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“Potentially one of the most important concepts to arise in the history of mankind....
For the first time in all time a living creature understands its origin and can undertake

to design its future.”

By Robert L. Sinsheimer
On human genetic modification

Published in American Scientist, 1969
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Abstract

Signal integration and transduction by cell-surface receptors is a complex, multi-layered
process resulting in tight regulation of downstream mediators, which in turn elicit pre-
defined native cellular responses. The modular architecture of transmembrane receptors
provides a unique opportunity for engineering de novo sensor/effector circuits, enabling the

development of custom cellular functions for research and therapeutic applications.

The signal transduction module of most existing chimeric receptors consists of either native
intracellular domains or effectors domains fused to non-programmable DNA binding
proteins. Therefore, these receptors can only engage in natural signalling pathways or drive
the expression of artificial, pre-integrated transgenes. By harnessing the programmability
of a nuclease deficient CRISPR/Cas9 (dCas9) signal transduction module and leveraging
the evolutionarily optimised ligand-sensing capacity of native receptors, | have created a

novel class of dCas9-based synthetic receptors (dCas9-synR).

| demonstrate that an optimised split dCas9-based core architecture and custom protease-
based signal release mechanism can be standardised across multiple classes of
extracellular domains to engineer receptor tyrosine kinase (RTK)-based and G-protein-
coupled receptor (GPCR)-based chimeric receptors. dCas9-synRTK and dCas9-synGPCR
integrate a broad variety of input signals (peptides, proteins, lipids, sugars) with highly
specific and robust activation of any custom output transcriptional programme in an agonist
dose-dependent manner. Finally, to showcase the therapeutic potential of dCas9-synRs, |
used them to convert a pro-angiogenic signal into an anti-angiogenic response, deploy a
chemokine/cytokine programme in response to tumour-enriched biomolecules, and induce
insulin expression following glucose stimulation. The performance of dCas9-synRs and
their unique versatility in redirecting the information flow makes them ideally suited to
engineer designer cells capable of sensing specific disease markers and in turn drive

various therapeutic programmes.
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List of Abbreviations and Acronyms

In addition to standard abbreviations for metric units (e.g., ml), chemical symbols and

formulas (e.g., HCI), amino acids (e.g., three letter code, Ser; or single letter code, S)

and nucleic acid organic bases (e.g., G); the following abbreviations and acronyms

listed below are used throughout this thesis.

FJLTR(AU3)

40HT
5HT

Ab

ABA
AbCIDs
Acr
AIDS
APC
APOBEC3
ARRB2
ART
ASCL1
AsCpf1
ATP

a.u.
AVPR2
AZT
BDKRB2
bGH pA
bp

BSA
CAR
CAF

Cas
Cascade
CBh
CCR5
CD3¢
CDS
ChlP-seq
CID
CNO
CPE
Cpf1
cPPT
CRISPR
CRISPRa

3'LTR without U3 region

4-hydroxytamoxifen
serotonin/5-hydroxytryptamine

antibody

abscisic acid

human antibody-based chemically induced dimerisers
phage-encoded anti-CRISPR proteins

acquired immunodeficiency syndrome

antigen presenting cells

apolipoprotein B-editing catalytic polypeptide 3
B-arrestin2

antiretroviral therapy

Achaete-scute homolog 1 gene
Acidaminococcus sp. Cpf1

adenosine triphosphate

arbitrary units

arginine vasopressin receptor 2
3-azido-3-deoxythymidine

bradykinin receptor B2

bovine growth hormone polyadenylation signal
base pairs

bovine serum albumin

chimeric antigen receptor

cancer-associated fibroblast

CRISPR-associated nuclease
CRISPR-associated complex for antiviral defence
chicken B-actin hybrid promoter

CC-chemokine receptor 5

CD3 zeta chain

coding DNA sequence

chromatin immunoprecipitation followed by deep DNA sequencing
chemical inducer of dimerisation
clozapine-N-oxide

carboxypeptidase E

nuclease of type V CRISPR system

central polypurine tract

clustered regularly interspaced short palindromic repeat
CRISPR activation



CRISPRI CRISPR interference

crRNA CRISPR RNA

CRS cytokine storm/cytokine release syndrome

Ct cycle threshold

CTS central termination sequence

CXCR4 C-X-C chemokine receptor type 4

DAPI 4' 6-diamidino-2-phenylindole

DBD DNA-binding domain

dCas9 CRISPR-associated, nuclease-deficient protein 9

dCas9(C) C-terminal protein part of split dCas9
dCas9(N) N-terminal protein part of split dCas9

DD destabilisation domain

dEGFP destabilised enhanced green fluorescent protein
DHFR dihydrofolate reductase

DMEM Dulbecco’s modified Eagle’s medium
DNMT3A DNA methyl-transferase domain

Dox doxycycline

DREADD designer receptor exclusively activated by designer drug
ECso half-maximal effective concentration

ECM extracellular matrix

EDTA ethylenediaminetetraacetic acid

EGFP enhanced green fluorescent protein
EGFR epidermal growth factor receptor

ER oestrogen receptor

ER50 ER destabilisation domain

ERK extracellular signal-regulated kinase
ERT2 hormone-binding domain of the oestrogen receptor
EYFP enhanced yellow fluorescent protein
FACS fluorescence-activated cell sorting

FADD Fas-associated protein with death domain
FBS foetal bovine serum

FDA American Food and Drug Agency

FGFR1 fibroblast growth factor receptor 1
FKBP(12) FK506-binding protein (12)

FRB FKBP rapamycin binding

FSC forward scatter

GA gibberellin

Gab1 Grb2-associated binder protein 1

GABA gamma-aminobutyric acid

GEF guanine nucleotide exchange factor

GFP green fluorescent protein

GLP1 glucagon-like peptide 1

gp120 envelope glycoprotein 120

GPCR G-protein-coupled receptor

Grb2 growth factor receptor-bound protein 2
GRK G-protein receptor kinase

HA human influenza hemagglutinin

HBG1 haemoglobin subunit gamma-1

X



HEK293(T)
hESC
HGF
HIV
HIV-1 ¥
hM3/4D
hPSC
hRO-i
hRS-s
HSF1
HSP90
HSV-TK
HTLA
huEGFRt
iCasp9
ICOS
IFNy

Ig

IL1B
IL-2
INS
iPSC
iISBH
ITAM
iTANGO2
KORD
KRAB
LAT
LBD
IncRNA
LOV
LPA
LPAR
LSD1
LTR
MAPK
MAPKKK
MCP
MESA
MET
MHC
MIP-1a
MSC
mTOR
NES
NFAT
NGF

human embryonic kidney cells 293 (large antigen T from SV40)
human embryonic stem cell

hepatocyte growth factor

human immunodeficiency virus

human immunodeficiency virus 1 packaging signal
human M3/4 muscarinic receptor DREADDs
human pluripotent stem cell

human RASSL opioid Gk-coupled receptor
human RASSL based on serotonin 4 receptor
human heat-shock factor 1

heat shock protein 90

herpes simplex virus thymidine kinase
HEK293-derived cell line with B-arrestin2-TEV chimeric fusion gene
truncated version of human EGFR polypeptide
inducible caspase 9

inducible T cell co-stimulator

interferon gamma

immunoglobulin

interleukin 1 beta

interleukin 2

insulin

induced pluripotent stem cells

inducible spacer-blocking hairpin
immunoreceptor tyrosine-based activation
inducible TANGO construct design 2

K-opioid receptor DREADD
Krippel-associated box

linker for activation of T cell family member 1
ligand binding domain

long non-coding ribonucleic acid
light-oxygen-voltage

lysophosphatidic acid

lysophosphatidic acid receptor
lysine-specific histone demethylase 1A

long terminal repeat

mitogen-activated protein kinase

MAPK kinase kinase

MS2 bacteriophage coat protein

Modular extracellular sensor architecture

see HGF

major histocompatibility complex
macrophage Inflammatory Protein 1 alpha
mesenchymal stem cell
mammalian target of rapamycin

nuclear export signal

nuclear factor of activated T cells

nerve growth factor
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NICD Notch intracellular signalling domain

NLS nuclear localisation signal

NSC neural stem cell

nt nucleotides

Opto-RTKs  optically controllable RTKs

PAM protospacer adjacent motif

PBS phosphate buffer saline

PC protease chain

PC1/2/3 prohormone convertases

PCR polymerase chain reaction

PD1 programmed cell death protein 1

PDGF platelet-derived growth factor

PEI polyethylenimine

Prwp forward primer

PI3K phosphatidyl inositol 3-kinase

PKA/PKC protein kinase A/C

PLC phospholipase C

PLGF placenta growth factor

Prev reverse primer

PTB phosphotyrosine-binding domain

QF transcription factor from Neurospora crassa qa
RASSL receptor activated solely by a synthetic ligand
RET rearranged during transfection receptor

Rta Epstein-Barr virus-derived R transactivator
RTK receptor tyrosine kinase

RT-gPCR reverse transcription quantitative PCR

rtTA reverse tetracycline-controlled transactivator
RVD repeat variable diresidue

S1P sphingosine-1-phosphate

SaCas9 Streptococcus af Cas9

SAM synergistic activation mediator

SAMHD1 sterile alpha motif and histidine-aspartate domain-containing protein 1
scRNA sgRNA scaffold

SFFV spleen focus-forming virus

sgRNA single guide RNA

SCAD single-chain antibody domain

scFv single chain variable fragment

SCR scramble

SDS sodium dodecyl sulfate

SDF-1a stromal cell-derived factor 1 alpha

SH2 Src homology-2 domain

SID4X 4 concatenated SID domains

SNTGV chimeric Notch receptor with SCAD, Notch TMD, Gal4-VP16
SpCas9 Streptococcus pyogenes Cas9

SSC side scatter

SV40 simian virus 40

synNotch synthetic Notch receptor

synNQ synthetic Notch receptor with QF
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T1D type 1 diabetes

T1Rs taste receptors

T2D type 2 diabetes

T7EI T7 Endonuclease |

TALE transcription activator-like effector

TANGO transient interactions between two engineered protein components
TBS Tris-buffered saline

TC target chain

TCR T cell receptor

TCS TEV cleavage site

TDAGS T-cell death-associated gene 8

TetR tet repressor

TET1CD catalytic domain of ten-eleven 1 hydroxylase
TEV Nla tobacco etch virus

TEV(C) C-terminal protein part of split TEV protease
TEV(N) N-terminal protein part of split TEV protease
TF transcription factor

TLS tumour lysis syndrome

TM/TMD transmembrane domain

TMP trimethoprim

Tmpk thymidylate kinase

TMt transmembrane tether

TNFa tumour necrosis factor alpha

TSP-1 thrombospondin 1

TR transcriptional regulator domain

tracrRNA trans-activating crRNA

Tris tris(hydroxymethyl)aminomethane

TrkA NGF/neurotrophin receptor

TRPV1 temperature-sensitive calcium channel V1
TSS transcription start site

tTA tetracycline-controlled transactivator

UAS upstream activator sequence

V., tail AVPR2-originating C-terminal sequence
VEGF vascular epidermal growth factor

VEGFR vascular epidermal growth factor receptor
VP16 Herpes simplex virus protein vmw65

VPR VP64, p65, Rta

ZAPT70 C-associated protein of 70 kDa

ZFP zinc finger protein
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Chapter 1 : Introduction

The purpose of the field of synthetic biology is perhaps best described by the late
theoretical physicist Richard P. Feynman (1918-1988) who is believed to have written
on a blackboard "What | cannot create, | do not understand." (Caltech archives,
http://archives.caltech.edu/pictures/1.10-29.jpg). This statement does not necessarily
imply that if we managed to create something, we would understand it. On the contrary,
understanding is necessary to create something but not sufficient. One could also say
that biology, in principle, is about understanding life, while synthetic biology aims to
engineer life by assembling its basic components (Elowitz & W. A. Lim 2010; W. A. Lim
2010).

As a general blueprint, synthetic biologists have exploited existing elements
(DNA, RNA, protein) from all the three domain systems (bacteria, archaea, and
eukaryota) (Woese et al. 1990) to create artificial signalling pathways and gene
networks in bacteria, yeast, and more recently in more complex mammalian cells
(Weber & Fussenegger 2009; Kiel et al. 2010; Weber & Fussenegger 2010; T. K. Lu et
al. 2009; Wieland & Fussenegger 2012; S. Auslander & Fussenegger 2013; Lienert et
al. 2014; Schukur & Fussenegger 2016; Roybal & W. A. Lim 2017; Kitada et al. 2018).
The conceptualisation of synthetic mammalian gene circuits has also become an
attractive prospect for novel therapeutic applications in modern days (T. K. Lu et al.
2009; Schukur & Fussenegger 2016; Weber & Fussenegger 2009). Important
milestones in therapeutic mammalian synthetic biology were the design of chimeric
antigen receptors (CARs) to fight cancer (Fesnak et al. 2016; W. A. Lim & June 2017;
Tran et al. 2017) and prosthetic gene networks to treat metabolic and autoimmune
diseases (S. Auslander & Fussenegger 2013; Teixeira & Fussenegger 2017). There
are many more emerging technological advances with the potential to catalyse the

development of new generations of therapeutic designer cells.
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In the first part of this introduction, | discuss non-programmable and
programmable artificial transcription factors that have been used to regulate the
expression of transgenes and endogenous genes, respectively. In the second half, |
explore prosthetic gene networks and current synthetic receptor designs to redirect the
information flow in cells. By highlighting inventive steps and discussing shortcomings
and drawbacks of such engineered receptors, | hope to evoke an appreciation for the
laborious, iterative processes in receptor engineering and to demonstrate the need for

novel approaches in chimeric receptor development.

1.1 Engineering artificial transcription factors

1.1.1 Engineered non-programmable transcriptional regulators

Transcription factors (TFs) are components of the cell that regulate gene expression at
the level of DNA and thereby direct diverse cellular processes (e.g., differentiation,
proliferation) (Rosenfeld et al. 2005). They actively recruit co-activators to initiate (ON
switch) or co-repressors to prevent (OFF switch) transcription from a target gene

(Ptashne 1986).

DNA-binding domains

Generally, a TF is a two-part entity consisting of a DNA-binding domain (DBD) and a
transcriptional regulator domain (TR) that can either activate or repress the expression
of a gene. One of the earliest characterised TF is Gal4 from Saccharomyces cerevisiae.
By binding to its specific 17bp upstream activator sequence (UAS) as a homodimer, it
induces gene transcription (Guarente et al. 1982; West et al. 1984; Johnston & R. W.
Davis 1984; Giniger et al. 1985). This intrinsic property translates perfectly to
mammalian cells. In 1988, it was shown that Gal4 could recognise and bind to its

cognate UAS sequence, engrafted as a synthetic operator element upstream of a
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minimal promoter, to robustly initiate the expression of a transgene (Kakidani & Ptashne
1988; N. Webster et al. 1988).

The GAL4 DBD can be readily separated from the rest of the protein, rendering
it into a sole DBD (amino acids 1-147) (Brent & Ptashne 1985; Keegan et al. 1986; J.
Ma & Ptashne 1987) with only minimal remaining transcriptional activity (Kakidani &
Ptashne 1988; Shi et al. 1991). The splitting of functional domains highlights two
important features, one being the general modular structure of a TF and the other one
being an opportunity to exchange endogenous domains with heterologous domains

thereby conferring new properties.

Transcriptional regulator domains

Potential chimeric transcription factors could be equipped with novel activation
domains. VP16 is a 65 kD polypeptide that functions as a transactivator for the herpes
simplex virus-1 genes. VP16 activates gene expression by interacting either directly or
indirectly (via co-activators and mediators) with the core transcriptional machinery of
mammalian cells, eventually leading to the recruitment of RNA polymerase Il (Hampsey
1998; Mittler et al. 2003; Vojnic et al. 2011; F.J. Yang et al. 2004). The minimal
activation domain of VP16 is described by the eleven amino acid sequence
DALDDFDLDML (Triezenberg et al. 1988; Seipel et al. 1992). Since the VP16 core
sequence acts synergistically when recruited to the same synthetic operator (Carey et
al. 1990; Emami & Carey 1992; Y.-S. Lin et al. 1990), a duplication (Seipel et al. 1992)
and eventually a quadruplication (Emami & Carey 1992; Beerli et al. 1998), termed
VP64, was conceived for more potent transcriptional gene activation. Other examples
include p65, which is a subunit of the C-terminal part of the human NK-kB transcription
factor (residues 288-548) (Ruben et al. 1991; P. A. Moore et al. 1993; Schmitz &
Baeuerle 1991) and the C-terminal activation domain of human heat-shock factor 1

(HSF-1) (Green et al. 1995).
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In contrast, there are also transcriptional repressor domains, such as the
Krippel-associated box (KRAB) domain, in particular, the residues 1-75 of KOX1

(Margolin et al. 1994).

Small molecule-inducible chimeric transcription factors

Most of the earliest chimeric TF were derived from operons, which are rather complex
prokaryotic regulatory elements (Yarranton 1992; Gossen et al. 1993), such as the
tetracycline-controlled transactivator (tTA) (Gossen & Bujard 1992). tTA consists of the
tet repressor (TetR) that is fused to VP16 (Gossen & Bujard 1992). TetR originates from
the tetracycline-resistance operon Tn10 in E.coli. To harness the ability of tTA to initiate
transgene expression, its cognate operator repeat sequences were incorporated
upstream of a minimal promoter sequence (Gossen & Bujard 1992). One important
property of tTA is its conditional DNA binding activity. In the presence of the small
molecule tetracycline, tTA cannot bind its target sequence, preventing transcriptional
activation (Gossen & Bujard 1992). A subsequent mutagenesis screen identified a
reverse Tet repressor (rTetR) that requires tetracycline for cognate operon sequence
binding (Hecht et al. 1993), leading to the development of a reverse tetracycline-
controlled transactivator (rtTA) (Gossen et al. 1995). This example describes one of the
first instances of a controllable artificial gene expression system and an OFF/ON switch
relying on the presence or absence of an externally-delivered, inert stimulus (Allgood &
Eastman 1997).

The creation of prokaryotic synthetic gene-switch TFs illustrate several
important lessons: (i) synthetic TFs can be composed of several distinct domains that
are interchangeable; (ii) the property of the DBD is maintained in the milieu of
mammalian cells; (iii) cognate operator repeat sequences can be cloned upstream of
minimal promoter sequences to initiate transgene expression (Yarranton 1992; Gossen

et al. 1993).
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Prokaryotic-derived chimeric OFF/ON switch TFs led to the development of various
ligand-controllable gene circuits in mammalian cells. Examples include switches
responsive to metabolites (e.g., phloretin (Gitzinger et al. 2009)), L-arginine
(Hartenbach et al. 2007), and licenced food additives (e.g., benzoate and vanillate

(Gitzinger et al. 2012; M. Xie et al. 2014)).

Primitive chimeric intracellular receptors

The successful adaptation of ligand-controllable gene-switch TFs sparked an
exploration into other regulatory units that can be externally controlled by co-delivered
inducer or repressor molecules. This search led to the creation of chimeric intracellular
receptors that are composed of three domains: DBD, TR and a separate ligand binding
domain (LBD) (Allgood & Eastman 1997).

This novel class of chemically inducible gene switches can be divided into two
categories in which the LBD is based on either dimerisation subunits or nuclear
receptors. Chemical inducer of dimerisation (CID)-regulated gene switches rely on
homo-/heterodimerisation domains. One half is fused to a DBD, the other to the TR.
Only in the presence of their cognate small molecule, these two domains undergo
homo-/heterodimerisation, thereby bringing DBD and TA in proximity and reconstituting
a functional TF. Inducers for CID-based chimeric intracellular receptors include
rapamycin (Rivera et al. 1996; Belshaw et al. 1996; Ho et al. 1996; Pollock & Clackson
2002; Liberles et al. 1997), plant hormone abscisic acid (ABA) (Liang et al. 2011) and
blue light (Xue Wang et al. 2012; Kennedy et al. 2010).

Nuclear receptor-based chimeric intracellular receptors contain the LBD of
steroid receptors. The oestrogen receptor (ER)-based chimeric intracellular receptors
contain the ER domain that sequesters the TF in the cytoplasm. In the presence of

oestrogen or its derivatives, the complex translocates into the nucleus where it exerts
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its transcriptional function (N. J. Webster et al. 1988; N. Webster et al. 1988; Roemer
& Friedmann 1993; Whelan & N. Miller 1996; Superti-Furga et al. 1991; Braselmann et
al. 1993).

Progesterone receptor-based chimeric intracellular receptors can be activated
by progesterone, or after LBD mutation by the antagonist antiprogestins (Vegeto et al.
1992; Delort & Capecchi 1996; Y Wang et al. 1994). Improved OFF/ON state transitions
of such chimeric TFs were achieved by reflecting on the arrangement of the different
domains within the TF and on different linker length between the domains, highlighting

the importance of construct optimisation studies (Y Wang et al. 1997).

A plethora of artificial transcription factors has been developed enabling the
manipulation of mammalian gene expression at the transcription level. However, using
CIDs or intracellular LBDs limit the inducibility to cell-permeable input signals (e.g.,
diffusible small molecules, light). Rendering cells responsive to extracellular cues,
however, can be achieved by providing a link between the extracellular and the
intracellular space, for example via the LBD of cell-surface receptors (Chapter 1.2).

All presented DBDs are inherently restricted to their cognate DNA binding sites
making them non-programmable. As a consequence, only target genes that carry pre-
defined sequences in an artificial operator region on a plasmid or as a transgene in the
genome can be targeted. To gain control of endogenous gene expression with artificial
TFs requires the deployment of programmable TFs, which | discuss next in Chapters

1.1.2and 1.1.3.

1.1.2 Programmable, protein-based transcription factors

With the discovery of customisable and programmable DNA binding proteins, zinc
finger proteins (ZFPs) (J. Miller et al. 1985; Brown et al. 1985; Vincent 1986; Berg 1988)
and transcription activator-like effectors (TALEs) (Bonas et al. 1989; Romer et al. 2007,

6
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Kay et al. 2007), user-defined targeting of virtually any stretch of DNA in the genome

became a reality.

