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ABSTRACT

Until recently, complete understanding of the endogenous activity of pathologically relevant
genes was out of reach and research was confined to in situ work, plasmid-based constructs
and artificial model systems. The development and expansion of the CRISPR/Cas9 genome
editing technique has enabled us to explore the molecular underpinnings of gene activation
using the cell’s own endogenous regulatory environment. In this work, we report on the
development of a novel tool to monitor the endogenous activity of a causative gene in
Parkinson’s disease, a-synuclein. We use CRISPR/Cas9 to insert a highly sensitive engineered
luciferase at the C-terminal of a-synuclein and assessed its responses to stimuli. Our system
responds to epigenetic stimuli, which was unable to be recapitulated by previously available
gene activity assays. After development of a sensitive detection tool for epigenetic stimuli, we
focused on developed a modular suite of epigenetic writers and erasers by modification of the
SunTag protein tagging system and used catalytically dead Cas9 (dCas9) to direct our modular
epigenetic toolkit to individual genes. We show that our toolkit of epigenetic effectors
successfully writes epigenetic information in a site-specific manner. Using the sensitive a-
synuclein reporter we previously developed, we screen the promoter region of this
pathologically relevant gene at high resolution and identify the most effective areas for
epigenetic intervention in this cell line. These tools allow us to dissect and understand the
endogenous regulatory mechanisms of almost any gene targetable by Cas9 in ways that were

not previously available may prove to be an effective strategy for persistently altering



pathologic transcriptional activity. This system offers a strong tool for to dissect and
understand underlying epigenetic architecture and opens potential new avenues for

therapeutic strategies for various disease conditions.
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CHAPTER ONE: GENERAL INTRODUCTION

During my graduate studies, | have worked to develop and validate tools to screen and affect
pathological transcriptional activity by using the CRISPR/Cas9 system. Using a key Parkinson’s
disease gene, a-synuclein (aSyn), as a model, we developed an endogenous reporter system
using an engineered luciferase to detect transcriptional changes in aSyn levels and allow us to
easily screen potential intervention strategies in the cell. We took this system further by
developing a suite of targeted epigenetic modulators and using them to screen the promoter
region of the a-synuclein gene (SNCA) and identify putative genetic targets that may potentially
be used to directly affect aSyn levels while increasing our understanding of the endogenous
epigenetic architecture of this, and many other, genes. To achieve this, we took advantage of
the CRISPR/Cas9 system’s ability to make tailored changes to eukaryotic genomes in a site-

specific manner.

1.1. Parkinson’s disease and aSynuclein

Parkinson’s disease (PD) is a progressive neurodegenerative condition affecting about 60,000
people annually in the USY. Incidence increases with age and there are approximately one
million people in the US with PD. First described in 1817 as ‘shaking palsy’ by James Parkinson,
the primary symptoms of PD are motor related: shaking arms and hands, involuntary
movements, and a characteristic rigid and stooped posture. In two centuries since it was

initially described, non-motor symptoms have also been identified including constipation,



insomnia, dementia and depression?3. Physiologically PD is characterized by the loss of
dopaminergic neurons from the substantia nigra (pars compacta) region of the midbrain. The
motor symptoms are a side effect of this, and by the time motor symptoms are apparent in the
patient, 60-80% of the dopamine neurons have already been lost*>. Generally, PD is classified
in two different ways based on its initial trigger. Inherited genetic abnormalities, often known
as familial PD, is based on inherited mutations passed through the germ line. This accounts for
less than 10% of total PD cases. The remaining 90% of patients develop PD with no known

genetic trigger, referred to as sporadic PD®.

One of the earliest known pathological hallmarks of PD is the appearance of cytoplasmic
proteinaceous inclusion bodies in neuronal perikarya known as Lewy Bodies (LBs)’. While LBs
have many components such as ubiquitin, in 1997 it was discovered that these inclusion bodies
contained primarily aggregates of the protein aSynuclein (aSyn)®. Around this time, it was
revealed that aSyn was a primary component of the Lewy bodies seen in PD, and that
mutations in the aSyn gene (SNCA) were revealed to cause genetically heritable, early-onset

PD. Later studies confirmed the link between aSynuclein and PD%12,

1.1.1. The aSynuclein Protein in PD

aSyn is a 140 kDa protein that exists as a natively unfolded, random coil protein localized

primarily in the presynaptic terminals. aSyn can adopt multiple conformations depending on its



localization. When interacting with plasma membranes it can adopt a helical conformation
(Figure 1) and the NAC domain (non-AB component of amyloid plaque) can form beta-pleated
sheets when two aSyn molecules interact with each other!3. The exact function of aSyn still
remains unclear. It has been shown that aSyn expression is induced during neuronal
differentiation and synaptic development and it is believed that aSyn plays a role in modulation
of synaptic transmission'4*”. Knockout or overexpression of aSyn affects neurotransmitter

release and it has been shown that aSyn transiently binds vesicles during neuronal firing8-2°,



Monomer ﬂw. e
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Figure 1 - aSynuclein Structure and Aggregation

Figure 1: Domain Structure of aSynuclein showing the NAC domain of the protein and 3D
conformations. The monomer form is shown with a-helical structures. During aggregation, the
NAC domain forms B-pleated sheets both intra- and inter-molecularly leading to fibril
formation. (3D structures from SWISS model repository publicly available at

https://swissmodel.expasy.org/repository/uniprot/P37840)



https://swissmodel.expasy.org/repository/uniprot/P37840

While the specific functions of aSyn have yet to be fully elucidated, its role in contributing to
pathological progression of PD is well established. aSyn is able to form multimeric structures in
the cell and these have been shown to drive PD, although there remain some questions as to
which specific multimeric forms are toxic. Recently it was shown that aSyn exists in a delicately
balanced tetramer in the cell, although the exact details of this remain unclear?!. aSyn is able
to undergo template directed misfolding — where one misfolded protein is able to act as a seed
that induces misfolding and aggregation in other normal proteins in a prion-like manner??.
Misfolded proteins aggregate into oligomers which can condense into ring-like, spherical and
string-like structures known as proto-fibrils. Proto-fibirils can further condense into fibrils and
eventually develop into the hallmark Lewy bodies observed in PD?3?* (Figure 1). These
aggregated fibril structures are able to propagate through the brain in a characteristic pattern
and are thought to be a potential root cause of the neurodegeneration seen in PD. In the time
since aSyn was identified as a potential agent in PD, several other genetic and environmental
factors have been identified that affect aSyn levels or increase misfolded proteins. These
include a wide variety of harmful stimuli such as exposure to heavy metals or pesticides, post-

translational modifications, oxidative stress and, more recently, epigenetic dysregulation32°-29,

1.1.2. Increasing our Understanding of aSynuclein Transcriptional Control

While much effort has been spent uncovering the factors that influence aSyn aggregation and

subsequent neurodegeneration, comparatively little intellectual attention has been focused on



understanding the mechanisms of transcriptional or epigenetic regulation. As early report
showed a single copy number variation from gene duplication is sufficient to induce early onset
PD*?3°, it can be surmised that aSyn levels play a critical role in the development and
pathogenesis of PD and our understanding of this disease could be increased by a clearer
picture of the mechanisms driving aSyn in the cell. Transcriptional control includes a wide
variety of factors that influence mRNA levels and stability. Post-transcriptional events can
degrade or stabilize mRNA, and an enormous array of transcription factors regulate binding and
activity of RNA polymerase in response to various stimuli3l. However, a central event to
transcriptional control in eukaryotic cells occurs on the chromatin itself from action of DNA
elements, direct modification of the DNA through methylation, and the post-translational
histone modifications that control the chromatin structure. The completion of the ENCODE
(Encyclopedia of DNA Elements) project has opened the door for a deeper understanding of the

complex regulation of the genome by both cis- and trans- acting factors32.

1.2. The CRISPR/Cas9 Technique

1.2.1. Discovery and Development

In recent years, the technology known as CRISPR has become the central technique used for
genetic engineering, although it took decades of work by many researchers to move it from an
intriguing feature of prokaryotic genomes into arguably the biggest technological advances in

molecular biology since PCR. The basis for the development of this highly specific and



relatively easy-to-use technique began over 30 years ago when, while sequencing the iap gene
in E. coli, a group under Dr. Atsuo Nakata reported the presence of a short repeating
palindromic sequence of bases separated by a variable 32-nucleotide spacer sequence33. Over
a decade later, advances in sequencing technology revealed that 40% of bacteria had these
repeat sequences3, and that they were adjacent to well-conserved coding sequences®®. These
have since been named CRISPR (Clustered regularly Interspaced Short Palindromic Repeats) and
Cas (CRISPR-associated) sequences. After the discovery of these regions, it was shown that the
spacer regions between the palindromic repeat sequences belong primarily to viral genomes
and were extra-chromosomal in origin3-3°. This led to the idea that the CRISPR/Cas regions
function as a bacterial immune system, which was later confirmed after researchers showed
that bacteria add new spacer sequences after phage challenge, and that these spacer
sequences controlled the targeting specificity of the Cas proteins®®. This same work identified
the adjacent Cas genes as critical to the function of bacterial adaptive immunity and raised the

potential idea that the Cas genes function as targetable restriction nucleases (Figure 2).
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Figure 2 - The CRISPR/Cas locus

Figure 2: In the bacterial CRISPR locus, highly conserved Cas Genes sit adjacent to the CRIPSR
Array containing phage-targeting spacer sequences. The Cas genes produce the endonuclease
Cas9 and process the trans-activating crRNA (tracrRNA) and the targeting CRISPR RNA (crRNA).
When assembled, the RuvC and HNH domains cleave DNA as directed by the tracrRNA-crRNA

complex.



1.2.2. Developing the CRISPR/Cas System into a Genome Engineering Tool

Once these publications laid the foundational groundwork for understanding the idea that the
CRISPR/Cas system could function as a targetable nuclease, research moved forward very
quickly. It was shown that the Cas enzymes are guided by short RNA molecules that are coded
by the spacer sequences**?, Additionally it was shown that the genomic DNA targeted by the
spacer (known as the protospacer) contained short conserved sequences immediately adjacent
to the protospacer and that these protospacer-adjacent motifs (PAM) are required for CRISPR
activity*3. Separately it was revealed that in S. themophlius Cas5 (later reidentified as Cas9) was
the enzyme with nuclease activity**, that this enzyme is sufficient for DNA cleavage without
other Cas proteins and that its function can transfer into E coli**. Simultaneously, focused work
was uncovering the specific functions and processing of the short RNA molecules used to guide
the Cas enzymes. The Charpentier group identified two different RNA species (tracRNA and
crRNA) responsible for CRISPR activity and identified the biogenesis and processing by RNaselll
and Cas protein Csn16. Once the biochemical underpinnings of the CRISPR system were
understood, its potential as a specific editing tool became clear. Several research groups led by
Charpentier and Doudna, Siksnys, Church, and Zhang immediately published studies showing
Cas9 can be directed by a chimeric single guide RNA strand (sgRNA) that mimics the processed
tracrRNA/crRNA to cleave DNA targets in bacterial and eukaryotic cells and developed a range
of simple-to-use tools optimized for human cells to allow this technology to be used by

researchers around the world*’->1,



The CRISPR systems are classified according to the different Cas proteins associated with the
array. Broadly speaking, there are two separate classes of CRISPR systems, although the
specifics of each system continue to be defined as researchers identify and classify new
subtypes using comparative genomics, structural analysis and biochemical assays®2. Class 1
CRISPR contains type | and type IlIl CRISPR systems and is generally found in Archea. Class 2
CRISPR contains type Il, IV, V, and VI CRISPR arrays>2. The most commonly used CRISPR is type Il
CRISPR/Cas9 isolated in S. pyogenes (spCas9), primarily because the PAM sequence is the
simple and relatively common -NGG motif that can be found very easily in the genome allowing
for broad applicability of this system. There are also are a wide variety of spCas9 variants that
can be used as alternatives, including Cas13 that can directly target RNA>3. These orthologs use
a variety of PAM target sequences, have different sizes, and have the potential to leave

staggered ‘sticky’ ends after cutting (Table 1).

Table 1 — Alternative Cas9 Orthologs

Cas9 Varieties PAM Size(aa) ((I::l::)tr:]i::/le) Reference
spCas9 NGG 1368 -3 Jinek et al*’, Gasiunas et al*®
FnCas9 NGG 1629 -3 Hirano et al**

St1Cas9 NNAGAA 1121 -3 Gausinas et al*®, Cong et al*®

St3Cas9 NGGNG 1409 -3 Gausinas et al*®, Cong et al*®
CjCas9 NNNNACAC 984 -3 Kim et al®>

AsCpfl TTTV 1307 -19/24 Yamano et al®®, Kim et al*’
LbCpfl TTTV 1228 -19/24 Yamano et al®®, Kim et al*’
Cas13 - Multiple - Abudayyeh et al>3

10




1.3 Using CRISPR/Cas9 to Edit Genomes

Once loaded with a sgRNA sequence, Cas9 will target DNA with a complementary sequence.
Once bound, the CRISPR/Cas9 complex will form a three-stranded DNA:RNA nucleic acid
structure known as an R-loop%. The guideRNA invades the DNA helix and displaces the
opposing strand, and then Cas9 introduces a nick on each DNA strand using two separate
nickase domains (RuvC and HNH)®. This results in a double strand break (DSB) 3-bp upstream
of the PAM targeting sequence. In a eukaryotic cell, DSBs are lethal, so the endogenous repair
mechanisms will attempt to correct this (Figure 3). In most cells, the non-homologous end
joining (NHEJ) mechanisms will activate to quickly seal the break which leads to a random
insertion/deletion (indel) of DNA bases immediately surrounding the DSB site. In dividing cells,
the alternative homology-directed repair (HDR) may activate if a complete, undamaged
template strand is available. During HDR, regions with high homology to the area surrounding
the DSB will be used to template the damaged strand to replace any genetic information lost at

the break site®°.
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Figure 3 — CRISPR/Cas9 Mediated Genome Engineering

Figure 3: Eukaryotic DNA is targeted using sgRNA to target Cas9 to any PAM-adjacent sequence.
Cas9 will create a double strand break which the cell will need to repair. The error prone NHEJ
pathway frequently leads to random loss of genetic information and indel formation. Repair by
HDR with a donor DNA strand homologous to the original sequence allows replacement of

genetic information around the break site with sequences designed by the researcher.
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The CRISPR/Cas9 system makes it relatively easy to knockout a protein from cells because
NHEJ-mediated indels usually lead to frameshift mutations, disabling target proteins.
Additionally, targeting the area around the start codon can be used to prevent translation from
occurring. Alternatively, the HDR pathway allows researchers to substitute the original
genomic information with a wide variety of new sequences by providing exogenous DNA that
has enough homology to the original sequence to be used as a repair template (Figure 3).
These two functions are some of the most common uses of the CRISPR/Cas9 system in the
laboratory, but several additional tools have been created by re-engineering the CRISPR/Cas9
system and improving its function®®. One of the main drawbacks to this technology is
accidental cleavage at non-target sites that have enough homology to the sgRNA targeting
sequence to allow Cas9 to bind — as having a slightly less specific targeting system would be
advantageous to bacteria in their defense against rapidly changing phage®'®3. Several
approaches to reduce these potential off-target effects have been used such as rationally
designed mutations to increase specificity®#%>. Additionally, single point mutations to the
catalytic cleavage domains can create Cas9 variants that only cleave one DNA strand, requiring
that two of these Cas9-nickases be delivered to one area with two separate sgRNAs to nick
opposite strands and induce a DSB®®. Recently a system combining dCas9-nickase with reverse
transcriptase and a chimeric sgRNA/RT primer was developed allowing knock-in of edited DNA
in a highly specific manner®’. Finally, development of additional inducible forms of Cas9
requiring small molecule activators, light or ligands allows researchers more control of Cas9

activity and potentially reduces the chance for non-specific effects®®7°,
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Taking advantage of the ability of the CRISPR/Cas9 system to allow for targeted insertion of
researcher-defined sequences in a precise fashion using HDR, we can now “knock-in”
sequences to add features to the genome. As previously discussed, the a-synuclein gene plays
a central role in the pathogenesis of Parkinson’s disease, but relatively little effort has been
spent understanding the endogenous mechanisms that control transcription. Using the
CRISPR/Cas9 technique, it is now possible to insert reporter constructs directly into the SNCA
gene and detect in real time when the gene is being transcribed and translated into protein.
During the first part of my dissertation period, we worked to develop a reporter system for
aSyn that would allow very sensitive detection of levels in response to various stimuli using only
the cell’s endogenous regulatory mechanisms. To achieve this, we turned to an engineered

luciferase-based reporter: NanoLuc.

