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Abstract

Abstract

The introduction of CRISPR/G8 simplified genetic, genomictranscriptional and
epigenomicengineering approaches. CRISPR ibigartite system, which means that while

the molecular effect is defined by the utilized Cas9 variant, its targeting is determined by
small RNAs molecules, the guide RNAs. Because obtpartite nature, CRISPR enablet

target multiple sites in single cells at onoehich is however dependent on gRNA

multiplexing.Here | applied CRISPR in three different projects.

Firstly, | created STAgR (String Assembly gRNA cloning), a single stegthod, which
allows the generaiin of multiplexed gRNA vectors in a timand cost efficient manner.

Secondly,l aimed to cobine this technique with novelCas9based methyltransferation
tools to manipulate chromatin marks identified by epigenwige association stlies which
occuri n Al zhei mer 0.3 distovererl,ahsveeveipha dll itestedtel and tissue

types, arealready hypermethylatezh these sites indicating no causal relationship

Thirdly, | deployed the STAgR method to manipulataltiple transcription factorsiming to
induce transcriptional program®f certain subtype specific neuronssing dCas9based
transcriptional activator toalsCurrent approaches of reprogramming remain insufficient,
likely, because they are based on the activation of a limited numisetl adentity factorsl

was able to confirm the inductiari varioustranscriptionfactorsfollowing my strategy while

the reprogrammin@ vivo analysis otcell identity reprogramming is still ongoing



Zusammenfassung

Zusammenfassung

CRISPR/Cas9 bietet zum ersten Mal eineeinfache Madoglichkeit zur genetische,
genomische, transkriptionella und epigenomiscime Manipulation Das CRISPR System
besteht aus zwei verschiedenen Komponenten. Wahrend der molekulare Effekt durch die
verwendete @s9Variante definiert istwird der Ort des Effekts durch kleif®NA Molekiile,

die sogenannten guideRNAs, bestimim. Rahmen dieser Arbeiwurden drei verschiedene
Projektebearbeitet Zum einen entwickelte ichSTAgR (String Assembly gRNA cloning

eine Methodewelchees ermdglichtjn einem einzigen Schritt multiplexe gRN¥Aektoren

kosten undzeiteffizient zugenerieren

Zum anderensollte dese Methode in Kombination mineuartigen dCasBasierten
Methyltransfeasewerkzeugen benutzt werden geeielt bestimmte DNA Methylierungu
manipulieren. Diese Modifikationen wurden durclepigenomweite Assoziationsstudien
identifiziert, da eine signifikantéeranderungn Alzheimer Patienteberichtet wurdeJedoch
tragen alle getesteten Zell und Gewebsgtpen an diesen Stellen bereitaohe

Methylierungslevelweswegen eikausaler Zusammenhangwahrscheinlich ist.

In dem letzten Teil dieser Arbeit wurde die STAgRethode benutzt um gleichzeitig die
Expression von mehreren Transkriptionsfaktoren zu méaipa Aktuelle experimentelle
Reprogrammierungsansatze basieren auf der Uberexpression von Zgllidektoren.Dies

fuhrt zwar zu einer Transdifferenzierung zum gewinschten Zelltyp, jedoch bleibt eine
Spezifizierung aus. Da dies wahrscheinlich auf eeinbegrenzten Anzahl von
Identitatsfaktoren basiepll mit Hilfe von dCas9basierten Transkriptionsaktivatoren ganze
Transkriptionsprogramme manipuliert werden, welche einen neuronalen Subtyp spezifizieren.
Ich konnte die Expression verschiedeneifrankriptionsfaktoren induzieren die
Reprogrammierung von  sutypspezifischen Neuronem vivo ist jedoch noch nicht

abgeschlossen.
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A. Introduction

1. Cell states and identity

The concept that all organisms are assembled from similar units of organization is now more
than 180 years old. In 1838, Theodor Schwann and Matthias Schleiden postulated their theory
of cells being the building blocks and basic units for strucpgsidogy, and organization

in every living being. This theory has foreshadowed some of the greatest paradigms of

modern biology, such as Darwinés theory of

Today, we know that those building blocks are not only siratunits providing frameworks

for the organs, the cells are rather the minimal physiological unit of the (biadlgis 1999)

Each of the individual cells in a human body (and there are more thagBl&nconi et al.
2013) can adopt a specialized physiological state which is important and necessary for the
individual cellular functions. Until now, these different cell types are mostly classified by
their appearanceheir functional role in the system or their capability to give rise to other,
different cell types. The fact that@abody contains varioudifferent cellular types creates
one of the most interesting scientific conundruiviekaryous and Hall 2006All cells in a
human bodyoriginate from a single cell, the zygdiitalipov and Wolf 2009) This means

that all cells (with fewexceptions) contain the same genetic material and therefore the
information to be in any of the cellular states. How the phenotypic and functional diversity of
cells in a body is formed out tfie samegenomeis still being investigated. Nearly 80 years

ag, Conrad Hal Waddington contributed a concept which helps to understand how this might

be established. Il n his publication in 1957 F
between genotype and phenotype, and connecting them to each othetietheravhole
compl ex of devel(Waddigtort 18937)suggesting & sageeaf iaformation
beyond genetics. He continues: it I S cony
6epigenotyped seems suitabl eo, d e fvisualizedg t he

this idea inhi s S0 call ed A e Fig. @Ag riVeaddington RC2) dhe c a p e 0

development and differentiation of the zygote is portrayed as a marble rolling down a hill.
The marble has differepiaths to choose from and the further the marble progresses down the
hill, the more committed the cell is to a terminally differentiagtade. The landscashaping
componentsare cell fatedetermining factors transcription factors which initiate specific
transcriptional programs. These programs define the path of the marble and therefore

predetermine which fate the stem cell, oncis itcommitted, pursued=ig. 1A). Once a cell
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commits to a certain fate it undergoes a lasting and nemersible epigenetic change; the cell

remains in this committed state even if the initial trigger is no longer present.

1.1 Master transcription factors, cell identity and reprogramming

By now it is known t hatwasdesribingreaacbhssofagpnes, so W
known astranscription factorsThese factorsre proteins which recognizb to 15 bp long

DNA motifs often located at gen@omoters or cisregulatory elements such as enhancers
(Whyte et al. 2013)Through his interactiorand the binding of other eactivators as well as

co- repressorgranscription factorsegulatethe expressiorof specific gengby recruiting the
transcriptional machinery t@a gene promoter (Spitz and Furlong 2012)If a single
transcription factor orchestrates a whole cellular fate by activating either other transcription
factors or regulating a number o&té determining targets, it is considered a master
transcription factor. As these factors possess a poterfoyce an entire specific cellular fate

their expression pattern can be highly spediffaquerizas et al. 2009Moreover single

factors or a combination are seen to determine and protect cell identities and lineage choices
(Morris and Daley 2013)Some of these factors are eveotent enough tanfluence the
identity of a terminally differentiated ce{Fig. 1B). The first factor which was shown to
possess such reprogramming capacity was the basic helix loop heligripois factor

MYOD. In 1987 it was shown that when overexpressed in terminally differentiated
fiboroblastsMYOD pushed the cells beyond the-iend natur
valleyd in the epigenetic |l andscape to repr
identity (Davis, Weintraub, and Lass&887) Yet it is not only possible to push a cell from

one deadend valley to another, but to directly reverse the path the marble took down the
epigenetic landscapé&if. 1C). Yamanaka and colleagues reversed differentiation to induce a
pluripotent cé by the overexpression of four different transcription factor€T®, KLF4,

SOX2 and cMYC in embryonic as well as adult fibroblagi&kahashi and Yamanaka 2006)
These experimentkead to alarge series of transcription factor mediated reprogramming.
Through overexpression of master transcriptiaators, it is possible togenerate a large
number of different cellular identities out of various somatic cells. Like this, e.qg.
cardiomyaytes(leda et al2010) beta cell{Q. Zhou et al. 2008)r even neuron@Berninger

et al. 2007; Masserdotti, Gascon, and Gotz 2016; Vierbuchen et al. 2@t@)yenerated

using different starting cell€ven if this kind of reprogramming is based on overexpression

of artificial transgenes, these transcription factoducea new permanent epigenetic and
transcriptional state which is maintained even after removal or silencing of said transgenes

(Woltjen et al. 2009)Amongstmaster transcription factors there are certain subclasses in
10



A Introduction

reprogramming potency. There are factors which eralpéersion of differentiation, factors
which can induce alternatie opti ons for differenti adand on an
vall eyoend fidéebheyo transition in (Rg.Jy ocess ¢

11
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F i g . ThelVBaddington Epigenetic LandscapeA Overview over the Waddington Landscape. Waddington

described important terms like plastigifyotency, lineages in form of narrowing valleys. The different slopes are
12
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created by underlying factors: chromatin regulates genes, genes regulate gene exprekbdibis gene
expression defines the valleyB.Visualization of induced pluripotency, dedifferentiatidranglifferentiation,

and direct conversion of cell€ Visual description of the theory what a master transcription factor or a
reprogramming factodoes to the Waddington Landscapodified afterLicense date: Nov. 14, 201Ricense
number:4707660543298.

1.2 Cortex development and neuronal subtype specification

The mammalian neocortex is a complex structwmt@ch can be subdivided into six difeert

layers. These cortical layers are composed of three digtattire celltypes: neurons,
astroglia and oligodendrogli@eters and Jones 198&ach of those layers harbor different
subtypes of these main cellular classes. Neurons can be further subdivided into two main
classes. These amehibitory GABAergic interneurons which connect locally to surrounding
targets andexcitatory glutamatergicprojection neurons whose axonal extensiadend
intracorticdly, subcatically or evensub-cerebrally(Molyneaux et al. 2007)Neurons can be

also classified based on the laminar position of their cellular bodies, morphology of soma or
dendrites and their axonal connectiviyabaudon 2017; Lodato, Shetty, and Arlotta 2015)
This immense heterogeneity already begins to emerge @anityg development. After the
expansion of the dorsolateral wall okthostral neural tube, the ventricular zone forms above
the ventricle and later the subventricular zone. Progenitor cells, which emerge from these
structures, then give rise to the numerous subtypes of projection neurons of the different
neocortical layersThis happens during embryonic days E11.5 until E17.5 in a spatially and
temporally tightly controlled procesfCaviness and Takahashi 1999)he sixlayered
neocortex i s genoatrfahti eodn 0i nasan afiiems ibdoecial neu
layers have to migrate past eadiborn deeplayer neurongFame, MacDonald, and Macklis
2011) These superficial layers mostly consist of neurons derived hasal progenitors from

the subventricular zon@arabykin et al. 2001)Overall,the mammalian neocortex shows a
substantial neuronal diversitglso within, but especially between ttiéferent layers. One of
thesecellular subtypes is the one of callosal projection neurons (CPN), a class of neurons,
which can be further subdividedto deep layer CPN or CPN of the superficial layer. While
deep layer CPN show londistance dual projection axons, their counterpart of the superficial
layers participates in the local circuitry within cortical colun{fame, MacDonald, and
Macklis 2011) There is a number of factovghich define the development of upper layer
neurons and more specifically CPNo for example SATB2 (Special AF rich sequence
binding protein 2), was shown to be critical as a molecular regulator during CPN specification

(Alcamo et al. 2008; Britanova et al. 2008his DNA binding transcription factor acts as an

13
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anchor for chromatin remodelers and modsiéte HDAC1 (Baranek et al. 2012; Britanova

et al. 2008)Like this, it supports repression of CTIP2 and actively suppresses the subcortical
projection neuron fate by indirectly controlling axonal outgroarid fasciculatiorfArlotta et

al. 2005; Baranek et al. 2012; Britanova et al. 20@3)yX2 (Cut like homebox 2)is a
member of the Cut family of transcription factors and was shown to take part in regulation of
dendrite branching, spine development and synapse formation in layetllhémidons in the
cerebral corteXCubelos et al2010) MEF2C, short for Myocyte enhancer fact@C, is a
transcription factor which was found to positively regulate transcriptional activities of bHLH
factors during neurogenic differentiatigB. L. Black et al. 1996; Mao and Naeainard

1996) Through temporal and spatial expression patterns during neuronal differentiation it was
postulated that this transcription factor could be important for development of cortical
architecture and neuronal maturat{dteidenreich and Linseman 2004; Leifer et al. 1998)

was also found to be essential for axonal outgrowth of subcerebral projection neurons
(MacDonough 2016)CUX1 was shown to be complementary to CUX2 and as well an
intrinsic regulator of dendrite branching, spine depment and synapse formation in layer I

to 1l (Cubelos et al. 2010; Nieto et al. 200#).E2 (Transducin like enhancer protein 2) is

an interaction partner of FoxG1 and wsmwn to specify telencephalon developm@th

et al. 2010) LHX2 (LIM homebox 2) was shown to have crucial roles in progenitor
specification, which then give rise to neocortical projection neufdiatyneaux et al. 2007)