1.1.2.1 Zinc finger proteins (ZFPs)
ZFP are DNA-binding proteins that consist of several Cys2-His2 zinc finger domains
(Figure 1.1). The cysteine and histidine residues in each domain coordinate a zinc ion
which confers protein stability (Pavletich & Pabo 1991). Each finger consists of
approximately 30 amino acids that form a Bpa structure in which the a-domain
recognises the major groove of the double helix (M. S. Lee et al. 1989; Pavletich &
Pabo 1991; Elrod-Erickson et al. 1996). This mechanism guarantees the sequence-
specific recognition of 3 base pairs (bp) in the DNA. Individual finger domains were
subsequently rearranged to create artificial ZFP that can virtually bind to any desired
DNA sequence (Wright et al. 2006; Carroll et al. 2006; Sander et al. 2011).

Programmable ZFP fused to effector domains (ZFP transcription factors, ZFP-
TFs) offered the unique opportunity to transcriptionally regulate target-specific
endogenous loci in situ (Sera 2009; Klug 2010). For gene activation, ZFP-TF were
created by fusing effector domains such as p65 or VP16 derivatives to ZFP (Q. Liu et
al. 1997; P. Q. Liu et al. 2001; L. Zhang et al. 2000; Bae et al. 2003; Beerli, Dreier, et
al. 2000; Beltran et al. 2007; Rebar et al. 2002; Y. Lu et al. 2008; Passananti et al.
2010). For gene repression, effector domains such as DNA methyltransferase (Dnm1)
(G. L. Xu & Bestor 1997) and KRAB repressor domain (Beerli, Dreier, et al. 2000;
Papworth et al. 2003; Reynolds et al. 2003), were deployed.

Furthermore, ZFP-TF were engineered to contain LBD domains of nuclear
hormone receptors to render them responsive to exogenously-delivered compounds,
creating chemically inducible gene switches (Beerli, Schopfer, et al. 2000; L. Xu et al.

2001; Dent et al. 2007; Magnenat et al. 2008; Schwimmer et al. 2012).
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a Zinc finger protein transcription factor (ZFP-TF)

ZFP
szectc_)r /{u]u‘[—ﬂr II-DN
5 |C|T|G|G|G TRGTrc[GIclrIcalIclc rIclATTc

CIGICIA|G
3 |GIA|CICIC|G|C|G|T|C

G|G|C|T|C|IA|T|G|C|T|C|A|T|G|C| 3
C|GIA|GITIAICIG|IA|G|TIAIC|G| 5

b Transcription activator-like effector transcription factor (TALE-TF)

LTPEQWAIAS EBIGGKQALETVQRLLPVLCQAHG
TALE
PA Y \
N'.‘ | | N T effector

RS domain

AA|TC|TATGA|C/ATICAATTAT
TAGTTAATA

w

(=]}
Q
H
Q
>
B
[9}
H
Q
Q

w
=
Q
>
@
H
H
Q
>
@
@
H
H
>
@
>
H
>
Q
H
@

c Clustered regularly interspaced short palindromic repeat (CRISPR)-associated,
nuclease-deficient protein 9 (dCas9) transcription factor (dCas9-TF)

effector

domain
dCas9 e g
W

s'|cle[alcalr|cclalT|c[T[c]ac|c|T|c|clalalT[c]alc]T|alc|c|c|T[E[Ealc[a[c|alalc|c]aT[c|T|c[a]T| 3' Non-complementary strand

5'[G[TCACCT\C\C]A]A|T]G]A|C[T[AGGGGIUU|U|U|A|G|A|G|CUAG§]
; “ " EEER AER Tetraloop
[Guide sequence "spacer'20 bo)| ~JUa[ala[alu]u| [cl[a[ua®
clefca caa
Stem—loop1Eg I
AR CRRERHE],
P i }Stem—loopZ
alclclclalclclulcaaa®
Stem-loop3|G|i i | i i}
u|c|c|G[ulG|c|ululu]u]3
Figure 1.1 | Programmable artificial transcription factors (TFs). (a) Schematic

representation of a zinc finger protein transcription factor (ZFP-TF). The ZFP is fused to a
transcriptional effector domain. Each finger recognises 3 bp. Typically, when using a single
ZFP, 6 fingers are connected, recognising 18 bp (Beerli & Barbas 2002). (b) Schematic
representation of an engineered transcription activator-like effector transcription factor (TALE-
TF). Each TALE repeat recognises one base pair with its repeat variable diresidue (RVD; shown
in red) at position 12 and 13. Target sequence depicted is 20 bp. (¢) Schematic representation
of CRISPR-associated, nuclease-deficient protein 9 (dCas9) fused to an effector domain,
constituting an artificial transcription factor (dCas9-TF). dCas9-TF recognises a genomic locus
via the chimeric single guide RNA (sgRNA). PAM, protospacer adjacent motif. Modified from
and reprinted by permission from Macmillan Publishers Ltd: [Nat Rev Genet] (Kim, H. & Kim,
J.-S., 2014. A guide to genome engineering with programmable nucleases. Nature Reviews
Genetics, 15(5), pp.321-334.), copyright (2014). Licence #4250930537596.
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1.1.2.2 Transcription activator-like effectors (TALESs)

Transcription activator-like effectors (TALEs) originate from the plant pathogen
Xanthomonas sp. (Bonas et al. 1989; Boch & Bonas 2010). The central DBD of TALEs
from Xanthomonas sp. consist of between 1.5 and 33.5 tandem domains (54-909 amino
acids) with 17.5 being the most abundant (Boch & Bonas 2010). Each tandem domain
is composed of 34-35 amino acids, specifically recognizing a particular DNA base pair
(Figure 1.1) (Boch et al. 2009; Moscou & Bogdanove 2009). DNA nucleobase specificity
is conferred by two adjacent amino acids at position 12 and 13 in each repeat (Boch et
al. 2009; Moscou & Bogdanove 2009). This variable region is referred to as repeat
variable diresidues (RVDs) in which amino acid residues HD, NI, NK, and NG
specifically and reliably bind to C, A, G, and T nucleotides, respectively. The elucidated
simple RVD code enabled the creation of customised, sequence-specific TALEs
(Morbitzer et al. 2011; F. Zhang et al. 2011; Reyon et al. 2012; Briggs et al. 2012;
Schmid-Burgk et al. 2013; Y. Kim et al. 2013).

TALE-TFs were created either by deploying VP16 or p65 (J. C. Miller et al. 2011;
Geissleretal. 2011; Y. Li et al. 2012) to induce gene upregulation or by coupling TALEs
to KRAB (Y. Li et al. 2012) and DNMT3 domains (Amabile et al. 2016) for gene
repression.

Inducible TALE-TFs were engineered to gain exogenous control over effector
function either by exploiting oestrogen or progesterone receptor LBD (Mercer et al.
2014) or by deploying light-induced heterodimerisation domains (Konermann et al.

2013).

Taken together, engineered ZFP-TFs and TALE-TFs were the first adapted
programmable TFs. However, customising DNA binding sequences requires time-
consuming molecular biology work and laborious validation, especially for ZFPs (Wright

et al. 2006; Carroll et al. 2006; Ramirez et al. 2008; Morbitzer et al. 2011; F. Zhang et
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al. 2011; Reyon et al. 2012; Briggs et al. 2012; Schmid-Burgk et al. 2013; Y. Kim et al.

2013).

1.1.3 Programmable, RNA-guided dCas9-TF

Harnessing the power of clustered regularly interspaced short palindromic repeats
(CRISPR) has heralded the start of a new age in genome engineering (Pennisi 2013;
Lander 2016). Initially repurposed for targeted gene editing, CRISPR has been adapted
for seemingly countless applications (H. Kim & J.-S. Kim 2014; Mali, Esvelt, et al. 2013;
Hsu et al. 2014; Reardon 2016). Unprecedented in its ease to use, low cost, specificity,
and efficiency (H. Kim & J.-S. Kim 2014; Cox et al. 2015), CRISPR has revolutionised
and democratised the genome engineering field (Ledford 2015; Travis 2015; Barrangou

& Doudna 2016; Barrangou & Horvath 2017).

1.1.3.1 Mechanism of clustered regularly interspaced short palindromic repeat
(CRISPR)-associated nuclease 9 (Cas9)

CRISPR (Ishino et al. 1987; Mojica et al. 1995; Jansen et al. 2002) constitutes an
adaptive bacteriophage defence system in prokaryotes (Barrangou et al. 2007;
Barrangou 2015; Horvath & Barrangou 2010; Bhaya et al. 2011; Labrie et al. 2010).
Based on the nature of CRISPR-associated nucleases (Cas), there are 2 classes of the
CRISPR-Cas system (Makarova et al. 2015). Class 1 deploys Cas3 exonuclease
together with the multi-protein complex Cascade (CRISPR-associated complex for
antiviral defence), whereas class 2 contains only one effector nuclease. Class 2 is
further subdivided into type Il and type V CRISPR systems, which employ Cas9 (also
known as Csn1) and Cpf1 (Cas12a) as endonuclease, respectively (Makarova et al.

2015).

10
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Both classes, however, typically encode Cas1 and Cas2 proteins in their cas
operon which are essential for the acquisition (first step) of virally or plasmid DNA-
derived spacers sequences for the integration into the CRISPR array (Nufiez, Lee, et
al. 2015; Nufiez, Harrington, et al. 2015; Jiuyu Wang et al. 2015). The CRISPR array is
composed of many short palindromic repeats which are interspaced by newly acquired
spacers (~30 nucleotides in type Il) (Jansen et al. 2002; Barrangou et al. 2007; Heler
et al. 2015; Levy et al. 2015). In a second step (expression), the CRISPR array is
expressed as a long pre-CRISPR RNA (pre crRNA) (Barrangou et al. 2007; Haurwitz
et al. 2010; Deltcheva et al. 2011). In the type Il CRISPR system of Streptococcus
pyogenes, this pre-crRNA is processed by an endogenous RNase Il into single crRNAs
after the recruitment of trans-activating crRNA (tracrRNA) and Cas9, forming a
crRNA:tracrRNA Cas9 complex (Deltcheva et al. 2011; Jinek et al. 2012; Karvelis et al.
2013; Y. Lim et al. 2016). The crRNA contains a variable target-specific spacer
sequence at the 5’ end as well as the non-variable repeat sequence at the 3’ end which
is complementary to the target-independent tracrRNA (Deltcheva et al. 2011; Jinek et
al. 2012; Karvelis et al. 2013). Subsequently, the 5’ spacer sequence of crRNA is
trimmed down to 20 nucleotides (Deltcheva et al. 2011; Jinek et al. 2012). In a third
step (interference), crRNA:tracrRNA Cas9 complex scans the genomic/plasmid DNA
for a complementary target site (Deltcheva et al. 2011; Gasiunas et al. 2012; Knight et
al. 2015; Singh et al. 2016). A potential target site is first engaged upon the detection
of a protospacer adjacent motif (PAM) (Figure 1.1) (Mojica et al. 2009; Garneau et al.
2010). Streptococcus pyogenes Cas9 (SpCas9) requires a 5-NGG-3' PAM sequence
for recognition and upon perfect or near-perfect spacer-protospacer sequence
complementarity, DNA cleavage occurs (Jinek et al. 2012; Cong et al. 2013; W. Jiang
et al. 2013; Sternberg et al. 2014; Singh et al. 2016). Cas9 possesses two nuclease

domains, RuvC and HNH, each creating a nick in the DNA, yielding a double-strand
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break 3 nucleotides downstream of the PAM sequence (Garneau et al. 2010; Gasiunas

et al. 2012; Jinek et al. 2012).

1.1.3.2 Harnessing CRISPR/dCas9 for inducible control of gene expression
In 2012/2013, the RNA-guided DNA cleavage system from type Il CRISPR/Cas9
Streptococcus pyogenes was repurposed for targeted genome editing in eukaryotic
cells (Jinek et al. 2012; Cong et al. 2013; Mali, Yang, et al. 2013; Cho et al. 2013).
Instead of targeting DNA sequences originating from viral DNA in bacteria, any piece
of DNA in the human genome could be cleaved by equipping Cas9 with corresponding
crRNA:tracrRNA guides. Jennifer Doudna’s laboratory simplified the dual RNA guide
system by fusing crRNA and tracrRNA at their complementary regions together,
creating an artificial chimeric single guide RNA (sgRNA) (Jinek et al. 2012) (Figure 1.1).

By introducing mutations in SpCas9 catalytic domains, either D10A/H840A
(Jinek et al. 2012) or D10A/D839A/H840A/N863A (Mali, Yang, et al. 2013), SpCas9
was rendered catalytically deficient (dCas9). Similarly, Cas9 homologs and orthologs
were subsequently catalytically inactivated, such as Streptococcus aureus dSaCas9
(D10A/N580A) (Ran et al. 2015) and dCpf1 homologs (Tak et al. 2017; Y. Liu et al.
2017). This engineering step established Cas9 as versatile RNA-guided DBD.

dCas9 has been extensively used in conjunction with transcriptional regulators
that are either directly fused to and/or associated with dCas9, allowing the regulation of
mammalian gene expression in situ (Figure 1.2) (Chavez et al. 2016; Dominguez et al.

2016; Jusiak et al. 2016; Mitsunobu et al. 2017; Nihongaki et al. 2018).
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Figure 1.2 | dCas9-TF for transcriptional activation and repression. (a) Transcriptional

activation has been achieved by directly fusing dCas9 to various transcriptional activators, such
as (a1) VP64; (a2) VP160 or VP192; (a3) p300 core; (a4) TET1CD (catalytic domain of ten-
eleven 1 hydroxylase). (b) Second-generation artificial transcriptional activators. (b1) VPR, an
artificial fusion protein composed of VP64, the human NF-KB p65 activation domain, and
Epstein-Barr virus-derived R transactivator (Rta); (b2) SAM (synergistic activation mediator)
system, employing a synthetic TF fusion protein comprised of MCP (MS2 bacteriophage coat
protein), p65, and HSF-1 (activation domains of human heat-shock factor 1); (b3) SunTag,
GCN4 epitope recognising scFv-VP64 fusion protein. (¢) Transcriptional repression has been
achieved by directly fusing dCas9 to (c1) KRAB; (c2) DNMT3A (DNA methyl-transferase
domain); (c3) SID4X (synthetic repressor was constructed by concatenating 4 SID domains);
(c4) LSD1 (lysine-specific histone demethylase 1A). (d) sgRNA scaffolds (scRNAs) containing

RNA hairpins to recruit corresponding RNA hairpin binding proteins fused to various effectors.
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1.1.3.3 CRISPR/dCas9 for transcriptional activation

To upregulate endogenous gene expression, dCas9-based transcription factors
(dCas9-TF) have been created by coupling dCas9 directly to various transcriptional
activators, such as VP64 (Maeder et al. 2013; Mali, Aach, et al. 2013; Perez-Pinera et
al. 2013; Gilbert et al. 2013; Farzadfard et al. 2013; Black et al. 2016), VP160 (Cheng
et al. 2013; X. Gao et al. 2014), VP192 (Balboa et al. 2015), the core domain of histone
acetyltransferase p300 (Hilton et al. 2015; Shrimp et al. 2018; P. Liu et al. 2018), and
catalytic domain of ten-eleven 1 hydroxylase (TET1CD) (X. S. Liu et al. 2016; X. Xu et
al. 2016; Morita et al. 2016) (Figure 1.2a).

For more potent transcriptional gene upregulation, three strategies of second-
generation transcriptional activators have been conceived (Chavez et al. 2016) (Figure
1.2b). (i) dCas9 can be directly fused to the artificial VPR transactivation chimera,
consisting of VP64, the human NF-KB p65 activation domain and Epstein-Barr virus-
derived R trans-activator (Rta) (Chavez et al. 2015) (Figure 1.2b1). (ii) The synergistic
activation mediator (SAM) system deploys dCas9-VP64 in combination with a custom-
made SAM sgRNA containing two MS2 aptamers. These aptamers are bound by the
chimeric transactivator fusion protein MCP-p65-HSF-1 (MCP, MS2 bacteriophage coat
protein recognising MS2 aptamers; HSF-1, activation domains of human heat-shock
factor 1) (Konermann et al. 2015) (Figure 1.2b2). (iii) The SunTag system is composed
of a dCas9 fused to a peptide tail containing 10 GCN4 epitopes. These epitopes are
recognised by a soluble fusion protein composed of anti-GCN4 svFc and VP64
(Tanenbaum et al. 2014) (Figure 1.2b3).

Efficient activation of endogenous genes is facilitated when the RNA-guided
dCas9-TF is targeted in proximity to the transcriptional start site (TSS), approximately

-400/-200 to -50/+1 bp (Gilbert et al. 2014; Konermann et al. 2015; Polstein et al. 2015).
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CRISPR activation (CRISPRa) genome-wide screens have been used to elucidate
genes involved in cholera-diphtheria toxin sensitivity (Gilbert et al. 2014), to confer
resistance to a particular drug treatment (Konermann et al. 2015), to decipher the
molecular mechanism of an anti-cancer drug (Jost et al. 2017), to identify long non-
coding RNAs (IncRNAs) involved in regulating neighbouring genes (Joung et al. 2017),

and to reveal enhancer regions (Simeonov et al. 2017).

1.1.3.4 CRISPR/dCas9 for transcriptional repression

To downregulate endogenous gene expression, dCas9 was coupled to transcriptional
repressor domains, such as KRAB (Gilbert et al. 2013; X. Gao et al. 2014; Thakore et
al. 2015; Amabile et al. 2016; Mandegar et al. 2016), DNMT3A (DNA methyl-
transferase domain) (Amabile et al. 2016; X. S. Liu et al. 2016; Vojta et al. 2016; Stepper
et al. 2017; Zheng et al. 2018), SID4X (four concatenated SID domains) (Konermann
et al. 2013), and LSD1 (lysine-specific histone demethylase 1A) (Kearns et al. 2015)
(Figure 1.2b).

The development of RNA hairpin-containing sgRNA scaffolds (scRNAs) enabled
the differential or simultaneous recruitment of activation and/or repression domains to
multiple gene targets, thereby multiplexing the transcriptional output (Zalatan et al.
2015). RNA hairpin examples include MS2, PP7, or com RNA which bind to their
respective cognate RNA-binding proteins MCP, PCP and com, respectively (Zalatan et
al. 2015) (Figure 1.2d). Adaptations of this system implemented various alternative
RNA motifs to actively recruit effector domains thereby increasing combinatorial

complexity (Shechner et al. 2015; Cheng et al. 2016).

In contrast to CRISPRa, CRISPR interference (CRISPRI) is most effective when dCas9-
KRAB is directed to a window of -50 to +300 bp relative to TSS (Gilbert et al. 2014).

Genome-wide CRISPRI screens have been employed to identify genes implicated in
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conferring sensitivity to a bacterial toxin (Gilbert et al. 2014), to characterise genes
implicated in an unfolded protein response (Adamson et al. 2016), to identified
functional long noncoding RNA loci in human cells (S. J. Liu et al. 2017), to elucidate
the molecular mechanism of an anti-cancer drug (Jost et al. 2017), to characterise
genetic interactions (Du et al. 2017), and to identify essential genes (Rosenbluh et al.

2017).

To reliably and confidently deploy RNA-guided dCas9-TF as a versatile transcriptional
regulator, studies investigated dCas9 binding specificity by chromatin
immunoprecipitation followed by deep DNA sequencing (ChlP-seq) experiments.
These experiments revealed that RNA-guided dSpCas9 preferably binds to open
chromatin and only requires sequence complementarity to the 5-8 PAM-proximal
nucleotides and a matching PAM. These binding properties resulted in numerous
genome-wide off-target binding events (Kuscu et al. 2014; X. Wu et al. 2014; O'Geen
et al. 2015). In agreement with these results were the binding profiles of dCas9 with or
without effector domains (VP64 or KRAB), indicating that dCas9-TF binding is
unaffected by covalently coupled effector domain(s) (Thakore et al. 2015; O'Geen et al.
2015; Polstein et al. 2015; Zheng et al. 2018).

Owing to the fact that dCas9-TFs exert their transcriptional potency only in a
narrow window surrounding the TSS (Gilbert et al. 2014; Konermann et al. 2015;
Polstein et al. 2015), it was more reasonable to examine off-target gene regulation
rather than off-target binding. Transcriptome analysis via RNAseq revealed highly
target-specific transcriptional regulation for dCas9-VP64 (Perez-Pinera et al. 2013;
Polstein et al. 2015) and dCas9-KRAB (Gilbert et al. 2013; Thakore et al. 2015). In
conclusion, the transient transcriptional up- or downregulation facilitated by dCas9-TFs

is highly specific.
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1.1.3.5 Inducible dCas9-TF systems

The simplicity with which dCas9-TFs can be directed to any genomic locus of choice

has led to the development of a broad repertoire of inducible systems. Exogenously

delivered input stimuli have enabled the fine-tuned and spatiotemporally tight regulation

of dCas9-TFs and enabled more sophisticated implementations of differential target

gene activation and/or repression. Examples include:

Figure 1.3a. sgRNA-based inducibility concepts. (a1) Inducible spacer-blocking
hairpin (iISBH). A spacer-blocking hairpin on the sgRNA prevents sgRNA-guided
dCas9-TF recruitment to the desired genomic locus. In the presence of inducer
input, either genetically encoded Csy4 endoribonuclease or exogenously
delivered antisense oligonucleotides, the blocking sequence on the sgRNA is
removed, reconstituting functional sgRNA (Ferry et al. 2017). (a2) Small
molecule responsive, self-cleaving ribozyme (aptazyme)-embedded sgRNAs.
Only in the presence of a small molecule input, the obstructing ribozyme is
removed, liberating functional sgRNA (Y. Liu et al. 2016; Tang et al. 2017).