1.4. The NanoLuc Reporter

Previous work using firefly-based reporter systems has revealed many key insights into
regulation of genes by trans-acting factors such as miRNA and transcription factors. A
frequently employed strategy to measure transcriptional regulation involves generation of a
plasmid where a target DNA region such as a promoter or 3’UTR is fused to Firefly luciferase’?.
Transfection of this into cells allows researchers to measure changes in luminescence during
experimental manipulation to reveal changes in mRNA expression. While Firefly luciferase has

been a useful tool in revealing key interactions of various factors with DNA elements in plasmid-
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based systems, it is not a practical choice for quantitative genetic reporter systems due to its

large size, short signal half-life and poor signal intensity’?73.

To circumvent these limitations, we used the engineered luciferase, NanolLuc, developed by
Promega in 2012 from deep sea shrimp’4. This rationally designed reporter construct has
several advantages over previous Firefly and Renilla luciferase reporters. Importantly, the
luminescence activity is approximately 100x brighter than either Firefly or Renilla luciferase.
This is an important feature for development of endogenous genetic reporter systems —
previous plasmid-based systems rely on powerful viral promoters like CMV and transfections of
a high number of copies into cells. Endogenous genes are produced at much lower levels and
Firefly luciferase signals may not be detectable. Additionally, the NanoLuc protein is much
smaller than the Firefly luciferase (19kDa vs 61kDa)’4, making it more practical to insert into a
genome using CRIPSR-mediated HDR. Finally, the novel imidazopyrazinone substrate
furimazine produces luminescence with a half-life of nearly 3 hours, making it easier to use in a
laboratory setting’4. For these reasons, we utilized this luciferase reporter to develop an

endogenous reporter for a-synuclein.
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CHAPTER TWO: DESIGNING A NOVEL TOOL FOR MONITORING ENDOGENOUS ALPHA-
SYNUCLEIN TRANSCRIPTION BY NANOLUCIFERASE TAG INSERTION AT THE 3’END USING
CRISPR/CAS9 GENOME EDITING TECHNIQUE

Levi Adams#, Sambuddha Basu#, Subrangshu Guhathakurta, Yoon-Seong Kim

#contributed equally

(This chapter has been published as an original research article in Scientific Reports (2017) 47,

45883; doi: 10.1038/srep45883.)

2.1. Abstract

aSynuclein (aSyn) is a major pathologic contributor to Parkinson’s disease (PD). Multiplication
of aSyn encoding gene (SNCA) is correlated with early onset of the disease underlining the
significance of its transcriptional regulation. Thus, monitoring endogenous transcription of
SNCA is of utmost importance to understand PD pathology. We developed a stable cell line
expressing aSyn endogenously tagged with NanoLuc luciferase reporter using CRISPR/Cas9-
mediated genome editing. This allows efficient measurement of transcriptional activity of aSyn
in its native epigenetic landscape which is not achievable using exogenous transfection-based
luciferase reporter assays. The NanoLuc activity faithfully monitored the transcriptional
regulation of SNCA following treatment with different drugs known to regulate aSyn
expression; while exogenous promoter-reporter assays failed to reproduce the similar

outcomes. To our knowledge, this is the first report showing endogenous monitoring of aSyn
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transcription, thus making it an efficient drug screening tool that can be used for therapeutic

intervention in PD.

2.2. Introduction

aSynuclein (aSyn) is a key protein involved in the progression and pathogenesis of Parkinson’s
disease (PD)!!. Familial PD studies have revealed that multiple copies of the gene encoding
aSyn (SNCA) cause severe early onset PD, highlighting the importance of its tight transcriptional
control'2253075 However, little is known about the transcriptional dysregulation of SNCA.
Recently, Griindemann et al. confirmed significant increase in SNCA mRNA levels in individual
dopamine neuron from idiopathic PD brains using laser capture microdissection, implying a
significant transcriptional de-regulation in pathologic conditions’®. Moreover, recent progress in
research on epigenetic influences on SNCA transcription revealed that hypomethylation of

SNCA regulatory region play a significant role towards its higher expression in idiopathic PD77-7°,

Advances in genome mapping and the completion of ENCODE project (Encyclopedia of DNA
Elements) highlighted the importance of epigenetic architecture governing transcriptional
regulation of a gene®%8L, In light of these discoveries, complete understanding of SNCA
expression in pathologic conditions may require a molecular tool/system that can detect
changes in transcription and also account for changes brought about by endogenous epigenetic
modulation of the gene. Currently, the most widely used tool for understanding transcriptional

activity of a gene is by using luciferase reporter fused to the promotor of a gene of interest’?.
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However, the plasmid-based exogenous reporter systems largely ignore the comprehensive
aspect of gene expression regulation by complex interaction between different epigenetic
factors, transcription factors and various cis elements by artificially limiting investigation on a
putative promoter region. To overcome this limitation of exogenous reporter system, we
developed a novel tool where a reporter construct is tagged at the 3’end of SNCA
endogenously, allowing us to monitor transcriptional activity of the gene keeping its epigenetic
architecture unperturbed. The NanoLuc luciferase reporter used in this study is 100-fold
brighter and significantly smaller in size than firefly or Renilla luciferase, thus making it an ideal
tag for even low expressing genes’374. Recent breakthrough in genome editing techniques like
CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats) have made specific
genome editing simple and scalable1®. Tagging SNCA endogenously with the NanoLuc using
CRISPR/Cas9 method allows sensitive and real-time measurement of changes in transcriptional
activity under various conditions of stimuli. This strategy can help to shed light on the
transcriptional regulation of SNCA, and may serve as a very strong tool for screening of drugs to

limit the progression of PD.

2.3. Results

2.3.1. Generation of a stable cell line endogenously tagged with functional NanolLuc luciferase
reporter at the 3'end of SNCA

To introduce the NanoLuc reporter at the 3'end of the SNCA, a double-strand DNA break (DSB)

was introduced on the reverse strand with the -~NGG protospacer adjacent motif sequence
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(PAM) directly abutting the stop codon located in the exon 6. This was achieved in human
embryonic kidney cell line (HEK293T) by transient transfection with the pSpCas9 (BB)-2A-Puro
vector®?. Along with the CRISPR/Cas9 construct, a donor vector containing the NanoLuc
sequence was co-transfected to take advantage of the cell’s homology-directed repair (HDR).
This donor construct contained two flanking homology domains each of about 800 base pairs,
corresponding to the upstream and downstream of the DSB target site (Figure 4a). The NanoLuc
sequence was cloned between these two domains to precisely introduce this reporter construct
right before the stop codon of SNCA. Potential positive clones were identified by PCR
amplification of the genomic DNA using the NanoLuc forward and reverse primers (Table 2)
(Figure 4b; Figure 5). To confirm NanoLuc insertion at the target location in the SNCA gene, a
second PCR using “Insertion Confirmation Primers” (Table 2) was performed and later
sequenced (Figure 5). The wild-type (WT) allele generated a 280 base pair (bp) PCR amplicon
while the NanoLuc-tagged allele generated a 805 bp band, indicating a heterozygous insertion
of the reporter construct (Figure 4c). To overcome the PCR amplification bias towards the
shorter allele, a separate amplification for NanoLuc-tagged allele was performed using a
forward primer (NanoLuc Internal Forward Primer) on the NanoLuc insert in combination with
the same reverse primer (cDNA sequencing Reverse Primer) on the 3'UTR, generated a
comparable amplification of 356 bp product for NanoLuc insert (Figure 4c, lane 2). The PCR
using NanoLuc internal forward primer failed to amplify any band in wild type HEK293T cells
(Figure 4c, lane 4). A second potential positive clone was found to have an incomplete insertion

of the NanoLuc reporter tag (colony 14, Figure 4b), and thus not used any further. To confirm
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the expression of NanolLuc-tagged SNCA allele tagged with the NanoLuc in the cell line,
hereafter referred to as 293T-SNCA-3'NL, RT-PCR was conducted using primers encompassing
the entire coding region of the gene and the 3’ UTR. The amplicon was then sequence verified

to confirm the presence of NanoLuc insertion (Figure 4d, Figure 6).

Following confirmation of the NanoLuc insertion in the SNCA genomic region and the presence
of mature mRNA, we sought to confirm protein expression and functional activity of the
NanoLuc. Western blot analysis of cell lysates with a polyclonal anti aSyn antibody confirmed
the presence of both wild type aSyn (~15 KDa) and a NanoLuc-tagged protein (~34 KDa)
matching aSyn fused with the NanoLuc (19.1 KDa) (Figure 7a, Figure 8). We performed
luciferase activity assay on 293T-SNCA-3'NL cells by measuring luminescence after addition of
substrate furimazine. 293T-SNCA-3'NL cells produced a considerably high signal distinguishable
from cells without the NanoLuc incorporation or 293T-SNCA-3'NL cells without furimazine
(Figure 7b). Titration of cell counts from 2,500 to 50,000 produced a linear increase in
luminescence activity (R2 = 0.95), indicating that the luminescence of the SNCA-tagged NanoLuc

reporter is internally consistent (Figure 7c).

Taken together, these results show that SNCA was successfully tagged with the NanoLuc
construct at the 3’end, and that expression of the NanoLuc-tagged allele leads to generation of
a fusion protein.
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2.3.2. aSyn-NanolLuc luciferase activity reflects SNCA transcriptional regulation

To validate whether this system would be able to monitor changes in endogenous SNCA
transcription, 293T-SNCA-3'NL cells were treated with known epigenetic modulators like DNA
methyltransferase 1(DNMT1) inhibitor (5-AzadC), histone deacetylase (HDAC) inhibitors
(sodium butyrate) and also dopamine which may have a toxic effect beyond a certain threshold
concentration®. SNCA harbors CpG islands at the regulatory regions encompassing the
promoter and intron’®84, The CpG island in the intronlof SNCA in HEK293T remains completely
methylated which upon demethylation can increase gene expression’®. We treated the 293T-
SNCA-3'NL cells with 5-AzadC for 72 hours to allow more than one round of cell division. A
significant increase in the NanoLuc activity was observed in cells treated with 5-AzadC as
compared to vehicle treated ones (3.68 times increase; p < 0.0001) (Figure 9a). SNCA transcript
level from sister cultures correlated well with the observed increase in the NanoLuc activity
(Figure 6a). Changes in methylation of the SNCA-intron1 CpG island were detected using
bisulfite sequencing as done by Jowaed et al’®. Ten clones from each sample were analyzed and
a significant reduction in mean intron 1 methylation by 31.7% (p < 0.05) was observed (Figure
9b). The reduction of cytosine methylation in the intronl positively correlated with increase in

SNCA transcript, as we saw with the increased NanoLuc activity.

It has already been reported that dopamine at 100 uM concentration can enhance SNCA

transcription in HEK293T cells without inducing subsequent toxicity’>%*, Likewise, we treated
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293T-SNCA-3'NL cells with 100 uM dopamine for 48 hours and a significant 1.31 times increase
in the NanoLuc activity was observed as compared to the controls (p < 0.0001) (Figure 9c).
Again this increase in the NanoLuc luciferase activity complied with an increasing trend in
aSyn/NanoLuc mRNA and protein expression after dopamine treatment as seen by RT-PCR and
western blot analyses (Figure 9c, Figure 10). Hyper-acetylation of histone is expected to unwind
underlying DNA, which in turn favors transcription®®8>, To test whether HDAC inhibition in
293T-SNCA-3'NL cells would faithfully monitor transcription in response to histone hyper-
acetylation, cells were treated with sodium butyrate (class | and Ila inhibitor of HDAC) at
concentrations 2.5 mM and 5.0 mM for 24 hours®®. This treatment paradigm significantly
increased the NanoLuc activity by 1.5 and 2.35 times respectively as compared to the controls
(p <0.001) (Figure 9d). aSyn/NanoLuc transcript levels also corroborated well with the activity

measurement and showed a dose-dependent increase (Figure 9d).

2.3.3. Exogenous promoter reporter assays failed to reproduce transcriptional

activation of SNCA as seen in endogenous conditions

Firefly luciferase-based promoter assay is considered a gold standard for assessing promoter
activity of a target gene, which in turn reflects the transcriptional activity of the gene®’. We
compared the reporter activity of SNCA transcription between transient transfection-based
luciferase system and the endogenous NanolLuc system that we designed. HEK293T cells were

co-transfected with pGL3 basic plasmid containing SNCA promoter-intronl region cloned
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upstream of luciferase coding sequence and CMV-Renilla (transfection control). Twenty-four
hours later, transfected cells were treated exactly with the same modulators of SNCA
expression as described in the previous result. We observed a significant decrease in
normalized reporter activity upon 5-AzadC treatment post 72 hrs (p < 0.0001) Figure 11a)
contrary to the increased Nanoluc activity and transcript expression (Figure 6a). The CMV
promoter-driven Renilla luciferase activity which was used as an internal control significantly
varied upon 5-AzadC treatment, while the SNCA promoter-intron1 driven firefly luciferase
activity remained largely unaffected, thereby leading to reduction in the normalized reporter
activity (firefly/Renilla) (Figure 11a). Next, to compare the effect of dopamine on the exogenous
luciferase activity driven by SNCA promoter-intronl and the endogenous SNCA behavior, the
transfected cells were treated with 100 uM dopamine for 48 hrs, exactly following paradigm
followed for the 293T-SNCA-3'NL cells. Interestingly, we did not observe any significant change
in the normalized luciferase activity (p = 0.22) (Figure 11b). In this treatment, no significant
change was observed for either firefly luciferase (p = 0.15) or Renilla luciferase activity (p = 0.16)
(Figure 11b), although an increasing trend could be seen for both. This data again failed to

demonstrate the endogenous state of regulation upon dopamine treatment (Figure 11c).