It is also postulated that LHX2 may provide a balance of proliferation and differentiation in
cortical progenitory Chou and O0HIeH85 has bedrdeBonstrated to draw
sharp areal boundaries in the developing cortex and to orchestrate projection neurons to gain
specific phenotypic trait€loshi et al. 2008 BRN2,a POU- domain transcriptional regulator,

was found to be expressed in superficial cortical layers asehtal for subtype specific
differentiation into pyramidal neurons as well as proper cortical laminationnancbnal
migration(McEuvilly et al. 2002; Sugitani et al. 2002YURR1 is a transcription factor which

is linked to control of dopaminergic identity and was recently showpetable to induce
reprogrammed neurons with laminar specific hallmgikadkhodaei et al. 2009, 1, 2013;
Mattugini et al. 2019)Heterogeneity and subtype specificity present spestiallenge for

neural replacement therapiedf neurons are lost by traumatic brain injury or
neurodegenerative diseases, it is likely not sufficient to replace them with any neuronal cell
(Heinrich, Spagnoli, and Berninger 2015; Kriks et al. 201l19st subtypes have to be
replaced by subtypes, to be able to féost neuronal circuitsRecent insights into the control

of cell identity indicated that any cell mighe compelled to become a neuron once specific

14



A Introduction

transcriptional programs have been triggefed, Bradley, and Zhang 2014Jhe genetic
introduction of exogenous copies of reprogramming factors engineered for constitutive
expression through thaddition of viral elements has proven to be a powerful approach to
generate new neurons, bathvitro andin vivo (Gascoén et al. 2015; Gohlke et al. 2008; Guo

et al. 2014; Giacomo Masserdotti et al. 20H)ch a change in cell identity can be enforced
through the expressioof master celfate-determining regulators like Neurogenin, ASCL1,
MYT1L, BRN1/2, NEUROD1/4 or PAX6(Berninger et al. 2007; Heinrich et al. 2010;
Vierbuchen et al. 2010; Heins et al. 2008pnetheless, established master reprogramming
factors (like ASCL1, NGN2 and NEUROD1 and 4, MYTL1L and BRN2) are potentially, even
in combinaions, insufficient to drivesubtype specific neuronal fates and ensure full cellular
maturation. The set of master transcription factors (specifically NEUROD1 and NEURODA4)
should therefore be extended and supplemented by factors which were thoughe to tak
influence on transcriptional programs which could define specific cellular subtypes.
Nowadays tremendous amounts of sequencing data provide a bamisid@a which factors
could play a role in subtype specific differentiatiéssso, knockout studies cwucted earlier

give ideas about what factors play important roles for neuronal differentiation and subtype
specification. As | aimed for trardifferentiation to callosal projection neurons, the following
factors, which were chosen as candidates were 2ATBJX2, MEF2C, CUX1, LHX2,
BHLHB5, BRN2, NURR1,andTLE2.

2. Epigeneticgeneregulation

In eukaryotesghromatin exist®f DNA which is wrapped around small proteing o called
histones. Therare a numbeof chromatin modifying enzymes, which add removesmall
chemical residuefrom histone tails or directly from DNA baséSessarz and Kouzarides
2014) Some of hese modificationbave been shown to influenceromatin accessibility and
therefore control transcriptioto a certain extentHowever the correlation of changes in
chromatin marks and the resulting change in gene expression patterns does not necessarily
imply a causatior(Bultmann and Stricker 2018Even if various studies have shown that
these modifications and resulting chromatin feataass have influence on teanscriptomic

level, it is still difficult to link these changes to a phenotypidamme.Despite the fact that
chromatin can be modified in at least 100 different ways, only of a few of these modifications
are studied in respetit gene activation and silencing which will be introduced briefly in the

following.

15
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2.1 Chromatin Modifications

2.1.1DNA Methylation

The simplest yet the most prominent chromatin modification is the methylation of the
nucleobase cytosin® 5 methylcytsine (5mC) (Lister et al. 2009)The modificaton itself

was already discovered in 194Blotchkiss 1948) whereas the proposal that it is stably
inherited, influences gene expression and therefore affects cellular differentiation took another
25 yeargHolliday and Pugh 1975; Riggs 197%) mammals nearly all of the ment DNA
methylationoccurs in CpCGdinucleotids, but still can existin any context of the genome
(Lister et al. 2009)The machinerywhich isin control of this modification i9y now also
knownin detail A combinationof the DNA methyltransferaseBNMT3A and CNMT3B is
responsible fode novomethyhktion of unmodified cytosine residues to 5r{l@kano et al.
1999)whereas DIMT1 ensures that DNA methylation which was present before replication
is inherited to both strands afterwafés Li, Bestor, and Jaenisch 199®)ethylation patterns

of promoter rgions are often associatedth the alteration of chromatin density and therefore
the accessibility for transcription factor binding, impairing expression of subsequent genes
(Cedar and Bergman 200®arly studiesdating back to théeginning of the ninetieshowed

that hypermethylation of CpG islands in-éromosome inactiven (XCI) results in active
silencing of a whole chromosomte, guarantee dosage compensation an€oded genes in
female cells(Duncan et al. 2018; Lock et al. 1986; gnrSam et al. 1990)in contras to
these mechanistic properties of DNA methylatigdnwas shown that CpG islands in the
promoter region of endoderm development master requl@XAR2 are highly methylated in
expressing tissuesuggesting the exacpposite(Bahar Halpern, Vana, and Walker 2014)
This shows that in realitihe property of epigenetic regulation of DNA methylatimight be

far more complex than previously thought.

NH,

DNMT TET TET TET
5C —» Sl ———> 5l ————> 85K ——» bhaal

Fi g . Ovéniew of chemical species oDNA methylation. DNMT enzymesde novomethylate the 5C
residue of cytosinevhich can then subsequently be- daethylatedby TET enzymes. Species which are
generated in the process are 5hmC, 5fC and 9dagified afterS. H. Stricker and Go6tz 2018

16
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Whilet h e t e rnmme tihD/N éften mainty defers to 5mC, we today know that there are
somemore DNA modifications based on methylatimmd even demethylation In addition to
cytosine, adenine can laetarget for methylation as well to form N@ethyladenine (6mA)
(T. P. Wu et al. 2016)Thesame cytosine residwesin 5mCcan be similarly methylated at
another position, to form N3mehylcytosine (3mC)(Sadakiersk&Chudy, Kostrzewa, and
Filip 2015) As de- methyhtion of 5mC occurs vighree subsequent enzymatic reactions it
brings forth threeadditional derivategFig. 2) (Booth, Raiber, and Balasubramanian 2015)
Thede methylation machinery, to which thamily of theten eleven translocation enzymes
(TET1, TET2 and TE3) belongs, catayzes the oxidation of 5mC to €5
hydroxymethylcytosine (5hmCjlo fully demethylate the cytosine residue, there are two
more steps necessaryC5formylcytosine (5fC)and Cb5carboxylcytosine (5caChefore
thymine DNA glycosylase (TDGctively removes the maifke et al. 2011; Ito et al. 2011;
Yu et al. 2A5; G. Zhang et al. 2015)here is some evidenteat these derivates are not only
steps inbetween the removal of an epigenetic mark but rather can have regulatory functions
too. Sofor example the transcription factoHRF1 recognizesshmCand activéy needs this
modification to bind its moti{Arita et al. 2008; Fang et al. 2016; Frauer et al. 20Ikis
suggestsa functional role for 5hmC asHRF1 was shown to bear key roles in maintaining
DNA methylationduring an early onset of developmemd hence regulatinigter stages of
neuronal differentiatiofRamesh et al. 2016 ven ifthe last twaderivatesof TET- mediated

de methylation occur veryrarely in the genomeefforts have been made to investigate
epigenetic readers &fC and 5adlto et al. 2011)5fC and 5caC mainly appearing in early
embryos, embryonic stem cells and neuronal tissues, was shown to enable binding of factors
involved in transcription rad chromatin regulation, more specifically forkhead box domain
transcription factors and paxtf the NURD compleXlurlaro et al. 2013; Spruijt et al. 2013)
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2.1.2 Histone marks

The function and regulatory properties of chromatin is not dnited to direct DNA
modifications, but is thought to hold an additional lagéinformation througithe histone
code. Here thenain protein componentof chromatin, the so called histoneoyde a far
bigger basis for different chemical modifications, set or removed by numerous chromatin
modifying enzymegTessarz and Kouzarides 2014l histones, except the linker histone
H1, areassembled int@ctamerscontainingtwo copies of the core units H2A, H2B, H3 and
H4 which are entangled by exbctl47 bp of DNA, forming the so called nucleosomes
(Richmond and Davey 2003Jo date,12 different modificationshave been fowhat 130
different amino acid residues, mostly part of theté&tminal tail of histonegTan et al. 2011;
Tessarz and Kouzarides 2014These bemical modifcations like acetylation,
phosphorylation or methylatiorgre thought tainfluence virtually all processes involving
chromatin e.g. transcription, replication and DNA repailiis is thought to be done by
directly influencing the accesslity of binding sites for regulatory factorsn DNA through
changes othe physical properties of chromatin or by forming a whole new layer of signal
transductionStrahl and Allis 2000)Even if there is still a need felucidatingspecific roles

and functions ofistinct chromatin modificationscertainresidueswere shown to correlate
with certaintranscriptional stateg.rimethylationof lysine 4 on histone H3 (H3K4me3) and
acetylation of lysine residuds9 and K27 of the very same subuteind to occurat the
promoter region of genes whichearnctively transcribedFig. 3) (Bernstein et la 2005;
Heintzman et al. 2007; Kim et al. 2005; SanARisa et al. 2002)Marks which are
characteristic for active gene transcription can not only be found in promoter regioas but
also elevatedn gene bodies as well as cigegulatory elementssuch as enhancers. So are
active gene bodies marked with trimethylation of two different lysine residues, namely
H3K79 and H3K36 and enhancers with high levels of H3K4 monomethylation and H3K27
acetylation(Barski et al. 2007; Heintzman et al0@”, 2009) In contrast to these active
marks, trimethylation of H3K27 and H3K9 was shown to be enriched in repressive chromatin

states during developmefkig. 3) (Boyer et al. 2006)
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inactive active
Enhancer Trggasln_:tri igi:n Gene Body Enhancer 'I'rg?as't_:tri iEi:“ Gene Body
Methylation
hdad P S r’ DNA Sequence
H3K9me3 H3K27ac H3K9%ac H3K36me3
H3K27me3 H3K4dme H3K4me3 H3K79me3

Nucleosomes

H3K9me3 H3K9ac
H3K27me3 H3K4me3

Compaction
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Fig. 3bHow chromatin mar ks Spetdiychromatinlmarksncanepotentealty dlavea c t i v i
influence on gene activity. Typical marks for an inactive state are DNA methylation, H2K9me3 and H3K27me3

at transcription start sites of genes. Chromatimpaction can also be an indicator for inactive gene regions.

Markers for active genes can be H2K27ac or H3K4me at@imilatory elements such as enhancers or H3K9ac

and H3K4me3 at transcription start sites. H3K26me3 and H3K79me3 can be found abdieseob active

genes.

Nonethelesseven if the presence or absence of chromatin marks (DNA Methylation and
histone modifications) can be associated with transcriptional activity, there is still a need to
establish whether changes in chromatin marks coigelatewith transcriptional changes or if

there is a causal connection.
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3. CRISPR/Cas9i controllable transcription factor and chromatin modifier
Advances -methods bavgharacterizedhe epigenome and its potential influence
on transcriptonal programs based on correlations. Yet, it remained difficult to prove a causal
connection between epigenetic features and transcriptional cdgarbf.studiesvhich aimed

for proof of this connection did so by altering chromatin marks on a globa. bdss was
done by mutation of either chromatin modifying enzymes, robbing the cell of its modifying
machinery(Boonsanay et al. 201&)y the histone residue itself, by making a modification
impossible on a global sca{Eunato et al. 2014However,this cannot provide insight into

distinct functiors of individual chromatin marks at specific sites.

With the discovery of ZFNs (Zinc Finger Nucleases) and TALENs (Transcription Activator
like Effectors) it for the first time became possible to bind and modify specific parts of the
genome as well as thepigenomewith a high degree of specificitgMiller et al. 2011;
Moscou and Bogdanev2009; Urnov et al. 2005; F. Zhang et al. 20HQwever changing

target sites required a complete design of these artificial transcription factors which is why
they never were fully embraced by the scientific commu@iyli 2018). With the dawn of

the CRISPR/ Cas9 technology, this changed dramatically. CRISPR stands for clustered
regularly interspaced short palindromic repeat aadfitst discovered irEscherichia colin

1987 (Ishino et al. 1987)It was found to be part of a complex defense mechanism of the
bacterial immune systerfMakarova et al. 2006and once the mechanistic functions of the
separate p&s were unraveled, CRISPR/Cas9 was engineered to become one of the most
significant biotechnological tools for genome editing of the earf{c@htury(Gasiunas et al.

2012; Jinek et al. 2012This bipartite system is based on an endonuclease (Cas9) which can
be targeted to any specific part of the genome, by programming it witbraRINA, the so

called guideRNA (gRNA). The gRNAs are composed of a 20 bp protospacer motif, which
defines the targeting site by sequence complementarity, and a scaffold sequence, which forms
a complex with the Cas9 protein. If the 20 bp targeting sitliswed by a se called
protospacer adjacent motif (PAMN NGG motif in case db. pyogene€as9), stable Cas9
binding can be established and double strand breaks introduced, enabling various options for
genome editingHig. 4A/B) (Anders et al. 20145ternberg et al. 2014)

The removal of thewuclease activityf the nuclease Cas9 by point mutations in the coding
sequence resulted in a versatile and most flexible tool for epigenomic research, namely the

catalytically inactive dead Cas9 (dCa¢9Q) et al. 2013) It is possible to target neargvery
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part of the genome and use dCas9 as a shuttle for specific chromatin modifying enzymes or

artificial transcription factors opening up numerous possibilities to manipulate the epigenome.