Figure 1.3b. Orthogonal, multiplexed, or differential gene expression can be
achieved by the dimerisation domain-mediated recruitment of transcriptional
regulators to dCas9. Examples of inducer/dimerisation domain pairs include:
plant hormone abscisic acid (ABA)-inducible ABI-PYL1 (Y. Gao et al. 2016; T.
Chen et al. 2017); plant hormone gibberellin (GA)-inducible GID1-GAlI (Y. Gao
et al. 2016; Bao et al. 2017); blue light-inducible CRY2PHR-CIBN (Nihongaki,
Yamamoto, et al. 2015; Polstein & Gersbach 2015; Y. Gao et al. 2016), FKF1-
Gl (Y. Gao et al. 2016); red light-controlled PHYB-PIF (Y. Gao et al. 2016); small
molecule ABT-737-inducible BCL-xL—antibody (AbCIDs, human antibody-based

chemically induced dimerisers (Hill et al. 2018).
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responsive, self-cleaving ribozyme (aptazyme)-embedded
recruitment of transcriptional regulators to dCas9. (¢) Dimerisation-induced reassembly of split
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directly fused to dCas9; (d2) DD fused to effector domains. (e) Cytoplasmic sequestration of
dCas9-TF. HSP90, heat shock protein 90; ERT, oestrogen receptor. (f) Steric hindrance-

mediated sequestration of dCas9-TF.
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Figure 1.3c. Reconstitution of functional dCas9-TF via dimerisation-induced
reassembly of split dSpCas9 by small molecule rapamycin-mediated rapamycin
domain dimerisation (Zetsche, Volz, et al. 2015) or by blue light-mediated pMag
and nMag dimerisation (Nihongaki, Kawano, et al. 2015).

Figure 1.3d. Conditional destabilisation of dCas9-TF. (d1) dCas9 can be directly
fused to destabilisation domains, such as oestrogen receptor (ER50)
destabilisation domain and dihydrofolate reductase (DHFR), promoting its rapid
degradation unless supplying trimethoprim (TMP) and 4-hydroxytamoxifen
(40HT) for reversible stabilisation of dCas9 fusion proteins, respectively (Balboa
et al. 2015; Maji et al. 2017; Kleinjan et al. 2017). Alternatively, fusion to the
destabilising domain of mutant FK506-binding protein 12 (FKBP12) allows
stabilisation with a synthetic ligand (Shield-1) (Senturk et al. 2017). (d2) Fusing
destabilisation domains to effector domains enable orthogonal control over
transcriptional potency (Maiji et al. 2017; Kleinjan et al. 2017).

Figure 1.3e. Cytoplasmic sequestration of dCas9-TF via heat shock protein 90
(HSP90). dCas9-TF is fused to the hormone-binding domain of the oestrogen
receptor (ERTZ2), which recruits HSP90 and localises the fusion protein to the
cytoplasm. Upon 4-hydroxytamoxifen (4OHT) treatment, HSP90 dissociates
which then allows dCas9-TF to translocate into the nucleus (Nguyen et al. 2016).
Implementations include fusing full length dCas9-TF to ERT domains (K. I. Liu
et al. 2016; J. Lu et al. 2017), split dCas9-TF to ERT domains (Nguyen et al.
2016), or inserting ER-LBD into a designated region within Cas9 (Oakes et al.
2016).

Figure 1.3f. Steric hindrance can conditionally sequester dCas9-TF
transcriptional potency. Implementations include the engraftment of 4OHT-

responsive intein into Cas9 that renders Cas9 inactive unless 40HT is co-
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administered, which then induces protein splicing and thereby restores Cas9
activity (K. M. Davis et al. 2015); or the coupling of dCas9-TF to dimeric
fluorescent protein domains that dissociate upon light exposure (Richter et al.

2016; Zhou et al. 2017).

Various inducible systems have also been utilised in combination to design higher order
gene regulatory networks (D. Ma et al. 2016; Nihongaki et al. 2017; J. Lu et al. 2017).
Apart from the presented concepts, Cas9/dCas9-TF activity can additionally be
governed by utilising (i) small molecule-inducible promoters (Tim Wang et al. 2014;
Mandegar et al. 2016; Ishida et al. 2018), (ii) transcriptional cascades (Kiani et al. 2014;
Nissim et al. 2014; Kiani et al. 2015), and (iii) miRNA target site-bearing Cas9 mRNA

(D. Ma et al. 2016; Hirosawa et al. 2017).

1.2 Signalling networks and receptor engineering

Naturally, mammalian cells are decorated with a plethora of cell-surface receptors that
provide a link from the extracellular to the intracellular space (Figure 1.4). They
recognise a board spectrum of ligands, ranging from ions and small molecules to
sugars, lipids, and proteins. Upon ligand sensing, receptors transmit the signal across
the cell membrane into the intracellular part of the cell. From there, complex signalling
cascades are triggered that involve choreographed interactions of tightly regulated
proteins, mediators, and second messengers. Eventually, a specific cellular response
is created such as upregulation of transcription, initiation of secretion, changes in the
cytoskeleton or promotion of cell growth (Figure 1.4) (W. A. Lim 2010; W. Lim et al.
2014). This information processing guarantees that cells in higher order structures such
as tissues and organs act and react appropriately to an ever-changing environment

(Chapter 1.2.1).
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Figure 1.4 | Endogenous cell signalling. Cell-surface receptors enable the integration of a
broad variety of environmental stimuli into the cell via complex signalling cascades. Eventually,
the extracellular information is converted into a specific cellular response, e.g., transcriptional
output. Reprinted by permission from Macmillan Publishers Ltd: [Nat Rev Mol Cell Biol.] (Lim,
W.A., 2010. Designing customized cell signalling circuits. Nature Reviews Molecular Cell
Biology, 11(6), pp-393—-403.), copyright (2014). Licence #4243840331722.
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If the intra- and intercellular communication is distorted, however, a large
spectrum of diseases ensures, such as cancer, metabolic disorders, inflammatory
diseases, and autoimmune ailments. To potentially correct these defects, a number of
novel cell-based therapies have been conceptualised in addition to more traditional
drug-based strategies. This emerging line of therapy revolves around cellular
engineering. By exploiting the modular structure of receptors and signalling
components and through substantial rational protein engineering, new artificial
receptors have been created and embedded into cells (W. A. Lim 2010; Lienert et al.
2014; Arber et al. 2017; Brenner et al. 2018). These designer cells can now respond to
pre-defined disease-associated molecules by initiating user-defined native or artificial
signalling pathways and gene circuits, leading to the expression of therapeutically-
relevant transcriptional programmes (Chapter 1.2.2 and 1.2.3) (S. Auslander &
Fussenegger 2013; Fesnak et al. 2016; W. A. Lim & June 2017; Teixeira &

Fussenegger 2017; Kitada et al. 2018).

1.2.1 Endogenous mammalian cell-surface receptors

There are three major native cell-surface receptor families: G-protein-coupled receptors
(GPCRs), receptor tyrosine kinases (RTKs) and ligand-gated and voltage-gated ion
channels (Simons et al. 2016; Dorsam & Gutkind 2007). In the following sections, |
detail characteristic properties of the former two families because they have been the

subject of extensive engineering purposes (Chapter 1.2.3).

1.2.1.1 G-protein-coupled receptors (GPCRs)
G-protein-coupled receptors (GPCRs) are seven transmembrane-spanning receptors
comprising the most diverse and largest class of cell-surface receptors in mammals

(Pierce et al. 2002; Kroeze et al. 2003; Allen & Roth 2011). They account for roughly

22



Chapter 1: Introduction

2% of the human genome and are evolutionarily conserved across animals, plants, and
fungi (Venter et al. 2001; Takeda et al. 2002; King et al. 2003; Fredriksson & Schi6th
2005; Schidth et al. 2007; Allen & Roth 2011). GPCRs are involved in nearly every
cellular and physiological process (Kroeze et al. 2003; Allen & Roth 2011). Their
importance is highlighted by the fact that malfunctioning GPCRs are implicated in many
human diseases. As a result they represent an attractive target for numerous
therapeutic drugs (Hopkins & Groom 2002; M. D. Thompson et al. 2005; Armbruster &

Roth 2005; Dorsam & Gutkind 2007; Lagerstrom & Schidth 2008).

GPCR families

Human GPCRs are categorised into 5 families based on sequence homology and
pharmacological similarities: A (rhodopsin), B (secretin), C (glutamate), adhesion, and
frizzled/taste2 (Fredriksson et al. 2003; Lagerstrom & Schiéth 2008). Class A GPCRs
constitute the largest and most diverse family in terms of structure and ligand
preference, which include odorants, peptides, lipids, nucleotides, and photons (Figure
1.5). This class is composed of ~670 full-length receptors (Gloriam et al. 2007) and is
subdivided into groups a, B, y and ®& (Fredriksson et al. 2003). Examples include
arginine vasopressin receptor 2 (AVPR2), bradykinin receptor B2 (BDKRBZ2),
lysophosphatidic receptors (LPARs), and C-X-C chemokine receptor type 4 (CXCR4).
Class B GPCRs are activated by hormones and peptides (Lagerstrom & Schidth 2008).
Class C GPCRs (e.g., sweet and umami taste receptors, T1R2 and T1R3) bind to
hormones and peptides, amino acids, ions, and taste-provoking chemical molecules
(tastants) (Lagerstrom & Schioth 2008; Laffitte et al. 2014). Adhesion GPCRs are
predicted to interact with extracellular matrix or membrane-bound proteins (Lagerstrom
& Schidth 2008). Frizzled/taste2 GPCRs are activated by Wnt proteins and tastants

(Lagerstrom & Schiéth 2008).
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Figure 1.5 | G-protein-coupled receptor signalling. G-protein-coupled receptors (GPCRs)
recognise a broad spectrum of ligands and subsequently initiate multifactorial downstream
signalling cascades. Upon agonist-mediated conformational change within the receptor and
subsequent GDP to GTP exchange in the Ga subunit of the heterotrimeric G protein, Ga
dissociates from Gy subunits. Different GPCRs can interact with one or several different Ga
subunit subfamilies: Gas, Gai, Gog and Gaqo. Ga subtypes stimulate or inhibit downstream
effectors, such as adenylyl cyclase or phospholipase C (PLC). GBy subunits can stimulate
phospholipases, kinases and ion channels. Some Ga subtypes may activate other signal
transduction molecules, such as small GTP-binding proteins of the Ras and Rho families.
Eventually, signalling leads to differential gene expression, regulating various cellular functions.
Distorted signalling is attributed to favouring cancer development and metastasis. 5-HT, 5-
hydroxytryptamine; ECM, extracellular matrix; GABA, gamma-aminobutyric acid; GEF, guanine
nucleotide exchange factor; GRK, G-protein receptor kinase; LPA, lysophosphatidic acid; PI3K,
phosphatidyl inositol 3-kinase; PKA and PKC, protein kinase A and C; S1P, sphingosine-1-
phosphate. Reprinted by permission from Macmillan Publishers Ltd: [Nat Rev Cancer] (Dorsam,
R.T. & Gutkind, J.S., 2007. G-protein-coupled receptors and cancer. Nature Reviews Cancer,
7(2), pp.79-94.), copyright (2007). Licence #4243851009975.
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GPCR structure

Commonly, each of the seven a-helical segments spanning the transmembrane is
separated by alternating intracellular and extracellular loop regions, whereas the third
intracellular loop and intracellular C-terminal part of GPCRs (C-terminal tail) represent
the primary point of contact for GPCR-associated proteins (adapter proteins). The N-
terminal structures of GPCRs range from short and unstructured (e.g., rhodopsin-like)
to large and globular (e.g., sweet and umami taste receptors) (Lagerstrom & Schiéth
2008; Assadi-Porter et al. 2010; Laffitte et al. 2014). The ligand binding domains (LBDs)
for peptide hormones or proteins and small organic compounds (e.g., biogenic amines)
are in the N-terminal domain and within the transmembrane segments, respectively
(Armbruster & Roth 2005; Kobilka 2007). Ligand binding triggers conformational
changes most pronounced in the transmembrane and intracellular domains (Katritch et

al. 2012).

GPCR basic signalling principle

Generally, upon agonist binding, the GPCR receptor is activated and through its core
transmembrane domain interacts with heterotrimeric G proteins (Gay), favouring
guanine nucleotide exchange (replacing GDP with GTP). This exchange leads to the
dissociation of Ga subunit from the GBy subunits and from the receptor (Figure 1.5)
(Gilman 1987). Both subunits can then initiate signalling cascades that involve a broad
variety of effectors (Gilman 1987; Pierce et al. 2002). Agonist-induced conformational
changes lead to the phosphorylation of the intracellular GPCR tail by GPCR kinases
(GRKs). These phosphorylation marks are subsequently recognised by arrestins
(Reiter & Lefkowitz 2006). Individual GPCRs possess functional plasticity allowing them
to signal through different G-protein subtypes and G-protein independent pathways

(Kobilka & Deupi 2007).
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GPCR signalling: focus on G proteins

The heterotrimeric G proteins represent the canonical mode of signalling. There are at
least 18 different human Ga proteins, 5 types of G subunits, and 11 different Gy
subunits (Figure 1.5) (Hermans 2003). Ga proteins, such as Gas, Gai, and Gaq, feed
into a variety of pathways either by directly modulating downstream effector proteins or
via second messengers (Figure 1.5) (Galandrin et al. 2007; Ritter & Hall 2009). Second
messengers subsequently activate additional effectors further downstream, such as
protein kinase A (PKA) and protein kinase C (PKC), or trigger intracellular calcium
release. Dissociated GBy subunits can open ion channels or feed into the PLCB

pathway (Figure 1.5) (Ritter & Hall 2009).

GPCR signalling: focus on GPCR kinases (GRKs)

GRKs in combination with arrestins display an antagonistic behaviour compared to the
canonical G-protein-mediated response (Figure 1.6) (Reiter & Lefkowitz 2006; Gurevich
et al. 2012). Agonist-occupied GPCRs are phosphorylated at serine and threonine
residues in the C-terminal cytoplasmic tail and/or third cytoplasmic loop by GRKs, which
subsequently promote the recruitment of cytosolic B-arrestins (Figure 1.6) (Shenoy &
Lefkowitz 2003; Reiter & Lefkowitz 2006; Gurevich et al. 2012). There are 7 different
GRKs (GRK1-GRKY7) which are all differentially expressed in diverse tissues and
organs and display preferential binding abilities to specific GPCRs (Reiter & Lefkowitz

2006; C. A. C. Moore et al. 2007; Premont & Gainetdinov 2007).

GPCR signalling: focus on arrestins

Arrestins constitute a family of four members in mammals: arrestin1 and arrestin4 (x-
arrestins, confined to retinal rods and cones in the eye); and arrestin2 (known as (-
arrestin1) and arrestin3 (B-arrestin2) which are ubiquitously expressed and interact with

most GPCRs (Shenoy & Lefkowitz 2003; Reiter & Lefkowitz 2006).
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Figure 1.6 | Classical arrestin-mediated signalling by GPCRs. GPCR kinases (GRKSs)
catalyse the phosphorylation of agonist-activated GPCRs to facilitate termination of canonical
signalling by initiating a degradation or recycling programme. The phosphorylated C-terminal
tail of GPCRs attracts arrestin, which further recruit clathrin and the clathrin adaptor AP2 for the
subsequent GPCR internalisation into endosomes (desensitisation). GPCR-arrestin
interactions can trigger specific arrestin-mediated signalling, such as the activation of the
mitogen-activated protein kinase (MAPK) extracellular signal-regulated kinase (ERK) pathway,
involving small GTP-binding proteins of the Ras and Rho family. Internalised GPCR-arrestin
complexes either feed into lysosome degradation processes or are recycled and shuttled back
to the cell membrane (resensitization) to start another cycle of signalling. Reprinted by
permission from Macmillan Publishers Ltd: [Nat Rev Mol Cell Biol.] (Ritter, S.L. & Hall, R.A,
2009. Fine-tuning of GPCR activity by receptor-interacting proteins. Nature Reviews Molecular
Cell Biology, 10(12), pp.819-830.), copyright (2009). Licence #4243860799518.
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For a long time, arrestins were primarily implicated in the silencing,
internalisation and subsequent resensitisation/degradation of activated GPCRs (Figure
1.6). Actively recruited B-arrestin proteins to the phosphorylated C-terminal tail of
activated GPCRs were believed to first, sterically impede continuous G-protein
association to the receptor (binding competition model) and second, initiate an
endocytosis cascade that would shut off G-protein-coupled signalling completely
(Ferguson et al. 1996; Ferguson 2001; Shenoy & Lefkowitz 2003; Shenoy & Lefkowitz
2005; Kang et al. 2015; Shukla et al. 2014; Szczepek et al. 2014). GPCR internalisation
is mediated through clathrin-coated pits, caveolae, or uncoated vesicles (Figure 1.6)
(Claing et al. 2002; Marchese et al. 2003). The success of internalisation is, however,
a function of the binding strength of 3-arrestin to the GPCR. The presence or absence
of enriched serine and threonine residues in the C-terminal tail of GPCRs determines
the strength with which GPCRs interact with B-arrestins (Oakley et al. 2000; Oakley et
al. 2001; Vilardaga et al. 2002). B-arrestins only transiently recruit to Class A GPCRs
which do not possess serine and threonine clusters and dissociate from the GPCR after
initial contact with clathrin-coated pits. Hence, B-arrestin offers a means for modulating
GPCR signalling responsiveness to a continuously occurring stimulus (Figure 1.6).

Recently, emerging data for candidate agonist-stimulated GPCRs suggest
sustained G-protein-dependent signalling capabilities concomitant with GPCR
internalisation (Calebiro et al. 2009; Ferrandon et al. 2009; Feinstein et al. 2013;
Irannejad et al. 2013; Werthmann et al. 2012; Calebiro et al. 2010; Kotowski et al. 2011;

Mullershausen et al. 2009).

GPCR signalling: other modalities

An additional layer of GPCR signal modulation involves the formation of homo-
/heterodimers/oligomers (Milligan 2004; Franco et al. 2007; Bulenger et al. 2005; Ferré

et al. 2014; Franco et al. 2016). Heterodimerisation creates new functional signalling
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units characteristically distinct to their monomeric versions enabling more complex
signalling responses (e.g., sweet and umami taste receptors) (G. Q. Zhao et al. 2003;

Franco et al. 2007; Bulenger et al. 2005).

1.2.1.2 Receptor tyrosine kinases (RTKs)

Receptor tyrosine kinases (RTKs) are single transmembrane-spanning receptors.
Humans express 58 known RTKs originating from 20 subfamilies (Robinson et al. 2000;
Blume-Jensen & Hunter 2001). They play crucial roles in the regulation of a broad range
of cellular functions, such as proliferation, differentiation, cell migration, survival, and
metabolism (Ullrich & Schlessinger 1990; Blume-Jensen & Hunter 2001; Lemmon &
Schlessinger 2010). Derailed RTK signalling has implications in several diseases, such
as cancer, inflammation, diabetes, and angiogenesis (Lemmon & Schlessinger 2010).

All RTKs have a similar modular architecture, with an extracellular domain for
cognate ligand recognition, a single transmembrane domain (TMD), and an intracellular
cytoplasmic domain which is comprised of a juxtamembrane regulatory region, the
protein tyrosine kinase domain, and a C-terminal domain (Figure 1.7) (Lemmon &
Schlessinger 2010).

RTKs share a common signalling mechanism upon cognate extracellular growth
factor ligand recognition: homo-, hetero-, and/or oligomerization (Ullrich & Schlessinger
1990; Lemmon & Schlessinger 2010). Some subfamilies, however, rely to a greater
extend on agonist-mediated dimerisation than others (Lemmon & Schlessinger 2010;
Maruyama 2014; Maruyama 2015). For example, vascular epidermal growth factor
receptor 2 (VEGFR-2) depends on bivalent agonist-facilitated dimerisation for gaining
signalling competency (Figure 1.7) (Wiesmann et al. 1997; Ruch et al. 2007; Dosch &
Ballmer-Hofer 2010). Other RTKs exclusively dependent on dimerisation include the

cell factor receptor KIT (H. Liu et al. 2007), the nerve growth factor (NGF)/neurotrophin
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Figure 1.7 | A representative of RTKs: vascular endothelial growth factor receptors
(VEGFRSs). There are three VEGF receptor tyrosine kinases that bind to mammalian vascular
endothelial growth factors (VEGFs), such as dimeric VEGF isoforms (A, B, C, D) and placenta
growth factor (PLGF). Cognate agonist binding leads to homo- and/or heterodimer formation.
These single transmembrane-spanning receptors share a modular structure, comprised of an
immunoglobulin  homology repeat-constituted extracellular domain for cognate ligand
recognition (green, blue and purple ball structures in the cartoon), a single transmembrane
domain (TMD), and an intracellular cytoplasmic domain which is comprised of 2 tyrosine kinase
domains (orange rods) separated by a kinase insert and an additional C-terminal regulatory
region (black line). VEGFR3 contains a disulfide bridge in the ectodomain (S-S). The dotted line
indicates proteolytic processing of VEGFC and D prior to receptor binding. Reprinted by
permission from Macmillan Publishers Ltd: [Nat Rev Mol Cell Biol.] (Olsson, A.-K. et al. 2006.
VEGF receptor signalling - in control of vascular function. Nature Reviews Molecular Cell
Biology, 7(5), pp.359-371.), copyright (2006). Licence #4246520172536.
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receptor TrkA (Wiesmann et al. 1999), Axl (Sasaki et al. 2006), Tie2 (Barton et al.
2006), and ephrin receptors (Lackmann et al. 1998). In contrast, the insulin receptor, a
disulfide-bonded dimer, undergoes conformational changes upon insulin binding (Ward
et al. 2007). The epidermal growth factor receptor (EGFR, also known as ErbB1 or
HER1) is proposed to be preassembled as oligomers before epidermal growth factor
engagement (Gadella & Jovin 1995; Garrett et al. 2002; Ogiso et al. 2002; Clayton et
al. 2005; Ward et al. 2007).