We also investigated the effect of HDAC inhibition (for 24 hrs) on the SNCA promoter-intronl
driven luciferase activity. Similar to 5-AzadC treatment, normalized firefly activity showed a

significant decrease from control (p < 0.0001) (Figure 11c). This time we saw a significant
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increase in the firefly luciferase activity (p < 0.05), along with a significant increase in the Renilla
activity (p < 0.001) thereby causing an artefactual reduction in SNCA promoter activity after
normalization (p < 0.0001). This observation is again opposite to what we found with the
NanoLuc-based endogenous system after addition of HDAC inhibitor (Figure 11d). Together,
these observations showed that the exogenous luciferase-based reporter system largely failed

to demonstrate original state of endogenous transcriptional activity of SNCA.

2.4. Discussion

In the present study, we have successfully incorporated the NanolLuc reporter construct at the
3’end of SNCA in HEK293T cells using CRISPR/Cas9 technology and monitored changes in
expression induced by two epigenetic modulators and dopamine which are known to
deregulate the gene’s expression. The newly emerging endogenous reporter system represents
a significant paradigm shift in the study of gene regulation and may provide new and exciting
opportunities for both basic and translational research. Such strategies allow to insert a
reporter directly into the targeted genome, enabling us to investigate endogenous gene

regulation while keeping the epigenetic structure intact.

This particular feature is extremely relevant in studying SNCA expression, as this gene has been
shown to get extensively regulated by its epigenetic structure’’-’°, Moreover, aSyn is a

molecule whose level of expression is directly correlated with the severity of the PD
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pathogenesis, thus making this tool very helpful for developing potential therapeutic
options#397576 Recent studies have demonstrated that epigenetic regulation by 5-AzadC
increases SNCA expression in SK-SN-SH and SH-SY5Y cells’®88, This cytidine analogue passively
demethylates by irreversibly trapping DNA methyltransferase | (DNMTI), which positively
correlates with higher expression of various genes®. SNCA harbors CpG islands at the
regulatory regions encompassing the promoter and intron’®84, It has been shown that
hypomethylation of the intron1 CpG island but not the promoter CpG island is strongly
associated with PD’8. So, we sought to check the methylation status of the 23 CpG sites’® in the
SNCA-intron1 by bisulfite sequencing. As expected, a decrease in methylation of intron1 CpG
correlated with an increase in transcript levels as measured by the NanoLuc activity.
Conventionally, to study the effect of methylation on the promoter’s transcriptional efficiency,
that promoter-reporter construct is fully methylated in vitro and the reporter activity is then
compared with the unmethylated one’®°°, Consistent with our observation for endogenous
aSyn with NanoLuc activity, Jowaed et al. showed that in-vitro methylation of regulatory
promoter-reporter construct of aSyn reduces transcription of aSyn. Studying gene expression
this way could lead to different outcome than actual transcriptional state of the target gene as
the regulatory region of that gene might exist as partially methylated condition endogenously,
which cannot be replicated using the exogenous system. Moreover, comprehensive regulation
of the target gene promoter with inputs coming from other local epigenetic modifications such

as histone post translational modifications (PTMs)°! and trans factors which are usually present
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endogenously, might not be able to regulate the exogenously introduced promoter of the same

gene.

During genetic typing, we saw that the intensity of the NanoLuc-tagged allele after PCR is
relatively weaker when compared to the wild-type PCR product for both the genomic DNA and
cDNA (Figure 4c, Figure 6). This may be a result of PCR bias towards the amplification of the
shorter allele over the longer ones involving reaction in a single tube®2. This problem of
preferential amplification was overcome by using separate primer set to amplify only the
NanolLuc-tagged allele (not encompassing the wild-type allele) which could amplify the
NanolLuc-tagged allele very efficiently and comparably to the wild-type allele (Figure 4c, Figure
6). In addition to using separate set of primers, we used equal number of cycles (30 cycles) to
ensure that the PCR products are not saturated, which is indicated by the increase in expression
after dopamine treatment. However, the western blot shown in the Figure 5a indicated that the
NanoLuc-tagged aSyn protein (band shown at ~34 KDa) is higher in intensity than the wild type
protein (band at ~15 KDa) when probed with aSyn specific antibody. This unequal distribution
of protein bands between wild type (low) and NanoLuc-tagged allele (high) may indicate that
either that the NanoLuc luciferase has been targeted to aSyn in more than one allele of the
locus, or it is also possible that fusion of a highly stable NanoLuc luciferase protein with aSyn
may affect the stability of the target protein positively. HEK293T cells are not typically diploid,

and are instead complex hypo-triploid in nature, containing less than three times the number of
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chromosomes of a normal diploid human cell®3. Our results show that the NanoLuc reporter
construct is precisely targeted to the end of SNCA and faithfully reports the transcriptional

changes of aSyn.

The advantage of using an endogenous reporter system to study regulation of transcription by
epigenetic environment of the gene was highlighted by the data obtained from conventional
reporter assays after treatment with different drugs such as 5-AzadC, dopamine and sodium
butyrate. As 5-AzadC inhibits DNA methylation in dividing cells therefore we previously
observed that the drug reduced endogenous SNCA-intronl methylation and increased
transcription or NanoLuc activity in our endogenous reporter system. However, we did not
observe such increase in exogenous SNCA-promoter/intronl firefly reporter activity upon drug
treatment, may be due to lack of DNA methylation in the exogenous plasmid (Figure 11a first
panel). Surprisingly, we observed a significant increase in Renilla luciferase activity upon 5-
AzadC treatment (Figure a second panel) and a significant decrease in normalized reporter
activity (Figure 11a third panel). However, the observed decrease in reporter activity can be
attributed to CMV-Renilla luciferase activity which, although equally transfected, significantly
varied upon 5-AzadC treatment. The mechanism of this apparent variation in Renilla luciferase
activity is yet unknown. However, it is known that Renilla luciferase activity can vary
significantly upon treatment paradigm depending on the promoter driving its activity. This

could lead to erroneous interpretation of the observed data after normalization to Renilla as is
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a standard protocol for these type of assays®®. Therefore it was suggested to use different or

multiple endogenous controls in case of employing exogenous reporter systems®*.

It was also shown that dopamine can enhance aSyn transcription in HEK293 cells”®. Similarly,
we also observed a significant increase in the NanoLuc activity upon dopamine treatment to
293T-SNCA-3'NL cells (Figure 9b) unlike exogenous promoter-reporter assay (Figure 11b), which
further fortifies the reliability of our endogenous tagging system. This apparent discrepancy
between the outcome coming from endogenous and exogenous systems may be attributed to
either lack of appropriate crosstalk between cis/trans elements in exogenous reporter system
or due to lack of methylation structure in the SNCA promoter-intron1 construct in the plasmid-
based luciferase system. Since, the aim of our study was to design a tool that can faithfully
monitor changes in endogenous aSyn transcription at physiological level, the question that we
seek to address was whether this NanoLuc-tagged aSyn reflected accurately the change in
transcription of wild-type aSyn (although present in higher copy) after treatment with
dopamine. The comparable increasing trend of mMRNA and protein of both the wild-type and the
tagged aSyn after treatment with dopamine (Figure 10) indicated that the engineered cell line

could efficiently replicate transcriptional changes of endogenous wild-type aSyn.

Next we investigated how HDAC inhibitor, sodium butyrate can regulate transcription of SNCA.
As the dynamics between histone acetylation or chromatin relaxation and histone
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deacetylation or chromatin condensation play an important role in regulation of gene
transcription®>°¢, it can be envisaged that the application of HDAC inhibitor would result in
hyper-acetylated condition in the gene promoter, which in turn might favor induction in
transcription. As expected, we observed a significant increase in the NanoLuc activity in
response to sodium butyrate (p < 0.001) (Figure 9d). However, a significant opposite
observation was noticed using exogenous reporter system (Figure 11c). This prominent
decrease in the normalized reporter activity can again be attributed to the significant increase
of Renilla luciferase activity following sodium butyrate treatment. Interestingly, it has been
shown that this HDAC inhibitor can change the overall chromatin structure of the cell and
functions through the butyrate response elements on the gene regulatory regions that
encompass Sp1/Sp3 binding sites®’. Since, SNCA regulatory region contains multiple Sp1/Sp3
binding sites, it is reasonable to assume that recruitment of acetylated Sp1/Sp3 can enhance
SNCA expression. Analysis of CMV promoter sequence revealed that it harbors around 5
cognate sequences for Sp1/Sp3 binding, suggesting a possible mechanism for sodium butyrate
mediated significant increase in the Renilla luciferase activity. Since, Renilla luciferase plasmid is
usually used as endogenous control for this kind of conventional luciferase assay, it is very
important to interpret the reporter assay results with caution using this type of transfection

controls®*.
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Transcriptional upregulation of SNCA has long been a concern in PD pathogenesis. Most
intellectual effort has been focused on aggregation behavior, resulting in a lacuna of
information on transcriptional regulation of this gene despite its immense importance. In this
study we developed a novel screening tool that can efficiently monitor SNCA transcript levels
under different treatment conditions known to up-regulate transcription. This tool can provide
a new diagnostic platform for drug development and testing of compounds believed to regulate
SNCA in the cell in an inexpensive and precise way. As the epigenetic environment for this gene
regulation is kept unchanged, the effects of treatments would more closely mimic the state
seen in the cells than has previously been available. It is also worth mentioning that the stability
and sensitivity of this NanolLuc luciferase reporter makes it suitable to monitor very low
expressing genes which is unlikely to be achievable by any other conventional reporter systems.
At this juncture it is also important to mention that our study highlights the importance of using
endogenous reporter system over exogenous reporter system particularly for studying
comprehensive epigenetic regulation of gene transcription. This SNCA-NL reporter system is
very useful to study the effects of drugs or agents that are known to modulate gene’s
chromatin structure or any other epigenetic environment. Therefore previous studies which
used exogenous firefly/Renilla-based reporter system to demonstrate the important cis
elements of the SNCA promoter or novel transcription factors and pathways for the gene are

still useful®-101,
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2.5. Methods

2.5.1 Cell Culture

HEK293T LVX cells were maintained in DMEM (Dulbecco’s Modified Eagle Medium)
supplemented with heat-inactivated 10% fetal bovine serum and 1% Penicillin/Streptomycin
(Gibco, 10000 U/mL). Cells were maintained at 37 °C in humidified incubators with 5% CO2 and

passaged following trypsinaization with 0.25% Trypsin/0.53 mM EDTA (ThermoFisher Scientific).

2.5.2. Designing SNCA specific short guide RNA (sgRNA)

The vector for cloning of the sgRNA pSpCas9 (BB)-2A-Puro (PX459) was a gift from Feng Zhang
Lab (Addgene plasmid # 48139)16. The sgRNA targeting the stop codon area of the SNCA gene
was ligated into the pSpCas9(BB)-2A-Puro vector as previously described with minor
modifications (Table 1). Briefly, sgRNA oligos corresponding to 20 base pairs immediately
upstream of —~AGG PAM sequence located on the reverse strand at the SNCA stop codon were
ligated into pSpCas9(BB)-2A-Puro vector using Fast-Digest Bbsl (ThermoFisher Scientific) and T7
ligase (New England Biolabs) by cycling between 37 °C and 21 °C 10 times for 6 minutes.
Ligation reaction was treated with Plasmid-Safe ATP-Dependent DNase (Epicentre) and
transformed into CaCl2 competent cells DH5a E. coli by heat shock (42°, 50 sec). Plasmid was
purified using Gene-Jet plasmid Miniprep Kit (ThermoFisher Scientific) according to

manufacturer’s protocol and successful insertion of the sgRNA was confirmed by sequencing.

Cloning of NanoLuc-homology donor vector
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Primers used for amplification, addition of restriction sites and insert confirmation are listed in
Table 2. Approximately 800 bp-length homology domains were amplified from HEK293T
genomic DNA using Q5-Polymerase (New England Biolabs). Upstream homology arm
(Chromosome 4, 89,727,231-89,728,021, reverse strand GRCh38:CM000666) was modified to
include a 5’ Notl restriction site and a 3’ Sacl restriction site (Figure 4). Downstream homology
arm (Chromosome 4, 89,726,457-89,727,235, reverse strand GRCh38:CM000666) was modified
to include a 5’ Hindlll cut site and 3’ Notl/Aatll cut site. The NanoLuc luciferase sequence was
amplified from pNL1.1 vector (a gift from Promega Corporation). To allow for sequential
plasmid ligation, NanoLuc coding sequence was modified to include terminal 5’ Sacl and 3’
Hindlll/Aatll restriction enzyme sites. Upstream homology arm and the NanoLuc were ligated
together and cloned into Notl and Aatll digested pGEM -T Easy vector (Promega Corporation;
cat no. A137A) and transformed into competent DH5a cells. Plasmid was purified using Gene-
Jet Plasmid Miniprep Kit according to manufacturer’s protocol (ThermoFisher Scientific).
Downstream homology arm was then cloned into Aatll-digested vector. Completed homology
sequence was digested with Notl to release sequence from pGEM -T Easy vector and delete
Aatll sequence, then ligated into Notl digested pAAV-IRES-hrGFP backbone (2,846 bp) and
transformed into chemically competent DH5a cells. Presence of insert was confirmed by

sequencing.
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2.5.3. Generation of HEK-293T cell line stably expressing SNCA-NanolLuc (293T-SNCA-3'NL)

Vector constructs were transfected into HEK293T LVX (CloneTech) cells using X-Fect Polymer
(CloneTech) according to manufacturer’s protocol. Briefly, HEK293T LVX cells were seeded in a
6-well plate with 1 x 106 and allowed to grow to 80% confluency. X-Fect Polymer was mixed
with 1.25 pg pSpCas9 (BB)-2A-Puro with SNCA sgRNA and 1.25 pg NanoLuc-homology arm
donor vector and incubated with cells for 4 hours, followed by a change with fresh media. After
48 hours, cells were subjected to 5 pg/mL puromycin (ThermoFisher Scientific, cat no.
AC227420100) selection for 48 hours. Surviving puromycin resistant cells were diluted to a
single cell level and plated in 96 well plate then allowed to propagate for approximately two
weeks. 15 pure colonies were recovered and grown to 50% confluency before passaging them

to 1:2 in a 24 well plate.

