likely that many other bacterial proteins also get sumoylated as part of a host defense
mechanism (Ribet and Cossart, 2010). Conversely, Anaplasmataceae family members were
found to recruit host SUMOylation machinery to actively induce the sumoylation of their
own proteins. Similarly, the Anaplasma phagocytophilum protein AmpA and Ehrlichia
chaffeensis protein TRP120 were found to be modified by SUMO isoforms after infection
or overexpression in eukaryotic cells (Dunphy et al., 2014; Beyer et al., 2015). Curiously,

both of these proteins are injected into the host cell cytoplasm via secretion systems.

To summarize, we have discovered that stably-expressed Cas9 protein gets
ubiquitylated in eukaryotic cells, and we were unable to detect sumoylation of the
endogenous Cas9 protein following infection of a human monocytic cell line. An improved
understanding of the eukaryotic post-translational regulation of Cas9 would help paint a
clearer picture of host-pathogen interaction mechanisms, while potentially revealing
previously unknown roles of Cas9 in eukaryotic cells. We aim to contribute to this
understanding through future work focusing on the practical consequences of Cas9

sumoylation and ubiquitylation.
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