Irrespective of the receptor configuration prior to agonist binding, ligand
engagement overcomes various modes of cis-autoinhibition in the tyrosine kinase
domains, prompting intracellular receptor trans-phosphorylation (Nolen et al. 2004;
Hubbard 2004; Lemmon & Schlessinger 2010). Subsequently, newly created
phosphorylated residues serve as binding sites for the recruitment of Src homology-2
(SH2) and phosphotyrosine-binding (PTB) domain-containing cytoplasmic signalling
proteins (Schlessinger & Lemmon 2003; Pawson 2004). One such example is the
growth factor receptor-bound protein 2 (Grb2) that functions post-phosphorylation as
docking site for successive protein recruitment (e.g., Grb2-associated binder (Gab1))
to eventually form a multiprotein complex. These complexes then trigger complex

signalling pathways (Lemmon & Schlessinger 2010).

Vascular endothelial growth factor receptors (VEGFRs) comprise one of the 20
subfamilies of RTKs. Under normal physiological conditions, they are important
regulators of angiogenesis in development and adulthood, and are primarily expressed
on endothelial cells (Olsson et al. 2006; Simons et al. 2016). However, VEGFRs and
their ligands (VEGFs) also play a crucial role in the tumour microenvironment, favouring
tumour growth and aiding the spread of metastasis. Consequently, this signalling
pathway has become an important target for therapeutic intervention in various forms

of cancer, including metastatic colorectal cancer, non-small-cell lung cancer, and
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ovarian cancer (Masoumi Moghaddam et al. 2012; Monk et al. 2016; Graybill et al.
2015; Ferrara & Adamis 2016).

VEGFRs comprise three closely related receptors that contain 7 immunoglobulin
(Ig)-homology domain repeats in their ectodomain. In VEGFRS, one of the Ig domains
is substituted for a disulfide bridge (Figure 1.7) (Olsson et al. 2006; Simons et al. 2016).
The Ig 2 and 3 domains facilitate binding to dimeric VEGF isoforms (A, B, C, D) and
placenta growth factor (PLGF) (Muller et al. 1997; Fuh et al. 1998; Christinger et al.
2004; Olsson et al. 2006). On the intracellular side, following a juxtamembrane domain,
VEGFRs contain two tyrosine kinase domains which are separated by a short kinase
insert, and finally a C-terminal tail (Figure 1.7) (Olsson et al. 2006; Simons et al. 2016).

Agonist binding facilitates receptor homo- or heterodimerisation, in particular
between VEGFR1-VEGFR2 and VEGFR2-VEGFR3 (Dixelius et al. 2003; Nilsson et al.
2010; Harris et al. 2013; Yao et al. 2014; Y. Deng et al. 2015). Agonist-mediated
receptor dimerisation activates canonical RTK signalling (Dixelius et al. 2003; Simons
et al. 2016). Dimerised receptors auto-phosphorylate each other thereby creating
binding sites for signal transducers and adapter proteins that trigger several signalling
pathways, such as PLCy—-ERK1/2 pathway, the PISBK-AKT-mTOR pathway, or the
SRC and small GTPases (Olsson et al. 2006; Simons et al. 2016). VEGFRs and VEGFs
can also bind to co-receptors, such as heparan sulphate proteoglycans and neuropilins,
providing an additional layer of canonical signal modulation (Grinewald et al. 2010;
Simons et al. 2016).

Non-canonical activation of VEGFR2 can be achieved by non-VEGF ligands or
non-VEGF-dependent factors, such as mechanical force (Z.-G. Jin et al. 2003; Tzima
et al. 2005; Simons et al. 2016).

Similar to GPCR desensitisation and resensitisation, VEGFR?2 is internalised by

clathrin-coated pits and transported to early endosomes. From there, receptors are

32



Chapter 1: Introduction

either marked for degradation in lysosomes or recycled and transported back to the cell

membrane (Simons et al. 2016).

1.2.2 Prosthetic gene networks

Synthetic biology advances in mammalian cells have generated complex synthetic
networks that address pressing medical challenges in the treatment of metabolic and
autoimmune diseases. Circuit designs rely on either engineered TFs that specifically
detect and respond to endogenous, disease-associated diffusible biomarkers (Rdssger,
Charpin-El Hamri & Fussenegger 2013a; Kemmer et al. 2010) or native transmembrane
receptors that propagate endogenous and/or exogenous stimuli through an engineered
signalling cascade eventually leading to a therapeutically-relevant transcriptional
response (Ye, Charpin-El Hamri, et al. 2013; Stanley et al. 2012; Stanley et al. 2014;
Ye et al. 2011; Rossger, Charpin-El Hamri & Fussenegger 2013b; D. Auslander et al.
2014; Bai et al. 2016; M. Xie et al. 2016; Ye et al. 2017; Haellman & Fussenegger
2017).

Genetically engineered cells that contain complex synthetic gene circuits can be
deployed to alleviate metabolic disorders in vivo (Folcher & Fussenegger 2012;
Bacchus et al. 2013; Heng et al. 2015). These transgenic cells can be encapsulated in
biocompatible and semi-permeable packaging material (e.g., alginate-poly-L-lysine)
that allows diffusion of small molecules and proteins, and at the same time hampers
adverse host immune responses and potential leakage of genetic information (Drury &
Mooney 2003). By fulfilling therapeutically-relevant tasks that are otherwise
compromised in the host (i.e. a prosthetic gene network), designer cells respond to
particular disease-relevant metabolites by secreting diagnostic, preventive, or
therapeutic effector proteins (Folcher & Fussenegger 2012; S. Auslander et al. 2012;

Bacchus et al. 2013; Heng et al. 2014; Heng et al. 2015).
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A powerful example is the use of prosthetic gene networks designed to regulate
glucose homeostasis in mice. These include: (i) engineered HEK293 cells containing a
synthetic, light-inducible transgene circuit for releasing glucagon-like peptide 1 (GLP1,
attenuates hyperglycaemia) upon transdermal light stimulation (Ye et al. 2011; Shao et
al. 2017); (ii) HEK293T cells engineered to express the temperature-sensitive calcium
channel TRPV1 and elicit insulin transgene expression when exposed to low frequency
radio waves (Stanley et al. 2012; Stanley et al. 2014); (iii) cells equipped with a synthetic
signalling cascade that, upon being challenged with the anti-hypertension drug
guanabenz, trigger the secretion of metabolically active peptides GLP1 and leptin
(attenuates obesity) (Ye, Charpin-El Hamri, et al. 2013).

A more advanced class of prosthetic gene networks entail self-sufficient and
autonomous close-looped systems, whereby an endogenous disease biomarker (input)
automatically triggers the secretion of a therapeutic protein (output) (Heng et al. 2015).
Martin Fussenegger’s laboratory published the first implementation of a closed-loop
prosthetic gene network that comprises engineered cells that sense high levels of uric
acid and secrete urate oxidase, thereby controlling hyperuricemia (Kemmer et al.
2010). In another study using a diet-induced obesity mouse model, human
fibrosarcoma cells were equipped with a chimeric nuclear lipid-sensing receptor
(Roéssger, Charpin-El Hamri & Fussenegger 2013a). This chimeric receptor initiates the
expression of the appetite-suppressing peptide hormone pramlintide in presence of
elevated blood fat levels, but only in absence of the dietary stimulus phloretin (Réssger,
Charpin-El Hamri & Fussenegger 2013a).

Type 1 diabetes is characterised by a lack of insulin-producing pancreatic 3-
cells which eventually leads to greatly increased acidic ketone bodies in the liver that
impair the COz-bicarbonate pH-buffering in the bloodstream (Gosmanov et al. 2014).

The increased amount of protons can be detected by engineered HEK293T cells that
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express the pH-sensing GPCR TDAGS8 (T-cell death-associated gene 8) and respond
by secreting a transgenic insulin (furin-cleavable proinsulin I) thereby restoring glucose
homeostasis (D. Auslander et al. 2014).

Reports suggest that obesity-induced insulin resistance can be ameliorated by
administrating adiponectin which has insulin-sensitising properties. (H. Gao et al. 2013;
Ziemke & Mantzoros 2010). Based on this observation, the Fussenegger laboratory
configured a circuit in which the ectopically overexpressed human insulin receptor
detects pathogenically high levels of insulin (Ye et al. 2017). This signal is transduced
through the endogenous mitogen activated protein kinase (MAPK) signalling cascade
culminating in the activation of a chimeric transcription factor which leads to the
expression of transgenic adiponectin. Delivery of this genetically installed prosthetic
gene network in microencapsulated HEK293 cells successfully attenuated insulin
resistance (hyperinsulinaemia) in a mouse model (Ye et al. 2017).

Diabetic patients suffer from chronic hyperglycemia (elevated blood glucose
levels) caused from either complete loss of insulin-secreting B-cells (type 1 diabetes,
T1D) or progressive loss of B-cell numbers and/or their secretory capacity (type 2
diabetes, T2D). In the latest implementation of a closed-loop prosthetic gene network,
the Fussenegger laboratory reported the first autonomously-operating therapeutic
programme that directly senses glucose levels in the bloodstream (M. Xie et al. 2016).
At the core of this synthetic programme is the ectopically expressed, voltage-gated Ca**
channel. Glucose metabolism generates a large amount of ATP which triggers the
closure of ATP-sensitive K" channels and concomitantly depolarises the membrane
allowing Ca** channels to open (MacDonald et al. 2005). Ca** influx results in the
phosphorylation of the nuclear factor of activated T cells (NFAT). Phosphorylated NFAT
translocates into the nucleus and drives the expression of transgenes carrying a NFAT-

responsive promoter (M. Xie et al. 2016). In T1D mouse models, microencapsulated
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designer cells inducibly expressed an engineered insulin as a transgene, restoring
glucose homeostasis. Importantly, mice did not experience too high blood glucose
(hyperglycaemic) as well as too low blood glucose (hypoglycaemic) levels (M. Xie et al.
2016). These mimetic B-cells performed in a head-to-head comparison better than

implanted immortalised B-cell lines and human islets (M. Xie et al. 2016).

In principle, prosthetic gene networks embedded into designer cells could offer great
opportunities compared to traditional oral or intravenous administration of therapeutic
drugs. Living cells detect, process and secrete therapeutically-relevant factors in a
contained and compact format compared to implantable biomedical devices that require
sensors, electronics and mechanical microfluidic system components (Heng et al.
2015). Furthermore, therapeutically engineered cells produce a limitless supply of
therapeutic molecules unlike biomedical devices that require refilling and proper,
temperature-wise storing of the drugs (Heng et al. 2015). Finally, cells with prosthetic
gene networks can exploit the host organism metabolism as power source in contrast

to biomedical devices which operate on rechargeable batteries (Heng et al. 2015).

1.2.3 Synthetic receptors

In 2017, the American Food and Drug Agency (FDA) approved the first chimeric antigen
receptor (CAR) T cell therapy called Kymriah (Novartis) for the treatment of B cell acute
lymphoblastic leukaemia (Dolgin 2017). One course of treatment costs US$475,000
(Yip & R. M. Webster 2018). This decision marks a milestone in the development of
personalised cell-based therapies as an alternative to standard small molecule-based
drugs and biologics (e.g., antibodies) (Fischbach et al. 2013; Roybal & W. A. Lim 2017).
Such “living drugs” are superior to the latter because they can autonomously register
inputs, process and convert them into complex response programmes (Mason et al.
2011; Fischbach et al. 2013; Ye, Aubel, et al. 2013; Kitada et al. 2018) (Chapter 1.2.2).
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In the last part of the introduction, | discuss: (i) the development of CAR and
synNotch immunological synthetic receptors, which recognise cell-surface bound
antigens; and (ii) chimeric receptors that enable the integration of various soluble

ligands, such as RASSL/DREADD, GPCR TANGO, and MESA.

1.2.3.1 Chimeric antigen receptors (CARs)

CARs are modular artificial receptors that exploit antibody-based antigen recognition to
elicit a full T cell response (Kershaw et al. 2013; Gill & June 2015; C.-Y. Wu, Rupp, et
al. 2015; Fesnak et al. 2016; W. A. Lim & June 2017).

A CAR is a single polypeptide composed of three main parts: an extracellular
target binding module, a transmembrane domain (TMD), and various intracellular
signalling modules (Figure 1.8). The engineered extracellular antigen-recognition
domain is composed of a single chain variable fragment (scFv). scFvs are derived from
monoclonal antibodies and confer selectivity and specificity of CARs to a particular, pre-
defined antigen. The scFv is linked via a flexible hinge region to a TMD that facilities
cell membrane integration. The CAR TMD is based primarily on the TMDs of CD8 or
CD28 co-receptors. In the most basic CAR configuration, the intracellular domain
consists of the T cell receptor (TCR)-originating CD3 zeta chain (CD3¢) for T cell
activation (Figure 1.8) (Kershaw et al. 2013; Srivastava & Riddell 2015; Z. L. Chang &
Y. Y. Chen 2017; Sadelain et al. 2017).

At the end of the 1980s, the first CARs were developed in an attempt to
genetically redirect T cells to any cancer-associated antigen in a non-major
histocompatibility complex (MHC)-restricted manner (Kuwana et al. 1987; Gross et al.
1989; Roberts et al. 1994; Altenschmidt et al. 1996). Generally, native T cells recognise

antigens on antigen presenting cells (APC, comprising all nucleated cells in the body)
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Figure 1.8 | Chimeric antigen receptor (CAR) design inspired by native T cell receptor
(TCR) architecture. The endogenous, native TCR consists of a paired a and B chain that
engage with an antigen presented by the major histocompatibility complex (MHC). The TCR is
associated with additional chains comprising 9, €, y, and the signalling chain CD3( (left). The
activated TCR contributes signal 1 to T cell activation. Signal 2, the co-stimulatory signal, is
provided in trans by activating co-stimulatory receptor domains, such as CD27, CD28, ICOS,
4-1BB, OX40, or by inhibitory co-stimulatory receptor domains, such as programmed cell death
protein 1 (PD1) (not shown). Only signal 1 and activating signal 2 lead to potent T cell effector
function. Inspired by the functional extracellular domains and intracellular signalling domain
requirements, chimeric antigen receptors (CARs) were developed. CARs possess for antigen
engagement on the extracellular side single-chain variable fragments (scFvs) derived from
immunoglobulin (Ig) heavy chain variable and light chain variable domains (right). Downstream
of the scFV is a hinge domain, transmembrane domain (TMD) and intracellular signalling
domains. Second generation CARs contain two signalling domains, typically co-stimulatory
domain 4-1BB and CD3¢ in cis. Third generation CARs contain additional co-stimulatory
domains (see box). Antigen-bound single CAR polypeptide elicits full T cell effector function.
ICOS, inducible T cell co-stimulator; LAT, linker for activation of T cell family member 1; ZAP70,
C-associated protein of 70 kDa. Reprinted by permission from Macmillan Publishers Ltd: [Nat
Rev Cancer] and adopted from Fesnak, A.D., June, C.H. & Levine, B.L., 2016. Engineered T
cells: the promise and challenges of cancer immunotherapy. Nature Reviews Cancer, 16(9),
pp-566-581., copyright (2016). Licence #4245341241867.
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via their endogenous TCR. In particular, the TCR binds tightly to an antigen that is
presented in complex with MHC class | or Il on the cell surface of a target cell (Figure
1.8). Ligand engagement by the ectodomain of the TCR leads to the phosphorylation
of intracellular ITAM motifs (immunoreceptor tyrosine-based activation) of the CD3(
domain. These phosphorylations are specifically recognised by SH2 domain effector
proteins (e.g., ZAP70 kinase) (Smith-Garvin et al. 2009; Chakraborty & Weiss 2014),
providing initiating signal 1. To fully unfold T cell activation and expansion of tumour
antigen-specific T cells, a second signal is required, which is obtained by the
engagement of co-stimulatory T cell receptors (Fesnak et al. 2016). Inherently, cancer
and tumour cells are recognised by T cells as “self” and therefore are “invisible” to the
body’s immune system. This process is exacerbated by tumour cells actively down-
regulating antigen presentation via MHC classes (Restifo et al. 1996).

Inspired by the TCR architecture, iterative engineering efforts led to three
generations of CARs that eventually displayed desirable therapeutic properties in
transgenic T cells in the fight of cancer and autoimmune diseases (Figure 1.8)
(Kochenderfer & Rosenberg 2013; Kalos & June 2013; Sadelain et al. 2013; Kershaw
et al. 2013; Gill & June 2015; Fesnak et al. 2016; W. A. Lim & June 2017; Z. L. Chang
& Y.Y.Chen 2017).

In the process referred to as adoptive T cell therapy, T cells are isolated from
blood, then purified, stimulated with antigens, and genetically modified with CARs ex
vivo. After expansion in vitro and quality control, engineered T cells are re-infused into
patients (Rosenberg & Restifo 2015; Fesnak et al. 2016; W. A. Lim & June 2017). T
cells can either originate for the same patient (autologous) or from a donor (allogeneic).

Most notably, anti-CD19 CAR T cells have been shown to be especially effective
in eliminating chemotherapy-resistant B cell leukaemia and lymphomas (response rates

of 70%-90%) (Porter et al. 2011; Kalos et al. 2011; Kochenderfer et al. 2012; Davila et
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al. 2014; Brentjens et al. 2013; Maude et al. 2014; Turtle et al. 2016; Kochenderfer &
Rosenberg 2013; Maus et al. 2014; Gill & June 2015; Schuster et al. 2017; Neelapu et
al. 2017). This is due to the fact that CD19, which drives T cell activation in CD19-CAR
T cells, is exclusively and ubiquitously found in high abundance on most B cell
malignancies and in the tissue of the B cell lineage but absent in other tissues (Y. S. Li
et al. 1996). Since depleting all B cells is compatible with survival, CD19-CAR T cells

can be effectively used to eradicate B cell malignancies (Gross & Eshhar 2016).

Immunological consideration and pitfalls

Although CARs hold great promise for next-generation therapeutic devices, there are
still limitations associated with artificial receptors. A general problem in receptor
engineering is the incorporation of heterologous polypeptide sequences. The scFv
domains of CARs are derived from mice (Kershaw et al. 2006; Lamers et al. 2011),
which pose a substantial risk of triggering adverse humoral and cellular immune
responses in patients. A solution has been provided by the use of humanized
(Westwood et al. 2005; Y. Zhao et al. 2009; Sun et al. 2014; Johnson et al. 2015) or
even fully human scFvs (Morgan et al. 2012; Lanitis et al. 2012; Song et al. 2015;
Sommermeyer et al. 2017).

Other complications related to CAR T cells include: (i) on-target, off-tumour
responses (detecting antigens on bystander tissue, non-tumour cells); (ii) cytokine
storm/cytokine release syndrome (CRS, release of proinflammatory cytokines on a
systemic level, a function of large quantities of therapeutic T cells); (iii) tumour lysis
syndrome (TLS, immune response as a consequence of rapidly eliminating large

quantities of tumour cells) (Kalos & June 2013; W. A. Lim & June 2017).

Next-generation CAR designs: OFF switches and Boolean logic gates

Safety concerns associated with CAR T cells have been addressed by incorporating

safety mechanisms, that either act as OFF switches (reactive approach,
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endogenously/exogenously inactivated) or as ON switches (preventive approach,
exogenously activated). In general, most of these concepts have been or can be applied
to other synthetic receptors, highlighting their importance in synthetic receptor
engineering (Kitada et al. 2018).

An OFF switch for a CAR T cell can be installed by integrating a suicide gene
that converts an exogenously-administered prodrug into a cytotoxic agent thereby
sacrificing transgenic T cells (Lupo-Stanghellini et al. 2010). Transducing T cells with
the herpes simplex virus thymidine kinase (HSV-TK) gene renders them susceptible to
ganciclovir administration (Bordignon et al. 1995; Tiberghien et al. 2001; Marktel et al.
2003; Ciceri et al. 2009). Similarly, the engineered variant of human thymidylate kinase
(tmpk) provides a selection opportunity in the presence of the small molecule drug 3-
azido-3-deoxythymidine (AZT) (Sato et al. 2007).

Another approach is provided by the iCasp9 system, whereby T cells co-express
a caspase 9-rapamycin-based dimerisation domain fusion protein. Upon administration
of a chemical inducer, homodimerisation of iCasp9 is induced which triggers an
endogenous apoptosis programme (Tey et al. 2007; Di Stasi et al. 2011).

Another layer of control can be achieved by labelling the engineered T cells with
pre-defined cell-surface markers, which can be targeted by therapeutic antibodies
leading to specific depletion of engineered T cell in vivo. Examples include: (i) co-
expression of the CD20 B-cell antigen (Serafini et al. 2004; Griffioen et al. 2009; Vogler
et al. 2010), (ii) a chimera of CD20 and CD34 antigens (RQRS8) (Philip et al. 2014); (iii)
a truncated version of human EGFR polypeptide (huEGFRt) (Xiuli Wang et al. 2011);

(iv) engrafting a short c-myc tag into the TCR sequence (Kieback et al. 2008).

Some of the most powerful and robust ON switch systems described so far in
engineered T cells are based on Boolean logic AND gates. Logic gates are part of

Boolean logical computation in which only the correct combination of inputs (e.g.,
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antigens, externally delivered small molecules) yield a predictable response (output).
Specifically, an AND gate requires the presence of both antigen A and antigen B to be
functional, performing an “A AND B” signal integration. When only antigen A or only
antigen B is present, the requirements for the Boolean AND gate are not fulfilled, and
the designer T cells remain inactivate. Such an AND gate configuration offers the
opportunity to gain reversible temporal and spatial control over the designer cells by
locally or systemically administering pharmacologically appropriate small molecules
that exert dose-specific responses (Roybal & W. A. Lim 2017). Several successfully
implemented strategies have been reported for creating AND gates in transgenic CAR
T cells (Wilkie et al. 2012; Lanitis et al. 2013; Kloss et al. 2013; Roybal, Rupp, et al.
2016; Han et al. 2017).

For example, Wendell Lim’s laboratory conceived an alternative CAR design
that requires a second input, an exogenously-delivered small molecule, to allow signal
integration (C.-Y. Wu, Roybal, et al. 2015). This ON switch CAR was created by splitting
and rearranging the original CAR into two fragments. One fragment contains the
antigen-detecting scFv recognition domain that is linked via a TMD to a costimulatory
domain and one half of a small molecule-dependent heterodimerisation domain
(antigen-binding component). The other part of the receptor is membrane-tethered and
contains the respective other half of the heterodimerisation domain as well as the T cell
receptor CD3¢ domain. In this instance, the receptor is only active —in a dose-
dependent manner- in the presence of the small molecule that facilitates conditional
association of the heterodimerisation domains to reconstitute a full length CAR that

upon antigen engagement signals through its CD3¢ domain.