3.1 Transcriptional Engineeringi targeted manipulation of gere expression

One very prominent way to exploit dCas9 is its use in manipulating expression of endogenous
genes. As the rather big protein of dCas9 establishes a reliable interaction with DNA it can be
used to spatially hinder the transcriptional machir{sagch as transcription factors and RNA
Polymerase 1l) to assemble at the transcription start site and therefore interfere with
endogenous expression of a target géieet al. 2013) To exploit the shuttle function of
dCas9 to its fullest one can fuse different effector domains to tternNnus of the
catalytically dead endonuclease. Like thime can repress expression of target genes by
targeting the transcription start sites with strong repressor complexes such as the-Kruppel
associated Box (KRAB(Gilbert et al. 2013)

However, dCas9 fusion constructs can not only be used to block transcription, but be
exploited to do rather the opposite, as targeting the transcriptional start site of genes with
strang transcriptional activators can result in robust gene induction. The first generation of
these fusion constructs was based on viral or miwal transcription factor domains, like the

16- aminc acid long transactivatodomain (VP16) derived from thedrpes simplex virus.
Targeting this domain to the transcriptional start site of a gene can result in a solid gene
induction. This is accomplished by utilizing the domains original function, namely the
interaction with a variety of transcription factors amedruitment of key components of the
transcriptional machinery, including RNA PoI(Y. Liu et al. 1999)A multitude of different
alterationsof these artificial transcription factohg&wve emerged over the years. As the number

of VP16 repeats has been shown to correlate with transcriptional activator cépadiyvski

et al. 1988; Seipel, Georgiev, and Schaffner 1992}ent nultimers of the transactivator
domain have been generated. This includes the most prominent version with four tandem
repeats, VP64, and also teght (VP128) and twelvecopy (VP192) versioiiBalboa et al.

2015; Cheng et al. 2013; Maeder et al. 2013; Mali et al. 2@IBadditional variation is the

so called butterfly dCas9, which was designed to davoycopies of VP64 on both protein
ends, further increasing its activator capabi(dy B. Black et al. 2016; Chakraborty et al.
2014; Gao et al. 2014)

The field of transcriptional engineering is still evolving. Combinations of VP64 and other
transactivatordomains have been proven to be most potent. VPR¢chwis atripartite

transactivatocomplex, artificially pushes the levels of endogenous gene expression to nearly
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physiological levels. It is composed of VP64 fused to two additional factors, namely P65 and
Rta (Chavez et al. 2015)Like VP64, Rta is transactivator domain derived from a virus
(Epstein Bar virus), whereas P65 is a domain from the mammaliana\N\B t r anscr i pt
factor (Hardwick et al. 1992; Seipel, Georgiev, and Schaffne2l9irect fusion constructs

are only one way to recruit transactivator domains to target sites: dCas9 has been equipped
with protein tags, which then help to recruit multiple effector domains which are fused to the
tagds count er p dordomains can e hcaumulatea gt £.9. gandcrgtonal start
sites to establish solid endogenous gene indug¢iamenbaum et al. 2014; H. dh et al.

2018) Additionally, the RNA scaffold of gRNAs has been engineered to harbor two
recognition sites for the MCP protein, forming a stable protein RNA interaction. Once
equipped with transactivator domains like P65 or HSF1, this can be usetumudate
effector domains at a Cas9 marked target site and results in highly efficient gene induction
(Konermann et al. 2014a; Zalatan et al. 2015)

Utilizing this technique for targeting endogenous s of e.g. transcription factors, harbors
massive potential, even in cellular reprogramming. It was shown that targeted activation by
dCas@/PR of the two preneural factors N2 and NEURCDL1 in iPSCs can trigger neural
differentiation(Chavez et al. 2015BRN2, ASCL1 and MYT1L, the so called BAM factors,
were shown to yield a high capacity to direct reprogram mouse embryonic fibroblasts into
neurons when overexpressed as transg@fiesbuchen et al. 2010The same holds true for
endogenous gene activation, as butterfly d8&a364 shows direct conversion capabilityrfro
MEFs to neurons when targeted to the BAM loci simultaneo(kyB. Black et al. 2016)

Cells could not only be trangdlifferentiated, it was also shown that a soliddiféerentiation

can be achiewkby targeting the endogenous loci o€ Tt and X2 with a dCas9SunTag
enhanced system, to induce pluripoterffy Liu et al. 2018)Neural progenitors already
committed to a glial fate could also be dedifferentidigdargeted X1 activation, andjot

back a lost differentiation potential to a neuronal {B&umann et al. 2019)
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Fig. 4b Possibleutilizations of CRISPR. A The gRNA forms a complex with the Cas9 protein. This RNA
protein complex then scans the genomic DNA for the complementary sequence of the N20 protospacer, followed
by the for binding necessary Protospacer Adjacent Motif (PAVERISPR based tools provide a tremendous
amount of possibilities. WTCas9 can be used to induce- lspeeific mutations, large scale deletions or for
specific gene targeting. Mutations of the enzymatic domain of Cas9 have generated a dead versionahthe prot
The options this tool can be used have been subdivided into two groups: Epigenomic engineering and
transcriptional engineering. In Epigenomic engineering dCas9 is used to shuttle chromatin modifier to specific
places in the genome to set or remoiee example DNA methylation or specific chromatin marks.
Transcriptional Engineering summarizes the manipulation of transcription of endogenous genes by targeting

their promoter region with activat®or repressors.
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3.2 EpigenomicEngineeringi targeted manipulation of chromatin marks

Trying to unravel the function of chromatin modifications does not necessarily answer the
guestion of causality. The introduction of dCas9 opened up a tremendous amount of
opportunities to directly tget exactly this kind of questions. Tools generated for epigenomic
engineering are based on dCas9 shuttles which enable -aspgéeific manipulation of
chromatin marks by targeting loci with chromatin modifying enzymes or their catalytical
domains. Thidas been done for a variety of complex chromatin modification but also for the
simplest one, DNA methylation, providing first evidence of a potential direct effect of DNA
methylation on transcriptional regulation. Various fusion constructs of dCas9 to DNMT
enzymes, like thenammaliande novamethyltransferasBNMT3A (or its catalytical domain)

or the prokaryotic CG methyltransferase MSBMQ1 have been reported to indude novo
methylation of unmethylated CpGAmabile et al. 2016; Lei et al. 2017a; Vojta et al. 2016a,;
Ziller et al. 2018) Higher methylation rates could be achieved by combining DNMT3A with
its co factor DNMT3L (Stepper et al. 2017alpe novomethylationcapacity appears to be
highly dependent on the target locus, as methylation efficiency varies from 2 to up 80%
depending on the target gefttuang et al. 2017; Jurkowski, Ravichandran, and Stepper 2015;
Pflueger et al. 2018)rheseepigenomic engineering tools provide the posisjbio draw a

link between specific epigenomi@nd transcriptional changes. This however requires a
target specificity as potential offt ar get ef fects of these systerl
functional consequences of specific DNA methylation. Aewan by Pflueger et al. many of

the utilized dCas9 fusion methylation tools show high tdffget DNA methylation, which
could be improved by accumulating DNMT3A via a dCas9-tagnsystem(Pflueger et al.

2018) Nonethelessgven a catalytically dead version of DNMT3A leads to some DNA
methylation, suggesting that the endogenous DNMT machinery is recruited resulting in
unwanted CpG modification. This clearly shows the importance to furthetogewsore

advanced methylation tools.

Nonetheless, engineered methylatieaulted in subsequent transcriptional reduction of target
genes, providing first evidence that chromatin modifications can potentially modulate
transcription(Amabile et al. 2016; Huangt al. 2017; X. S. Liu et al. 2016aJargeted
methylation could counteract elevated levels of synuclein alpha protein (SNCA) in human

i PSCs derived from dopaminergi c (Kamtorrebahs fr o
2018) In another example DNA methylation of multiple target sites in primary breast cells
could prevent senescence and drive hypeoliferation, a phenotype typically seen in breast
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cancer development, suggesting DNA hypermethylation not only as a hallmark of cancer, but

as a driving forcéSaunderson et al. 2017)

Of couse similar systems have been developed withmathylation machineryAnton and
Bultmann 2017; Morita et al. 2016; Okada et al. 2017; Xu et al. 2@QUufije $milar to the
methylation studies, the effects are rather variable. The molecular censegwary from
10% to full de methylation(Baumann et al. 2@t Choudhury et al. 2016; Okada et al. 2017)
The transcriptional consagnces of de methylation range from rather mild induction
(Choudhury et al. 2016; Morita et al. 2016)strong gene activatiofX. S. Liu et al. 2016a;
X. Shawn Liu et al. 2018)Different in vitro and in vivo studies could also link de
methylation of disease relevantngs to phenotypic changes. The deethylation of tumor
suppressor genes is for example sufficient to trigger proliferation phend§pesadhury et
al. 2016)or de methylating of the FMR1 locus in affected neurons is able to rescue disease
hallmarks of the fragile X syndron{&. Shawn Liu et al. 2018)

These systems can even be applied for manipulation of the histone code. When deployed to
promoter regions and distal enhancers, a dCas9 fusion construct with the histone
aceyltransferase p300 for instanceuld activate transcription in MYOD and OCT4, to levels
which were even higher than those achieved by transcriptional enginéeiitun et al.

2015) Trimethylation of H3K4 could restore the expression levels of silenced genes in
variouscancerous cell types by targeting the promoter regions with histone methyltransferase
PRDM9 (CancRodriguez et al. 2016)n contrast to this dCad9SD1 helped to characterize

and verify various enhancer regions, as uhethylation of target histones resulted in gene
silencing(Kearns et & 2015; Mendenhall et al. 2013)

In most cases of epigenomic engineerimgdificationof chromatin marks were followed by
transcriptional changes. This however differs strongly between the distinct modifications,
suggesting that not every single maikbors the same regulatory potential. However, this is
apparently also highly dependent on the target locus which means that specific marks could
maybe only regulate a specific subset of sites.
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3.3 gRNA multiplexing

A lot of different approaches in gemic, transcriptional and epigenomic engineering suggest
that it is often not enough to target just a single site. As CRISHRpéastite the only
limitation which is set in terms of multipleargetingis the number of gRNAs which are
provided for the mehinery. Ofcourse,one could just simply mix a number of similar gRNA
expression vectors prior to deployment, however this does not ensure that cells will (A) get all
gRNAs simultaneously and (B) in stoichiometric amounts.

To overcome this bottleneck,fidirent techniqguefiave been developdd generate vectors

which harbor more than one gRNA expression cassette, so called multiplexed gRNA vectors.
Due to the small size of one single gRNA expression cassette it is possible to create vectors
with up to l4different expression cassettes in a r(Reterson et al. 2016§5eneration of

these vectors however is often based on large synthesized oligonucleotides. There therefore is
a need for methods to generate these kinds of vectors faster and especagiy.dhmtocols

which were introduced for generation of multiplexed gRNA vectors were based on classical
cloning with restriction and ligatio(Dow et al. 2015; J. F. Li et al. 2013; Yan et al. 2016)
isocaudomer based cloni¢. Wang et al.2015) or Golden Gate Cloning and variants
(Kabadi et al. 2014; Sakuma et al. 2015a; Vazeuier et al. 2016) Other gRNA
multiplexed systems rely on the iscription of a precursor RNArigen by one single
promoter. The precursor transcript is then further processed to release single gRNAs. This can
be achieved by different measures, but nearly all of the systems rely on ribonucleases which
excise linker sequences or cut between gRNA amcps. These linkers can be tRNA
sequences which are recognized and excised by endogenous Rilaxes Minkenberg,

and Yang 2015)r small hairpin/micro RNA motifs which are cut by the ribonuclease
DROSHA(C. Xie et al. 2017Yan et al. 2016)releasing flanking gRNAs into the cell.