2.5.4. Confirmation of stable integration of the NanolLuc reporter at the 3'end of SNCA

Genomic DNA of the puromycin resistant colonies was extracted by 16 hours incubation in lysis
buffer (10 mM Tris-HCI pH 7.6, 0.5 mM EDTA, 0.67% SDS, 132 ug/ml Proteinase-K) at 55 °C,
followed by precipitation in 100% ethanol with 150 mM NaCl. Presence of the NanoLuc insert
was confirmed by PCR using NanoLuc forward and reverse cloning primers and identity of insert
was confirmed by gene specific confirmation primers in intron 5’ and the 3" UTR of SNCA using
PCR master mix (GenDepot, P0311-200). The details of the “Insert Confirmation primers” are

listed in Table 1. Individual bands were excised and sequenced to confirm the sequence to
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ensure introduction of any mutations and location of insert in the genomic DNA and cDNA

(Macrogen USA).

2.5.5. Western blotting

For Western blotting, protein was extracted using RIPA (Radio Immuno Precipitation buffer)
buffer (PBS, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% PMSF, 100 ng/ml protease inhibitor,
dH20) and 40 ug protein were ran on 10% denaturing SDS gel and transferred to PVDF
membrane (Millipore cat no. IPFL0O0010). Following the transfer process, the membrane was
fixed in 0.4% PFA in PBS as suggested by Lee et al.36. The membrane was then blocked with
Odyssey Blocking Buffer (LI-COR cat no. 927-50000) mixed 1:1 with TBS. Specific protein bands
were detected using rabbit anti-aSyn antibodies (Santa Cruz Biotechnology, cat no. SC-7011R,
1:1000 dilution) overnight and followed by goat anti-rabbit secondary antibodies for
fluorescent detection at 680 nm (LI-COR, cat no. 926-68020). Western blotting for the
experiments related to 48 hour dopamine treatment, proteins were extracted as before and
transferred to PVDF membrane. Membrane was blocked with 5% milk in TBS-T. Specific protein
bands were detected using mouse anti-aSyn antibodies (BD Transduction Laboratories, cat no.
610786) at 1:250 dilution, followed by goat anti-mouse HRP secondary antibodies for

chemiluminescent detection (Jackson Immuno Research laboratories Inc. cat no. 115-035-146).
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2.5.6. Assay for the NanolLuc luciferase activity

To measure the NanoLuc luciferase activity, 200,000 cells were seeded per well of a 24 well
plate. After 24 hours, appropriate treatments were done and incubated for designated periods
of time in duplicate. Cells were detached by trypsinization and two wells were combined in a
1.5 mL microcentrifuge tube and pelleted at 2,000 x g for 3 minutes. Cell pellets were
resuspended in 500 pL colorless DMEM and counted using an automated cell counter (BIORAD,
USA) three times and then luciferase activity was monitored in technical triplicate using the
Nano-Glo Luciferase Assay System according to manufacturer’s protocol with minor
modifications (Promega corporation, cat no. N1110). Briefly, 5,000 cells in 30 pL colorless
DMEM were assayed using 30 plL of assay buffer mixed 1:100 with NanoGlo substrate. Plates
were incubated for 5 minutes and then luminescence was recorded in triplicate on a multi-plate

reader (EnVision, PerkinElmer). This experiment was performed three times independently.

2.5.7. SNCA promoter-reporter assay

To generate the SNCA promoter luciferase construct, SNCA promoter-intron1 region (-2,200 to
+118 bp; with respect to ATG) was amplified from HEK293T genomic DNA and cloned into
Xhol/Hindlll sites of promoter less pGI3 basic vector (Promega, USA, cat no. E1751). The
presence of insert was validated by sequencing. For the promoter-reporter assays, 200,000
HEK293T LVX cells were co-transfected with SNCA-pGL3 and CMV-pRL (as a transfection

control) vectors in a 24 well plate format. Each well were co-transfected with 500 ng of SNCA-
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pGL3 and 10 ng of CMV-pRL plasmids using X-Fect polymer as described above and incubated
24 hours before proceeding to any chemical/drug treatments. Following the drug treatments
for appropriate time HEK293T LVX cells were collected for lysis. Briefly, cell pellet was lysed in
100 pL of Lysis Buffer (25 mM Tris-Phosphate Buffer pH 8.0, 4 mM EGTA, 2 mM DTT, 20%
Glycerol & 1% Triton X-100) for 10 minutes at room temperature with occasional shaking, then
centrifuged at 16,000 x g for 5 minutes and the lysate was collected in a separate tube. 10 pL of
this lysate was assayed with 140 pL of luciferase assay buffer (25 mM Tris-Phosphate Buffer pH
8.0, 4 mM EGTA, 20 mM MgS04, 1 mM DTT, and 2 mM ATP). Firefly luciferase activity (0.75 mM
luciferin, 10 mM DTT) and Renilla luciferase activity (1.5 uM Coelenterazine, 100 mM NaCl,

25 mM Tris pH 7.5) were measured in triplicate using a multi-plate reader (EnVision,
PerkinElmer). Relative luciferase activity was measured by normalizing the firefly luciferase

activity to Renilla luciferase activity (F/R).

2.5.8. Cell treatment paradigm

All the treatments were performed in duplicate wells. Compounds used in the study are as
follows: Sodium butyrate (Alfa Aeser; cat no. A11079), (5-AzadC) (Sigma, cat no. A3656) and
Dopamine hydrochloride (Sigma, cat no. H8502). Sodium butyrate stock was prepared in
distilled water at a concentration of 500 mM and cells were treated with sodium butyrate for
24 hours at 2.5 mM and 5.0 mM. 5-AzadC stock of 5 mM was prepared in 50% acetic acid and

immediately aliquoted and frozen. Cells were treated with 10 uM 5-AzadC for 72 hours,
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refreshed every 8-12 hours8. Dopamine stock was prepared in distilled water at a
concentration of 10 mM. Cells were treated with 100 uM dopamine for 48 hours, refreshed
every 24 hours9. Control wells were treated with respective vehicles for indicated times and no

visible cellular toxicity was noticed under aforementioned treatment paradigms.

2.5.9. Bisulfite sequencing

Genomic DNA from 293T-SNCA-3'NL cells following 5-AzadC treatment was extracted as
mentioned above. Approximately, 500 ng high quality DNA (260/280 > 1.8) was used for
bisulfite conversion using EZ DNA Methylation-Direct Kit (Zymo Research cat no. D5020) then
used as template for PCR amplification of SNCA intron1 region using specific primers designed
for bisulfite modified DNA as described in article by Jowaed et al.8. EpiMark Hot Start Tag DNA
Polymerase (NEB Inc; cat No. M0490S) was used for PCR and the amplicon was cloned into
PGEM -T Easy vector (Promega Corporation). 10 positive colonies were selected for sequencing
analysis using T7 universal primer. The sequenced products were analyzed for degree of

methylation using BISMA and QUMA software!92:103,

2.5.10. Semi quantitative reverse transcriptase PCR (RT-PCR)

RNA was extracted using TRIzol Reagent according to manufacturer protocols (Life Technologies
Inc.; cat no. 15596-026). Complementary DNA (cDNA) was generated by conversion of 1 ug

total RNA using amfiRivert cDNA Synthesis Platinum Master Mix according to manufacturer’s
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protocol (GenDEPQOT; cat no. R5600-50). The cDNA was diluted 1:1 with nuclease free water
before PCR. To check the expression of SNCA, amplification was done using primers against the
NanoLuc sequence and normalized by the amplification of an endogenous control gene, B-actin.
The scheme of the differential amplification of NanoLuc-tagged allele and wild type SNCA

alleles are shown in Figure 11. Details of all the primers are listed in the Table 1.

2.5.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software Inc.). Data are
presented as mean * SEM. To get statistically meaningful data, all experiments were performed
in technical triplicates. The times change in the NanolLuc luciferase activities in treated groups
were calculated by normalizing the value with respective control for each experiment. All the
experiments were independently repeated three separate times using separate batches of cells
and the means of each experimental set were analyzed. In case of exogenous luciferase
reporter assays, minimum of four independent repeats were performed. Statistical significance
was determined by comparing means of different groups and conditions using unpaired 2-tailed
Student’s t test, and one-way ANOVA. Multiple corrections were made using post-hoc Tukey
test, Bonferroni test and Scheffe’s test whenever it was required. Significance was assessed at

95% level.
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2.6. Figures
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Figure 4 — Development of 293TSNCA3’NL cells
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Figure 4: a Schematic representation of cloning strategy. SNCA gene map showing exons (1a
and 1b non-coding, 2—6 coding) and the 3'UTR. Transfection of sgRNA targeting the 3’'end of
exon 6 induces a DSB near the stop codon (TAA). Donor vector design contains 5 homology arm
of 790 bp encompassing part of intron 5 and exon 6 upstream from the stop codon and the
NanoLuc-3’' homology arm of 800 bp downstream of the stop codon containing part of the
3'UTR. Co-transfection of donor vector with the CRISPR/Cas9 construct precisely incorporated
the NanoLuc right before the stop codon by HDR of the SNCA gene. b Following puromycin
selection and single cell dilution, genomic DNA from all surviving isogenic colonies were
screened for the NanoLuc insert with pNL1.1 NanoLuc vector and HEK293T LVX cells as controls.
From 15 colonies recovered, two were positive for the NanoLuc insertion. ¢ Gene specific PCR
with primers in the intron 5 (A) and the 3'UTR of SNCA showed colony 9 had a heterozygous
insertion in 293T-SNCA-3'NL cells (Lane 1); PCR with forward primer on the NanoLuc (B or
NanoLuc Internal Forward Primer) and the same 3'UTR reverse primer (cDNA sequencing
Reverse Primer) showed comparable amplification of the NanoLuc tagged allele (Lane 2); PCR of
the wild-type aSyn and NanoLuc from the HEK293T LVX as controls (Insertion Confirmation
Forward Primer and cDNA sequencing Reverse Primer) (Lanes 3 and 4). d Excerpt of Sanger
sequencing results showing insertion of the NanoLuc sequence with restriction sites precisely
before the stop codon of SNCA and with correct continuation of the 3'UTR after the NanoLuc

sequence.
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Figure 5 — Sequence alignment of wild type SNCA against 293T-SNCA-3'NL genomic DNA
sequence
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Figure 5: Part of the sequence alignment is shown depicting the 3’ end of the SNCA of 293T-
SNCA-3’NL. The wild type (WT) SNCA genomic DNA sequence (reference sequence: GRCh38.p7)
was aligned with the sequencing data from 293T-SNCA-3'NL to check for the proper
incorporation of the NanoLuc construct at the end of the coding sequence of SNCA. Sequence 1
is expected SNCA genomic DNA, sequence 2 is 293T-SNCA-3'NL sequence. The last exon of
SNCA is highlighted in blue. The start and stop codons of NanoLuc are highlighted by yellow and
red colors respectively. The aligned bases between both the sequences are marked by star (*).
The in-frame incorporation of the NanoLuc can be seen in between the two restriction enzyme
sites, Sacl and Hindlll (underlined) in 293T-SNCA-3'NL cells (2). Sequence alighment was done

using Clustal Omega program.
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Figure 6 - 293T-SNCA-3'NL cDNA indicates correct insertion of NanoLuc sequence.
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Figure 6: a PCR of SNCA from 293T-SNCA-3’NL cDNA using “cDNA sequencing primers” (Table 1)
produces two bands, one matching expected wild-type size and one matching expected size for
wild-type with NanoLuc insertion (NanoLuc Tagged aSyn). b Part of the sequence alignment is
shown depicting the coding region of the gene and incorporation of the NanolLuc sequence in
293T-SNCA-3'NL cell line. The WT SNCA mRNA sequence (reference sequence: NM_007308.2,
transcript variant 4) was aligned with the sequencing data from 293T-SNCA3'NL to check for the
proper incorporation of the NanoLuc construct at the end of the coding sequence of SNCA.
Sequence (1) is WT SNCA mRNA transcript, sequence (2) is 293T-SNCA3'NL sequence. The start
and stop codons in the WT SNCA mRNA sequence are highlighted by green and red colors
respectively. The aligned bases between both the sequences are marked by star (*). The in-
frame incorporation of the NanoLuc can be seen in between the two restriction enzyme sites,
Sacl and Hindlll (underlined) in 293T-SNCA-3'NL cells (2). The NanoLuc insert is unique to 293T-
SNCA-3'NL cell line and not found in WT SNCA mRNA sequence. The new stop codon after the
NanoLuc sequence in 293T-SNCA-3'NL cell is marked by yellow. “N” denotes unread base in the

sequence. Sequence alignment was done using Clustal Omega program.
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Figure 7 — Functional expression of the NanoLuc luciferase.
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Figure 7: a Lysates from HEK293T LVX, HEK293T SNCA K/O, and 293T-SNCA-3'NL cells were
Western blotted with anti-aSyn antibody. As expected, a wild-type band appeared in HEK293T
LVX and 293T-SNCA-3'NL cells, but in the 293T-SNCA-3'NL cells an additional band was
identified at approximately 34 kDa corresponding to aSyn fused with the NanoLuc that was
absent in non-NanoLuc tagged cells. b Luminescence activity of HEK293T LVX cells compared
with 293-SNCA-3'NL cells. Only 293T-SNCA-3'NL cells generate significant NanoLuc activity in
the presence of furimazine as the substrate. ¢ Luminescence of 293T-SNCA-3'NL cells follows a
linear trend with increasing cell numbers (R? = 0.95). All the experiments have been performed

in triplicate.
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Figure 8 — Full western blot of 293T-SNCA-3’NL cells showing NanoLuc tagged and WT aSynuclein.
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Figure 8: Full western image from Figure 5a. aSYN was detected using polyclonal rabbit
antibody (Santa Cruz, SC-7011-R). Wild-type aSYN is shown at approximately 15 kDa and is
present in both wild-type 293T cells and 293T-SNCA-3’NL cells, but absent from 293T-SNCA-
knockout cells. NanoLuc-fused aSYN is shown at approximately 34 kDa, and only appears in
293T-SNCA-3’NL cells. The unmarked bands present in the blot are non-specific bands that

commonly appear with this particular polyclonal antibody.
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Figure 9 — 293TSNCA3’'NL cells having the NanoLuc integration can be used to model
deregulated SNCA as seen in sporadic PD