As discussed so far, T cells have been subjected to extensive engineering efforts. Great
success has been achieved in fighting B cell malignancies primarily due to the ease of

access to B cells in the bloodstream and their exclusive expression of CD19. Expanding
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the therapeutic potential of re-directed T cells to solid tumours poses a number of
challenges owing to the complexity and pathologically diverse hallmarks of cancer
(Hanahan & Weinberg 2000; Hanahan & Weinberg 2011). Currently, CAR T cells have
been shown poor efficiency against solid tumours. This is due to multiple reasons,
including (i) the immunosuppressive tumour microenvironment that limits T cell
performance by lowering their efficacy and persistence; (ii) lower susceptibility of solid
tumours to the effects of T cell-mediated cytotoxicity; and (iii) an inherent scarcity of a
tumour/tissue-specific antigen profile (Motz & Coukos 2011; Sadelain et al. 2013; Joyce
& Fearon 2015; W. A. Lim & June 2017; E. Zhang et al. 2018). To overcome these
limitations, novel classes of CARs or alternative synthetic receptor scaffolds will have
to be conceived, which take into consideration particular characteristics of different
cancer types and integrate a broader portfolio of disease-specific biomarkers (Teng et

al. 2015; Yuedi Wang et al. 2017).

1.2.3.2 Synthetic Notch receptor (synNotch)

Endogenous Notch is a single-pass transmembrane receptor consisting of 29 to 36
extracellular EGF-like repeats that mediate Delta ligand binding, a TMD, and an
intracellular domain that functions as a TF (NICD) (Figure 1.9a) (Artavanis-Tsakonas
et al. 1999; Kopan & llagan 2009). Notch signalling underlies a direct and
straightforward signal integration pathway without additional mediators or second
messengers for signal amplification (Kopan & llagan 2009). The endogenous Notch
receptor recognises its cognate ligand Delta on the surface of other cells. This
engagement generates mechanical force which triggers intramembrane proteolysis by
metalloproteases and y-secretases thereby releasing NICD which translocates into the

nucleus to exert its transcriptional activation on target genes (Kopan & llagan 2009).
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Figure 1.9 | Synthetic Notch receptor (synNotch) design inspired by native Notch
receptor architecture. (a) The extracellular EGF repeats of endogenous Notch receptor
recognise the ligand Delta on an opposing cell (sender cell). This ligand—receptor engagement
triggers the intramembrane cleavage of Notch thereby releasing the Notch intracellular
signalling domain (NICD). Liberated NICD translocates into the nucleus to induce endogenous
target gene expression. (b) The synthetic Notch receptor (synNotch) describes a modular
receptor architecture in which the extra- and intracellular domains can be exchanged for
alternative domains. scFvs as novel extracellular recognition domains can recognise a particular
antigen on a sender cell. Upon ligand engagement, the native minimal Notch transmembrane
core undergoes proteolytic cleavage, thereby liberating the intracellularly coupled artificial
transcription factor (TF), such as tTA or Gal4-VP64. The TF induces user-defined pre-integrated
transgene expression in the nucleus. Adapted from “Engineering Customized Cell Sensing and
Response Behaviors Using Synthetic Notch Receptors”. Cell, 164(4), pp.780-791, Morsut, L.
et al. Copyright 2016, with permission from Elsevier. Licence #4245390566951.
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The modularity, compact design and straight-forward signalling displayed by
Notch receptors fostered implementations of novel synthetic receptor architectures. In
the first iteration, the NICD was exchanged by Gal4-VP16. Studies in Drosophila (Struhl
& Adachi 1998) and in mammalian cells (Sprinzak et al. 2010) revealed that upon Delta
ligand engagement, Gal4-VP16 in this chimeric Notch receptor could translocate into
the nucleus and drive transgene expression. To take full advantage of the modularity
presented by Notch, both the input and output domains where subsequently modified.
One such example is the Notch-based synthetic receptor (synNQ).

synNQ consists of an anti-GFP-binding single domain antibody (nanobody) for
ligand-binding and an artificial activating TF (QF, originating from Neurospora crassa
ga) which replaces the NICD. In this case, the cognate ligand for the nanobody is a
membrane-tethered artificial GFP ligand provided in frans. This receptor was utilised to
visualise cell-cell interactions in cultured Drosophila cells (Gordon et al. 2015) and
between various tissues in Drosophila in vivo (He et al. 2017). Similarly, another group
reported the construction of a chimeric Notch receptor (SNTGV) composed of an anti-
mouse CD19 single-chain antibody domain (SCAD), Notch TMD, and Gal4-VP16 as
TF. This receptor was used to visualise cell-cell interactions between neurons and glia

cells in transgenic Drosophila in vivo (Huang et al. 2016).

In three seminal publications in 2016, the Wendell Lim laboratory established synthetic
Notch receptors (synNotch) as a novel means for adoptive immunotherapy (Figure
1.9b) (Morsut et al. 2016; Roybal, Rupp, et al. 2016; Roybal, J. Z. Williams, et al. 2016).
The synNotch receptor encompasses a modular structure of different scFvs or
nanobodies as extracellular domains and various artificial transcription factors as
endodomains (e.g., Gal4-VP64, tTA, Gal4-KRAB). The only constant part in all modular
combinations is the native minimal Notch transmembrane core, which is indispensable

for proteolysis. scFvs bind a variety of membrane-tethered endogenous and synthetic
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ligands as input stimuli while the artificial TFs enable the transcription of custom-
integrated transgenes as engineered output responses (Morsut et al. 2016) (Figure
1.9b).

Morsut et al. (2016) demonstrated (i) that synNotch is functional in many
different immortalised mammalian cell lines, neurons, and primary T cells; (ii) that
several synNotch signalling pathways can function independently to one another; and
(iif) combinatorial input/output signalling (providing orthogonality) exemplified by a 2-
input synNotch AND gate logic.

Roybal, Williams et al. (2016) showed that synNotch could be employed to
construct T cells with novel therapeutically relevant properties. In this case, activated
synNotch was used to drive customised cytokine programmes, express therapeutic
agents (e.g., antibodies), and induce master regulator transcription factors to change T
cell fates (Roybal, J. Z. Williams, et al. 2016).

The third paper by Roybal, Rupp et al. (2016) focused on serially connected
synNotch/CAR AND gate circuits. The resulting designer T cells require synNotch
receptor activation via antigen A to induce expression of a CAR that can then bind to
antigen B, when presented. These synNotch/CAR T cells were active only in the
presence of both antigens, which guaranteed confident discrimination between single
antigen presenting bystander tumour cells and dual antigen presenting target tumour

cells in a mouse model in vivo (Roybal, Rupp, et al. 2016).

However, the synNotch T cell input factors are inherently limited to cell-surface markers
(CD19, GFP ligand) on target cells and the outputs generated by these engineered T
cells originate from previously integrated transgenes or, in case of second input CARs,
the endogenous T cell response programme. To overcome cell-surface restricted
antigen recognition and further refine target specificity (bystander vs target cells), a new

class of receptors is needed that can integrate a number of other tumour-specific
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microenvironment markers such as expression profiles of chemokines, cytokines, and

tumour-specific signalling molecules.

1.2.3.3 Engineered G-protein-coupled receptors

Since GPCRs can integrate the broadest variety of endogenous and exogenous ligands
(Chapter 1.2.1.1), they embody an ideal receptor family for engineering complex
synthetic gene networks (Heng et al. 2014). Much research has been dedicated to
exploiting the input versatility of GPCRs in designing transcriptional programmes
initiated by their agonists.

In the following subchapters, | first discuss input-modified GPCRs. These
include receptor activated solely by a synthetic ligand (RASSL) and designer receptor
exclusively activated by designer drugs (DREADDs), which are engineered GPCRs that
lost binding specificity to their cognate ligands and instead are activated by synthetic
compounds (Pei et al. 2008; Conklin et al. 2008; Jurgen Wess et al. 2013; D. J. Urban
& Roth 2015). Second, | focus on output-modified GPCRs that integrate receptor
stimulation via an artificial non-programmable TF (Barnea et al. 2008; Kroeze et al.

2015) (Figure 1.10).

1.2.3.3.1 Receptors Activated Solely by a Synthetic Ligand (RASSLs) and
Designer Receptor Exclusively Activated by Designer Drugs (DREADDs)

RASSLs are synthetic GPCRs developed to possess novel ligand specificities. Instead
of binding to their native cognate ligand, RASSLs display responsiveness to inert, drug-
like small molecules while retaining specific G-protein-mediated signalling (Figure

1.10a,b) (Conklin et al. 2008).
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Figure 1.10 | Engineering GPCR signalling capabilities. (a) Wild-type GPCRs recognise their
cognate ligand and trigger an endogenously pre-defined G-protein and G-protein-independent
signalling cascade. Ga. (star shape) and Gpy separated from each other symbolise G-protein
signalling pathway activation. (b) Receptor activated solely by a synthetic ligand (RASSL) and
Designer receptor exclusively activated by designer drugs (DREADDs) GPCR contain
mutations in the GPCR scaffold (red stars) conferring new ligand binding selectivity while
retaining endogenous signalling pathway activation. (¢) Implementation of an artificial G-protein
independent signalling pathway by utilising a synthetic TF. GPCR TANGO architecture
describes a GPCR that is linked to a V, tail (originating from the vasopressin receptor), a TEV
cleavage site (TCS), and tTA. Upon ligand engagement, the artificial fusion protein B-arrestin2-
TEV is actively recruited to the phosphorylated V, tail thereby prompting TEV protease-
mediated TCS cleavage. Liberated tTA then translocates into the nucleus to induce transgene

expression.
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RASSLs were created by site-directed mutagenesis and/or by replacing existing
loop domains in the GPCR with domains from other GPCRs (Coward et al. 1998). One
of the earliest examples of RASSLs is based on the human Gaj-coupled k opioid
receptor (human RASSL opioid Gai-coupled receptor, hRO-i, old name Ro1). hRO-i
and derivatives thereof exhibit an up to three orders of magnitude reduction in activation
capability by their cognate ligand dynorphin (Coward et al. 1998). Instead, they are
robustly activated by the small molecule drug spiradoline (Coward et al. 1998). hRO-i
was functionally validated in a mouse model achieving inducible Ga; signalling in
cardiomyocytes (Redfern et al. 1999). A second example is the hRS-s, a human RASSL
based on the serotonin 4 receptor that signals through Gos. Unlike the wildtype
serotonin 4 receptor which responds to serotonin (5-HT), the hRS-s is exclusively
activated by small synthetic compounds due to a single amino acid mutation in the
transmembrane domain (Claeysen et al. 2003; W. C. Chang et al. 2007; Hsiao et al.
2008).

Generally, first-generation RASSLs displayed compromised functionality in vivo
because of: (i) low binding affinity to synthetic ligands; (ii) remaining residual binding
affinity to endogenous ligands; (iii) displaying constitutive basal activation (leakiness);
(iv) synthetic ligands activating other endogenous receptor signalling (off-target

binding) (Conklin et al. 2008).

These limitations were overcome by utilising directed molecular evolution to design a
second generation of RASSLs, which were called designer receptors exclusively
activated by designer drugs (DREADDs) (Armbruster et al. 2007; S. Dong et al. 2010)
(Figure 1.10b).

Prototype DREADDs are the clozapine-N-oxide (CNO)-sensitive designer
GPCRs based on the human M3 muscarinic receptor family (class A GPCRs) (Jurgen
Wess 2016). The unaltered, endogenous muscarinic receptors bind to their agonist
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acetylcholine whereas the engineered hM3 DREADDs (hM3D) are activated
exclusively by the inert drug CNO without compromising canonical signal transduction
pathways (Armbruster et al. 2007). The initial hM3Dq retained the native signalling
properties of the endogenous receptor, signalling through Gog-type G proteins and -
arrestin (Armbruster et al. 2007; Nakajima & Juergen Wess 2012). Other variants of
hM3Dq can engage in Ga;-mediated signalling (Armbruster et al. 2007), Gas-coupled
signalling (Guettier et al. 2009), signal exclusively via Gaq (J. Hu et al. 2016), or initiate
signalling primarily through B-arrestin (Nakajima & Juergen Wess 2012).

hM3Dqg and hM4Di were also employed to remotely excite and inactivate
neurons, respectively, in a transient manner in vivo (Alexander et al. 2009; Scofield et
al. 2015; Mahler et al. 2014; Stachniak et al. 2014). Specific hM3Dqg (hM3D-Gq)
overexpression in mouse pancreatic B-cells in combination with sustained CNO
treatment improved [B-cell proliferation and insulin production counteracting drug-
induced diabetes in mice (Guettier et al. 2009; Jain et al. 2013). These studies not only
showcased the potential for engineering synthetic signal pathways but also illustrated
potential therapeutic applications for DREADDs.

Interestingly, CNO was later found to be metabolised in humans into the
pharmacologically active compound clozapine which triggers a plethora of undesirable
responses thereby compromising the specificity of DREADDs (L&ffler et al. 2012; Roth
et al. 2004). However, an alternative truly inert compound, termed “Compound 217, was
later identified (Xin Chen et al. 2015).

With the development of a second DREADD class, not only a different ligand
could be used to trigger receptor activation but also multiplexing two DRAEDDs via 2-
input logic gates was achievable. The KOR DREADD (KORD) is based on the Goy-
coupled k-opioid receptor (KOR) and exclusively activated by salvinorin B (Vardy et al.

2015). This enabled remote and simultaneous or sequential modulation of neuronal
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behaviour in vivo by multiplexing inhibitory KORD with excitatory hM3Dq receptors

(Vardy et al. 2015; Aldrin-Kirk et al. 2016).

1.2.3.3.2 Non-programmable TF-based GPCRs (GPCR TANGO)

Barnea et al. (2008) conceived a synthetic GPCR-based scaffold that implements an
orthologous signalling pathway by exploiting endogenous transient GPCR-arrestin
interactions (GPCR TANGO, Figure 1.10c).

This GPCR TANGO architecture consists of two custom components. First, the
human arginine vasopressin receptor 2 (AVPR2)-originating tail (V. tail), a TEV
protease cleavage sequence (low-affinity TCS, amino acid sequence ENLYFQL) and
the artificial TF, tTA, are fused to the GPCR C-terminal cytoplasmic tail. The addition of
the well characterised V; tail increases the affinity for B-arrestin2 recruitment to the
GPCR of interest, which form a more stable complex while simultaneously maintaining
the pharmacological properties of a given GPCR (Hanyaloglu et al. 2001; Hamdan et
al. 2005; K.-M. Kim & Caron 2008; Kroeze et al. 2015; Thomsen et al. 2016; Oakley et
al. 2000; Vrecl et al. 2009). Moreover, the V; tail extension offers a generalisable
scaffold for any GPCR regardless of their intrinsic B-arrestin2 affinity (Barnea et al.
2008). The low-affinity TCS (Parks et al. 1994; Kapust et al. 2002) reduces the
likelihood of unspecific (e.g., agonist-independent) TEV protease-mediated cleavage
events that lead to the liberation of tTA.

Second, B-arrestin2 is fused to the wild-type TEV protease (B-arrestin2-TEV,
Figure 1.10c) (Parks et al. 1995; Kapust et al. 2001; Barnea et al. 2008). In this instance,
the B-arrestin2-TEV fusion protein is stably integrated and constitutively expressed in
HEK293 cells (HTLA cells) in contrast to the GPCR component, which can be supplied
via transient transfections (Barnea et al. 2008). Ligand engagement leads to

conformational changes and phosphorylations at serine and threonine residues of the
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V, tail of the engineered GPCR (Oakley et al. 1999), which is specifically recognised by
B-arrestin2-TEV. The proximity of B-arrestin2-TEV to the TCS in the agonist-activated
GPCR facilitates proteolytic cleavage thereby releasing tTA. Then, tTA translocates into
the nucleus where it can activate the expression of target transgenes. This process of
transcriptional activation following arrestin translocation is depended on transient
interactions between the two engineered protein components and referred to as GPCR
TANGO (Barnea et al. 2008; Kroeze et al. 2015).

In 2015, Kroeze et al. (2015) expanded the repertoire of GPCR TANGO
receptors and successfully adapted and validated a refined scaffold design for a
subgroup of 135 human non-olfactory GPCRs. Barnea et al. (2008) and Kroeze et al.
(2015) primarily used the TANGO assay to assist in identifying novel, endogenous
ligands for orphan receptors and to more generally study receptor activation and
protein-protein interactions.

Nonetheless, the GPCR TANGO system has subsequently been implemented
to: (i) map the release of endogenous neurotransmitters in neurons in Drosophila with
TANGO-map (Inagaki et al. 2012); (ii) study synaptic connections in the Drosophila
brain with TANGO-Trace (Jagadish et al. 2014); (iii) map neural circuits in the
Drosophila brain with trans-Tango (Talay et al. 2017); (iv) redirect the information flow
in mammalian neurons in vivo via an alternative configuration, termed iTANGO2 (D.
Lee et al. 2017).

iTANGOZ2 operates a 2-input AND gate logic in which light and cognate ligands
induce gene expression in neurons to gain control over cellular behaviour. In iTANGO2,
the original GPCR TANGO scaffold was extended by incorporating between the V- tail
and the tTA one half of a split TEV protease (TEV(N)) and an engineered light-oxygen-
voltage (LOV) domain that sterically covers the TCS. B-arrestin2 is fused to the second

half of the split TEV(C), yielding a B-arrestin2-TEV(C) fusion protein. In the ligand-
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induced state, B-arrestin2-TEV(C) is actively recruited to the V, tail of the activated
GPCR. The proximity of split TEV protease fragments promote reconstitution of the
catalytically functional full length TEV protease. However, only in the presence of a blue
light stimulus, the LOV domain undergoes a conformational change, rendering the TCS
accessible for cleavage by newly reconstituted TEV protease, leading to TF liberation

and transgene expression (D. Lee et al. 2017).

The GPCR TANGO system provides a powerful tool to trigger a user-defined
transcriptional response mediated by B-arrestin recruitment, alongside the canonical G-
protein signalling pathway (Figure 1.10c) (Barnea et al. 2008; Hanson et al. 2009;
Kroeze et al. 2015). This most likely creates a degree of crosstalk which may or may

not elicit adverse effects, depending on each particular stimulus and cell type used.

1.2.3.4 Engineered receptor tyrosine kinases

Endogenous RTKs can integrate a broad variety of growth factors by activating complex
signalling cascades (Chapter 1.2.1.2). RTK-mediated signalling has been the subject
of engineering efforts at different levels: (i) ligand input specificity; (ii) identity of
ectodomains; (iii) scaffold proteins for signal propagation and integration.

(i) RTKs with engineered ligand input specificity. Two research groups from the
University of Tokyo pioneered the development of non-protein ligands for the
hepatocyte growth factor (HGF) receptor (also known as MET receptor). These non-
protein ligands, called HGF mimetics, facilitate MET dimerisation and trigger
endogenous MET activation and signalling. The first reported example is artificial MET-
activating dimeric macrocycles that consist of two MET-binding peptides connected
through a chemical linker (Ito et al. 2015). Shinsuke Sando’s laboratory further
advanced this concept by creating oligonucleotide-based HGF mimetics, that are

aptamers of 100-mer single-stranded DNA with nanomolar potency (Ueki et al. 2016).
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In a follow-up study, they designed bispecific DNA aptamers enabling reprogramming
of MET receptor ligand specificity (Ueki et al. 2017). These bispecific DNA aptamers
consist of a Met receptor aptamer and a second aptamer that binds specifically to an
user-defined external protein, such as platelet-derived growth factor (PDGF), which
normally cannot bind to the MET receptor (Ueki et al. 2017). The Sando laboratory has
showcased that genetically unaltered RTK receptors can still be externally manipulated
by non-cognate ligands, gaining control over endogenous signal activation.

(i) RTKs with engineered ectodomains. The extracellular recognition domains
of RTKs can readily be replaced with LOV-sensing and dimerisation domains, to create
optically controllable RTKs (Opto-RTKs) which retain native intracellular signalling
capabilities (Grusch et al. 2014). This enables light-induced cellular signalling with
spatial and temporal precision. Examples of Opto-RTKs include those based on the
fibroblast growth factor receptor 1 (FGFR1), epidermal growth factor receptor (EGFR),
and the rearranged during transfection (RET) receptor (Grusch et al. 2014).

(iif) RTKs with engineered scaffold proteins. The intracellular signalling of cell-
surface receptors is crucially dependent on adaptor proteins that connect activated
receptors to intracellular targets for efficient signal propagation. The combinatorial
modular domain structure of signalling cascade components such as mitogen-activated
protein kinase kinase kinase MAPKKK (Pawson & Nash 2003; Bhattacharyya et al.
2006) offer a great opportunity for network engineering. As an example of modularity,
SH2 can be fused to other domains or proteins creating novel chimeric scaffold proteins
(Schlessinger & Lemmon 2003). In one study, SH2 was fused to FADD (Fas-associated
protein with death domain), which is a scaffold protein involved in the apoptosis
signalling cascade. The resulting chimeric adaptor fusion redirects the information flow
of stimulated RTKs towards cell death instead of growth and survival (Howard et al.

2003).
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Barnea et al. (2008) designed a new orthogonal signal transduction pathway by
fusing a SH2 domain or phosphotyrosine-binding (PTB) domain (Schlessinger &
Lemmon 2003) to the TEV protease and covalently linking tTA to the cytoplasmic tail of
an RTK via a canonical TEV cleavage site (TCS). Ligand binding induces the frans-
phosphorylation of tyrosine residues in the intracellular domains of RTKs, which are
subsequently recognised by the chimeric fusion protein SH2-TEV. Upon recruitment,
TEV protease cleaves the TCS, liberating the artificial TF which in turn can induce the
expression of a defined transgene. This receptor framework was termed RTK TANGO
due to transient interactions between the two engineered protein components. This
elegant design approach adds a novel orthogonal signalling pathway to the existing
endogenous network triggered by RTK activation. Nonetheless, RTK activation still
leads to native receptor signalling in addition to the engineered novel pathway, resulting

in a certain degree of crosstalk.