In the process of thish® thesis] establisheg novelgRNA multiplexing assembly protocol
String Assembly gRNA cloning (STAgR) is exploiting several aspects of Gibson cloning and
based on gneration of small building blocks by simple overhang PCReese are then
subsequently assembled in one singdernightreaction.This technique provides an easy,
costeffective and efficient way to multiplex gRNA vectors am@s unmatched in its
flexibility and customizability With the establishment of the STAgR technique, | found a

solid basis for extending the transcriptional and epigenetic engineering tools.
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4Epigenetic regulation in Al zhei merds di s
Alzheimer is a neurodegenerative diseasa/imch amongst other factors and physiological
symptoms neuritic amyloid plaques and tangles of intracellular hiypsphorylated tau can

cause syaptic dysfunction and neuronal cell death which leads to a decrease of cerebral
matter(Selkoe 2012)INnAl z hei mer 6 s Di sease there are man:
of environmental factorand therefore aepigenetic influencen disease developmerithe

disease undoubtedly has a genetic component, but this component sgerasety to be the

cause of theburden Genome wide association studi@SWAS) have identified genetic

mutations which patients have in commamd could therefore be a driving force of disease
development. They unravelledutationsin geneslike APP (Goate et al. 1991; P. H. St
GeorgeHyslop et al. 1987)PSEN1(Sherrington et al. 1995; P. St Geoidgslop et al. 1992;

Van Broeckhoven et al. 199ahdPSEN2(Sherrington et al. 199&Yhich can lead to an early

onset of the disease (before 65 years). However this familiar inherited variant only seems to
occur in a very small percent a®®oseemwbeadf al l
sporadic form where aberrationstire gene of apolipoprotein-E4 (APOE leadto a higher

risk to developthis lateonsetform (after 65 yearsfDiniz et al. 2017; R. Zhao et al. 2017)
Nonetheless only 25% of people having thesetations then reallylevelop the disease,

wheeas anot her 5 0 %abetranh geneticenfoenationacbaevelop it anyway

(Van Cauwenberghe, Van Broeckhoven, and Sleegers.2016)

Epigenetic modificatins, the chemical marks attached to the DNA or histones, are integrating
environmental and intrinsic signals in the ddkhenisch and Bird 20033ignallingpathways,
environmental effects and cellular memories are all imprinted encttimplex patterns of
chromatin marks, which individuallganpotentiallyregulate expression of specific genes and
taken togetheconstitute the epigenom8ome of these chromatin mark patterns are transitory
and change dynamically during development,cdbsed by Waddington in his epigenetic
landscape. In contrast to this some states can be established stably and even be inherited.
However the described changes cannot only occur during developmerthdnat is also
evidence that during various diseasesbnormal distribution of epigenetic signals can occur.
Therefore an epigetie influence ondisease developmeséems likely. So for exampleads

the miss regulation of the clearly epigenetic controlled mechanism of epithelial to
mesenchymal transition ta hijacking of a normal cellular program to support cancer
progression and metastagfscloque et al. 2009)Wrong cellular epigeretic signals can also

lead to a false distribution up to an absence of for exampldld ioehe severe combined
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immunodeficiency syndrom@. H. Buckley 2004; Rebecca H. Buckley 20043stly alarge

body of work has shown that in many diseases, includingh#uzodegenerative diseases

Al zhei mer s (AD) and Par ki ns adnazarangd eh@gfare a b n o |
abnormé physiological cellular statesan beadopted(Ammal Kaidery, Tarannum, and

Thomas 2013; Mastroeni et al. 2011; Urdinguio, Sandhez and Esteller 2009)

Theex act mechani sms of Al zhei mer 6s Udurderease a
cannot be sely explained by genetic factors. Therefore studies have been condutted# to

into epigenetic differences which coute@ linked todisease developmemimong the best
profiled chromatin modifications in AD is DNAethylation, an especially stable epigine

mark. The promoter region of the APP gene for instance was found to be hypermethylated in
Alzheimer caseg(Tohgi, Utsugisawa, Nagane, Yoshimura, Genda, et al. 1999; Tohgi,
Utsugisava, Nagane, Yoshimura, Ukitsu, et al. 199)neuron specific methylome analysis

of post mortem brain samples revealed a hypomethylation of the promoter of tHgRfeA&

which was consistent with a significant overexpression of the same(ldane et al. 2017)
Overexpressed and mislocaliZzBRCAL seems to contribute to a decline of genomic integrity
under the burden of accumulated amyloif @ char acteristic for Al z
several mouse models. This phenomenon goes hand in hand with promoter hypomethylation,
suggesting (A) a contrition of BRCA1l to AD pathogenesis and (B) an underlying
epigenetic mechanism based on promoter methylation which misregulated BRCAL expression
(Mano et al. 2017)Recently studies have revealed thsdme differentially methylated
positions seem to be potent biomarkers for AD progressio6. iSlands ofthe APOE gene

seemto behypamethylatedn AD cases in the frontal lobe more specific in the-noguronal

cells of post mortem patient samp(é®raker et al. 2015; Tulloch et al. 201Burthermore it

has beersuggestd that an increase of methylation of the generafsphatidylinositol binding
clathrin assembly proteifP(CALM) is connected teognitive decline during AD progression
(Mercorio et al. 2018)Numerous studies have tried to link distinct methylation patterns to
Al zhei mer 6s ,iappeara that thereQsgabal dedrdase in 5Sm@ postmortem

AD brain samples, be in cortical neurons or morgenerally in thénippocampus, entorhinal
cortex anccerebellum(Chouliaras et al. 2013; Condliffe et al. 2014; Mastroeni et al. 2010)

Two independent epigenommade association studies (EWAS) have recently used large
cohorts of presymptomatic AD patientand control goups to collect brain samples and to
determine DNA methylation changf3e Jager et al. 2014; Lunnon et al. 201A)portantly,

both studieseveakdidenticaldisease associated DNA methylatimarks (close to the genes
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RHBDF2, RPL13, C100rf534CDH23andANKY) (Fig. 5). Moreover, those epigenetic marks
emerge early during pathogenesigrrelate to a loss of gene egpsion, and occur so
frequentlythat a role in the disease, eith®r spontaneousccurrencgas epimutations) or as
an epigenetic memory of environmentattors, seemglausible However, our knowledge
about the effects of disease associated chromatin marks idiméed. So far, functional
insights could be exclusilyeobtained by indirect approaches (e.g.danetic manipulation)
and was largely limited to developmental marks and animal modelsf@ikexample in
genomic imprintingLatos et al. 2009; Stefan H Stricker et al. 20@&) directmanipulation
of individual chromatin marks (in human cells) remained impossible untilreegntly, it is
still enigmatic to which extend disease associated chromatin marks contriltigedisease,

how they operate and how they could be counteracted.
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compared to control groups. ANKRPL13,and RHBDF2 are known to be linked to PTK2B, a gene already
identified to be AD associatd. Modified afterLord and Cruchaga 2014
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5. Scientific aims

Utilizing CRISPR/Cas9 in transcriptional as well as epigenomic engineering opens up a
tremendous amount of scientific avenuBlse aims of my studies concentrateostly on tool
generationfor the fast progressing CRISPR fielmhd biological questions which are
simplified bythe generated tools. CRISPR/Cas9 also helps to tackle more classical scientific
approaches from a different point of vielirect neuronateprogrammings possible through
transgenic introduction of consitively active master transcription factor gendhe
spectacular success of direct reprogramming approaches should, however, not obscure the fact
that these methods are currently far from perf@tect neuonal reprogrammingis at
present, rathanefficient, as only a fraction of cells appropriately switches cell identity while
others remain undifferentiated or stuck in intermediate stégestts and Keirstead 20Q8)

toxic, as a sigfiicant proportion of cells diafter virus mediated expression of cell fate
determining transcription factors, bathvitro and vivo approachg&asconet al. 2016)yand
incomplete, as cells do not fully differentiate into mature and adequate neuronal subtypes
(Gascon et al. 2016By activating the endogenous gene copies of master regulators by
trarscriptional engineering, | aimo overcome certain difficulties and limitations the
reprogramming field is facingOne huge limitation ishe number of master regulator genes
that canbe introduced at onceThis could potentially be the reasorfior insufficient and
incomplete maturation during artificial tradgferentiation. Txicities connected to
unphysiological expression levels caubgdiral promotergespeciallyin vivo) mightalsobe

a consequence of inadequate and immature cell sByeexploiting one of the biggest
advantages of the CRISPR system, namely the possibility to target Ieujemes
simultaneously, | aimedo orchegtate the trans differentiation process to gain neuronal
subtype specificity of upper layer callosal projection neurbliese cells should be primed by

the neuronal pioneering factorBNROD1 as it was shown that this factor can convert
reactive astrocytes to glutamatergic neurongtro andin vivo (Guo et al 2014) This should

be uses as a basis to then further push the cells into a specific subtype, targeting multiple

factors at once using dCas9 based activators.

One additionalamist o mani pul ate DNA methyl ati on mar
patientsby epgenomic engineering. Like thigotential disease relevant marks should be
recreatedat five different loci, whichhad previously beeshown to be associated with

Al z hei me r(besJagdet al.e2@14; eunnon et al. 2014)ith these manipulations, |

set out to validate aontribution of pathological chromatin marks to tiieease Previous
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studies have been shown that curmaethyltion tools based on dCas9 still show- adirget
effects. Therefore | ainfior deploying amongst the classical ones, novel methylation tools,
generated during this study. | generated fusion constructs wveh (M.CVIPI from the
Chlorella virus (Buryanov and Shewwik 2005) and plantal (DNA (cytosineb)-
methyltransferase 1A (DNM1A) and DNA (cytosibg methyltransferas®RM2 (DRM2)
methyltransferases which veeoptimized forhuman expressiordvantagegjainedcould be
better controllabilityindependencefdost factor interactions, andepending on the type of

methyltransferase, the investigation of effects of-homan methylation patterns.

All approachesn transcriptional as well as epigenomic engineering attempted during this
thesisrequireda reliable gRM multiplexing systemTherefore | first set out to establish

such a system.
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1. Generating Multiplexed gRNA vectors with String Assembly gRNA Cloning
(STAgR)

This chapterontains text and dathat were published in:

Breunig CT, Durovic T, Neuner AM, Baumann V, Wiesbeck MF, Koferle A, Gétz M,
Ninkovic J, Stricker SHHh One step generation of cust omi
multiplex CRISPR approaches throughstt ng assembly gRNA c¢cl oning
One 13, e0196015 (201&. T. Breunig et al. 2018a)

Breunig CT, Neuner AM, GiehdASchwab J, Wurst W, Go6tz M, Stricker SHIA
Customi zable Protocol for Stri ngVisAespldZnbl y gfF
58556, doi:10.3791/58556 (20X8). T. Breunig et al. 2018

CRISPR experiments are highly dependent on the target information provided by gRNAs.
Some paradigms do not only tee delivery of one but multiple gRNAs to one single cell
reliably. An ideal protocol to generate multiplexed gRNA vectomuld besimple, fast and
costeffective and could be conducted reliapl while maintaining a high degee of
customizability. In ordeto meet these requirementsdévelopedString assembly gRNA
cloning (STAgR). STAgR makes use of t@#gson assembly methdéibson et al. 2009)

The Gibson method is based on a witty combination of three different enzymes. An
exonucl ease r emovV e s-end of dduldestrandece ait liiearivech DNAh e 50
Complementary single strand&NA regions can then anneal to each other. Phusion DNA
polymerase fills then the gaps and TAQ DNA ligase covalently joins the annealed
complementary DNA fragments, by removing the individual nickse STAgR method
allows the assembly of multiple gRNA eggsion cassettes into an expression vector in a
single overnight reaction by using the N20 gRNA sequerasomplementary DNA
sequences. PCGBmplified building blocks argenerated from a short DNA template, the
string, which is composed of a gRNA scaffdequence of choice, a transcriptional stop
signal (poly dT) and a Pdll promoter Fig. 6). By including thegRNA targeting sequence
(N20) as primer overhangs during the PCR amplification of the string sequence, the building

blocks for Gibson assemblyachbe generated from one universal templBeexploiting this,
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STAgR is not only simple, but remains highly customizable because various combinations of

different strings antdackbones are possibleig. 7B).

N20 Protospacer

Transcriptional

TETTETTTTTTTTT Termlnatlon
A H——
gRNAScaffold Pol III Promoter

N20 Protospacer

B poy-dT
BN Stem loop

Fig. 6 bThe SToAgnBrateshuildingnbipcks for multiplexed gRNA vectors the string hée to
amplified with overhang primers, adding the N20 targeting information via PCR as a Gibson overhang. The

string consists of a gRNA scaffold, a pollytranscriptional stop andRol Il promoter

1.1 Optimization of STAgR conditions

The protocolwas tested by setting up a strategy for a gRNA expression plasnmdouit
different individual gRNAs, targeting the promoter region of the gesal All expression
cassettes werdriven by the human U6 promoter, terminated by the classical spCas9 gRNA
scaffold and a pol sequence. The individual PCR conditions for gRNA building blocks
and vectors were determined by gradient PCR and can be found in the Materials and Methods
secton. Following successful PCBmplification of the strings as well as a vector using
overhang primersHig. 8A/B), the DNA fragments were assembled in a Gibson reaction. This
enzymatic assembly is sensitive to two different factors: the ratio of indiviDb&A
fragments in the reaction mix and the incubation time. Both parameters where tested
individually: Equimolar amounts of three gRNA stribgsed building blocks were added to

the vectorm either a threéold or five-fold excesr the vector ira threefold excesgelative

to the amount of used insefig. 8E). The Gibson assembhgaction was stoppeafter 20,

30, 40, and 60 minutes. Reactions were transformed into bacteria and colonies screened by
colony PCR Fig. 8C/D). This strategy was used to lhotapidly screen bacterial clones for the
desired assembly product agauge the efficiencies of the assembly under the different
conditions. Quantifications in Figure 8E show the percentdgdifferent obtained gRNA
subsets in dependence on the ratiediicts and reaction time. As expected, the nature of the
assembly products varied with the ratio of the individual components and time. | found that

gRNA building blocks as well as vectors should be combined in an equimolar ratio and
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incubation times shodlnot exceed 40 minutes at 50°0sing these parameters, 34% of all
clones contained the desired four gRNA casseWéth theseresults,| could show that
STAgR can efficiently assemble multiple gRNA expression cassettes under the optimized
conditions Fig. 8D/E). Hence, these parameters were used in all subsequent experiments
(Fig. 8F). Sanger sequencing was used to confirm the seamless assembly of desired
multiplexed gRNA expression vectors designadsilico. Colony PCR also revealed that
STAgR clones Wwich did not contain all gRNA expression cassettes showed bands which
represented subsets of different gRNA expression cassette numbers. Sanger sequencing
revealed that these clones indeed lack one or more gRNA expression cassettes without a
further clonirg scar, breakage points or sequence repetiticash ETAgRreaction therefore

not only spawns gRNA vectors with the intended number of gRNA cassettes, but additionally
yields a subset of different combinations and number of gRNA expression units whioh can

used for additional experiments.
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A