Figure 9: a 293T-SNCA-3'NL cells treated with 10 uM 5-AzadC for 72 hours which induced a
significant increase in the NanoLuc activity as compared to the control. The NanoLuc activity
was corroborated by increase in aSyn transcript as shown in the RT-PCR. b Methylation status
of 23 CpG sites on the SNCA intron1 was determined by bisulfite sequencing. Amplified PCR
products were cloned into pGEM-T Easy vector and 10 clones were sequenced. (Left)
Comparison of vehicle and 5-AzadC treatment (10 uM, 72 hours) showing unmethylated (open
circles) and methylated (closed circles) cytosines for all 10 clones (y-axis) at each of the 23 CpGs
inintronl (x-axis). (Right) Scatter plot showing overall decrease in methylation by 31.7%
compared to the control. ¢ Similarly, 293T-SNCA-3'NL cells treated with dopamine at 100 uM
concentration for 48 hours, increased NanoLuc activity significantly. Increase in the NanoLuc
activity was confirmed by RT-PCR after dopamine treatment. d Following HDAC inhibitor
(sodium butyrate) treatment at concentrations of 2.5 mM and 5.0 mM for 24 hours, the 293T-
SNCA-3'NL cells showed a significant dose dependent increase in the NanoLuc activity. This
dose-dependent increase in the NanoLuc activity was also confirmed by RT-PCR following same
treatment paradigm. B-actin amplification was used as an internal control for all the PCRs. Error
bars show the mean from three technical repeats. p values are given for t-test (5-AzadC,
dopamine), one-way ANOVA (Sodium butyrate) where *represents p < 0.05, **represents

p <0.01, ***represents p < 0.0001.
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Figure 10: a Schematic representation of PCR strategy to avoid preferential amplification issues
from heterozygous allele sizes. For WT amplification, primers used were “SNCA Exon 4
Forward” and “Insert Confirmation Reverse” (Table 1) to give an amplification product size of
338 bp. For NanoLuc specific amplification, primer pair used were “NanoLuc Internal Forward”
and “Insert confirmation reverse” to get a product size of 356 bp. Elongation time was
restricted for NanoLuc specific amplification to prevent competitive wild-type amplification. b, c
Qualitative image of RT-PCR and western blot analyses of 293T-SNCA-3’NL cDNA and protein
under vehicle and dopamine (100 uM) treated condition show comparable increasing trend for

both wild-type and NanoLuc tagged aSym.
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replicate endogenous SNCA behavior after similar paradigm of drug treatment.
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Figure 11: a HEK293T LVX cells were co-transfected with SNCA-pGL3 (firefly luciferase) and
CMV-pRL (Renilla luciferase) constructs. Twenty-four hours after transfection, cells were
subjected to 10 uM 5-AzadC treatment for 72 hours. No significant change in firefly luciferase
activity was seen, however the Renilla luciferase activity showed a significant increase. Thus
overall normalized luciferase assay showed a significant decrease in the activity (F/R) after
treatment with 5-AzadC. b Similarly, HEK293T LVX cells were also co-transfected with SNCA-
pGL3 and CMV-pRL plasmids, treated dopamine at concentration of 100 uM for 48 hours. No
significant change was observed either in firefly luciferase activity or Renilla luciferase activity.
Thereby, the normalized luciferase activity (F/R) also did not show any significant change after
treatment with dopamine. ¢ Treatment with sodium butyrate at concentrations of 2.5 mM and
5.0 mM respectively for 24 hours, gave comparable results (like 5-AzadC) in normalized
luciferase activity (F/R) which showed a significant decrease. This decrease in the normalized
luciferase was attributed to the significant increase in firefly luciferase activity

and Renilla luciferase activity. Error bars show the mean from three technical repeats. p values
given for t-test (5-AzadC, dopamine), one-way ANOVA (Sodium butyrate) for three independent

experiments where *represents p < 0.05, **represents p < 0.01, ***represents p < 0.0001.
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Table 2 — Primers Referenced in Chapter 2

Primer Name

Sequence 5' - 3'

SNCA sgRNA Top Strand

SNCA sgRNA Bottom Strand
Upstream Homology Forward Primer
Upstream Homology Reverse Primer

NanolLuc Forward Primer
NanoLuc Reverse Primer

Downstream Homology Forward Primer
Downstream Homology Reverse Primer
Insertion Confirmation Forward Primer
Insertion Confirmation Reverse Primer
cDNA sequencing Forward Primer
cDNA sequencing Reverse Primer

SNCA Exon 4 Forward Primer

NanolLuc Internal Forward Primer

CACCGTGGGAGCAAAGATATTTCTT

AAACAAGAAATATCTTTGCTCCCAC

TATGGCGGCCGCTTAGGAACAAGGAAAAT

AGTGAGCTCGGCTTCAGGTTCGTAGTC

AAAGAGCTCATGGTCTTCACACTCGAA

CATGACGTCAAGCTTTTACGCCAGAATGCGTG

AAGCTTAAATATCTTTGCTCCCAGTTTCTTGA

GTTGACGTCGCGGCCGCATACCAAAACA

CTGCAGAATATTTGCAAAAACATTGATTG

TAAAAACTTTGAGAAATGTCATGACTGGG

GGAGTGGCCATTCGACGACAGTG

TAAAAACTTTGAGAAATGTCATGACTGGG

CAAATGTTGGAGGAGCAGTGGTGA

AAGGTGATCCTGCACTATGGCA
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CHAPTER THREE — CRISPR-MEDIATED EPIGENOMIC ENGINEERING

We used the CRIPSR/Cas9 system to insert an endogenous reporter into the SNCA gene to
generate a reporter by taking advantage of its double strand break capability to induce
homology-directed repair. While the direct editing of DNA by Cas9-mediated cleavage is a
major use of this technology, the highly specific targeting capabilities of the sgRNA allows a
broad range of other chromatin and genomic manipulation. Here we will discuss the different
ways in which the Cas9 platform can be used to affect DNA without double-stranded breaks
including manipulation of gene expression, DNA labeling and conformational control, and
epigenomic engineering. Application of these concepts allowed us to develop and submit a
publication describing our modular epigenetic toolkit that allows us to directly write epigenetic

information in a site-specific manner (See Chapter 5).

3.1. Using dCas9 to Manipulate DNA

After being directed to the DNA strand by a targeting sgRNA, Cas9 melts the DNA duplex and
generates a double stranded break by nicking each DNA strand®8. Introduction of a point
mutation in both the RuvC and HNH domains generates catalytically dead Cas9 (dCas9) that can
complex with guide RNA and bind target genomic targets without introducing a DSB at the
sitel®. Fusion of different enzymes to dCas9 allows many different types of targeted chromatin

editing to occur (Figure 12).
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3.1.1. dCas9-based Tools

Using dCas9 as a platform for deaminase enzymes such as APOBEC1 allows direct conversion of
CtoTorAto Gin asite-specific manner, allowing correction of single-nucleotide polymorphism

105-107

(SNP) mutations or creating an early stop codon . The organization of chromatin can be

visualized in live cells by fluorescently labeling dCas9 or by using an sgRNA aptamer scaffold to

108,109 " |nterestingly, tethering dimerizable proteins to dCas9

bind multiple MS2 fluorophores
scaffolds allows researchers to force formation of chromatin loops to increase or prevent
enhancer activity on local promoters!?®. Finally, fusion of dCas9 with epigenetic modifying

enzymes allows researchers to directly write and edit epigenetic information on the chromatin

and influence gene expression®°.

3.1.2. Using dCas9 to Modify Transcription

A wide variety of CRISPR-based tools have been generated to affect gene expression and the
epigenome (Figure 12). Most simply, genes can be directly downregulated by targeting dCas9
to the polymerase binding site where it can sterically hinder RNA polymerases, an approach
known as CRISPRi%, This technique was taken further with the fusion of the transcriptional
repressor KRAB-box associated protein 1 and heterochromatin protein 1 to further reduce
targeted gene expression!'*112, Conversely, multiple studies demonstrate that fusion of dCas9
with four copies of the 16-amino acid Herpes simplex transactivation domain (VP64) can
robustly induce transcription®2113114 " Further work has expanded this system by combining
VP64 fusion with other chimeric constructs such as the NF-kB transactivation domain P65 or

adapting the sgRNA scaffold to form hairpin apatmers that can recruit activation domains!*>-117,
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Also, Tanenbaum et al developed the SunTag system consisting of a repeating polypeptide array
of GCN4 moieties that allow multiple effector molecules to be co-localized with a targeting
proteint'®, Effector molecules are fused to a scFv antibody fragment targeting the GCN4
moiety, recruiting the effectors to the site of the base protein. By fusing the GCN4 tail to dCas9

and attaching VP64 to the scFv fragments, they demonstrated robust transcriptional activation.
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Figure 12 — Using dCas9 for Genomic Engineering

Figure 12: Catalytically dead Cas9 (Center) has been fused to a wide variety of effector molecules, enabling a broad spectrum
of genomic effects, such as base editing, chromatin imaging, altering chromatin topology, and affecting transcription.
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3.2. CRISPR-mediated epigenome editing

While the previously described work has been able to directly alter gene expression, increasing
attention has been focused on the role of epigenetics in gene expression and using the
CRIPSR/Cas9 system to understand and edit epigenetic architecture. Broadly speaking,
epigenetics can be defined as any heritable change in gene expression that is not directly
related to the actual DNA sequence. A large variety of epigenetic mechanisms exist, such as
non-coding RNA, methylation of cytosine bases in DNA, and post-translational modification of
histones®®. Among these, DNA methylation is the most widely studied mechanism of epigenetic
control. There are two major enzymes that catalyze de novo DNA methylation, DNMT3A (DNA
Methyltransferase 3) and DNMT3B°, Generally, DNA methylation at promoter regions or
other regulatory regions is associated with transcriptional repression. Aberrant DNA
methylation has been associated with many types of cancer and small molecule methylation
inhibitors such as 5-Azacytidine are FDA approved, although this is a global effect and targets

the entire genome in a non-specific mannert?°

. To circumvent this, the catalytic domain of
DNMT3A was fused to dCas9 to allow for target-specific DNA methylation by several

independent research groups*?1123, Similarly, DNA methylation was reduced in a site-specific

manner by fusion of the TET (Ten-Eleven Translocase) enzymes to dCas9124126,

Once it was established that DNA methylation could be influenced in a site-specific manner,

researchers also began to target histone post-translational modifications as a strategy to alter
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epigenomic activity. In the eukaryotic cell, DNA is wrapped around these proteins. Each
histone is a dimer composed to two hetero-tetramers with 4 subunits: Histone protein H2A,
H2B, H3, and H4%’ (Figure 13). The histone functions as a spool which is able to organize,
compact and regulate DNA accessibility. One of the major regulatory mechanisms of DNA
control is the post-translational modifications of the long protein tails that extend from each
histone core protein. While each protein tail has different regulatory functions, we will focus

on two major regulatory lysine residues on histone protein H3.

3.3. Using dCas9 to Manipulate Histones

Lysine 4 on histone H3 (H3K4) is a critical site for marking active regions of transcription. H3K4
can be appended with mono-, di-, or tri-methylation (mel, me2, me3)*?’. Active distal
regulatory elements are generally marked by H3K4me1 or H3K4me2%°, H3K4me3 generally
indicates an active promoter region or one that is ‘poised’ — meaning it contains both
permissive and inhibitory marks simultaneously and is frequently present at high levels around
transcriptional start sites!?®, H3K27 is also a central residue for epigenetic information. When
acetylated, histones adopt an open conformation, exposing the DNA for recruitment of
transcriptional machinery leading to increased transcription?®12°, Increases in H3K27ac are
found at both active distal enhancer regions as well as promoters. Conversely, when H3K27 is
tri-methylated, histones adopt a closed conformation and the DNA has reduced accessibility to

transcriptional activation!?®. (Figure 13). It should be noted that none of these marks are sole
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determinants of transcriptional activity and the specific combination of DNA methylation,
histone marks, and cellular context determines the actual transcriptional activity®®. Despite
this complexity, the H3K4 and H3K27 residues remain attractive targets for CRISPR-based

editing strategies.
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Figure 13 — H3 Histone Tails Influence Transcription

Figure 13 — Histones consist of two tetramers of histone proteins (H2A, H2B, H3, H4) that DNA
is wrapped around. Modifications on the tail of H3 at K27 and K4 can modify the chromatin

structure to allow or block transcription factors and RNA polymerase to initiate transcription.
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3.3.1 — Current Approaches to Modify Histone Marks

While the role of histone marks is now well established, relatively little intellectual effort has
been focused on careful manipulation of histone marks in a site-specific manner. Fusion of the
histone H3K4me2 demethylase LSD1 to Cas9 has been reported and shown to reduce target
gene expression by removing activating K4 methylation!3?. Conversely, depositing the
transcriptionally activating mark H3K27ac by fusion of dCas9 with P300 has been shown to
increase target expression'3!. H3K27ac was also targeted for removal by fusion of histone
deacetylase 3 (HDAC3) to dCas9, which reduced both acetylation levels as well as expression'32,
Finally, dCas9 fusion to the methyltransferase PRDM9 has been shown to modulate local
H3K4me3 levels and allow re-expression of silenced genes in several cell types?33. While these
works are important first steps in expanding our ability to manipulate and understand local
epigenetic effects, much work remains to be done. Identifying a causal link between gene
expression and epigenetic architecture remains a central focus in chromatin biology and using
the Cas9 platform to deeply explore and understand the specific effects of locus specific mark
manipulation will be a crucial step toward realizing this goal. To assist in answering these
central questions, during my dissertation period our group has worked to develop a suite of
modular epigenetic modulators to aid increase our understanding of focal epigenetic effects.

(See Chapter 4)
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CHAPTER FOUR: PRECISE EPIGENOMIC EDITING BY A NEWLY DEVELOPED
MODULAR EPIGENETIC TOOLKIT

Subhrangshu Guhathakurta®; Levi Adams*; Anishaa Sivakumar; Mingyu Cha; Mariana Bernardo

Fiadeiro; Haiyan Nancy Hu; Yoon-Seong Kim*

# contributed equally

4.1. Abstract

Epigenetic regulation of gene expression is one of the master regulators in the body to control
gene-transcription. Therefore, any disease-associated gene whose transcriptional deregulation
is responsible for the disease pathology could be rectified by locus-specific modulation of that
gene’s epigenetic niche. In this study, we created a novel CRISPR/dCas9-based epigenetic
toolkit, which can be used to modulate gene-specific epigenetic environment to ameliorate its
expression associated with any disease. We have shown usefulness of this system using several
key enzymes that regulate histone post-translational modifications associated with different

states of gene expression which could be deployed to alter any gene’s expression.
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4.2. Introduction

Utilization of the CRISPR/Cas9 system is now well established for precise genome
editing>0112115131,134-141 " Taking advantage of the genomic locus-specific targeting abilities with
catalytically dead Cas9'4? (dCas9), this system has also been employed to modulate focal
epigenetic architecture and gene expression®. Early transcription modulation systems using
dCas9 fused to synthetic activators such as VP64, SAM, and VPR have exhibited to alter a
specific gene expression. But the effect is transient'** and, moreover, they ignore the
endogenous epigenetic environment. However, each gene’s regulatory regions such as
enhancer, promoter or gene body have unique combinations of different histone
posttranslational modifications (PTM) that predominantly determine their status of expression.
Therefore, to understand the precise epigenetic regulation of a gene, we need to develop a
system which can systematically explore the effect of every such histone PTM of the gene on
their expression with a high resolution. To address this gap, we developed a modular epigenetic
toolkit by modifying previously developed SunTag framework!*®. dCas9 tagged with a repeating
polypeptide array of GCN4 moieties recruits multiple anti-GCN4 scFv-fused endogenous
epigenetic effectors IMID3, EZH2, PRDMY, p300 and JARID1A. Here, we reported that this
switchable modular system efficiently works in precisely modifying each histone PTM of any
gene with a couple of hundred-base resolution. This CRISPR/dCas9-based modular epigenetic
toolkit would pave a new avenue to study the epigenetic architectures of an individual gene

with great precision.
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4.3, Results