1.2.3.5 Modular extracellular sensor architecture (MESA)

Joshua Leonard’s laboratory conceived a novel receptor design that allows the
integration of soluble factors and activation of desired transgenes via artificial TFs
(Daringer et al. 2014; Schwarz et al. 2017; Hartfield et al. 2017).

Their receptor framework, termed modular extracellular sensor architecture
(MESA), is composed of two polypeptide chains, a target chain (TC) and a protease
chain (PC) (Daringer et al. 2014) (Figure 1.11). The PC contains a scFv as recognition
domain (Schwarz et al. 2017), a standard TMD, and a TEV protease (Parks et al. 1994).
The TC only differs in its intracellular part from the PC, in which an artificial TF (tTA) is
fused to the TMD (derived from CD28) via a TCS. The scFvs of both chains recognise

and bind to a soluble ligand which brings both chains into proximity, allowing PC’s TEV
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Figure 1.11 | Modular extracellular sensor architecture (MESA). MESA is composed of two
polypeptide chains, target chain (TC) and protease chain (PC). The TC contains a scFv for
ligand engagement, a transmembrane domain for cell membrane anchoring, a TEV cleavage
site (TCS) and an artificial TF. The PC only differs from the TC in its intracellular configuration,
where it possesses a TEV protease. Upon soluble ligand recognition, both chains come into
proximity, prompting TEV protease-facilitated cleavage of the TCS thereby releasing the TF
from the membrane. Liberated TF then induces the expression of a transgene, or in the case of
dCas9-TF, any user-defined endogenous gene. Cartoon elements adapted from “Engineering
Customized Cell Sensing and Response Behaviors Using Synthetic Notch Receptors”. Cell,
164(4), pp.780-791, Morsut, L. et al. Copyright 2016, with permission from Elsevier. Licence
#4245390566951.
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to cleave in trans the TCS on TC, thereby releasing the TF from the membrane and
allowing its translocation into the nucleus (Daringer et al. 2014; Schwarz et al. 2017)
(Figure 1.11).

Initially, the MESA system was characterised by employing homo-
/heterodimerisation domains with different affinities as ectodomains (Daringer et al.
2014). Subsequently, Schwarz et al. (2016) took advantage of previously described
anti-VEGF scFvs to re-direct the MESA system towards recognising and responding to
soluble VEGF in culture media in vitro. However, even after extensive system
optimisation only minimal ligand-induced reporter gene activation could be achieved.
Eventually, Schwarz et al. (2016) exchanged tTA with a programmable, full length
dCas9-TF (MESA-dCas9-TF) to induce transcription and promote protein secretion of
endogenous human interleukin 2 (IL-2). The MESA-dCas9-TF also attained only
modest induction rates in the presence of VEGF inducer, hardly distinguishable from
the uninduced condition. Nonetheless, the authors propose that this system could be
used for designing artificial signalling pathways, for example by converting an
immunosuppressive stimulus into an immune-stimulating response (Schwarz et al.
2017).

One explanation for the minimal fold changes obtained in their study was that
MESA receptor components interact while trafficking through the secretory pathway,
thereby creating high local concentrations of both chains which favour ligand-
independent activation (Daringer et al. 2014; Schwarz et al. 2017). Indeed, it was
observed that by optimising the concentration of plasmids in transient transfections,
unspecific dimerisation-induced system activation could be reduced to some degree
(Daringer et al. 2014; Schwarz et al. 2017).

In a more recent study, the same group explored the idea of combining two sets

of MESA receptors in an AND gate logic fashion (Hartfield et al. 2017). In this instance,
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the AND gate configuration is built on a hybrid promoter for which two different MESA
receptor-liberated TFs (tTA and Gal4-VP16) are required to fully drive reporter gene

activation (Hartfield et al. 2017).

Conceptually, there are two main features of MESA that are distinct from native
receptors (GPCR, RTK) and their associated signalling cascades. First, MESA is a self-
contained sensing and signalling system since it does not necessitate other
components to function once activated by a cognate antigen. Second, and similar to
synNotch, MESA is completely orthogonal to endogenous signalling pathways because

it does not require native second messengers or mediators.
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1.3 Thesis Aims - Engineering a CRISPR/dCas9-based

synthetic receptor scaffold

The overarching goal of my DPhil was the design, development and implementation of
a framework for engineering synthetic dCas9-based chimeric receptors (dCas9-synRs)
(Figure 1.12). This novel, modular, and generalisable receptor architecture brings
together the capability of sensing a broad scope of soluble ligands by endogenous
receptor ectodomains and the unprecedented potential of eliciting user-defined, multi-
gene output response programmes by a highly programmable dCas9-based signal

transduction module.

| demonstrate

¢ in Chapter 3 the necessity for the rational design of a minimal core split dCas9
architecture;

¢ in Chapter 4 and Chapter 5 the applicability and portability of this core framework
to various GPCRs (dCas9-synGPCRs) and prototype RTK (dCas9-synRTK),
eliciting a user-defined, non-native transcriptional response programme upon
native ligand recognition in a dose-dependent manner;

¢ in Chapter 6 the therapeutic potential of dCas9-synRs in redirecting the cellular
information flow to counteract the effects of specific disease biomarkers with
customised therapeutically-relevant transcriptional multi-gene programmes in

engineered designer cells.
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Figure 1.12 | Conceptual overview of dCas9-based synthetic receptors (dCas9-synRs).
dCas9-based synthetic receptors, dCas9-synRs, are a novel class of artificial receptors
combining endogenous receptor recognition domains with the highly programmable signal
transduction module dCas9-TF (left). This enables a multi-factorial response programme upon
native ligand recognition in a dose-dependent manner (top right). Owing to their modular
architecture, safety switch mechanisms can easily be installed, rendering receptor activation
dependent on at least 2-input stimuli (middle right). The unprecedented versatility of dCas9-
synRs in redirecting the cellular information flow makes then ideally suited to activate a variety
of customised therapeutically-relevant transcriptional programmes in engineered designer cells
(bottom right). Figure from Baeumler et al. (2017).
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Chapter 2 : Materials and Methods

This chapter is an extended version of the corresponding experimental procedures and
supplemental information including supplemental experimental procedures from:
Baeumler, T.A., Ahmed, A.A. & Fulga, T.A., 2017. Engineering Synthetic Signaling

Pathways with Programmable dCas9-Based Chimeric Receptors. Cell Reports, 20(11),

pp.2639-2653.

2.1 Reagents and kits

Reagents Cat. # Supplier/notes
Antarctic phosphatase M0289 New England Biolabs (NEB)
Bradykinin acetate salt
B3259 Sigma
powder
DNA oligonucleotides and )
- Integrated DNA Technologies (IDT)
PCR/qPCR primer
Degassed by extensive shaking, pH
330 ml can,
Coca-Cola® Classic adjusted to 7.0 with 1 M NaOH. Contains
UK 2017
10.6 g sugar per 100 ml.
Doxycycline hyclate D9891 Sigma
D-(-)-fructose F3510 Sigma
D-glucose G/0500/53 Fisher Scientific
MinElute PCR Purification
28006 Qiagen
Kit
1-oleoyl lysophosphatidic )
_ 10010093 Cayman Chemical
acid (LPA)
Phusion High-Fidelity PCR
M0532 NEB
Master Mix with GC Buffer
Sigma, was diluted in MilliQ water to 1
mg/ml, pH adjusted to 7, sterile filtered and
Polyethylenimine, branched | 408727 ] ] )
kept in aliquots at -20°C as previously
described (Aricescu et al. 2006)
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QlAfilter Plasmid Midi Kit 12243 Qiagen

QIAprep Spin Miniprep Kit | 27106 Qiagen

QIAquick Gel Extraction Kit | 28706 Qiagen

QIAquick PCR Purification

Kit 28106 Qiagen

Rapamycin SM83 Cambridge Bioscience
Restriction enzymes - NEB or ThermoFisher Scientific
SDF-1a (recombinant

human stromal derived | 581202 Biolegend

factor 1; CXCL12)

Sucrose S9378 Sigma

Trimethoprim (TMP) CAY-16473 | Cambridge Bioscience
T4 DNA Ligase M0202 NEB

T4 Polynucleotide Kinase M0201 NEB

Vasopressin ([deamino-

Cys1, D-Arg8]-Vasopressin | V1005 Sigma

acetate salt hydrate)

Table 1 | List of reagents, including chemicals, enzymes, and standard molecular biology
kits. All enzymes were used according to the manufacturer protocols, unless otherwise stated.
PCR reactions were performed in a C1000 Thermal Cycler (Bio-Rad). Standard molecular
biology techniques and kits were used for all cloning experiments according to manufacturer

protocols.

2.2 Plasmid constructs

Amino acid sequence for all constructs described below are provided in the Appendix.
A selection of plasmids is available on addgene
(http://www.addgene.org/Tudor_Fulga/). DNA constructs were validated by diagnostic
restriction digest and/or Sanger sequencing (performed by Source BioScience and

Eurofins genomics).
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2.2.1 EYFP reporter assay constructs

Control sgRNA (sgSCR): the sgRNA cassette (U6 promoter/sgRNA scaffold/U6
terminator) from pX330 vector (gift from Feng Zhang, Addgene plasmid #42230), f1
origin + SV40 promoter from pcDNA3.1 and mCherry gene (gift from Dr Fabien Pinaud,
University of Southern California) were PCR amplified with primers containing
Miul(fwd)/Kpnl(rev), Kpnl(fwd)/Nhel(rev) and Nhel(fwd)/Eagl(rev) respectively, and
cloned into the MIul and Eagl sites in pcDNA3.1 to generate plasmid pU6-

sgSCR_mCherry.

EYFP-targeting sgRNA  (sgEYFP). the EYFP targeting spacer (5-
GAGTCGCGTGTAGC GAAGCA-3’) was synthesised (IDT) and cloned between Bbsl
sites in the U6-sgSCR_mCherry vector as previously described (Ran et al. 2013) to

generate pU6-sgEYFP_mCherry.

EYFP reporter: the P1-EYFP-pA plasmid containing a synthetic operator (8 x target
sequences 5- AGTCGCGTGTAGCGAAGCA-3’) recognized by the sgEYFP spacer
placed upstream of the EYFP reporter gene (gift from Timothy K. Lu, Addgene plasmid

#54781).

2.2.2 dCas9'P%*, Cas9, and associated constructs

dCas9""** (Mali et al. 2013): unaltered Cas9m4-VP64 plasmid was used in Figure 3.1
and 3.6 as a no HA/no myc-control dCas9-VP64 and in Figure 5.5 as a benchmark for
fully active full length dCas9-VP64. It was a gift from George Church (Addgene plasmid

#47319).

NLS(+)-dCas9""**: The pX330 vector (gift from Feng Zhang, Addgene plasmid #42230)
was modified as follows: the U6 promoter/sgRNA scaffold/U6 terminator cassette was

removed; the FLAG-tag NLS-Cas9 cassette was replaced with dCas9m4-VP64 (gift
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from George Church, Addgene plasmid #47319) containing the original N-terminal
SV40 NLS from pX330 and a new HA epitope tag, to generate plasmid pNLS(+)-HA-

dCas9m4-VP64.

NLS-dCas9""%*: based on pNLS(+)-HA-dCas9m4-VP64, however the N-terminal SV40

NLS constitutes now a shorter version to generate plasmid pNLS-HA-dCas9m4-VP64.

dCas9""**: based on pNLS-HA-dCas9m4-VP64, however excluding the N-terminal
SV40 NLS and without the connecting NLS between dCas9m4 and VP64 that was

replaced with a (GGGS); linker to generate plasmid pHA-dCas9m4-VP64.

NES-dCas9""**: based on pHA-dCas9m4-VP64, however the HA-dCas9m4-VP64 was
flanked by an NES sequence (from pX855 (qgift from Feng Zhang, Addgene plasmid
#62887)) on either of the N-terminal and C-terminal end to generate pNES-HA-

dCas9m4-VP64.

SAM sgRNAs: the spacer sequences for all sgRNA targeting endogenous genes were
synthesized (IDT) and cloned between Bbsl sites in the sgRNA(MS2) cloning backbone
(gift from Feng Zhang, Addgene plasmid #61424) as previously described (Ran et al.

2013). All sgRNA spacer sequences used in this thesis are provided in the table below.

SAM MCP: Plasmid MS2-P65-HSF1_GFP was a gift from Feng Zhang, Addgene

plasmid #61423.

2.2.3 TMt-dCas9'"%*, TMt-Cas9, and associated constructs

TMt-NLS-dCas9""%*: a transmembrane tether (TMt; modified from the pDisplay Vector
(Invitrogen)) containing the Igk signal sequence, (GGGS); linker, myc epitope tag,
PDGF receptor transmembrane domain and the XTEN linker (Schellenberger et al.

2009), was synthesized as a gBlock (IDT). This transmembrane tether was then fused
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to the N-terminus of dCas9-VP64 via a TEV cleavage site (ENLYFQG) to generate

plasmid pTMt_TCS(Q'G)_NLS-HA-dCas9m4-VP64.

TMtYT°S-NLS-dCas9""**: the ENLYFQG TEV cleavage site in pTMt_TCS(Q'G)_NLS-
HA-dCas9m4-VP64 was replaced by one GGGS linker to generate pTMt_NLS-HA-

dCas9m4-VP64.

TMt-dCas9""%*: the gBlock synthesized TMt from pTMt_TCS(Q'G)_NLS-HA-dCas9m4-
VP64 was fused to the N-terminus of pHA-dCas9m4-VP64 to generate

pTMt_TCS(Q'G)_HA-dCas9m4-VP64.

TMt-NES-dCas9'"%*: the gBlock synthesized TMt from pTMt TCS(Q'G)_NLS-HA-
dCas9m4-VP64 was fused to the N-terminus of pNES-HA-dCas9m4-VP64 to generate

pTMt_TCS(Q'G)_NES-HA-dCas9m4-VP64.

TM{YES-dCas9"7**: the NES sequence from pX855 (gift from Feng Zhang, Addgene
plasmid #62887) was cloned between the TMt and the TEV cleavage site in
pTMt_TCS(Q'G)_NLS-HA-dCas9m4-VP64. In addition, the N-terminal NLS of
dCas9m4-VP64 was removed while the C-terminal NLS was replaced by a (GGGS),

linker, to generate plasmid pTMt NES_TCS(Q'G)_HA-dCas9m4-VP64.

TM{VESATCS gCas9'F®*: the ENLYFQG TEV cleavage site in pTMt_ NES_TCS(Q'G)_HA-
dCas9m4-VP64 was replaced by one GGGS linker to generate pTMt NES_ HA-

dCas9m4-VP64.

TMt-NLS-dCas9""?P:  the TMt-NLS-dCas9""** from pTMt-TCS(Q'G)-NLS-HA-
dCas9m4-VP64 was PCR amplified and cloned between Xbal and Fsel in pCW-Cas9
(gift from Eric Lander and David Sabatini, Addgene plasmid #50661) to generate

pTREtight-TMt_TCS(Q'G)_NLS-dCas9-VP64_PGK1-Puro-T2A-rtTA plasmid.

NLS-Cas9-mCherry: The pX330 vector (gift from Feng Zhang, Addgene plasmid

#42230) was modified as follows: the original sgRNA scaffold cassette was replaced
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with a gBlock containing the advanced sgRNA™E scaffold (B. Chen et al. 2013) and the
C-terminal part of the FLAG-NLS-Cas9-NLS cassette was extended by the XTEN linker
(Schellenberger et al. 2009) and mCherry (gift from Dr Fabien Pinaud, University of
Southern California) with a C-terminal NLS sequence in frame, to generate plasmid
pPFLAG-NLS-Cas9-XTEN-mCherry-NLS. The spacer sequences for sgSCR (5'-
GAGCACTGTCCTCCGAACGT-3, originally Gal4 targeting sequence, non-targeting in
human genome (B. Chen et al 2013)) and sgEGFP (5’-
GGTGAACCGCATCGAGCTGAA-3’, (Shalem et al. 2014)) were synthesized (IDT) and
cloned between BspQl sites in the sgRNAE cloning site as previously described (Ran

et al. 2013).

Cas9-mCherry: The pX330 vector (gift from Feng Zhang, Addgene plasmid #42230)
was modified as follows: the original sgRNA scaffold cassette was replaced with a
gBlock containing the advanced sgRNA™F scaffold (B. Chen et al. 2013), and the N-
terminal FLAG-NLS as well as the N-terminal NLS sequence of Cas9 was removed via
PCR and the XTEN linker (Schellenberger et al. 2009) and mCherry (gift from Dr Fabien
Pinaud, University of Southern California) sequences were fused in frame to the C-
terminal part of the Cas9, to generate pCas9-XTEN-mCherry. Guide cloning equivalent

to as described for NLS-Cas9-mCherry.

TMt-NLS-Cas9-mCherry: based on pFLAG-NLS-Cas9-XTEN-mCherry-NLS in which
the gBlock synthesized TMt was fused in frame to the N-terminal part of FLAG-NLS-
Cas9, to generate pTMt TCS(Q'G)_FLAG-NLS-Cas9-XTEN-mCherry-NLS. Guide

cloning equivalent to as described for NLS-Cas9-mCherry.

TMt“TCS-NLS-CasQ-mCherry: based on pTMt TCS(Q'G)_FLAG-NLS-Cas9-XTEN-
mCherry-NLS in which the TCS was deleted, to generate pTMt FLAG-NLS-Cas9-

XTEN-mCherry-NLS. Guide cloning equivalent to as described for NLS-Cas9-mCherry.
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TMt-Cas9-mCherry: based on pCas9-XTEN-mCherry in which the gBlock synthesized
TMt was fused in frame to the N-terminal part of Cas9, to generate
pTMt_TCS(Q'G)_Cas9-XTEN-mCherry. Guide cloning equivalent to as described for

NLS-Cas9-mCherry.

TEV protease: the TEV protease coding sequence was PCR amplified from plasmid
DNA (gift from Dr. Jon Elkins, Nuffield Department of Medicine, University of Oxford)
and cloned between BamHI and Xhol in pcDNA3.1 to generate pcDNA3.1_TEV

plasmid.

TEVC™®" protease: based on pcDNA3.1_TEV in which the codon for alanine was

introduced to replace the cysteine codon to generate pcDNA3.1_TEVC""™A.

dEGFP: based on the pCSGW plasmid (gift from Jan Rehwinkel, WIMM, University of
Oxford) in which the mRNA stabilising element WPRE and the stop codon of EGFP
were replaced by an in-frame protein destabilising sequence, called PEST domain
(originating from ornithine decarboxylase (X. Li et al. 1998)) and a new stop codon, to

generate pCSGW_dEGFP_noWPRE.

2.2.4 Split mono and dual TMt-dCas9'"® and associated

constructs

NLS(+)-dCas9(C)"***-FKBP: U6 promoter/sgRNA scaffold/U6 terminator cassette was
removed from pX856 vector (gift from Feng Zhang, Addgene plasmid #62888), to

generate pNLS(+)FKBP-dCas9(C)-VP64.

TMt-NLS-dCas9(C)""**-FKBP: based on pNLS(+)FKBP-dCas9(C)-VP64 in which the

N-terminal NLS(+) was removed and replaced with the gBlock synthesized TMt, a new
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SV40 NLS and HA tag sequence to generate pTMt TCS(Q'G)_NLS-HA-FKBP-

dCas9(C)-VP64.

NES-dCas9(N)-FRB: U6 promoter/sgRNA scaffold/U6 terminator cassette was
removed from pX855 vector (gift from Feng Zhang, Addgene plasmid #62887), to

generate pNES-dCas9(N)-FRB.

dCas9(N)-FRB: based on pNES-dCas9(N)-FRB in which the NES sequences were

removed via PCR to generate pdCas9(N)-FRB.

TM{YES-dCas9(N)-FRB: based on pdCas9(N)-FRB in which the N-terminus was
extended by the gBlock synthesized TMt, a reintroduced NES sequence, followed by
an efficient TCS(Q'G) and an HA tag sequence, to generate

pTMt_NES_TCS(Q'G)_HA-dCas9(N)-FRB.

TMt-NLS-dCas9(C)""%*: the pX856 vector (gift from Feng Zhang, Addgene plasmid
#62888) was modified as follows: the U6 promoter/sgRNA scaffold/U6 terminator
cassette was removed; the dCas9(C)""®* N-terminal NLS+FKBP were also removed;
the TMt-TCS(Q'G)-NLS-HA cassette from pTMt_TCS(Q'G)_NLS-HA-dCas9m4-VP64
was fused to the N-terminus of dCas9(C)'"**; the MCP-P65-HSF1 from plasmid MS2-
P65-HSF1_GFP (qgift from Feng Zhang, Addgene plasmid #61423) was fused to the C-
terminus of dCas9(C)""® via at T2A site to generate plasmid pTMt_TCS(Q'G)_NLS-
HA-dCas9(C)-VP64_T2A MCP-P65-HSF1. Note: for confocal microscopy experiments

the HA tag was removed from this construct.

NLS-dCas9(C)""%: based on pTMt_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-
P65-HSF1 in which the TMt(Q'G) was removed to generate pNLS-HA-dCas9(C)-
VP64_T2A_MCP-P65-HSF1. Note: for confocal microscopy experiments the HA tag

was removed from this construct.
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NLS(+)-dCas9(C)"*®: based on pNLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 in
which the N-terminal SV40 NLS sequence was replaced with the longer NLS originating
from pX330 vector (gift from Feng Zhang, Addgene plasmid #42230), to generate

pNLS(+)-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1.