STRING—> PCR —> ASSEMBLY —> colony PCR—> gRNA Vectors

N20

N20 B
s - IN20

20 E—
iN20
N20 B8
2 N20

E3 N20

-

1. Number and Sequence 2, Order and Scafold 3. Promoter 4, Vector and Backbone

Primer String Template

hU6 Promoter

SAM hU6 Promoter

m— s 2 SAM
| N20 (2) |

IEXET] IEM*
| N20 (4) |

mU6 Promoter

mU6 Promoter

H1 Promoter

SAM H1 Promoter

mI

AM 75K Promoter

7sK Promoter

scf 7sK

DSRED

SAM
[ mU6 |

Backbone Template

Primer

o

IN20(RC1)
N20(RC2)
N20(RC3)
N20(RC4)

o

B poly-dT
s Stem loop
W SAM/MS2 loop

Fi g .Oveibw of the STAgR method. AString Assembly gRNA cloning is a 3 step cloning method to

generate multiplexed gRNA vectors. The overhangs which are implemented via PCR are not only the target

information ofthe gANAs but also serve as homologgquence for Gibson assemiBySTAgR was engineered

to be highly customizable. The choice of string and backbone provide a wide variety of possibilities to form the

perfect vector for any experimeiftarts of this figte were modified and taken fro@ T. Breunig et al. 2018b
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A

string w/o
overhangs N20 overhangs
added o - vectors
1500 -
1000 -
500 -
- - - .- - "
:gg . 500 - inserts
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[ —
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—»’*\m::£=r: — 2 —_ —
I AAAAAAA .;[j —
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Pick colony PCR of gRNA cassettes Analyze PCR product

D

4x U6 Promoter gRNAScaffoId

-4 gRNAs
-2 gRNAs
- @ ¢ |-1 gRNA

m
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% 40
2
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o
B
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B 1 gRNA
O gRNA
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% of bacterial colonies

Fig. 8bEstabl i shment a n d PCR pamplificdatianaot striogn witho grime& Ta8kingr .

overhangs (lane 1) and witbverhangs and therefore the target information added (lanés RCR products

were analyzed on a 1.5% agarose gigined with SYBR safé8 STAgR PCR of two vectors (lane 1 and 2) and
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four insert building blocks with the N20 added (lane 3 to 6). PCR fragments were analyzed on a 1.5% agarose
gel, stained with SYBR safeC Overview of the colony PCR. Obtained clones are picked wipettetip and
biological material is transferred to PCR tubes. The PCR mastermix is then evenly distributed over all PCR
tubes. The primers amplify the gRNA cassettke length of the amplicon corresponds to the number of gRNA
cassettes presenD Analytical agarose gebf a 4xSTAgR cloning and colony PCHEE Statistics of the
optimization process of STAgR cloning. The same set of building blocks was assembledrendifftios and

the reaction was stopped at different timepoints. The timepoints were 280,3nd 60 min. The building

blocks were combined in molar equality, 1:3, 1:5 and 3:1(vector to insertg)8jnF Quantification of cloning
efficiencies from tiree different 4xSTAgR reactionssing optimized conditions (molar equality and 40 min

incubation timg (n =130) Parts of this figure were modified and taken fr@mT. Breunig et al. 2018a

1.2 STAgR gRNAs are expressed individually and functionally

EachgRNA within a S AgR vector is driverby its own promoterTherefore,every single

unit has to be expressed individually to form operational gRNA molecuig®rtunately,

guantification and verification oéxpression levels of individugRNAs is still challenging by

conventional methods

In order to ascertaithat STAgR vectos functionally express multiple gRNAkconducted a
genetic assay using WTCad8. this experiment,a multiplexed STAgR vector was directly
compared to a gRNA vemt only carrying one gRNA. This gRNA targdte open reading
frame of the gene coding for a destabilized version ofgteen fluorescence protein GFP
(d2GFP) with a significant shorter protein hifié (Corish and TyleiSmith 1999) If
expressed, this gRNA in combination with WTCas9 can cause genetic alteration®fidrich
lead to loss of a functional GFP gene. Bg thss of GFP signh gRNA expession can be
guantified directly. The GFP targetinggRNA was cloned into four different STAgR
constructs witheachfour gRNA cassettes in totaln these constructs, the GFP targeting
gRNA was incorporated on four different positiprisliowed or flankedby nontargeting
control gRNAs. All STAgR plasmids as well as single gRNA plasmids were then individually
transfected into HelLa cells stably expiegsd2GFP and WTCas9. Eight days after
transfection, cells were analyzed by flow cytometry. When only desBEP targeting gRNA

is provided to the system, 72% of cells lose GFP expression. This indicatexessful
disruption of the open reading frame by induction of indel mutations. All four STAgR
plasmids trigger similaGFP loss indicatinghat gRNAs at kh four positions are expressed

and functional
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A B 72%
[ non-targeting gRNA

o,
68% I GFP targeting gRNA

63%57% STAGR1

[I llli- non-targeting gRNA 60% §$ﬁggg
) \

- GFP targeting gRNA STAGRA

l
W | \

STAGR2

STAGR3

STAgR4

GFP Fluorescence

°
[ L U

SRR R RS R EE R T T T T T e e g e T T T T T
50K 100K 150K 200K 250K o 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K ) 50K 100K 150K 200 250K

GFP

FSC-A

Fi g .Fun&idnal validation of a 4gRNA STAgR vector. A Five gRNA plasmids have been generated
carrying a gRNA targeting the open reading frame of GFP. This gRNA is either in a single gRNA vector or four
different STAgR constructs located on four different positions. These constructs were generated to make sure
that all gRNAs are expressed to same levdsVisualization of GFP negative cells obtained by mutation of the
open reading frame of the fluorescence marker. The STAgR constructs and the single gRNA vector were
transfected into a N2A cells stably expressi2g8P, a fast degrading version of GFP. Every gRNA construct
expressed the gRNA targeting GFP and therefore could guide WTCas9 to the genomic location of the
fluorescence protein and induce indel mutations. This could be done to similar levels compasedinglé

gRNA construct, indicating that all gRNAs are expressed to similar le@lmdividual FACS blots of
experimentsshown in B After transfection with WTCas9 and the gRNA plasmids cells clearly lost GFP
expression due to the mutations induced byG&ls9 Parts of this figure were modified and taken frémT.

Breunig et al. 2018a
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1.3 STAgQR ishighly cusomizable

As the CRISPR/Cas9 based transcriptional as well as epigenomic engineering field is steadily
advancing, it is important for a universal ltiplexing strategy to be easily adaptable to
different means. A series of strings were generated featuring different Pol Ill promoters.
Figure 10 shows the cloning of a STAgR construct with 4 different gRE&chdriven by
differentpromoters (human U@nouse U6, human 7SK and H1). In addition to promoters, the
gRNA scaffold can be substituted by different sequemsewell. TwoMS2-binding loops
(hencefort h c adah kedintegr&Bed hto the scaffpl) sequence in order to
utilize the gRNA withan MS2 binding protedbased systentKonermann et al. 2014a)
Cloning of highly customized constructs with varying promoter aodffold sequences
showed a 30% efficiency of correct assembly, comparable to that of standard STAgR
constructs Fig. 10B). The versatility and simplicity c8TAgR enables theombination of
different Cas9 variants, MS2 fusi@moteins,and dCas9 chromatimodifiersand indicates a

decisive advantage over other multiplexing systdfigs (1A).
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A

SAM hU6 Promoter SAM  H1 Promoter
.
.
SAM mU6 Promoter SAM 7sK Promoter Poly-dT
I 0 0 T BN Stem loop
B B SAM loop

4x Promoter_SAMScaffold

2000- 'uf s LL ;h ! ;! U _4 gRNAS

-2 gRNAs
750- epEm - GoEs W, SIS @ gy @ [-19RNA

Fi g . STAgRis highly customizable. A This construct was engineeredharborfour different promoters as
wells as SAM gRNA stentoops to be able to combine it with additional RNprotein interaction based
targeting system® Analytical agarose gel of the indicated STAgR construct carrying four different promoters
as well as different gRNA stem loops. 1.5% agarose gel, stainbdS¥BR Safe Parts of this figure were
modified and taken fror@. T. Breunig et al. 2018a

Gibson cloning isdependent orhomologoussequences and STAgR cloning is based on
repetitive building blocks. The limit for STAgR cloning is four gRNA cassettesnausing

the same promoter as well as the same gRNA scaffold. Using more than four gRNA cassettes
with identical promoters and scaffold sequences never yielded the correct product, likely due
to unwanted internatecombination events. However, it is pdésito assemble up to 8
expression cassettes into one vector in a single step reaction by changi®RiNthelriving

Pol 1l promoter as well as the gRNA scaffold (from the conventional scaffold to SAM) after
the fourth gRNA Fig. 11B). A colony PCR laddewith all possible numbers of gRNA units

is depicted in Figure 11C.
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A .,-1 Effect A "\Eff?ct A

I
STAgR
plasmid
Effect A
f . " n "%ct A
[
locus 2 locus 4

Effect B

'i .—8 gRNAs
g bt o P | —
2000- * + * EHEIM-c crnis
- end -3 gRNAs
1000~ - - -2 gRNAs
| _1 gRNAs
S00~|== ~0 gRNAs

Fig. 11bVisualization of t he poByconbinihgidiffereatgRNAstenv i d e d
loops in one single gRNA plasmid one can target different loci with differeattefs.B 8x STAgR could be

created by changing to different promoters and different stem loops after 4 identical gRNA expression cassettes.
C With STAgR, gRNA multiplexed vectors with 1 to 8 gRNAs can be created. This analytical gel shows a PCR

of all obtained multiplexed cassetteRarts of this figure were modified and taken fr@nT. Breunig et al.

2018a
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1.4 Use of STAgR foiimproved and combinatorial transcriptional activation

Before potential multiplexing strategies, experiments relied on deligérg cocktail of
multiple gRNA plasmidsyiruses,or molecules to cells. Test whethemultiplexing gRNAs

is beneficial for transcriptional engineering STAgRvector was produced carrying four
different gRNAs. These gRNAs target the promoter regions of three different genes: the
neuronal gen&atb2 the cardiac muscle actin geAetcl, andTtnl (targeted by two gRNAS)

(Fig. 12A). The STAgR plasmid carrying tdTomato fluorescence marker was transfected
into P19 cells alongside a construct expressing the transcriptional activ&targ$PR @nd a

GFP fluorescence marker. As a control, the cells were transfected With ¥PR @nd a mix

of single gRNA plasmids coaining the exact same gRNA protospacer sequences as the
STAgR plasmid. After five days, GFRdTomatd positive cells were isolated by
fluorescence activated cell sorting (FACS) and RNA was extracted. Relative amount of
MRNA of targeted genes was analyzesihg gPCR. gPCR of the targeted genes showed that
using STAgR, two out of three genes could be activated to a higher level than by using only a
cocktail of single gRNA plasmidsFig. 12B). This indicates a distincedvantage of

multiplexing gRNA vectorsdr multiple gene activation using transcriptional engineering.
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A
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Fig. 12bSTAg RsinglegRNAVaods. ACamparison of a 4x STAgR and a pool of single gRNA

pl asmids. Pl asmid cocktails have beendmRNAlaveldveret ed i ni
assayed by gPCH Two out of three target genes showed a higher increase of mMRNA levels when the gRNAs

were supplied by STAgR constructs, compared to a mix of single gRNA vectors.barsodepict standard

errors of the mean.

1.5 Simultaneousdisruption of multiple genesin vivo

To test if Cas9 and STAgR could be used to efficiently and simultaneously disrupt multiple
genes in individual cell: vivo, a STAgR vector was produced with gRNAs targeting the
ORF of GFP andsoxX2. The gilAs were electroporated alongside a plasmid expressing
WTCas9 into ependymoglia of three and a half months old GERP transgenic zebrafish
(Tg(gfap:GFP) (n=20) as previously describ&ig( 13A) (Barbosa et al. 2015, 201énd

shown inDurovic and Ninkovic, 2019Seven days after electroporatiaeprafishbrains were
analyzed by immunofluorescence microscopy. In all animals analyzed, expression of GFP as
well as of Sox2is lost in a large number of ependymoglia, while control plasmidaato
disrupt expressionf either genelt is striking that in most cells which lost the expression of
one gene the other gene targeted is disrupted as well, certifying the efficient multiple gene

targetingwith multiplexed gRNA vectors using STAgR vivo (Fig. 13B)
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Fi g .Inwiva ise of STAgR. AA 4x STAgR construct with two gRNAargeting the open readifigame of

GFP as well as Sox2 were cloned and side by side with WTCas9 electroporated into GFAP:GFP transgenic
zebrafish telencephalB 3D reconstruction of whole mount Tg(gfap:GFP) zebrafish telencephali. WTCas9
disrupted the open reading frames of GFP and Sox2 when guided by the STAgR constructs. A control plasmid
did not evoke any loss of GFP or Sox2. Scalebaum.