We envisioned a system where highly specific changes to individual genes can be achieved
using a suite of epigenetic modifiers that adjusts the endogenous structure while minimally
disturbing other loci. To this end, we took advantage of the previously developed SunTag

system?®,

4.3.1. Developing the Modular Epigenetic Toolkit

To recruit multiple functional domains of epigenetic writers, we used dCas9 with 5x GCN4
moieties (maintaining 22 amino acid separation as previously reported??*). This allows us to
recruit multiple anti-GCN4 antibody-fused epigenetic effectors to the sgRNA-directed loci and
directly modulate the local histone PMTs (Figure 14a). We generated five plasmids constructs
with scFv and sfGFP fused to different key epigenetic effectors (Figure 14b, Figure 17 S1a,b;).
Histone acetyltransferase p300 catalyzes the acetylation at the 27" lysine residueon histone H3
(H3K27ac)4414e, JMJD3 (Jumonji domain-containing protein D3) and EZH2 (Enhancer of zeste
homolog 2) decreases and increases H3K27 tri-methylation (H3K27me3), respectively 147151,
We also generated constructs to decrease or increase H3K4 tri-methylation (H3K4me3) using
JARID1A (Jumoniji, AT-rich interactive domain 1) and PRDM9 (PR/SET Domain 9) 12153,
respectively. Previously, it was shown that only using the catalytic core of an enzyme with

dCas9 is more effective!®!, so we subcloned the catalytic core of each epigenetic writer into the

SunTag-scFv system (Figure 17 S1c) to develop our modular epigenetic toolkit.
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4.3.2. The Modular Epigenetic Toolkit Directly Edits Histone Marks in a Targeted Manner

To assess the efficiency of the modular epigenetic toolkit, we analyzed relevant epigenetic
marks in specific genes in the well-characterized A549 cell line 328!, We data mined available
epigenetic information around + 2.5 kb of transcriptional start sites, sorted genes for epigenetic
marks, and selected genes whose promoter region epigenetic signatures correlate well with
their expression profile (Figure 18 S2a). We selected four genes with distinctive patterns of
histone modifications that would demonstrate the toolkit’s flexibility —RPLPO, FTL, DLX5 and
NEUROG?2 (Figure 18 S2a,b), and confirmed the presence of these marks in our cells (Figure 18
S2c). For each gene, we chose a sgRNA at the region of the gene enriched for the relevant
epigenetic target (Table 3). We generated A549 cell lines stably expressing dCas9-5xGCN4 and
the desired sgRNA and confirmed the presence of dCas9-5xGCN4 at the sgRNA target site.
(Figure 19 S3a). The appropriate dCas9-5XGCN4/sgRNA cell lines were transfected with the
scFv-fused epigenetic writers (p300, JMJD3, EZH3, JARID1A or PRDM9) or empty scFv, FACS
sorted followed by ChIP analysis, indicating that our epigenetic modulators effectively alter the
epigenetic landscape of the targeted genes (Figure 14c, Figure 19 S3b). PRDM9 increased DLX5
H3K4me3 enrichment by 6.9 folds, conversely, JARID1A decreased RPLPO H3K4me3 enrichment
by 11 folds. p300 led to 5.8-fold increase in DLX5 H3K27ac. EZH2 increased H3K27me3 in FTL
regulatory region from below detection limit by, while JIMJD3 reduced Neurog2 H3K27me3 by
5.3 folds (Figure 14c). This data shows that our modular epigenetic toolkit system target-

specifically modulates endogenous histone marks. By directly targeting the native epigenetic
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architecture, we may be able to reveal new insights into endogenous gene regulation and

inform future decisions about where to target epigenetic writers to achieve maximum effect.

4.3.3. Using the Toolkit to Modulate Pathological Gene Activity

To test this idea, we screened a large gene promoter region with JARID1A and EZH2 and
compared it to the established HEK293T epigenetic landscape. The promoter region of SNCA, a
gene encoding aSynuclein, spans over 3200 base pairs; to thoroughly investigate this area, we
selected 10 sgRNA targets spaced every 200-400 base pairs (Figure 15, Figure 20, Table 3).
Previous HEK293T data shows SNCA promoter enrichment for H3K4me3 as well as H3K27ac and
low H3K27me3 levels (Figure 15b) 3281, We hypothesized that targeting our modular epigenetic
toolkit to the sites of histone mark enrichment would allow us to modulate SNCA expression
and provide insight into the functional importance of epigenetic architecture with a hundred-

base resolution.

4.3.4. Screening SNCA with NanolLuc

For initial screening of the SNCA promoter we used the NanoLuc cell line we previously
developed (see Chapter 2). The high sensitivity of this cell line and its ease of use made it a
good fit for this type of screening. To screen this, we selected 8 sgRNA spanning the promoter
region: one at each previously identified H3K4me3 and H3K27ac peak, and several more distal

sites to get a complete picture of the epigenetic effects and range (Figure 15a,b). We
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transfected the dCas9-5xGCN4 construct, JARID1A-scFv, and sgRNA into NanoLuc cells in a 96
well plate. After 72 hours we performed a NanoLuc assay to determine what effects

modulation by JARID1A would have on the NanoLuc cell line.

As expected, removal of H3K4me3 by JARID1A significantly reduced aSynuclein expression
compared to control but surprisingly the effective sgRNA targets did not directly align with the
H3K4me3 enrichment peaks previously reported (Figure 15 b,c). Instead, maximal impact on
expression occurred when sgRNA was targeted approximately 400-800bp upstream and
downstream from reported enrichment peaks and targeting the area immediately around the
peak enrichment had no effect. EZH2 was also able to significantly reduce expression of SNCA
when targeted to the 5’ end of the promoter but had no effect in other regions (Figure 15d).
We also noted that the actual reduction in NanoLuciferase activity was relatively weak,

although the mixed nature of the cell culture could be masking the real effect.

4.3.5. High Resolution SNCA Screen Reveals Effective Targeting Regions

To further explore this data, we decided to further investigate this promoter using a FACS
sorter to select only cells that were successfully transfected. We transfected sgRNA with
JARID1A, EZH2 or control constructs into HEK293 cells that stably express dCas9-5xGCN4. After
72 hours, we FACS-sorted cells and compared expression of aSynuclein by gRT-PCR in control

(empty-scFv) to JARID1A-scFv. We also added additional sgRNA targets near the areas that
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appeared most affected in the NanoLuc screen to increase resolution around those target

areas.

We found similar trends using the FACS/qPCR method as we found using the NanoLuc screen,
although some key differences (Figure 16). As expected, sorting out only cells that had been
transfected increased our ability to detect reductions in the level of a-synuclein. We also found
some intriguing differences between JARID1A and EZH2 effective areas. The action of JARID1A
but not EZH2 at sgRNAb and sgRNAc underscores the highly selective nature of these
modifications in gene expression (Figure 16 c,d). Notably, the same effectors exhibited
dramatically different effects when the sgRNAs were only 200bp apart (sgRNA h,i,j), highlighting
the ability of our system to enact change at high resolution determined only by the availability
of specific sgRNA sites. Each cell type has a specific epigenetic landscape for any given gene, for
example, SNCA’s epigenetic landscape is little different between neuronal and non-neuronal
cells, and this may influence the extent of effect by modular epigenetic toolkit as well as

selection of optimal targeting sgRNA.
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4.4, Discussion

This system has the potential to make highly specific changes to the epigenetic architecture of
any gene targetable by dCas9, and focused targeting of specific endogenous epigenetic
modifiers may prove to be an effective strategy for persistently altering pathologic
transcriptional activity. Recently there has been increased focus on using specific gene
targeting as a therapeutic avenue for genetic disease. This system offers a strong tool for to
dissect and understand underlying epigenetic architecture and opens potential new avenues for

therapeutic strategies for various disease conditions.

4.5. Methods

4.5.1. Cloning

The template plasmids were purchased from Addgene. The pCAG-dCas9-5xPlat2AfID plasmid
(Addgene #82560 a gift from Izuho Hatada; ?%). The lentiGuide-puro (Addgene #52963; a gift
from Feng Zhang lab*>*) was used for subcloning all the guide RNAs used in the study. For sub-
cloning catalytic domains of different epigenetic writers to ScFv expressing plasmid, pHRdSV40-
scFv-GCN4-sfGFP-VP64-GB1-NLS (Addgene #60910 a gift from Ron Vale!>®). Details for
catalytically active domains for all enzymes used in this study are listed in Supplementary Figure
1b. Enzyme sequences were amplified by PCR with Rsrll sites and 5’ and 3’ linker sequences,
both inserts were cloned into pHRdSV40-scFv-GCN4-sfGFP-VP64-GB1-NLS using Rsrll (NEB) to
remove the VP64 fragment. Empty constructs were generated by plasmid digestion with Rsrll

and ligation. To allow for lentivirus production, each vector was subcloned into pLVX-dsRed
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(Clontech) using Xma/Not| restriction sites to remove DsRed, PGK promoter, and Puromycin’
from the parent vector. We also transferred the dCas9-5xGCN4 construct into the pLVX
background in a similar manner. All the constructs were sequence verified by multiple internal
primers to make sure inserts are free from any unintended mutations. We confirmed
expression by transiently transfecting HEK293 cells with each vector and immunoblotting
against GFP (ThermoScientific MS-1315-P0). pcDNA-dCas9-p300 Core was a gift from Charles
Gersbach'3!., pCMV-HA-JMJD3 was a gift from Kristian Helin'*® (Addgene plasmid # 24167).
pGEX-EZH2 was a gift from Mien-Chie Hung®? (Addgene plasmid # 28060). pcDNA3/HA-FLAG-
RBP2 was a gift from William Kaelin®>® (Addgene plasmid # 14800). 41JD was a gift from Cheryl

Arrowsmith (Addgene plasmid # 51328).

4.5.2. Cell Culture

A549 cells were cultured in DMEM medium (GenDEPOT) supplemented with 10% fetal bovine
serum (FBS; Gemini) and maintained in a humidified atmosphere at 37°C with 5% CO2. Cells
were seeded at a density of 4 x 105/well of 6-well plates for all the experiments and maintained
in 6 or 10 cm dishes (Corning). HEK293 cells were cultured in DMEM medium (GenDEPOQOT)
supplemented with 10% fetal bovine serum (FBS; Gemini) and maintained in a humidified
atmosphere at 37°C with 5% CO2. To establish stable cell lines (A549 and HEK293) expressing
dCas9-5xGCN4, we transduced cells with lentiviral particles generated with pLVX-dCas9-5xGCN4

plasmid. 48 hours after, we selected transduced cells with Blasticidin (5ug/mL) for 4 days. For
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A549 cells, after stable expression of dCas9-5xGCN4 was confirmed, we transduced gene-
specific sgRNA into cells using lentiviral particles generated from Lentiguide-Puro vectors with
specific sgRNA and selected for transduced cells using puromycin (2 ug/mL) for 48 hours. For
epigenetic expression inA549 cells, plasmids with epigenetic vectors were transiently
transfected using Helix-IN reagent (OZ Biosciences) according to manufacturer protocols. In
293 cells, plasmids with sgRNA and epigenetic effectors were transfected using Xfect (Takara)

according to manufacturer protocols.

4.5.3. Chromatin Immunoprecipitation

ChIP was performed following the protocol for EZ ChIP™ Chromatin Immunoprecipitation kit
with the following modifications. 72 hours after transfection with epigenetic writers, A549-
dCas95xGCN4-sgRNA cells were fixed with 1% formaldehyde for 5 min followed by quenching in
glyine (125mM). After glycine incubation, fixed cells washed with PBS + Protease Inhibitor
Cocktail (ThermoFisher), filtered and FACS sorted for GFP expression directly into lysis buffer
(buffer (1% SDS; 10-mM EDTA pH 8.0; 50-mM Tris-Cl pH 8.0). Lysed cells were sonicated to
shear DNA (5x20 sec, 20Hz) and precleared with protein A agarose/salmon sperm slurry
(Millipore 16-57, 40uL/mL) overnight at 4°C with rotation. Samples were incubated with
appropriate antibody for 8 hours, then 20ul protein A agarose/salmon sperm slurry was added
and incubated overnight at 4 °C. Samples were washed 1 time in low salt wash buffer (0.1%

SDS; 1.0% Triton X-100; 2-mM EDTA pH 8.0; 20-mM Tris-C, pH 8.1; 150-mM NacCl), 1 time in
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high salt buffer (0.1% SDS; 1.0% Triton X-100; 2-mM EDTA pH 8.0; 20-mM Tris-Cl pH 8.0; 500-
mM NaCl), 1 time in Lithium Chloride (LiCl) wash buffer (250-mM LiCl; 1.0% IGEPAL; 1-mM EDTA
pH 8.0; 10-mM Tris-Cl pH 8.1; 1.0% Deoxycholic acid), and finally washed twice in Tris-EDTA
buffer, pH 8.0 (10-mM Tris-Cl; 1-mM EDTA) before being eluted with 0.1-mM NaHCO3; 1.0%
SDS buffer (2x, 15 min). Samples were reverse crosslinked (200mM NaCl overnight at 65°C
followed by 10ug RNase A, 10-mM EDTA pH 8.0; 40-mM Tris-Cl,pH 8.0; 50 pg Proteinase K at
45°C for 2 hours). Fragmented DNA was isolated by phenol/chloroform/isoamyl alcohol
extraction. For chromatin immunoprecipitation experiments, the following primary antibodies
were used: H3K4me3 (1 mg/mL), ab8580, Abcam; H3K27ac (1 mg/mL), ab4729, Abcam;
H3K27me3 (1 mg/mL), 39155, Active Motif; Normal mouse IgG (1 mg/mL), 12-371, EMD
Millipore Corp. Finally, samples were amplified using PCR (See Additional File 5 for primers)

and visualized using a 1.5% agarose gel with Ethidium Bromide.

4.5.4. Western Blot

293 cells were transfected with appropriate scFv-fusion vectors for 72 hours in a 6-well plate.
After washing, cells were collected in RIPA buffer supplemented with Protease Inhibitor
Cocktail (ThermoFisher 1860932) and incubated for 15 minutes on ice before centrifugation.
Approximately 10ug supernatant was boiled in 4X loading dye (50-mM Tris-HCl, pH 6.8; 2% SDS;
10% glycerol; 1% B-mercaptoethanol; 12.5-mM EDTA; 0.02% Bromophenol blue) and loaded

into a 10% acrylamide gel for electrophoresis (100V, 1 hr). After transfer to PVDF membrane
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(100V, 1 hr), blots were blocked (5% milk) and immunoblotted using anti-GFP antibody
(Millipore AB3080), followed by anti-Rabbit IgG secondary (Jackson ImmunoResearch 111-035-

045) and then visualized with ECL detection reagents (GE Amersham ECL Prime).