TM{YES-dCas9(N): the pX855 vector (gift from Feng Zhang, Addgene plasmid #62887)
was modified as follows: the U6 promoter/sgRNA scaffold/U6 terminator cassette was
removed; the dCas9(N) N-terminal NES and the C-terminal FRB+NES were also
removed; the TMt-NES-TCS(Q'G)-HA cassette from pTMt NES _TCS(Q'G)_HA-
dCas9m4-VP64 was fused to the N-terminus of dCas9(N); the puromycin resistance
gene and the WPRE stabilising element from pCW-Cas9 (gift from Eric Lander and
David Sabatini, Addgene plasmid #50661) were inserted downstream of dCas9(N) to

generate plasmid pTMt_NES_TCS(Q’G)_HA-dCas9(N)_PZ2A-Puro-WPRE.

TMYES-FKBP-TEV(N)-dCas9(N): based on pTMt_ NES_TCS(Q'G)_HA-
dCas9(N)_P2A-Puro-WPRE in which the cassette FKBP-TEV(N) from
pcDNA3.1_FKBP-TEV(N) was inserted after the XTEN linker and before the NES
sequence to generate pTMt FKBP-TEV(N) NES TCS(Q'G)_HA-dCas9(N)_P2A-

Puro-WPRE. Design inspired by (Wehr et al. 2006).

TMt-FKBP-TEV(N)-NLS-dCas9(C)""%: based on pTMt TCS(Q'G) NLS-HA-
dCas9(C)-VP64_T2A_MCP-P65-HSF1 in which the cassette FKBP-TEV(N) from
pcDNA3.1_FKBP-TEV(N) was inserted after the XTEN linker and before the TCS
sequence to generate pTMt FKBP_TEV(N) TCS(Q'G)_NLS-HA-dCas9(C)-

VP64_T2A_MCP-P65-HSF1. Design inspired by (Wehr et al. 2006).

FKBP-TEV(N): the rapamycin inducible hetero-dimerisation FK506 binding protein 12
(FKBP) from pX856 vector (gift from Feng Zhang, Addgene plasmid #62888) was PCR

amplified and fused in frame via a GGGS linker to the N-terminal TEV fragment
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(amplified from full length TEV protease as previously described (Wehr et al. 2006))

and inserted together into the MCS of pcDNA3.1 to generate pcDNA3.1_FKBP-TEV(N).

FRB-TEV(C): the FKBP rapamycin binding (FRB) from pX855 vector (gift from Feng
Zhang, Addgene plasmid #62887) was PCR amplified and fused in frame via a GGGS
linker to the C-terminal TEV fragment (amplified from full length TEV protease as
previously described (Wehr et al. 2006)) and inserted together into the MCS of

pcDNAS3.1 to generate pcDNA3.1_FRB-TEV/(C).

2.2.5 dCas9-synGPCR and associated constructs

BDKRB2-NLS-dCas9""**: a sequence containing the membrane localisation signal,
FLAG tag, BDKBR2 coding sequence and the V tail were PCR amplified from plasmid
BDKBR2-Tango (gift from Bryan Roth, Addgene plasmid #66230) and used to replace
the TMt in pTMt TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1.
Subsequently, the cassette NLS-HA-dCas9(C)-VP64_T2A MCP-P65-HSF1 was
replaced with NLS-HA-dCas9m4'"®* from pNLS-HA-dCas9m4-VP64, to generate

pBDKRB2-TCS(Q’L)_NLS-HA-dCas9m4-VP64.

BDKRB2-dCas9""**: based on pPBDKRB2-TCS(Q’L)_NLS-HA-dCas9m4-VP64 cloning
strategy but instead of inserting NLS-HA-dCas9m4'"**, HA-dCas9m4'"** from pHA-

dCas9m4-VP64 was used to generate pPBDKRB2-TCS(Q’L)_HA-dCas9m4-VP64.

dCas9(C)-synBDKBR2: a sequence containing the membrane localisation signal,
FLAG tag, BDKBR2 coding sequence and the V tail were PCR amplified from plasmid
BDKBR2-Tango (gift from Bryan Roth, Addgene plasmid #66230) and used to replace
the TMt in pTMt TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 to

generate pBDKBR2_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1. For
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TEV cleavage optimization, the TCS sequences were iteratively replaced by

ENLYFQG, ENLYFQY and ENLYFQL.

dCas9(N)-synBDKBR2: the TMt, NES and TCS(Q'G) sequences from
pTMt_NES_TCS(Q'G)_HA-dCas9(N)_P2A-Puro-WPRE were removed and replaced
with the membrane localisation signal/FLAG tag/BDKBR2 coding sequence/V; tail from
plasmid BDKBR2-Tango and the TEV cleavage site ENLYFQL, to generate
pBDKBR2_TCS(Q’L)_HA-dCas9(N)_P2A-Puro-WPRE. For the linker optimization of
dCas9(N)-synBDKRBZ2, the following amino acid sequences were inserted between the
V, tail and the TCS: for b) GGS and for c) EFLDLASLILGKLG. For TEV cleavage
optimization, the TCS in dCas9(N)-synBDKRB2 were consecutively replaced by
ENLYFQY (for construct in d) and ENLYFQG (for construct in €). For the extracellular
NES optimisation, in one case, dCas9(N)-synBDKRB2 received a NES sequence from
pX855 vector (gift from Feng Zhang, Addgene plasmid #62887) that was inserted
downstream of the membrane localisation signal and FLAG tag and upstream of the
BDKBR2 coding sequence, to generate pNES-BDKBR2 TCS(Q'L)_HA-
dCas9(N)_P2A-Puro-WPRE. In the other case, the NES sequence was flanked by GGS
short linker sequences was inserted in the same location, to generate pNES(GGS)-

BDKBR2_TCS(Q'L)_HA-dCas9(N)_P2A-Puro-WPRE.

dCas9(N)-synBDKRB2P"™*: the P2A-Puro-WPRE fragment from
pBDKBR2_TCS(Q'L)_HA-dCas9(N)_P2A-Puro-WPRE was replaced with DHFR from
plasmid DHFR-PP7-VP64_T2A_GFP (gift from Amit Choudhary, Addgene plasmid

#86167) to generate pPBDKBR2_TCS(Q’L)_HA-dCas9(N)_DHFR.

dCasQ(N)-synBDKRBZR': the rapamycin inducible hetero-dimerisation FK506 binding
protein 12 (FKBP) from pX856 vector (gift from Feng Zhang, Addgene plasmid #62888)

was fused to the N-terminus of HA-dCas9(N) in pBDKBR2 _TCS(Q'L)_HA-

71



Chapter 2: Materials and Methods

dCas9(N)_P2A-Puro-WPRE, (design inspired by (Y. Gao et al. 2016; Bao et al. 2017)),

to generate pBDKBR2_TCS(Q'L)_FKBP-HA-dCas9(N)_P2A_Puro-WPRE.

dCas9(C)-synBDKRB27"%*: the VP64 _T2A_MCP-P65-HSF1 cassette  from
pBDKBR2_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 was removed,
and DHFR-PCP-VP64 was placed downstream of dCas9(C) sequence separated by a
T2A site. The DHFR-PCP-VP64 sequence was obtained from plasmid DHFR-PP7-
VP64 _T2A_GFP (gift from Amit Choudhary, Addgene plasmid #86167) to generate

pBDKBR2_TCS(Q'G)_NLS-HA-dCas9(C)_T2A_DHFR-PP7-VP64.

dCas9(C)-synAVPR2: same strategy as dCas9(C)-synBDKBRZ2 but instead of
BDKBR2, the AVPR2 coding sequence was cloned from plasmid AVPR2 Tango (gift
from Bryan Roth (Addgene plasmid #66227)) to generate pAVPR2 _TCS(Q'G)_NLS-

HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1.

dCas9(N)-synAVPR2: same strategy as dCas9(N)-synBDKBRZ2 but instead of
BDKBRZ2, the AVPR2 coding sequence was cloned from plasmid AVPR2 Tango (gift
from Bryan Roth, Addgene plasmid #66227) to generate pAVPR2 _TCS(Q’L)_HA-
dCas9(N)_P2A-Puro-WPRE. For the extracellular NES optimisation, dCas9(N)-
synAVPR2 received a NES sequence from pX855 vector (gift from Feng Zhang,
Addgene plasmid #62887) flanked by GGS short linker sequences, which was inserted
downstream of the membrane localisation signal and FLAG tag and upstream of the
AVPR2 coding sequence, to generate pNES(GGS)-AVPR2 _TCS(Q’L)_HA-

dCas9(N)_P2A-Puro-WPRE.

dCas9(C)-synCXCR4: same strategy as dCas9(C)-synBDKBRZ2 but instead of
BDKBR2, the CXCR4 coding sequence was cloned from plasmid CXCR4-Tango (gift
from Bryan Roth, Addgene plasmid #66262) to generate pCXCR4_TCS(Q’G)_NLS-HA-

dCas9(C)-VP64_T2A_MCP-P65-HSF1.
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dCas9(C)-synCXCR47P**:  the VP64_T2A_MCP-P65-HSF1  cassette  from
pCXCR4_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 was removed,

to generate pCXCR4_TCS(Q’G)_NLS-HA-dCas9(C).

dCas9(N)-synCXCR4: same strategy as dCas9(N)-synBDKBRZ2 but instead of
BDKBR2, the CXCR4 coding sequence was cloned from plasmid CXCR4-Tango (gift
from Bryan Roth, Addgene plasmid #66262) to generate pCXCR4_TCS(Q’L)_HA-

dCas9(N)_P2A-Puro-WPRE.

dCas9(C)-synLPAR1. same strategy as dCas9(C)-synBDKBRZ2 but instead of
BDKBRZ2, the LAPR1 coding sequence was cloned from plasmid LPAR1-Tango (gift
from Bryan Roth, Addgene plasmid #66418) to generate pLPAR1_TCS(Q’G)_NLS-HA-

dCas9(C)-VP64_T2A_MCP-P65-HSF1.

dCas9(C)-synLPAR17P%*:  the VP64 _T2A_MCP-P65-HSF1  cassette  from
pLPAR1_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 was removed, to

generate pLPAR1_TCS(Q’G)_NLS-HA-dCas9(C).

dCas9(C)-synLPAR2: same strategy as dCas9(C)-synBDKBRZ2 but instead of
BDKBRZ2, the LAPR2 coding sequence was cloned from plasmid LPAR2-Tango (gift
from Bryan Roth, Addgene plasmid #66419) to generate pLPAR2_TCS(Q’G)_NLS-HA-

dCas9(C)-VP64_T2A_MCP-P65-HSF1.

dCas9(N)-synLPAR1. same strategy as dCas9(N)-synBDKBRZ2 but instead of
BDKBRZ2, the LAPR1 coding sequence was cloned from plasmid LPAR1-Tango (gift
from Bryan Roth, Addgene plasmid #66418) to generate pLPAR1_TCS(Q’L)_HA-

dCas9(N)_P2A-Puro-WPRE.

dCas9(N)-synLPAR2: same strategy as dCas9(N)-synBDKBRZ2 but instead of

BDKBRZ2, the LAPR2 coding sequence was cloned from plasmid LPAR1-Tango (gift
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from Bryan Roth, Addgene plasmid #66419) to generate pLPAR2_TCS(Q’L)_HA-

dCas9(N)_P2A-Puro-WPRE.

dCas9(C)-synT1R2: same strategy as dCas9(C)-synBDKBR?2 but instead of BDKBR2,
the hT1R2 coding sequence was subcloned from cDNA (gift from Robert Margolskee,
Monell Chemical Senses Center, under MTA agreement) to generate

pT1R2_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1.

dCas9(C)-synT1R3: same strategy as dCas9(C)-synBDKBR?2 but instead of BDKBR2,
the hT1R3 coding sequence was subcloned from cDNA (gift from Robert Margolskee,
Monell Chemical Senses Center, under MTA agreement) to generate

pT1R3_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1.

dCas9(N)-synT1R2: same strategy as dCas9(N)-synBDKBR?2 but instead of BDKBR2,
the hT1R2 coding sequence was subcloned from cDNA (gift from Robert Margolskee,
Monell Chemical Senses Center, under MTA agreement) to generate

pT1R2_TCS(Q’L)_HA-dCas9(N)_P2A-Puro-WPRE.

dCas9(N)-synT1R3: same strategy as dCas9(N)-synBDKBR?2 but instead of BDKBR2,
the hT1R3 coding sequence was subcloned from cDNA (gift from Robert Margolskee,
Monell Chemical Senses Center, under MTA agreement) to generate

pT1R3_TCS(Q’L)_HA-dCas9(N)_P2A-Puro-WPRE.

scSCR™’: the scaffold RNA containing the PP7 aptamer (gift from Amit Choudhary,
Addgene plasmid #86168) was used to replace the sgSCR in U6-sgSCR_mCherry

vector to create pU6-scSCR™’_mCherry.

EYFP-targeting scRNA™™"  (scEYFP™7): the EYFP targeting spacer (5-
GAGTCGCGTGTAGC GAAGCA-3’) was synthesised (IDT) and cloned between Bbsl
sites in the pU6-scSCR™_mCherry vector as previously described{Ran, 2013 #122}

to generate pU6-scEYFP™"_mCherry.
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2.2.6 dCas9-synRTK, MESA, and associated constructs

dCas9(C)-synVEGFR-1: a sequence containing the VEGFR1 (FLT1) leader peptide,
extracellular domain and transmembrane domain were PCR amplified from plasmid
pDONR223-FLT1 (gift from William Hahn & David Root, Addgene plasmid #23912) and
used to replace the TMtin pTMt_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-
HSF1. In addition, the C-terminal TEV fragment was amplified from full length TEV
protease as previously described (Wehr et al. 2006) and cloned between the VEGFR1
transmembrane domain and the TEV cleavage site to generate

pVEGFR1_TEV(C)_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1.

dCas9(N)-synVEGFR-2: a sequence containing the VEGFR2 (KDR) leader peptide,
extracellular domain and transmembrane domain were PCR amplified from plasmid
pDONR223-KDR (gift from William Hahn & David Root, Addgene plasmid #23925) and
used to replace the TMt in pTMt_NES_TCS(Q’G)_HA-dCas9(N)_P2A-Puro-WPRE.
The N-terminal TEV fragment was then amplified from full length TEV protease as
previously described (Wehr et al. 2006) and fused to the C-terminus of the VEGFR2
transmembrane domain. In addition, a weak TEV cleavage site (ENLYFQL) was
inserted instead of the TCS(Q'G) to generate plasmid

pVEGFR2_TEV(N)_NES_TCS(Q'L)_HA-dCas9(N)_P2A_Puro-WPRE.

For the optimization of dCas9-synVEGFR dimer combinations, the VEGFR1 and
VEGFR2 PCR products obtained above were interchangeably swapped to generate
plasmids pVEGFR2_TEV(C)_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-
HSF1 and pVEGFR1_ TEV(N)_NES_TCS(Q'G)_HA-dCas9(N)_P2A_Puro-WPRE. For
TEV cleavage optimization the TCS in dCas9(C)-synVEGFR-1 and dCas9(N)-

synVEGFR-2 were iteratively replaced by ENLYFQG, ENLYFQY and ENLYFQL.
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dCas9(C)-synVEGFR1™': the sequences encoding VP64 and T2A-MCP-P65-HSF1
were removed from pVEGFR1_TEV(C)_TCS(Q'G)_NLS-HA-dCas9(C)-
VP64_T2A_MCP-P65-HSF1 to generate pVEGFR1_TEV(C) TCS(Q'G)_NLS-HA-

dCas9(C).

dCas9(N)-synVEGFR2™': the rapamycin inducible hetero-dimerisation FK506 binding
protein 12 (FKBP) from pX856 vector (gift from Feng Zhang, Addgene plasmid #62888)
was fused to the N-terminus of HA-dCas9(N) in
pVEGFR2_TEV(N)_NES_TCS(Q'L)_HA-dCas9(N)_P2A_Puro-WPRE, (design
inspired by (Y. Gao et al. 2016; Bao et al. 2017)) to generate

pVEGFR2_TEV(N)_NES_TCS(Q'L)_FKBP-HA-dCas9(N)_P2A_Puro-WPRE.

FRB-VP64: the FKBP rapamycin binding (FRB) from pX855 vector (gift from Feng
Zhang, Addgene plasmid #62887) and VP64 were PCR amplified and cloned in
between the Hindlll and Xhol sites in pcDNA3.1 to generate pcDNA3.1_FRB-VP64

plasmid.

VEGFR1-TEV(C): based on pVEGFR1_TEV(C)_TCS(Q'G)_NLS-HA-dCas9(C)-
VP64_T2A_MCP-P65-HSF1, in  which the cassette NLS-HA-dCas9(C)-

VP64_T2A MCP-P65-HSF1 was removed, to generate pVEGFR1_TEV(C).

V1-MESA-dCas9 and V2-MESA-dCas9: V1-MESA-45F-M-dCas9, V1-MESA-45F-Tev,
V2-MESA-35F-M-dCas9, V2-MESA-35F-Tev were a gift from Joshua Leonard

(Addgene plasmid #84504, #84501, #84506, #84503).

VEGFA121: the VEGFA121 coding sequence was PCR amplified from pQCXIP-
VEGFA121 plasmid (gift from Michael Grusch, Addgene plasmid #73017) and cloned
between the Hindlll and Xhol sites in pcDNA3.1 to generate pcDNA3.1_VEGFA121

plasmid.
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2.3 sgRNA sequences

Target gene | Transcript ID

sgRNA spacer sequence (5'-3")

Reference

ASCL1 NM_004316

GCAGCCGCTCGCTGCAGCAG

ATGGAGAGTTTGCAAGGAGC

GGCTGGGTGTCCCATTGAAA

TGTTTATTCAGCCGGGAGTC

Zetsche et al.
2015

HBG1 NM_000559

GGCTAGGGATGAAGAATAAA

CTTGACCAATAGCCTTGACA

AAAATTAGCAGTATCCTCTT

GTATCCTCTATGATGGGAGA

IL1B NM_000576

TTAGTATATGTGGGACAAAG

GAAAATCCAGTATTTTAATG

CTCTGGTTCATGGAAGGGCA

AGTATTGGTGGAAGCTTCTT

IL-2 NM_000586

ACATCCATTCAGTCAGTCTT

ACCCCCAAAGACTGACTGAA

GTGGGCTAATGTAACAAAGA

IFNy NM_000619

AACTAAGGTTTTGTGGCATT

AAGATGAGATGGTGACAGAT

TCTCATCGTCAAAGGACCCA

MIP-1a

NM_002983
(CCL3)

TAGCTCAAAGATGCTATTCT

TCAGGGTCCCTGGTGACCAC

TTGGATATCCTGAGCCCCTG

TNFa NM_000594

GAGAAACCCATGAGCTCATC

GGGCCCTGCACCTTCTGTCT

TTTCTTCTCCATCGCGGGGG

TSP-1

NM_003246
(THBS1)

AAAGTGAAGGGGGCGGGGGT

GCGGGAGGTGGGGGCCAGTC

TAGCTGGAAAGTTGCGCGCC

Konermann et
al. 2015

INS NM_001042376

GGGGCTGAGGCTGCAATTTC

CCAGCACCAGGGAAATGGTC

CTAATGACCCGCTGGTCCTG

AGGTCTGGCCACCGGGCCCC

Giménez et al.
2016

Table 2 | List of spacer sequences for targeting endogenous genes with dCas9-TF.
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2.4 Cell lines and culture conditions

HEK293T cells were purchased from ATCC (ATCC-CRL-11268) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Cat. #41966052, Gibco) supplemented
with 15% (v/v) FBS (Cat. #10500064, Gibco), 100 U/ml penicillin and 100 pg/ml
streptomycin (Cat. #15140122, Gibco) (HEK293T full media). HTLA cells (HEK293 cell
line stably expressing a tTA-dependent luciferase reporter and B-arrestin2-TEV fusion
protein) were a gift from Bryan Roth. HTLA cells were maintained in DMEM
supplemented with 10% (v/v) FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 ug/ml
puromycin (Cat. #A1113803, Gibco), and 100 ug/ml hygromycin B (Cat. #10687010,
Gibco) (HTLA full media). Both cell lines were cultured at 37°C and 5% CO, and
passaged every 2 days at a 1:6 ratio for 2-3 months before being replaced with a new
batch. Cells were infrequently tested for mycoplasma contamination using the

Venor®GeM OneStep Mycoplasma Detection Kit (Cat. #11-8025, Minerva Biolabs).

2.5 Transient transfection protocols

HEK293T or HTLA cells were seeded in 24-well plates (reporter activation assay) or
12-well plates (endogenous gene activation assays and confocal microscopy) and
transfected next day at 80-90% confluency (or approximately 70% for confocal
microscopy). All transfections were performed with Polyethylenimine (PElI Sigma-
Aldrich 1 mg/ml) as previously described (Aricescu et al. 2006), unless otherwise
stated. Briefly, plasmids were mixed in either 50 or 100ul Opti-MEM (Cat. #31985047,
Gibco) for 24-well and 12-well plate transfections, respectively, and PElI was added
proportional to the total amount of DNA as follows: i) for experiments in 24-well plates,
if the total plasmid concentration was < 600ng, < 800ng, >800ng, the transfection

mixtures were supplemented with 1.5ul PEI, 2ul PEI, and 2.5ul PEI, respectively; ii) for
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experiments in 12-well plates, a total plasmid amount of 1ug was used and
supplemented with 3ul PEI. Within each experiment, the same amount of DNA was
maintained across all conditions by supplementing the transfection mix with pcDNA3.1
where necessary. A detailed description of the DNA constructs and corresponding

amounts used for each transfection reaction is provided in the Appendix.

Transfection mixtures were vortexed for 10 seconds and incubated at room
temperature for 20-30 minutes. Full media was removed from cells and replaced with
experiment-specific transfection media prior to adding the DNA:PEI transfection mix as

follows.

For dCas9(N/C)-synBDKBR2 experiments, HTLA cells were transfected in DMEM +
2% (v/v) FBS supplemented with bradykinin at indicated concentrations. The bradykinin
transfection media was replaced after 20 hours with HTLA full media also supplemented

with bradykinin, and incubated for an additional 24 hours.