2. Development ofnovel de novo dCas9 methylation tools

As introduced in section A3.2, options for targetiednovomethylation is currently far from
perfect. Lacking specificity and displaying significant -oférget effects, CRISPR/dCas9
basedde novomethylation requigs the further development of new to¢lén et al. 2018)
During thisthesis,new potential methylation tools were generated. To circumvent a possible
interaction and control with and by hedctors | designed and generated tools based or non
human or nohmurine methyltransferases. | also aimed to gendoals to induce nonCpG

methylation patterns. Four methyltransferases were picked for further testing. Based on

functional description provided in the UniProt datababké&p{/www.uniprot.org) two
methyltransferass, DRM2_ARATH (PaxDb number: Q9M548) and DNM1A_ORYSJ
(PaxDb number: Q7Y117) were picked. DRM2_ARATH is a methyltransferase which
originates from the moussar cressArabidopsis thalianaTheArabidopsis thalianddNMT3
cytosine methyltransferase ortholDMAINS rearranged methyltransferase2 (DMR2) is in
control of the nonCpG methylation pattern CpNpG and it is also responsible for asymmetric
methylation patterns. DRM2 was shown to be needed in-aikgktedde novomethylation

of cytosines in all sequeaccontexts(Henderson et al. 2010; Naumann et al. 20DINA
(cytosine5)-methyltransferase 1A (DNM1A) encoded by the gene MET1A originates from
the subspecigaponicaof Oryza sativgrice). It is known & methylate CpG residues and has

a significant role irde novoDNA methylation(Teerawanichpan et al. 2004; Yamauchi et al.
2014) It may also be involved in DNA methylation dependent gene silencing
(Teerawanichpan et al. 200é4nd play a minor role in DNA methylation maintenance
(Yamauchi et al. 2014)The third methyltransferase, M.SSS1, is derived from the prokaryotic
family of Spiroplasma monobiaepore specifically strain MQ{Renbaum et al. 1990k is a

de novomethyltransferase targeting exclusively CpG residues which are then completely
methylated. The fourth and last methyltransferdSas9 fusion generatedlas based on a
cytosine 5- DNA methyltransferasealerived from Chlorella virus N¥4&. The enzyme is
called M.CQ/IPI and in contrast to most other mammalian methyltransferases, this enzyme
recognizes the dinucleotide GpC. All constructs were generatedfiesoa to dCas9 and

codon optimized for mammalian expression (Fig. 14A).
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To test the potential methylation capacity of the newly generated tools, a variety of
transcriptionalassays were performed. The first assay was based on the effect of methylation
of the CAG promoter. This promotdras been reported to ksensitiveto methylation.
Methylation of the CAG promoter sequence results in downregulation of transcrgftion
transgnes(Y. Zhou et al. 2014)Neuro2a cells which stably express a GRRriéscence
marker under the control of a CAG promoter were transfected with the DNA methylation
fusion constructs DNMTR and SSS1 alongside a thréenes STAgR construct targeting
three different sites of the CAG promoter sequerkig. (4B). Cells were malyzed by flow
cytometry after five days. However, none of the constructs reduced the number of GFP
expressing cell s, not e vAewhichdvera alr@adl\Sr&psSrted asr  d C
DNA methylation tools by otheir@.ei et al. 2017b; X. S. Liu et al. 2016b; Vojta et al. 2016b)
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Fig. 14bPot dCas9 ida Inovomethylation tools A Scheme of newly proded dCas9

methyltransferase toold8 Three gRNAs were designed to target a CAG promoter. This STAgR then
transfected alongside DNA methyltransferases into cells expressing d2GFP under the control of the CAG
promoter. Percentage of GFP negative cells mvaasured by flow cytometr Four gRNAs were designed to
guide dCas9 fusion constructs to theEICpG of IncRNA Airn. Transfected cells were isolated using flow
cytometry and Airn levels were determined by gPORpicted are the differences between the Ct thresholds of
the AIRN transcript and a housekeeper GAPDH. As a control a 4x STAgR has besfecteah carrying non
targeting gRNAs (fin. T. 0)

48



B Results

To test the potential of engineered methyltransferases on a promoter known to be silenced by
DNA methylation during development, | changed the experimental paradigm. Methylation of
t he CpG i sl aofthe leng nofcddieg RBA Aire is responsible for silencing of

the maternal gene cogi{oerner et al. 2012; Latos et al. 2009; Stefan ktistr et al. 2008)

Any murine cell should therefore only show expression of the paternal gene which in theory is
also sensitive to methylation of its CpG island. Therefore, | reasoned that targeted methylation
of this CpG island should lead to a dovagulation of the Airn transcripflo test this, |
designed four gRNAs that target different parts of the Airn CpG island and combined them in
atdTomateexpressing STAgR plasmid. The gRNAs were ttansfected together with one

of the dCas9nethyltransfease fusion plasmids and douplesitive (GFP/tdTomao") cells

were isolated via FACS after 4 days. Airn levels were quantified by RT PCR. However, none
of the tested methyltransferasgas able to change the expression level of Airn relative to

norttargetng controls (Fig14C).

Monitoring Airn expression by gPCR did not yield any conclusive results. In order to monitor
the consequences of target site methylation more easily, a methygatisitive fluorescence
reporter was engineered. This reporter iseolbon a 3.7 kb region upstream of the annotated
Airn transcription start site including the
promoter. Downstream of this promoter regiotd®omatosequence was inserted (Fig. 15A).
When cells were transfead with this construct, they showed mild but detectai&herry
expression. A splice acceptor sequence and an IRES sequeneeinserted between
promoter and fluorescence gene to ensure the transcription of functi@errymRNA as

well as the translation to a functional red fluorescence protein if Airn transcription should be
initiated sooner than after the end of its CpG isléiddlletier and Sonenberg 1988his
construct was stably integrated irtdhuman embryonic kidney 293T (HEK293T) cell using a
PiggyBAC system in order to circumvergossible host regulation of the murine Airn
promoter. Over a period of 24 days, transfected cells were FACS sorted six times to isolate
the cells showing the stroegt expression of thmCherryreporter sequencé&ig. 15A). Once

this populationwas stably isolatedthese cells were transfected with the Airn 4x STAgR
construct (now carrying a BFP Reporter) and the d@astyltransferase fusion constructs.
GFP/BFP" double positive cells were analyzed and the numban@herrynegative cells
scored, compared to a control population. All tested constructs did not lead to a reduction of
tdTomato fluorescence. Exemplarily shown in Figure 15B are the published and theefor
positive controls chosen DNA methyltransferases DNMTéhd DNMT3A3L. However,

none of the targeted methyltransferalseisto a change in fluorescence reporter expression
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Fig. 15b Ge ner atPiomater flodrescance re&porterd A 3kb regionincluding the CpG island

of the Airn promoter was cloned ia PiggyBAC vector upstream of a splice acceptor and IRES and a dsRED
fluorescence cassette. Thisctor was then transfected into HEK293T cells alongside a transposase plasmid.
Cell which showed fight red fluorescence were enriched using FACS over several sorts to establish a brightly
expressed fluorescence reporter driven by the Airn Pront®t&irn reporter cells were transfectadth gRNAs
targeting the CpG island of the Airn Promoter and dias9methyltransferase fusion constructs. Exemplarily
shown are FACS blots of a dCas9 control, DNMTéhd DNMT3A3L.
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By transcriptional read outs no changes could be observed. Next, | decided ttargstéd
methylation even occurred, by analyzitige targeted sequences on a molecidael by
bisulfite sequencing. For this, all methyltransferases as well as -anmethyltransferase
control (dCas96VPR) w a Bour gRNAgyveete eassembled indonef f er e
tdTomate STAgR construct targetgy the CpG island ofgf2r Non Protein Coding RNA

(Airn) as previously describedn addition, two gRNAs that target the promoter region of
Ube2s were designed. This region is amethylated in murine celland was analyzed to
monitor potential global mbylation changes (offtarget effects). P19 cells were transfected
using lipofectamin with either the twdimes STAQR targeting Ube2s or the four gRNA
construct alongside each of the methyltransferases (DMVITBNMT3A3L, DNM1A,

DRM2, M.CVIPI) aswellad Cas 96 VPR as a control . Al mo d
expression cassette, driven by an independent CMV promoter. Two days after lipofection,
positive cells for both fluorescent markers were isolated using FACS. DNA was isolated and
bisulfite converéd and prepared for subsequent bisulfite PCR and sequergmngl6).
Surprisingly, none of the used methyltransferases resulted in higher methylation levels at
targeted loci compared to base methylation levels of untreated cells or cells which obtained
dCas 9 6 VPR - methylteansfarase control. The strongest effects were observed from
position 150 to 275%nd showed approximately 1.5 fold higher methylation levels when
targeted by DRM2, compared to VPR and P19. Some of the analysed cy{pssigen 563

to 688) even showed lower methylation levels when targeted with DINAT &r M.CVIPI

(Fig. 17). The outcome of targeting the locus of Ube2s was similar; the locus remained un

methylated with all tested construcksd. 18).

Igf2r mRNA —
Airn ncRNA

| Bisulfite Sequencing

o

Fig. 16b Schemeof the experimental paradigm of bisulfite sequencing of the Airn CpG island.
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P19 cells were transfected using lipofectamin. They received a mix ofolEag9f ect or and a 4x STA
with gRNAs targeting théIRn promoter. Each dot represents one CpG analysed by sequencing. The darker the

dot the more methylation signal. The methyltransferases DNM1A, DNMT3A, DNMT3A3L, DRM2 and
M.CVIPI wer e targeted to the CpG island of the Airn 1|o
promoter region olbe2swas anal ysed to control for potential unsp

baseline. Here noertransfected cells wer@nalyzed.
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3. Manipulation of DNA methylation marks associated wittAl z hei mer

0s di

Developing toolsto be able to manipulate disease associated methylation wasksan

overall goal of this PhD projecthis should be done to be able to directly link methylation to

disease development or progression. The chromatin marks which were planned to be

mani pul ated
methylated positi n s

wer e
( DMPs)

reported

wer e,

be

amongst

t o

hyper met hyl a
ot her s, I n

Disease associated genAdlK1 and RHBDF2 (cg05066959, cg11823178, cg05810363,
€g23968456, cg0316955Mif. 5/19) (De Jager eal. 2014; Lunnon et al. 2014)
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The absolute methylation levels of analyzed samples during the conducted EWAS are not
apparent from the published data andaaness to raw data was not given. Hence, | first set

out to determine the baseline methylation status at the loci of intetést model systems, in

which | planned to manipulate them. These were human embryonic neural stem cell lines
CB130, CB152 and G850 and hman induced pluripotent stem cells (iPSCs) as well as
neurons derived from these cell8d. 20A). To gain insight into the methylation status of the

loci in an AD-dependent manner, two engineered iPSC lines were analyzed as well. These
lines cary heterozygous and homozygous mutations in the amyloid precursor praRFh (

and presenilin 1 RSEN) associated with eadg n s e t Al z h e i(Paguet @tsal. di s e a
2016) Hereatfter, cellharboringt hese mut ati ons are referred t
were comparedtoanoengi neered | ine (7889 Shplatedandeaf t e
bisulfite converted. The loci were amplified, libraries prepared and analyzed by next
generation sequencing (NG$jd. 20B/C).
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A

B DMP DMP DMP DMP DMP
#1 #2 #3 #4 #5
500 -
. b
250 - | M— -

Fig. 20bBisul fite s e d@ngetfieldimaggs obte thtedhaimabh neDrd Btem cellAines on
which this study should have been based, CB660, CBA8D CB152B Analytical agarose gel depicting the
different loci after bisulfite treatment and site specific PCRRepresentative image of a bisulfite sequencing

library, analyzedvia BioAnalyzer.

Surprisingly iPSCs of all three genetic backgrounds already carry high methylation levels at
all the positions analyze Nearly all of the sites whose hypermethylati@s been associated
toAl zhei mer 6s dishavaretaylatpm ratgsr hgtses th&dv. Only DMA

showed methylation rates lower tha@%® (83% in WT iPSCs, 79% in P2B5 iPSCghe
differentdisease associated mutatiahd not yield any significant differences in methylation
levels Fig. 21A). Next, | tested three different human fdet@ural stem cell lines. These

stem cell lines conveniently ensure a renewable and scaleable supply of tripotent (astrocytes,
oligodendrocytes and neurons) cells which provide a valuable resource for applied
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neurobiology(Sun et al. 2008)In total, three different neural progenitor cell lines (CB130,
CB152, CB660) were planned to be disend were therefore analyzed on their current
methylation status of DMP1 to DMP5. Three out of five DMPs in all neural progenitor lines
displayedhigh methylation stated’he methylation levels ranked fro8%% (DMP3 CB152)

to 99% (DMP2 CP152, DMR CB660).Merely DMP1 and DM showed a different picture.

At CpG cg05066959DMP1) bisulfite sequencig revealed that only around 50 to 60% of
analyzed cells of cell line€B130and CB660Care fully methylated Furthermore in the cell
line CB152, DMP1 is methylatedto 83% With DMP5 the inconsistency continues;
methylation levels varied here froanound50% (CB130 and CB152) to 92 (CB660) Fig.
21C). This clearly indicates the high variability of methylation rates of the analyzed loci

dependent on the genekiackground.

A iPSC B neurons

100 100
" 80 o 80
% 60 mwT 'r_a% 60 mwr
> >
% 40 [r4aca % 40 [ Paca
= Dr2ss - [r28s5

20 20

g #1 #2 #3 #4 #5 £ #1 #2 #3 #4 #5

C DMP D DMP

100 100
i 80 2 80
% 60 [ cB130 % 60 [ Astrocytes
> >
E i [ cB152 E 40 o bu?flsc::gat

O ce660
20 20
0 0
#1 #2 #3 #4 #5 #1 #2 #3 #4 #5
DMP DMP

Fig. 21DbBi sul fit edifferentqoelelar ccultorgs. THeaanayzed oci DMPL 5 refer to
€g05066959,cg11823178, cg05810363, cg23968456, cg0316498&thylation status of different iPSC lines.
Strains which were analysed wereTW i PSC and two i PSC |lines carrying

mutations.B Methylation status of different neuronal lines. The following strains were analysed: WT neurons
and two neuron | ines <carryi ngC Wahgatibnstaus of the threeeuraner 6 s d |
stem cell lines shown in Fig20A Methylation status of astrocytes generatedvitro as well as a nen

cultured, control cells isolated from the buffy coat of human blood.
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To test the diseasafected cellular type, neurorerived fran previously described iPSCs
wereanalyzed next-ere, all DMPs analysed showetethylation levels higher than 90% and

the different disease mutations did not cause any differences in methylation feye2d B).