4.5.5. Expression of SNCA gene

In HEK293-dCas95xGCN4 cells, we transfected specified RNA with relevant epigenetic writer
plasmids. 72 hours after transfection, cells were FACS sorted for GFP expression directly into
TriZOL and RNA extracted according to manufacturer protocols. cDNA was generated with
300ng total RNA (AmfiRivert, GenDepot) and used to check expression of b-actin and SNCA with
gPCR. We performed gPCR for biological repeat in triplicate using PowerUP SYBR Green Master
Mix (Applied Biosystems) according to manufacturer protocols on a QuantStudio 7 Flex
instrument (Applied Biosystems). To determine the difference between empty control and

epigenetic modulator, we calculated fold change (27(- AACt)) of treated cells.

4.5.6. Bioinformatics Analysis

Datasets corresponding to histone modifications (H3K4me3, H3K9ac, H3K27ac, H3K27me3) and
DNA methylation in A549 cell lines were collected from the ENCODE project (access number:
ENCSROOOASH, ENCSROO0OASV, ENCSRO00AUI, ENCSROO0AUK, and ENCSRO00ABU) (Davis et al
2018; https://www.encodeproject.org/)*?. The RNA-Seq data in A549 were downloaded from

the UCSC Genome Browser (accession number: wgEncodeEH000314). The CpG island
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annotation data corresponding to the hg19 genome assembly was also obtained from the UCSC

Genome Browser.

To define bonafide histone marker enrichment in the promoter region of a specific gene, we
used RNA-Seq gene expression data to set up a threshold for each histone marker as follows.
We first identified 1000 most and 1000 least expressed genes based on RPKM (Reads per
Kilobase Million) values calculated from the RNA-Seq measurements. For each of these 2000
genes, we then extracted the [-1000,500] region surrounding its TSS. We divided this 1,500 bp
promoter region into 30 bins with 50 bp length each. We then generated the averaged histone
marker signal values across the 30 bins for the1000 most and least expressed genes
respectively. We then defined the threshold for enrichment calling of each histone maker as a
number that can maximally distinguish the averaged histone marker profiles corresponding to
the most and least expressed genes. DNA methylation enrichment was determined if the DNA
methylation signal is present in a gene’s upstream 1k region. Similarly, CpG island presence was

also based on its annotation in a gene’s upstream 1k region.

For HEK293 cells H3K4me3 and H3K27ac, we downloaded the call sets from the ENCODE portal

with the following identifiers: ENCSRO00DTU, ENCSROOOFCH.

For H3K27me3 data for HEK293 cells, we downloaded data deposited with ChiP-Atlas (Oki et al

2018)*>° with the following identifier: DRX013192.
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4.5.7. Statistical Analysis

All ChIP samples were normalized to input and all gPCR samples were normalized to B-Actin.
ChIP sample statistical analysis was performed with a parametric t-test comparing empty and
enzyme sample sets. Statistical analysis of the qPCR data fold change from 1 was performed via
the bootstrap resampling method using the open web portal

http://pdo.iconcologia.net/stats/br/index.htm]. 160161
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4.6. Figures
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Figure 14: a Schematic of epigenetic modulator design based on SunTag framework. 5xGCN4
sequences bound to dCas9 recruit epigenetic effectors fused with anti-GCN4 scFv antibody
fragments to the sites directed by sgRNA. b Epigenetic modulators used in this study and their
effects on histone marks. ¢ Epigenetic editors alter histone marks in a site-specific manner. Each
graph is normalized to input and represents biological triplicates. PRDM9 increases H3K4me3
enrichment 6.9 fold (p=0.04) and JARID1A decreases it by 11 fold (p=0.01). H3K27ac is
increased 5.8 fold by p300 (p=0.005). H3K27me3 is increased from below detection limits by
EZH2 (p<0.001) while IMID3 decreases H3K27me3 by 5.3 fold (p=0.04) * = p < 0.05, **=p <0.01,

**%=p<0.001.
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Figure 15: a Schematic design of expression constructs used in this study. Expression is driven
by CMV promoter and contain an anti-GCN4 scFvantibody fragment, sfGFP, enzyme catalytic
core, the GB1 solubility sequence and a nuclear localization sequence. b Details about specific
sub-cloning for each epigenetic writer including original vector name and AddgenelD, specific
histone post-translational mark targeted, which specific domains were subcloned and the
approximate expected size of the entire expression cassette. ¢ Vectors were transfected into
293 cells and extracted protein was immunoblotted (anti-GFP antibody) for the indicated
construct. Empty vector has a predicted molecular weight of 74 kDa, and each construct

expresses the expected size protein band.
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Figure 16: a Enrichment scores (Fold change from input) for histone post translational
modifications in final selected genes from A549 cells. b ENCODE data showing peak enrichment
for specified histone post translational modifications in the promoter region of the specified
gene confirms our initial analysis. ¢ ChIP data showing our A549 cells have similar histone mark

enrichment as reported in ENCODE database with only minor differences.
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Figure 17: a ChIP data for A549-dCas95xGCN4 cell lines show that dCas9 does not occupy the

promoter regions of target genes. Stable transduction of A549-dCas95xGCN4 cells with gene-
specific sgRNA results in recruitment of dCas9 to the targeted promoter. b Original gel images
for results reported in Figure 14c. Please note upper band in NEUROG2 is non-specific artifact

generated during PCR.
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Figure 18 — Screening the a-synuclein gene promoter with NanoLuciferase
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Figure 18 - a Scale diagram of promoter region of SNCA gene showing two alternative non-
coding Exon 1 and Exon 2 with a start codon (ATG) as well as locations of sgRNA used. b Histone
mark enrichment from ENCODE database (H3K4me3, H3K27ac) or ChlP-atlas (H3K27me3) for
HEK293 cells. (Peak locations are scaled to diagram shown in a). ¢ NanoLuciferase assay was
carried out to determine the change in aSynuclein expression levels relative to empty scFv
control (Set to 1) for JARID1A targeted to specified loci by sgRNA. (Locations are scaled to
diagram shown in a). d Same at Figure 15c, but for EZH2 enzyme. Each point is normalized to

empty control and represents biological triplicates. * = p < 0.05, **=p <0.01, ***=p<0.005.
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Figure 19: a Scale diagram of promoter region of SNCA gene showing two alternative non-
coding Exon 1 and Exon 2 with a start codon (ATG) as well as locations of sgRNA used. b Histone
mark enrichment from ENCODE database (H3K4me3, H3K27ac) or ChlP-atlas (H3K27me3) for
HEK293 cells. (Peak locations are scaled to diagram shown in a. ¢ gPCR assay was carried out to
determine the change in aSynuclein expression levels relative to empty scFv control (Set to 1)
for JARID1A targeted to specified loci by sgRNA. (Locations are scaled to diagram shown ina. d
Same at Figure 16c, but for EZH2 enzyme. Each point is normalized to empty control and

represents biological triplicates. * = p < 0.05, **=p <0.01, ***=p<0.005.
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TCTGTCTACTTTTGCATATGTTTGAATATTTCCCATAACAAAAAGTTGAAAATAGAGTGATCACATGAGTTAATCTCCTAATTTACAAAAAAGAAAA

CTGGAAACAGAAGGAGAACAAAACTTGTTCAAGGTCTCAAAGCCAGACAGCAAACTAGCTCCCAAGTCCAACCTTCTTGCTCTGGTCCTAAGCAAAC
sgRNAJ
AAAAAATATTAATATGAGCTACTGCATTAAGGAAAGTCTGCTTTTCCAAAGGGCAGACCAATAGTTCAAGGAAGAGTTTAAATAATAAATATTTGTG

ATCTTACTTTCATGCTTTTCTATTTTCCACTGAACACATATGCATTATCTTCTATATGTCTTTTATGTATAATCATTTGCTTCCTGTTCCTTGTGG
sgRNA1L
TTTAAAGTTGTTTTGTATGTTTAAATTTGATTTTACTCAAATTTCAGAACCCAAATTAGCGCAAGAATCAGACAAAGCATAACTTTCTATAAATATA

AAAACAATTAAAAAAAAAACATACAGCAAAAACGAGTTGTTGTTTCCCCCCTCCTCTTCCAGTGCTTAACTAATCTTCCGAATCCAGGCACAGAAAG
CAAA!

sgRNAh
GCGATGCAAAAATTGTCTTGAAGTTCGCGTGTGTATGTCTGTGTGCATGTGCGTGTGGTGGGTGGGGGGAGAGAAAAGGGGGTGTCAATTCTGAGGG

CTTTCTGCTAGTGGGAGGAGCTTGCTTCTCCATTCTGGTGTGATCCAGGAACAGCTGTCTTCCAGCTCTGAAAGAGGTGAAAATGTGTTAA

CAACGAGAATCAGAAGTCAGAAAGGTGAGTGGTGTGTAGCATCTCCCTTTCAGAAGGGGCTGAAGAAGAAATTGGATATGATGGTCCGGTAGGCTAA

ATCACGCTGGATTTGTCTCCCAGATAAAGGGAGGTCTGCAAAGTAAGTCCCATTTCTAGAGCGAAAAGCCTTAGGACCGCTTGTTTTAGACGGCTGG

GGAATATTTATTCCTTGTTCCACTGATGGGAAAATCAGCGTCTGGCAGGCGCTGATTGGTGGAAAGGAAAATGGTGATAGTGGCGTGGAAAGAGGAT

TTGCTGAGCCTTCTCCTGCCTCCTCAACCTGTGA;%?E??CTTAGTAGTCTCCCTTTCACCCTCAGGACCCTTTCCGGCTCTTCCTAGATTAAGAGC
AAACGAAAACCTTGAAGATATTTGAACTAAAGCGACCCCTAACGTTGTAACCTGTGACCGTGATTAAATTTCAGCGATGCGAGGGCAAAGCGCTCTC
GGCGGTGCGGTGTGAGCCACCTCCCGGCGCTGCCTGTCTCCTCCAGCAGCTCCCCAAGGGATAGGCTCTGCCCTTGGTGGTCGACCCTCAGGCCCTC
GGCTCTCCCAGGGCGACTCTGACGAGGGGTAGGGGGTGGTCCCCGGGAGGACCCAGAGGARAGGCGGGGACAAGAAGGGAGGGGAAGGGGAAAGAGG
AAGAGGCATCATCCCTAZ%EE:;CCGCTCCCGATCTCCACAAGAGTGCTCGTGACCCTAAACTTAACGTGAGGCGCAAAAGCGCCCCCACTTTCCCG
CCTTGCGCGGCCAGGCAGGCGGCTGGAGTTGATGGCTCACCCCGCGCCCCCTGCCCCATCCCCATCCGAGATAGGGACGAGGAGCACGCTGCAGGGA

AAGCAGCGAGCGCCGGGAGAGGGGCGGGCAGAAGCGCTGACAAATCAGCGGTGGGGGCGGAGAGCCGAGGAGAAGGAGAAGGAGGAGGACTAGGAGG

2

GCGGAAGTGAGGTGCGTGCGGGCTGCAGCGCAGACC
sgRNAe
CCGGCCCGGCCCCTCCGAGAGCGTCCTGGGCGCTCCCTCACGCCTTGCCTTCAAGCCTTCTGCCTTTCCACCCTCGTGAGCGGAGAACTGGGAGTGG

AGGAGGACGGCGACGACCAGAAGGGGCCCAAGAGAGGGGGCGAGCGACCGAGCG

CCATTCGACGACAGGTTAGCGGGTTTGCCTCCCACTCCCCCAGCCTCGCGTCGCCGGCTCACAGCGGCCTCCTCTGGGGACAGTCCCCCCCGGGTGL

CGCCTCCGCCCTTCCTGTGCGCTCCTTTTCCTTCTTCTTTCCTATTAAATATTATTTGCGCGAATTGTTTAAATTTTTTTTTTAAAAAAAGAGAGAGGC
sgRNAd
GGGGAGGAGTCGGAGTTGTGGAGAAGCAGAGGGACTCAGGTAAGTACCTGTGGATCTAAACGGGCGTCTTTGGAAATCCTGGAGAACGCCGGATGGG

AGACGAATGGTCGTGGGCACCGGGAGGGGGTGGTGCTGCCATGAGGACCCGCTGGGCCAGGTCTCTGGGAGGTGAGTACTTGTCCCTTTGGGGAGCC
TAAGGAAAGAGACTTGACCTGGCTTTCGTCCTGCTTCTGATATTCCCTTCTCCACAAGGGCTGAGAGATTAGGCTGCTTCTCCGGGATCCGCTTTTC
CCCGGGAAACGCGAGGATGCTCCATGGAGCGTGAGCATCCAACTTTTCTCTCACATAAAATCTGTCTGCCCGCTCTCTTGGTTTTTCTCTGTAAAGT
sgRNAc
AAGCAAGCTGCGTTTGGCAAATAATGAAATGGAAGTGCAAGGAGGCCAAGTCAACAGGTGGTAACGGGTTAACAAGTGCTGGCGCGGGGTCCGCTAG
GGTGGAGGCTGAGAACGCCCCCTCGGGTGGCTGGCGCGGGGTTGGAGACGGCCCGCGAGTGTGAGCGGCGCCTGCTCAGGGTAGATAGCTGAGGGCG

GGGGTGGATGTTGGATGGATTAGAACCATCACAC GCCTGCTGTTTGCCTGAGTTTGAACCACACCCCGAGTGAGCAGTTAGTTCTGTTGCCTA

sgRNADb
CGCCTTTCCACCATCAACCTGTTAGCCTTCTTCTGGGATTCATGTTAAGGATACCCCTGACCCTAAGCCTCCAGCTTCCATGCTTCTAACTCATACT

GTTACCCTTTAGACCCCGGGAATTTAAAAAAGGGGTTAATCTTTTCATGCAACTCCACTTCTGAAATGCAGTAATAACAACTCAGAGGATTCATCCT

AATCCGTGGTTAGGTGGCTAGACTTTTACTAGCCAAGATGGATGGGAGATGCTAAATTTTTAATGCCACAGCTAAAAATGTCTGCTTTGTCCAATGG
sgRNAa
TTAAATGAGTGTACACTTAAAAGAGTCTCACACTTTGGAGGGTTTCTCATGATTTTTCAGTGTTTTTTGTTTATTTTTCCCCGAAAGTTCTCATTCA

AAGTGTATTTTATGTTTTCCAGTGTGGTGTAAAGGAATTCATTAGCCATGGATGTATTCATGAAAGGACTTTCAAAGGCCAAGGAGGGAGTTGTGGC
Start Codon
AAGTG

Figure 20 - Human SNCA upstream regulatory region with sgRNA binding sites
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Figure 20: sgRNA binding sites on SNCA promoter. Genomic sequence of promoter region of