Even though neurons are the affected cell type, other cellular subclasses could be responsible
for disease development as well. The EWA studies analyzed methylation rates not as cell type
specific as conducted during this thesis. This is why the specfreratuated cell types was
extended. From human iPSC derived astrocytes were analyzed for their current methylation
status at the different methylatgubsitions. Overall, DMP1 to DMP4 showed elevated
methylation levels. Here a striking 99.9% of all anatizlls harbored fully methylated
CpGs at all positionsln astrocytes DMP5 shows reduced methylation levels. This CpG
dinucleotide is fully methylated in only 54.5% of the analyzed cellular populdigna1D).

Again, individual DMPs were not as hightyethylated as in other samples, further indicating
large variation between different cellular typBnethelessthis shows clearly that not only
iIPSCs, neurons or the different neural stem cells show high methylation rates at the analyzed
loci, but astroytes as well.

Reportedly,in vitro culturing can have severe influence on the global methylation level and
can induce aberrant hypermethylation in specific regions over extended proliferation
(Meissner et al. 2008)t is additionally dehtable if methylation patterria vitro resemble
methylation levels in correspondinmg vivo celltypes(de Boni et al. 2018)To exclude that

this holds true for the analyzed positions and the encountered hypermethylation is an artefact
of in vitro culturing and differentiation, cells from the buffy coat of human @lozas
analyzed. In thes@ vivo control cells, methylation levels ranged from 80% (DMP5) to
99.8% (DMP4) and overall showed a comparable picture to all other analyzetto
samples Fig. 21D). As it still remains unclear whether epigenetic patternsdoun in vitro
differentiated neurons resemble those detectable in native brains neurons, human brain cortex
tissue was analysed in the same way as previously des(dib&bni et al. 2018 Here white

matter tissue was separated from grey matter tissue and anadgisedually. Grey matter
samples showed methylation levels of 96.6% (DMP1), 77.9% (DMP2), 91.9% (DMP3),
88.9% (DMP4) and 79.8% at DMPb&ig. 22A). The white matter sample displayed slightly
reduced methylation levels with 97% at DMP1, only 65.7% at DMEX5% at DMP3,

84.6% at DMP4 and 79.6% at DMP5. Overall the methylation did not differ dramatically
from previously analysed tissugig. 22B).
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Fig. 22bBisul fite Sequenci ngMethgdatioa statub of the .nAMPs ib posti n s an
mortemhuman grey matter from cortex samplBsMethylation status of the 5 DMPs in post mortem human

white matter from cortex samples.

During Bisulfite sequencing and after conversion, the different loci are amplified with strand
specific primers. This means thduring the classical version of this procedure one actively
selects for one strand or the oth®&arst et al. 2010)DNA methylation is generally a
symmetric chromatin modification which means that the cytosines of a CpG dinucleotide are
modified on both strandfL. Zhao et al. 2014)Nonetheless, this pattern is temporarily
disrupted during DNA replication, when thewly synthesized and unmethylated daughter
strand forms a asymmetrically methylated CpG dyad called hemimethylated Ehé#if and
Koseki 2018) This state was thought to not exist permaneraty either the still methylated
strand was thought to be demethylated or vice versa, the methylated strand to be
modified. But apparently this did not hold true, as about 10% of &isGp embryonic stem
cells seemo be hemimethylated permanenti{.. Zhao et al. 2014)To confirm previously
obtained data and to rule out possible hemthylation, the bottom strand of the five DMPs

was analysed as well.

Figure 23 shows the differences of methylation levels in percent of top and bottom strand.
Here four different example are shown as representatives for the diffexaatyzedcell- and

tissue typesin P4C4 iPSCs, P2B5 neurons, human blood buffy coat and human white matter,
none of the differences between the two strands are higher than 15%. Both analyzed strands
show sone variation, but nonetheless both sides of each CpG are equally hypermethylated,

confirming the previously obtained datasets (Fig. 24).
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4. Transcriptional engineering of layer specific subtype defining transcription
factors to achieve neuronal reprogramming

Transcriptional engineeringthe manipulation of endogenous gene copies with dCas9
activatorsholds a tremendous potentiadrfcertain gestions in biology Reprogrammed
neurons often display a lack of maturity. This means teli$¢ can be transformed into this
desiredcell type the newly generated neurons though show for example expression of deep
layer markers, even if located in the upper layers of the f@ascon et al. 2016) reasoned

that targeting and activation of multiple factors at orsen if individual factors only play a
minor role, could help to orchestrate cells during the transformation process to a subtype
specific stateWith the establishment of the STAgR techniqudgeVelopeda solid basis for

extending the transcriptional gineering tots towards these applications.

4.1 Candidates for callosal projection neurons

All gRNAs were chosemakingusewf t he UCSC genome browser tr
track combines various algorithms to assign a quality score for every singke. JiRB score

predicts potential off target effects and binding efficieflBge et al. 2014Doench et al.
2014;Doench et al. 2016; Haeussler et al. 2016; Moidiateos et al. 20155ince pblished

data indicates that two gRNAs targeting a promoter region are improving fal getie
activation(Chavez et al. 2015; Cheng et al. 2013; Maeder et al. 2Dd8%igned two gRNAs

for each geneSince it has been reported tl®RNAS should bind in close proximity to the
genebs transcriptional start site, one in ¢t
(but at least 100bp apart from each otl{@pang, La Russa, and Qi 2016)followed these

principles of gRNA desig(Fig. 25).

Transcriptional Engineering: Activation

| 100 bp |
AVAVAVAVAVA
%
I 300 bp I

Fig. 25bScheme of tr ans Tasucpessiullymdute the tragpscriptoe of & target gesnet u p .
with dCas9 based tools one needs to target a locus with two different gRNAs. These gRNAs should target within

300bp and should be located at least 100bp apart from each other.
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The candidates, whic have been chosen as potential callosal projection neuron
reprogramming factors wefgatb2, Cux2Cuxl1, Mef2, Tle2, Lhx2 Bhlhb5, Brn2zandNurr1.

It has been tested if dCas9 based transactivators can upregulate mRNA levels when targeted
in different celllines (Fig. 26- 30). Firstly, two different genes have been in the fo&atp2

and Cux2 Satb2is located on murine chromosome 1 and has three annotated isoforms with
different transcriptional starting sites which are all around 500 bp &pgr26A). ForSatb2

two sets of two gRNAs each were desigrieadgetingdifferent isoforms. The gRNAs S1 and

S2 targeted the isoform starting at Chrl:56,793,986 (Gencode Transcript:
ENSMUST00000114415.9), whereas gRNAs S3 and S4 targeted the variant witldegenc
transcript: ENSMUSTO00000042857.13. Fboth sets single gRNA plasmids carrying a
tdTomato fluorescence reporter were generatetltransfectedlongside a plasmid carrying a
dCas® VP64 fusion protein and aAfterlfitedaygedsuble nce r
positive cells were isolated via FACS, whole RNA was isolatedSatbi2levels analged by
gPCR. Compared to a nd@argeting contol, in combination with dCas9'VP64RNA S1 and
gRNA S2 could raise the mRNA levef Satb26-fold. When guieéd by gRNA S3 and S4,
MRNA levelswere increase@dround9.2 times, indicating that the lattgRNAs are more
potent. A combination of all four gRNAdid not raise the mRNA levels &atb2any further.

The secondgenetargeted waCux2 (Cut- like homebox 2 | testedsets for two different
transcriptiorl start sites o€Cux2 containingthree gRNAseach The gRNAs @.1, C22 and

C2.3 targeted the annotated starting site of transcript variant 2 (Gencode Transcript:
ENSMUST00000111752.9) whereas gRNA%4; C2.5 and .6 targeted transcript variant 1
(Gencode Transcript: ENSMUSTO00000086317.1E)g.( 26B). When applied alongside
dCas96VP64, nEnotgRNArset g \ReleAblesteincrease mRNA levelSwof2

to more than 2.5 fold.

As the CRISPR field isapidly evolving, novel tools are generateshstantly.Building on

dCa s 9 6 VOh&vez et al. created a hybrid fusion protein existing of classical VP64, p65, a
subunit of transcription factor N B and Rt a, a transRamvipst i on f
(Chavez et al. 2015)This novel transcriptional activator termed VPR was shown to be
significantly more potent when fused to dCas9 and targeted engineeredluorescence
reporter(Chavez et al. 2015)o test this advanced tool, P19 cells were transfected with a
construct providing an overexpression of dCa
to be most potent witd C a s 9 arvaetidadingtranscription ofSatb2and Cux2 This time

gRNAs were als@applied individually to test for the minimum requirements to induce mRNA

levels of both factors significantly. As selanFigure 27 theapplication ofVPR enhancd the
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induction of Satb2mRNA levels in comparison to VP6bughly 5 fold, to an overall ftd
increase of 50times over a nontargeting control. This confirmed VPR to be a more potent
transcriptional activator. Furthermorewas apparernthatthe combination 0§RNAs S3 and
S4showed a synergistiffect,as single applicati@did not add p to the samenRNA levels

of Satb2.For Cux2however,single gRNAs as well as the set of gRNAR.Cto .3 did not
increase the mRNA levels to more tharfdd, showing no furtheimprovemenby the use of

d Ca s 9 6A¢ Rhere is one additional transcriptional starting site annotatedCie®,
another set of threegRNAs was designed and tested (Gencode Transcript:
ENSMUST00000168288.8). However, these gRNAs dat activate Cux2 transcription
either (data not shown) sgesting that other limitations or barriers to transcriptional
engineering couldnterfere with a successful induction, as we have experienced before
(Baumann et al. 2019)
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Fig. 26bSchemes of gRNA Dbinding at Sat b¥P6laAourCux2 | o
gRNAs have been designed for two different annotated transcriptional starting sigstldarP19 cells were
transfected with transcriptional activator dCas96VP6
MRNA levels ofSatb2analysedvia qPCR.B Six gRNAs have been designed for two different annotated
transcriptional starting sites f@ux2 P19 cells were transfected with tral
the different sets of gRNAs. The graph depicts the mRNA le¥elug2analysediia gPCR.
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To test targeted gene activation for a larger set of subtype specific transcription factors |
designed a pair of gRNAs fddef2g Cuxl, Tle2, Lhx2, BhlhbBrn2,andNurrl targetingan
annotated transcriptional start sffég. 28A). Similar to Satb2 Bhlhb5(Gencode Transcript:
ENSMUST00000026120.7)Lhx2 (Gencode Transcript: ENSMUST00000143783.Bjn2
(Gencode Transcript: ENSMUSU000178174.2) andNurrl (Gencode Transcript:
ENSMUSTO00000028166.8) mMRNA | evels could be
in P19 cells (Fig29/30A). However, as seen foCux2 transcription ofCuxl (Gercode
Transcript: ENSMUST00000004097.15), Tle2 (Gencode Transcript:
ENSMUST00000146358.7) anilef2c (Gencode Transcrip ENSMUST00000005722.13)

wereonly minorly or not induced by CRISPR transactivators (Fig. 29A).

To test whethethe transcriptional activation @dependent on the cellular systehtargeted
thesefactors in two additional cellular modelsostnatally isolate@x vivoastrocyte cultures
and isolated mouse embryonic fibroblasts (MEF) (R28B). Similar as in P19 cells,
transcriptional levels oBhlhb5 Tle2and Satb2were increaseth astrocyes and fibroblasts,
although to slightly varying degree (Fig. 29B/QYyanscriptional induction ot.hx2 Brn2,
Nurrl and Cuxt varied inthe different cellular models used (Fig. 29A/B/Gowever,
MRNA levels ofMef2cas well aCux2werenotinc r e as e d b yin asdt@eytesnorihP R
fibroblasts (Fig. 2B/C).
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| Mef2c — —
[Rox wm | p— & - -
\ / Cux2 — —
Y Tle2 - - =
V Lhx2 300 — - 155
\Yi| Bhlhb5 — —
Satb2 — —
SP
Brn2 — —
WM
P19 cells

Transfection/Transduction
Lol Jak
‘;‘5&“{?1} ——»  Sorting

P6 primary Astrocytes qPCR/staining

Fibroblasts

Fi g . Oven8elw of factors chosen as candidates for callosal projection neuron reprogramming All

derived factors were shown to influence the development of the upper cortex layers. Black bars indicate the
positions relative to the transcription start sites of the gehe&ixheme of the different in vitro models which

were used and experimentakadigm of transcriptional activation.
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Fig. 29bTranscr i pt poentia talosabprojegiian Ineurorialoeprogaimming factors. A
Activation of Mef2C, Cux1, Cux2, Tle2, Lhx2, Bhlhb5, Sadin2iBrn2 in P19 cells using sets of two different
gRNAs eachB Activation of Mef2C, Cux1, Cux2, Tle2, Lhx2, Bhlhb5, Sa#iv2l Brn2 in primary astrocyte
cultures using sets of two different gRNAs edClActivation ofMef2C, Cuxl, Cux2, Tle2, Lhx2, Bhihl8atb2,

andBrn2in fibroblasts using sets of two different gRNAs each.

68



B Results

Since,Mef2candCux2could not be activated significantly ahtix2, Cux1,andBrn2 did not
respond tdransactivationin astrocytes, tesed whetherthis unresponsiveness is caused by
targeting the wrong annotated transcription start site or wrong gRNA posiamnthis
alternative gRNA sets weredesigned, generated, amgbplied Targeting with alternative
gRNAs or targeting different transcriptiatart sites improved mRNA induction for some of
the factors, other levels could not be raised this way (Fig. 30A/B/@)Brn2, three more
gRNAs weretested indifferent combinationsWith gRNA set B3/B5, Brn2 transcription
could be raised higher than Witprevious sets inastrocytes(Fig. 3@). For Lhx2
(ARENSMUSTO00000O @al2 5Mf26 0 AENSMUSTOO0O000 arel7146 . 4
AENSMUSTOOO O 0 ti® atérriattve GRNA setwere appliedOut of two gRNA
pairs each, onéncreased mRNA levels, compared to previousisgeted transcripts (Fig.
30B). ForCux1l( A ENSMUST 0 0 0 O0rfolgRNAZdL @ras 8ofind which raised levels
over basakxpression in astrocytésig. 30A). To test whether transcriptional activation with
these alternative gRNAs is variable in different cellular systems, they were apphkd®sn
and in fibroblasts. Consistent with previous data, mMRNA inductidooth cellular systems

was overalhigher, but transcription of similar factors was induced (Fig. IDA/
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Fig. 30bTranscr i pwith aterrative gRldAsetgolipbtential callosal projection neuronal
reprogramming factors. Targetingwith alternativegRNA sets of thedctors vhich did not show a distinct
activation in the first roundA in P19 cellsB in astrocytes an@ in fibroblasts.
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4.2 Generation of an 8x STAgR and simultaneous activation

Since in the previous experimenatb2, Bhlhb5L.hx2 and Tle2 have beersuccessfully
induced by Cas%ased transactivation in astrocytes, | combined the most potent gRNA pairs
ontotwo 4x STAgR plasmids. The gRNAs targeting B&tb2promoter region (JRNAs S3

and S4) were combined with the set Bitlhb5 as well ad.hx2targeting gRNAs 13 and L5

with the pair for Tle2 (T2 and T3All of these gRNAs were generated featuring the SAM
gRNA scaffold to be compatible with all available dCas9 as well as MS2 based transcriptional
activators. These 4xSTAgR expression cassettes wenbiced to an 8x gRNA expression
vector (Fig.31). To testwhether simultaneous delivery and expressioreight gRNAs
expression cassettedfect transcription activationthese constructs were testadngside a
plasmid coding f or tddothate @mNeRorintarg astracytesandg a
fibroblasts However, the gPCR analysis shown in Fig8feindicates that theimultaneous
activation hadlittle adverseeffect onthe transcriptional level of the individual factoms
astrocytesAll factors can be induced to comparable levels as when the gRNAs are supplied
individually. In fibroblasts,transcription of all factorsvasinduced but for two out of four
factors, namelySatb2 and Bhlhb5 this induction was overall lower compared tite
individual gene targetinghis overall indicated that multiplexed gRNA plasmids can be used

to induce expression of multiple transcription factors simultaneously.

B gRNAs targetting Satb2
—n M —n n —ln n == gRNAs targetting Lhx2

™ gRNAs targetting Tle2
( ) ™ gRNAs targetting Bhlhb5

35
30 -
T
>
3 25
<
=
€ 20
o [l Astrocytes
(=]
S 15 [CFibroblasts
S
T 10
e
5 _ I
ol_sim = ] o LT e T
n.T. Satb2 n.T. Lhx2 n.T. Tle2 n.T. Bhlhb5
Fig. 31bGener at with poterttidl call®sal rojacidR neuroreprogrammingfactor targeting

gRNAs dCas96VPR was supplied with 8xSTAgR in Astrocyt
depicted via qPCR.
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4.3 Development of a gRNA dependent reporter system

To create asystem which provides thepossibility to identify cells which receivedboth,
gRNAs as well as dCas9 transactivatdrgeneratedh reporterconstruct,regulated by the
CRISPRtransactivatoitself. It is based on a minimal CMy@romoter which on its own is not
strong enough to drive the fluorescence reportauf doesso, if it is targeted withthe
transactivatarTo implement this strategyincluded ystream of this promotehe targeting
sequence oh used gRNA (e.gSatb2targeting gRNA S3)When this gRNA is expressed, it
binds not onlyto the endogenouSatb2 promoter but will alsdind the promoter region of the
fluorophore reporter, subsequently inducing its transcription (BRA). | tested his
functional activator reporte(FAR) system in P19 cells as well as in astrocytes. A plasmid
coding for dGdenatd Nueréscereca mrotem was transfected alongside the
GFP functional activation reporter plasmid to monitor for activator expressiongRN®@\ is
supplied GFP exprssion is not detectable by flow cytometry or microscopy (BRB/C).

This changesf gRNA S3is providedt o gui de dCas90VPR to the
reporter plasmids. When analyzed by flow cytometry, 35% ofcalls show bright
fluorescence (Fig32B). Thisinductionwas also detectable flyjorescence microscodyig.
32C). Utilization of this system does not only directly show which cell obtained the full
system(even if subdivided into different vectors or viral particlesplsofreesfluores@nce
channels for potential marker analysis by immunohistochemistry.
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dCas9 VPR 1 |0%

GFP

mini CMV promoter

with targeting site for a gRNA

Tomato

T T T T
0 50K 100K 180K 200K 250K 0 50K 100K 10K 200K 250K

TdTomato

+ GFP
Functional
Activator
Reporter

+ dCas9'VPR

+ GFP
Functional
Activator

Reporter
+ gRNA

Fig. 32bEstabl i shment of a . AFConcept Dfothe aektablished Fumctonad r Rep
Activator Reporter. A gRNA will not only bind the endogenous promoter of a geneevéshtbut also the

minimal CMV promoter region upstream of a fluorescence gene. Transcriptional activators will then induce its
expression, highlighting the cells which got all parts of the system simultaneBuBélls thatonly obtained the
transcriptional activator and the reporter did not show any green fluorescence when analysed by flow cytometry
(upper square). When dCas96VPR was supplied with a g
green fluorescence outf which 100% were dCas9 positiv€. Imaging of a living astrocyte culture which
obtained either nordigniatd)andithe repodet plasrid(@FP)Ror the whole system and a
targeting gRNA.
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4.4 Adaption of the functional activator reporter to lentiviral delivery

To test whether the designed and established experimental stvatsgl/on thEARreporter

is suitable for viral deliveryl chcse an alternative dCas9 activator toolset. As conventional
dCas96VPR fusi on c oagmng Imit oftadentieiral pateld, | cthdsea p a c k
toolset which is based on the interaction of a repeating peptide array with an anfilsoaty
protein, t er me d 334)CTarebaus etall 20947his madg it possible to
separate the artificial transcription factor
dCas96SunTag to be able to stay wel!/l under
particle. The GCN antibody coupled artificial tranption factors were combined with the
8XSTAgR construct like depicted in Figure 33B. Surprisingly wherBth& TAgR construct

was packed with #hadditional GCN cassette, thEARwas expressed even withdbe trans

activator itself, losig its actual ppose (Fig33C). Without the GCN cassette however, the
8xSTAgR construct carrying the functional activity reporter only showed GFP expression
when combined with a dTOdestWbhethé Rhis eeakimass carxber e s s
prevented, lte position oft he GFP functi onal activator rep
changed to generate different cassette orders 3BR). However changing the GFP
functional activator reporterds position or
leakiness.This indicates thatombining theF AR wi t h dCas96SunTag bas
introduces unreliability.
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Scaffold CMV
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5 8x STAgR 8x STAgR
dCas9'VPR
FSC- A
Fig. 3 3 bor theafumestibnal activator reporter into a lentiviral system for potential in vivo usage. A

Overview of the dCas9SunTag systeBnSchematic overview of the different constructs generafe&low

cytometry blots showing GFP expression in dependence on which viral particles were provided.
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In order to test ithe FAR system is compatible with different transactivator systen,was

tested in primarynouse embryonic fibroblastierived fromthe dCas9Activator mouse line
(dCAM) (Fig. 34A) (Giehrt Schwab et al. unpublished). The activator system in this
transgenic mouse ased on dCas96VPR which fisial suppo
transcription factors which help to accumulate a high amount of activators at a target site
(Konermann et al. 2014aJhe transgene is under the control of a CAG promoter which is
suppressed by a transcription Stop cassette, flanked by loxP sites and therefore removable
using CrerecombinaséHermann et al. 2014Mouse Embryonic Fibroblasts (MEFs) were
extracted from thedCAM mouse line and the loxP-STORIoxP site was subsequently
removed in vitroby transfecting a plasmid coding for Crecombinase and &iTomato
fluorescence protein. The transfectadls (dTomatd) were isolated by FACS and expanded.

Viral particles were generated which featured a functional activ@kP reporter with a
binding site forSatb2targeting gRNA S3and tle correspondingsingle gRNA expression
cassetteCells were thenransducedvith this virus and analyzed by immunohistochemistry.
When transduced with é¢hsingle gRNA controlparticle, cells show widespreaGFP
expression. However when infected with fiagticle containingan 8x STAgR constructlso

carrying a GFP reporter withnaS3 gRNA binding siteonly few cells showedGFP
expression(Fig. 34B), indicating that the FAR is sensitive to the number of gRNAs used,
especially in viral settings.
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A

i loxP loxP P2A
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Functional Activator Reporter
Control gRNA

Functional Activator Reporter
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Fig. 3db Vi r al particl es us e d-ddrived filhrGbdastO A Bchematic avendew ofthe u s e
dCas96Activator transgene engineered i n t hé mous e
Immunohistochemistry of cultures infecteith the functional actiator reporter andither a control gRNA virus

or the 8XSTAgGR virus.

To test whether the low count of GFP positive cells is due to the repetitive character of the
8xSTAgR construckeading to low titer, | generatedcanstuct, which carried thé8x STAgR

gRNA expression cassettbgat also coded for eonstitutively expressed GFP under a CMV
promoter. In two otheconstructsthe gRNA targeting the functional activator reporter was
decoupled with its target to form éwsmaller lentiviral constructd=ig. 35A). The lentiviral
construct featuring the constitutively expressed GFP as well as the combination of both
smaller viruses was applied vitro. Whereaghe culture transduced with the virus featuring

the constitutivly expressed GFP showedght greenfluorescencethe decoupled functional
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activator reporter did not result in GFP express(éig. 35B). This sugges that the
functional activatoreporter is incompatible with lentiviraeliveryand | therefore abandoned

it for in vivoexperiments focusg on constitutively expressed reporters.

A
i N2o

CMV GFP hU6é gRNA
Scaffold
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mini - Gfp upper layer gRNAs
CMv Setl

— I TEE "N T
upper layer gRNAs
Set2

+dCas9'VPR
+CMV GFP/
8xSTAgR

B _ DAPI GFP TdTomato

N

+ dCas9'VPR

+ 4xGFP
Functional
Activator

Reporter
+ 4x STAgR

Fig. 3 5 b Vi optinizatipnafor tini vivd usage A Schematic overview of the viral particles uséd.
Immunohistochemistry ofP19 cultures infectedwith the constitutively expressed GFP 8xSTAgR and the
decoupledunct i onal activator reporter. After Tdlommatbsduct i on

4.5 In vivo injection after traumatic brain injury
To be able to apply this systeim vivo, | made useof the dCAM, crossedwith a line that
carries the Cre recombinase under the control of the AldhlL1l promoter (Tien et al. 2012)
(Fig. 36C). Offspring was genotyped using primers and protodefsicted inTables 10/11
dCAM™/Cre" double positiveindividuals were grown until three months of age. Mice were
treated as described in chapter.®% mimic a traumatic brain injury and injected with viral
particles after three daygig. 36A/B). The mice were perfused and the brains were isolated
and posfixed for 24 hours. Brain slices of 50umwere prepared andnalyzed by

78



B Results

immunohistochemistr{ig. 36B). Figure B shows the cortex of a three mositild mouse.
GFAP stainingiwhite) indicates the area of the stabwoundaasogliastart to proliferaten

the grey matter after acute injuf@imon, Gotz, and Dimou 2011After viral injection, cells

with astrocyte morphology wer&entified which showed strong GFP expression and
therefore obtained the 8xSTAgR gRNA construetowever whether the gRNAs in
combination with the proneural fimes NEUROD1 and NEURM4 lead to layer specific
reprogranming still needs to be elucidated and could not be accomplished until the end of this

thesis

Fig. 36bSelective targeting of astrocytesinwivotAdh dCas 9.

Schematic overview of injury paradigf.Immunohistochemistry of a 70um brain slice at the injury site. GFAP
staining indicates the location of injurg. dCas9 staining at an injury site of a dCas9 activator mouse crossed
with an Ald1htCre mouse lineSdective dCas9 expression can be seen in reactive astrocytes accumulating
around the injury siteD Staining of GFAP (white) and GFP (green) after stabwound and injection of a

8xSTAgR lentiviral particle, carrying a constitutive expressed GFP.
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