SNCA with sgRNA locations highlighted in blue. (GRCh38.p13 chr4: 89,835,620 - 89,838,915)
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Table 3 — sgRNA Referenced in Chapter 4

sgRNA Name

Sequence 5' - 3

RPLPO
FTL

DLX5
NEUROG2

SCNAa

SCNAb

SCNAc
SCNAd
SCNAe
SCNAf
SCNAg
SCNAh
SCNAI

SCNA|

ACTTAAAGGCGGCTTTCCGT

TATCTCGCAGCGCAAACCTC

CAAAAACACACACAAGCGCG

CGCAGGCCTCCCGGAGTCCA

AAAGCAGACATTTTTAGCTC

AACAGCAGGCCCAAGTGTGA

GCTTTTCCCCGGGAAACGCG

ATTCCCAAATAATATTTAAT

CACTTCCGCGTCGCGGCGCT

GCGACTCTGACGAGGGGTAG

TGGGAAAATCAGCGTCTGGC

AAGCAAAGGCTTTCTGCTAG

ACTTTAAAACCACAAGGAAC

CAAGTCCAACCTTCTTGCTC
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Table 4 — Primers Referenced in Chapter 4

Primer Name

Sequence 5' - 3

RPLPO-1F
RPLPO-1R
FTL-1F
FTL-1R

DLX5-1F
DLX5-1R

Neurog2 F
Neurog2 R

SNCA Expression F
SNCA Expression R
B-Actin F

B-Actin R

CGAGGCAGCGCCTTCCTT

CCCGCGCGTGCCTTTTAT

TCCAGAGATCTCCAGGGGTC

GGGTGCCTCGGGAAAGTAAG

TGAGGCTTCTGATTGGAACACA

AGTAACACCCTAACTCGTCCAAC

TAATGAGCTGCTGAAAGGGAGC

CCGCCGCTGTCCATTGT

CCAGAAGACAGTGGAGGGAGCAGG

GCCTCATTGTCAGGATCCACAGGC

GGAGTCCTGTGGCATCCACG

CTAGAAGCATTTGCGGTGGA
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CHAPTER FIVE: CONCLUSIONS

The CRISPR/Cas systems have been an invaluable tool in recent years to empower researchers
to make precise edits to the genome. The relative ease in using the techniques to quickly and
effectively make targeted changes has had great impact in laboratories around the world. This
technology has even been widely covered in the media, movies and on social networks,
generating interest from the general public in a way few scientific techniques even have before.
We have used this system in two different ways to elucidate epigenetic effects in ways that
were not available even a few years ago. As previously discussed, the CRISPR/Cas toolbox has
many more potential uses than we showed here, and it remains to be seen how far these
techniques can take us. For all its power though, CRISPR/Cas systems do have a number of

technical limitations and ethical issues that remain to be solved.

5.1. Limitations of CRISPR

The commonly used spCas9 is quite a large protein and this size places some limits on its utility.
In vector constructs containing spCas9, the size can make transfection into sensitive or difficult
cells such as primary neurons a significant challenge. This size also presents a barrier to
therapeutic delivery of Cas9 into living organisms. The AAV system is widely used to ferry genes
of interest in vivo, but they have a limited genomic capacity (~4.4kb) and the spCas9 ORF is
4.2kb (which does not include promoters, sgRNA, or any modifications). Aside from the size,
the PAM sequence of -NGG presents some difficulty of its own. The relatively common -NGG
sequence has a high chance of being found, and so this increases the potential for off target
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effects. Conversely, not all desirable target sites are in C/G rich areas of the genome —in
particular the 3’ end of the SNCA gene discussed here is very A/T rich and left very few

potential target sites for us to work with.

5.1.1. Cpf May Provide Alternatives to Cas9

To circumvent these problems, researchers are now turning their attention to alternative Cas9
options. Cpfl orthologs (Table 1) present an exciting new opportunity. The smaller size of
these proteins makes them a better fit for in vivo delivery and easier to work with. They also
make use of an alternative PAM site (TTTV) that can allow targeting to A/T rich areas. They also
may reduce another major hurdle preventing widescale use of CRISPR/Cas9 as a therapeutic
system in humans —immunogenicity. The commonly used Cas9 systems are from S. pyogenes
and S. aureus, which are human pathogens. One study indicated that more than half of humans
have pre-existing humoral immune responses to Cas9 proteins from these species'®?, so a shift
to alternative Cas9 proteins may be needed. | suspect that engineered Cas9 alternatives will be
the next major breakthrough with the CRISPR/Cas system as research groups work to develop
artificial CRISPR-guided endonucleases that have a small size, flexible PAM sequence, and low

immunogenicity and | am excited to see what the future brings on this front.

5.2. Understanding Endogenous Gene Regulation

Understanding the endogenous regulatory mechanisms of genetic control is an essential piece

of the puzzle in fully realizing our ability to alter pathogenic genetic activity. Recently there has
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been focus on precision medicine, and the ability to affect individual genes in specific groups of
cells is a critical part of that. Using a highly specific set of tools like those described here allows
a degree of control that hasn’t been previously available. While every cell in an individual has
the same genetic sequence each different cell type has a drastically different epigenetic code,
making it a very real possibility for a tailored treatment that only has effects on the desired
subpopulation. Using the a-synuclein example presented here, it could be feasible to target
specific alterations to the epigenetic code that would only be effective in the exact context of a
dopamine neuron — allowing us to reduce expression in those cells while not affecting the rest
of the body. While there is certainly a lot of work remaining before we have that type of
solution available, increasing our understanding of individual epigenetic effects may help move

us towards that goal.

In this work, we have presented a tool that allows us to quickly and easily measure real-time
changes to a-synuclein levels in a highly sensitive manner. The advantage of having an
endogenous reporter system is that we are detecting the cells stimulus response using only its
native regulatory mechanisms. Previous systems involve plasmids, gene knockout or
knockdown, or overexpression constructs to model disease conditions but fail to take the
endogenous environment into account. Once we validated that reporter system, we developed
a modular epigenetic toolkit that would allow us to make very precise changes to the

endogenous epigenetic environment. We showed the ability of our modular epigenetic toolkit
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to affect histone marks in a target-specific manner and identify potential targeting regions for
modulating expression using our reporter system that we confirmed with more rigorous

testing.

5.3. Engineered Endogenous Reporter using NanoLuc

The endogenous tagging of the a-synuclein gene provides a new way to monitor cell activity.
This creates a great opportunity for quickly screening treatment options in a high-throughput
manner. NanoLuciferase is a very bright reporter, making it very sensitive at detecting even
subtle changes in a-synuclein levels. This, as well as its relatively small size (>19kDa) makes it a
practical option for understanding endogenous effects. Having a simple readout of
luminescence makes it easy to compare activity of large small-molecule compound libraries to
identify novel candidates that can target a-synuclein and reduce its levels in the cell. Similarly,
the sensitive reporter allows more focused and detailed changes to be examined — such as

writing or erasing histone marks.

5.3.1. Future Directions for our NanolLuc Reporter System

While the NanoLuc reporter cell line has some potential value, to fully realize its potential for
Parkinson’s disease research it will need to be moved into a more relevant cell type. While the
HEK293 cell line is easy to grow and convenient for preliminary data collection, it lacks the
specific regulatory and epigenetic environment of the cells directly affected in PD: dopamine

producing neurons. With this limitation in mind, we have already begun work to generate

98



dopaminergic neuronal cell lines with the NanolLuc tag inserted in the SNCA locus. Once these
cells have been developed, we will be able to quickly advance our understanding of the
dynamics of a-synuclein in the cell. The HEK293 cell line may make a great option for the first
round of data collection for drug screening, novel therapeutics and understanding basic
epigenetic dynamics, due to the relative ease of their culture and speed of growth. Once that
first round has been completed, the more sensitive but delicate neuronal cell lines can be used
to carefully dissect the candidates already identified to find potential therapeutic options.
Having both a fast screening tool and a sensitive, relevant system empowers us to move quickly

through therapeutic options and may hopefully enable identification of novel treatments.

5.4. Modular Epigenetic Toolkit

The modular epigenetic toolkit is an excellent tool to increase our understanding of the
dynamics surrounding epigenetic regulation in eukaryotic cells. While in the work described
here, we confined our experiments to a small group of genes and conducted a limited screen of
the a-synuclein promoter, the ability to focally edit histone marks and epigenetic information
has much broader application once a few technical details have been ironed out. While we
were able to show that we can focally edit marks in a region using ChIP, we still need a clearer
picture of the specific chromatin location where the editing takes place. It was interesting to
note that targeting the epigenetic writer to a putative histone mark peak was not effective, but
that maximal impact happens when the complex is targeted 200-400 base pairs away. Previous

work has identified that the Cas9 molecule occupies a 50-100 base pair ‘footprint’ on the
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DNA3, so with a GCN4 tail it seems reasonable that the complex may be more effective at

targeting nearby genomic regions.

5.4.1. Future Directions and Challenges for the Modular Epigenetic Toolkit

In future work, we will need to use a full ChIP-seq to determine with high precision where the
histones are actually being edited in relation to the sgRNA target site. Once we have the data
comparing control histone peaks to treated histone peaks, we will begin to understand how to
control the epigenome in a way not previously available. After showing exactly where a given
mark is being appended, we can connect individual epigenetic marks to expression data and
then begin to influence transcription with a high degree of control. No single epigenetic mark
acts in a vacuum, so to fully realize the potential of this system we will need to combine our
editing capabilities with computational tools and algorithms to predict the maximum impact of

any given edit in reference to the endogenous epigenetic architecture present in the cell.

However, this complexity also opens up the exciting new possibility of highly specific genetic
therapies. As every cell has its own complex regulatory environment, focal epigenetic changes
may only be applicable to one specific cell type. Consider the a-synuclein gene we used to
demonstrate the techniques outlined here. In Parkinson’s disease, it is elevated to pathological
effect and we showed targeting H3K27me3 to very specific regions in may reduce its level and

alleviate pathological effects. As previously discussed, the specific patterns of DNA
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methylation, chromatin state, and other histone marks will be different in — for instance —a
liver cell, greatly reducing the chances of unintended effects occurring in that cell. One of the
main issues facing genetic therapy today is the non-specific nature of genetic effects and the
difficulty getting very specific delivery to target tissues in vivo. This type of epigenetic approach
may be a way to help bridge that gap, although there remains a lot of work understanding the
complete epigenome before that could be possible. Although in these publications we focused
on a-synuclein, this type of directed epigenetic manipulation has broad potential reach outside
Parkinson’s disease and neuroscience. Accumulating data has been highlighting the role of

epigenetics in many areas of human health in areas such as aging and cancer research.

As medicine continues to improve, aging and age-related diseases have become focal points for
research. Aging is a massively complex process with many contributing factors such as
nutrition, DNA damage accumulation, oxidative stress, and cellular senescence, but recently the
role of epigenetics is increasingly being recognized as an important factor. During aging there
are many changes to the chromatin structure such as general loss of histones, changes in
activating/repressive histone marks, and changes in DNA methylation and heterochromatin®4,
Studies with senescent cells have shown major reorganization of heterochromatin related to
changes in EZH2 expression levels with concomitant shifts in H3K27me3 that play direct roles in

165

replicative lifespan and post-mitotic lifespan*®. In agreement with this, patients with the rare

premature aging laminopathy Hutchinson-Gilford progeria syndrome (HGPS) show H3K27me3
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loss is observed along with heterochromatin reductions®®. Additionally, regions of activating
H3K4me3 are observed, indicating major chromatin reorganization takes place in these cells'®’.
Taken together, these observations highlight the fact that epigenetics have a significant role in
the aging process and using a targeted epigenetic writing system we can begin to understand
exactly what effect individual changes can have on a cells lifespan and hopefully being to inform
decisions about targeted therapies in the future. While it is unlikely that making targeted
changes to individual histone marks may alone drastically affect the aging process, epigenetics

is an important piece of the puzzle.

In the field of cancer research, epigenetics has long been a research focus, particularly DNA
methylation. More recently, whole genome sequencing of tumors has identified dysregulation

of chromatin modifiers as drivers in many types of cancers!®

, and epigenetic activation or
silencing of central cancer genes such as p53°. Intriguingly, the same functions that protect
cells from age-related senescence also can drive unrestricted tumor growth when they are not
properly managed. Overexpression of the H3K27 methyltransferase EZH2 has revealed it to be
a putative oncogene in breast, prostate, and bladder cancers!’?. Aberrant H3K27me3 has also
been identified in medulloblastoma’®. Similarly, histone acetyltransferases such as p300 can
recruit transcriptional activators to oncogenic genes to drive tumor growth and specific

inhibitors such as JQ1 showed potential as anti-cancer therapeutics in early studies!’?. The role

of epigenetic modulation is clear in these malignancies, and it will be very interesting to see
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what discoveries the future will bring on this front. The CRISPR-based epigenetic platform we
developed here could easily be used in a large-scale screening with sgRNA libraries to quickly
identify new gene targeting strategies to slow cell growth or make cancer cells for responsive to
drugs. What is particularly interesting is the idea that previous work has shown histone marks
to be stable over cell divisions, opening up the possibility that identifying epigenetic targets and
developing a clear understanding of the genetic mechanics could lead intervention strategies

could have lasting impact on cell differentiation or cancer proliferation.

Developing a deep understanding of endogenous epigenetic regulation remains a key goal of
chromatin biology. We are still a long way from being able to directly edit the epigenome for
therapeutic benefit but development of tools such as the ones described here may help to
move us towards that end. Despite the work still remaining to fully optimize the CRISPR/Cas
systems for direct human use and the challenges of untangling the complex epigenome | am
hopeful that these techniques will soon be available to help treat and prevent genetic diseases

and form the basis for new interventions in human health.
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Abstract

Until recently, complete understanding of the endogenous activity of pathologically relevant
genes was out of reach and research was confined to in situ work, plasmid-based constructs
and artificial model systems. The development and expansion of the CRISPR/Cas9 genome
editing technique has enabled us to explore the molecular underpinnings of gene activation
using the cell’s own endogenous regulatory environment. In this work, we report on the
development of a novel tool to monitor the endogenous activity of a causative gene in
Parkinson’s disease, a-synuclein. We use CRISPR/Cas9 to insert a highly sensitive engineered
luciferase at the C-terminal of a-synuclein and assessed its responses to stimuli. Our system
responds to epigenetic stimuli, which was unable to be recapitulated by previously available
gene activity assays. After development of a sensitive detection tool for epigenetic stimuli, we
focused on developed a modular suite of epigenetic writers and erasers by modification of the
SunTag protein tagging system and used catalytically dead Cas9 (dCas9) to direct our modular
epigenetic toolkit to individual genes. We show that our toolkit of epigenetic effectors
successfully writes epigenetic information in a site-specific manner. Using the sensitive a-
synuclein reporter we previously developed, we screen the promoter region of this
pathologically relevant gene at high resolution and identify the most effective areas for
epigenetic intervention in this cell line. These tools allow us to dissect and understand the
endogenous regulatory mechanisms of almost any gene targetable by Cas9 in ways that were
not previously available may prove to be an effective strategy for persistently altering
pathologic transcriptional activity. This system offers a strong tool for to dissect and
understand underlying epigenetic architecture and opens potential new avenues for
therapeutic strategies for various disease conditions.
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