For dCas9(N/C)-synBDKRB27'"®* and dCas9(N/C)-synBDKRB2"R AND gate
experiments, the bradykinin-containing transfection media and bradykinin-containing
HTLA full media were also supplemented with trimethoprim (TMP) at indicated
concentrations. All other 2-input Boolean AND gate configurations involving two dCas9-
synGPCRs, the bradykinin-containing transfection media and bradykinin-containing
HTLA full media were additionally supplemented with respective second agonist at
indicated concentrations. 3-input Boolean AND gate configuration involving dCas9(N)-
synBDKRB2®' and dCas9(C)-synCXCR4"""®* the bradykinin-containing transfection

media was supplemented with SDF-1a and bradykinin-containing HTLA full media was

supplemented with SDF-1a and rapamycin at indicated concentrations.

For dCas9(N/C)-synAVPR2 and dCas9(C)-synCXCR4 experiments, the same

transfection conditions were used, but the transfection media and HTLA full media were
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supplemented with vasopressin or recombinant SDF-1a at indicated concentrations,

respectively.

For dCas9(N/C)-synLPAR experiments, HTLA cells were transfected in DMEM
supplemented with 1% (w/v) fatty acid free BSA (Cat. #A8806, Sigma) containing LPA
at indicated concentrations. The LPA transfection media was replaced after 20 hours
with DMEM 1% (w/v) fatty acid free BSA containing LPA, and incubated for an
additional 24 hours. 3-input Boolean AND gate configuration involving dCas9(N)-
synBDKRB2®' and dCas9(C)-synLPAR17YP% the LPA-containing LPA transfection
media was supplemented with bradykinin. The LPA-containing DMEM supplemented
with 1% (w/v) fatty acid free BSA was additionally supplemented with bradykinin and

rapamycin at indicated concentrations.

For dCas9(N/C)-synT1R experiments involving D-glucose agonist only, HTLA cells
were transfected in DMEM (no glucose, no glutamine, no phenol red, Cat. #A1443001,
Gibco) supplemented with 5 mM L-glutamine (Cat. #25030, GIBCO) and 2% (v/v) FBS
containing D-glucose at indicated concentrations. The D-glucose transfection media
was replaced after 20 hours with DMEM (no glucose, no glutamine, no phenol red), 5
mM L-glutamine and 10% (v/v) FBS containing D-glucose, and incubated for an
additional 24 hours. For the dCas9(N/C)-synT1R experiment involving dietary sugars,
HTLA cells were transfected in DMEM (no glucose, no glutamine, no phenol red),
supplemented with 5 mM L-glutamine and 2% (v/v) FBS. 6 hours post transfection, D-
glucose-free transfection media was replaced with DMEM (no glucose, no glutamine,
no phenol red), 5 mM L-glutamine and 10% (v/v) FBS and incubated for another 18
hours. Dietary sugar stock solutions in 1x PBS (final concentration of ~100 mM) were
added to replenished DMEM (no glucose, no glutamine, no phenol red), 5 mM L-

glutamine and 10% (v/v) FBS and incubated for an additional 48 hours.
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For all soluble dCas9, TMt-dCas9, and dCas9-synVEGFR experiments (including the
MESA comparison), HEK293T cells were transfected in DMEM + 2% (v/v) FBS and this
media was replaced after 20 or 24 hours with HEK293T full media for an additional 24
hours. For dCas9(N/C)-synVEGFR1/2%' AND gate experiments, the HEK293T full

media added after transfections also contained rapamycin at indicated concentration.

For TMt-NLS-dCas9'"*"P™ experiments using the stable HEK293T cell line,
transfections were performed in DMEM + 2% (v/v) FBS. Transfection media was
changed after 24 hours to HEK293T full media supplemented with 2 pg/ml puromycin
and doxycycline at indicated concentrations for 24 hours, and replaced again with the

same media for another 24 hours.

For all experiments involving the HEK293T_dEGFP stable cell line, transfections were
performed in DMEM + 15% (v/v) FBS with Lipofectamine 3000 (Cat. #L3000015,
Thermo Fisher Scientific), following manufacturer’s instructions. Media was replenished

daily with HEK293T full media.

For all confocal microscopy experiments, HEK293T cells were directly processed for
antibody staining 24 hours after addition of DNA:PEI transfection mixtures to cells in

DMEM + 2% (v/v) FBS transfection media.

2.6 Flow cytometry experiments and data analysis

For all EYFP reporter experiments, media was removed 44, 48, or 72 hours post-
transfection and cells were washed with PBS (1x phosphate buffer saline), trypsinized
(0.05% trypsin-EDTA, Cat. #25300062, Gibco), and kept in 1x PBS on ice. Flow
cytometry measurements were carried out within 30-60 min from harvest on a BD LSR
Fortessa Analyzer (BD Biosciences). The laser configurations and filter sets were

maintained across experiments. Forward scatter and side scatter were used to identify
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the cell population and subsequently live single cells. 100,000 total events were
recorded for each condition. Data was analysed and compensated using the FlowJo
package (FLOWJO LLC). To calculate an EYFP activation score which integrates both
reporter fluorescence intensity and % of activated cells the following formula was used
as previously described (Z. Xie et al. 2011).

(%EYFP*Y¢x EYFP™¢) /(% mCherry*v¢x mCherry™em)

The numerator (%EYFP*"¢x EYFP™¢%) provides a weighted mean fluorescence
accounting both for the strength of reporter activation (EYFP™¢%") as well as population
level activation (%EYFP*"¢), which penalizes OFF-state leakage. Since both values are
calculated from the parent population (viable single cells) without gating on mCherry*v¢
cells, the same formula is applied to mCherry for the denominator in order to control for
variation in transfection efficiency (%omCherry*v¢) and sgRNA levels (mCherry™e")
between conditions. The fluorescence compensation protocol and the gating strategy

used for calculating the EYFP activation score are provided in Figure 3.2.

It should be noted that due to intrinsic experimental variations (e.g., timing, total amount
of plasmids transfected, cell density range, cell passage number) absolute values
should only be compared within the same experiment. The variations in fold change
activation scores observed for certain constructs is imputable to extremely low (near
zero) %EYFP*¢ cells in the OFF-state conditions. For the dose-response curves
(bradykinin, LPA, SDF-1a, and vasopressin), the lowest concentration plotted

represents the no-agonist condition.

2.7 Direct flow cytometry

Transiently transfected HEK293T cells were harvested, washed in 1x PBS and fixed in

1.6% paraformaldehyde (Cat. #15710, Electron Microscopy Sciences) for 10 minutes
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at RT. After a wash with FACS buffer (5% FBS in 1x PBS), cells were stained with 2 pl
of VEGFR antibodies (PE-conjugated anti-VEGF R1 (clone 49560) and VEGF R2
(clone 89106), Cat. ##FABSP3P, R&D systems) in 50 yl FACS buffer for 30 min on ice.

Before flow cytometry analysis, cells were washed again twice in FACS buffer.

2.8 RT-qPCR analysis

For quantification of endogenous genes expression, transiently transfected cells were
harvested 44 or 48 hours post-transfection, washed twice in 1x PBS and total RNA was
extracted using either RNeasy Mini Kit (Cat. #74106, Qiagen) or EZNA Total RNA Kit |
(Cat. #R6834, Omega) following manufacturer’s instructions. Complementary DNA
(cDNA) was prepared from 1 pg of total RNA using the QuantiTect Reverse
Transcription Kit (Cat. #205313, Qiagen). Quantitative PCR (qPCR) was carried out
using the SsoAdvanced™ Universal SYBR® Green Supermix kit (Cat. #1725272, Bio-
Rad) on a CFX384 real-time system (Bio-Rad). Each reaction was run in technical
triplicates. In the absence of a relevant PCR product (based on melt curve analysis),

values were set to a max. Ct of 40 cycles.

Data was analysed using the AACt method as previously described (Ferry et al. 2017).
ACt was calculated using the house keeping gene GAPDH to control for number of cells
(GOI transcript levels = 2*(Ctcappn-Ctcol)). Before calculating the AACt, the GOI
transcript levels were normalized to EGFP/dCas9(C) ACt for the same condition to
account for variations in transfection efficiency (GOl normalized transcript levels =
2M(CteappH-Ctcor) / 2*(Cteappn-Ctearridcase(c))). AACt values for each condition were then
calculated and normalized to AACt in the control conditions (untreated scramble

sgRNA) using the formula below (e = experiment (GOI) and ¢ = control (untreated
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scramble sgRNA, except for Figure 3F where the untreated GOl sgRNAs were used

instead)).

EGFP as control for transfection efficiency was only employed for soluble dCas9"'"**

experiments in Figure 3.3.

Fold change
(cté —Cté o) —(Cté -Ct§ )
_ 2(Cteappu—Ctgor GAPDH—CYEGFP/dcaso(C)
Z(Ct%APDH_CthI)_(th;APDH_Ct)CEGFP/dCas9(C))

qPCR primer Sequence (5'-3") Reference
ASCL1 fwd CCCCAACTACTCCAACGACT
ASCL1 rev GGTGAAGTCGAGAAGCTCCT
This thesis
EGFP fwd CAACTACAAGACCCGCGC
EGFP rev CTTGTGCCCCAGGATGTTG
GAPDH fwd AACAGCGACACCCACTCCTC
GAPDH rev CATACCAGGAAATGAGCTTGACAA
HBG1 fwd GTTGTCTACCCATGGACCCA
HBG1 rev TCTCCCAAGGAAGTCAGCAC
Ferry et al. 2017
IL1B fwd CGAATCTCCGACCACCACTA
IL1B rev AGGGAAAGAAGGTGCTCAGG
dCas9(C) fwd AACCTATGCCCACCTGTTCG
dCas9(C) rev ATCCAGGATTGTCTTGCCGG
IL-2 fwd ACCAGGATGCTCACATTTAAGTTTT
Lo GAGGTTTGAGTTCTTCTTCTAGACAC | Mocellin et al. 2003
-2 rev
TG
IFNy fwd CCAACGCAAAGCAATACATGA Body-Malapel et al.
IFNy rev CCTTTTTCGCTTCCCTGTTTTA 2008
MIP-1a (CCL3)
fwd GGCTCTCTGCAACCAGTTCT
W
C. Linetal. 2013
MIP-1a (CCL3)
TGAAATTCTGTGGAATCTGCC
rev
INS fwd ATCAGAAGAGGCCATCAAGCA
Giménez et al. 2016
INS rev TAGAGAGCTTCCACCAGGTGTGA
TNFa fwd CCCAGGGACCTCTCTCTAATCA Chiu & N.-S. Yang
TNFa rev AGCTGCCCCTCAGCTTGAG 2007
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TSP-1 (THBS1)
fwd ACATGCCACGGCCAACAAA
W
Ottow et al. 2014
TSP-1 (THBS1)
AGTGGCCCAGGTAGTTGCACTT
rev

Table 3 | List of forward and reverse primers used for qPCR.

2.9 T7 endonuclease | (T7E1) assay

Transiently transfected HEK293T_dEGFP cells after flow cytometry analysis were
pelleted and washed once in 1x PBS. Genomic DNA was extracted by boiling cells for
10 min at 95°C in 100 ul of 50 mM NaOH, then neutralised with 11 yl of 1 M TRIS-HCI
(pH 8.0) and centrifuged at 13,000 g for 3 min. 2 yl of the resulting supernatant was
used for the targeted amplification step. PCR was performed in 50 pl total reaction
volume with Phusion High-Fidelity PCR Master Mix with GC Buffer (Cat. #M0532, NEB)
and with a final concentration of 04 puyM forward primer 5-
ACCTGAAATGACCCTGCGCCTTATTTG-3 and 04 uM reverse primer 5'-
GGTGTTCTGCTGGTAGTGGTCGGC-3'. PCR programme was as follows: 95°C for 3
min, 35x (95°C for 30 sec, 65°C for 25 sec, 72°C for 55 sec), 72°C for 5 min, hold at
12°C. PCR reactions were purified with a MinElute PCR Purification Kit (Cat. #28006)
according to manufacturer protocol. Subsequently, purified PCR products were
reannealed by a programme consisting of the following steps: 95°C for 5 min, then
gradual ramping down at 0.1°C/1 sec until reaching 25°C. A fraction was digested for
30 min at 37°C with T7 Endonuclease | (Cat. #M0302, NEB) according to
manufacturer’s instructions. After inactivation with a final concentration of 25 mM
EDTA, aliquots were run on a 2% agarose gel (UltraPure Agarose, Cat. #16500500,
ThermoFisher Scientific) supplemented with GelRed (Cat. #730-2958 (41003), Biotium)
for 50 min at 150V. Gel was exposed in a GelDoc XR+ (BioRad) chamber and an image

was acquired with Image Lab 5.2.1 software (BioRad).
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2.10 Confocal microscopy

HEK293T cells were transiently transfected on round coverslips (Cat. #631-1577,
VWR), washed twice in 1x PBS, fixed in 4% paraformaldehyde (Cat. #15710, Electron
Microscopy Sciences) for 3 min at room temperature and incubated overnight in 100%
EtOH at -20°C. EtOH was then removed, cells were briefly washed in washing buffer
(1x TBS, 0.2% Triton X-100, 0.04% SDS) and incubated for 1 hour at room temperature
in blocking buffer (1.5 % BSA in 1x TBS). Polyclonal rabbit HA (Cat. #A190-108A,
Bethyl Laboratories Inc.) and monoclonal mouse c-myc (9E 10-c, Developmental
Studies Hybridoma Bank) primary antibodies were added to cells in blocking buffer and
incubated for 1 hour at room temperature. Cells were washed three times in washing
buffer and incubated for 1 hour in blocking buffer containing secondary antibodies goat
anti-rabbit A488 (Cat. #A-11008, Thermo Fisher Scientific), goat anti-mouse A568 (Cat.
#A-11004, Thermo Fisher Scientific), DAPI (Cat. #D1306, Invitrogen) and, if applicable,
Alexa Fluor 647 Phalloidin (Cat. no. A22287, Thermo Fisher Scientific). Coverslips were
washed three times in washing buffer and mounted with SlowFade Diamond Antifade
Mountant (Cat. #536972, Life Technologies). Images were acquired on a Zeiss LSM
780 Inverted confocal microscope with an oil immersion objective (Plan-Apochromat
63x/1.4 Oil DIC M27, Zeiss) at non-saturating parameters and processed using the

Imaged package.

2.11 Viral particle production and cell line generation

HEK293T cells were transfected in DMEM + 15% FBS with pCMV-dR8.91 and pMD2.G
(gifts from Thomas Milne), and lentiviral backbone constructs (TMt-NLS-dCas9""%*P
or dEGFP) at a ratio of 1:1:1.5 using Lipofectamine 2000 (Cat. #11668027, Thermo

Fisher Scientific). After 24 hours, media was replaced with HEK293T full media. After

86



Chapter 2: Materials and Methods

another 24 hours, the supernatant containing lentiviral particles was collected, passed
through a 0.22 um filter (Cat. #10268401, Millipore) and added to low passage
HEK293T at low multiplicity of infection (MOI).

For the TMt-NLS-dCas9""*“Pl HEK293T cell line generation, 2 days after infection
HEK293T full media supplemented with 5 ug/ml puromycin was added, transduced
cells were passaged three times and then maintained in HEK293T full media
supplemented with 2 ug/ml puromycin. Cells were treated with 1 yg/ml doxycycline,
indirectly stained with c-myc primary antibody and goat anti-mouse A568 secondary
antibody to identify TMt-NLS-dCas9""®*P expressing cells, and sorted as single cells
into Terasaki plates (Cat. #653180, Greiner Bio-One). One clone displaying the most
stringent doxycycline-dependent expression was chosen for subsequent experiments.
For HEK293T_dEGFP cell line generation, transduced cells were passaged three times
and then maintained in HEK293T full media. dEGFP expressing cells were FACS
sorted as single cells into Terasaki plates and subsequently expanded. One clone
displaying the most homogenous dEGFP expression signature was chosen for

subsequent experiments.
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Chapter 3: Establishing split transmembrane-

tethered dCas9'"® as signal transduction module

Most of the data presented in this chapter has been published in: Baeumler, T.A.,
Ahmed, A.A. & Fulga, T.A., 2017. Engineering Synthetic Signaling Pathways with
Programmable dCas9-Based Chimeric Receptors. Cell Reports, 20(11), pp.2639—

2653.

3.1 Chapter Aims

« Investigating the effects of different localisation tags on the potency of dCas9""**

transcriptional activators.

e Establishing an artificial transmembrane-tethered (TMt) dCas9'"** (TMt-
dCas9""®) scaffold, which recapitulates an intracellular receptor-like bound
transcription factor.

e Implementing a TEV protease-mediated release mechanism for TMt-dCas9""%*.

o Demonstrating that full length TMt-dCas9'"** and TMt-Cas9 scaffolds do not
provide stringent OFF state characteristics.
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e Determining and validating a split TMt-dCas signal transduction module

with robust OFF/ON state transition properties.

3.2 Results

3.2.1 Impact of localisation tags on the transcriptional potency of

soluble dCas9"'"%

To successfully implement dCas9'"® as potent signal transduction modality in a

receptor-like setting, dCas9'"** has to transition from a cytoplasmic, transcriptionally
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inactive factor (OFF state) into a nuclear-localised, potent transcription factor (ON
state). Because Cas9 originates from prokaryotes (Chapter 1.1.3.1) that do not possess

9"P%* {60 modulate its

a nucleus, | first investigated the effect of localisation tags on dCas
transcriptional potency in eukaryotic cells.

To this end, | fused to the N- and C-terminus of dCas9 either nuclear localisation
sequences (NLS) or nuclear export sequences (NES, amino acid sequence: LDLASLIL,
(Ossovskaya et al. 2008)) (Figure 3.1a,d). | used either a strong NLS (designated as
NLS+, amino acid sequence: PKKKRKVGIHGVPAA, of unknown origin, reported in
Mali et al. 2013) (Figure 3.1a) or a standard NLS (referred to as NLS, monopartite NLS
from SV40 Large T antigen, amino acid sequence: PKKKRKYV) (Kalderon et al. 1984;
Makkerh et al. 1996; Ray et al. 2015) (Figure 3.1b). In addition, | created a dCas9
lacking any localisation tag (Figure 3.1c). In all instances, dCas9"'"® also contained an
HA-epitope tag for subcellular visualisation.

To qualitatively assess the localisation pattern of designated dCas9'"®
constructs, | transiently transfected HEK293T cells and used an anti-HA antibody to
stain for HA-dCas9 variants as well as the nucleus of cells (DAPI stain) and F-actin in
the cytoplasm (Phalloidin). Anti-HA immunofluorescence revealed that NLS(+)-
dCas9'"® is exclusively found in the nucleus whereas NLS-dCas9'"** is distributed
both in the nucleus as well as in the cytoplasm (Figure 3.1a,b). In contrast, dCas9""**
and NES-dCas9""® variants are solely found in the cytoplasm (Figure 3.1c,d). The anti-

HA immunofluorescence staining was specific to the HA- epitope tag since the control

dCas9'"** (Mali et al. 2013) without an HA-tag did not produce any signal (Figure 3.1e).

For a robust assessment of the transcriptional activation potential of differently localised

dCas9""® variants, | utilised a previously validated fluorescence reporter assay
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Figure 3.1 | Subcellular localisation of soluble dCas9""® variants. (a-d) Top: Molecular
structures and cartoons of NLS(+)-dCas9'"®* (a), NLS-dCas9""®* (b), dCas9""®* (c), NES-

dCas9""® (d), and control dCas9'"** lacking an HA-tag (e). Bottom: Confocal images of

9VP54 variants and stained with anti-
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HEK293T cells that were transiently transfected with dCas
HA antibody. NLS(+)-dCas9""®* shows exclusive nuclear localisation, NLS-dCas cytosolic
and nuclear localisation, and dCas9'"** and NES-dCas9'"** exclusive cytosolic localisation.
Control dCas9""** lacking an HA-tag did not result in positive staining, confirming antibody
specificity. DAPI = nuclear staining, indicating the nuclear compartment, Phalloidin = F-actin,
indicating the cytoplasm. White dotted lines outline nuclei. White arrows indicate nuclear

localisation of NLS-tagged dCas9'"®* variants. Scale bar = 10um.
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(Farzadfard et al. 2013; Nissim et al. 2014). This assay deploys a customised plasmid
that encodes for a conditionally activatable EYFP fluorescence protein (Figure 3.2a).
Upstream of the EYFP is a minimal CMV promoter that is regulated by a synthetic
operator region containing a repetitive motif. This repeat sequence is complementary
to the spacer sequence of a single guide RNA (sgEYFP). When co-transfected,
dCas9'"® forms a complex with sgEYFP and targets the synthetic operator region
thereby eliciting EYFP transcription. As a transfection control, the sgRNA encoding
plasmid also contains a constitutively expressed mCherry fluorescent protein (Figure
3.2a). 48 hours post transfection of all system components, HEK293T cells were
subjected to flow cytometry (Figure 3.2b). First, the viable cell population was identified
(FSC-A vs SSC-A) and single cells isolated (FSC-A vs FSC-H). Then, transfected cells
were visualised and gated on using a flow cytometry scatter plot with the transfection
control mCherry displayed on the x-axis and the experimental variable EYFP on the y-
axis (Figure 3.2b). This gating strategy allowed for the subsequent calculation of a
designated activation score that takes into account fluorescent protein expression
(percent positive cells) and intensity (mean fluorescence intensity) of both EYFP and
mCherry (Figure 3.2c). When all system components (EYFP reporter plasmid,
dCas9""® plasmid, and the sgEYFP plasmid) were co-delivered to the same cells,
strong EYFP fluorescence was detected (Figure 3.2c,d). However, if one of the
components was missing or a non-targeting, scramble sgRNA (sgSCR) was supplied,
no EYFP was detected and the activation score was near zero (Figure 3.2c,d). These
results confirm the suitability of this assay for the assessment and quantification of
dCas9""®*-induced transcriptional activation.

Notably, two experimental practicalities had to be considered. First, to maintain

the total amount of transfected plasmid DNA for each condition within the same
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Figure 3.2 | EYFP reporter assay and quantification. (a) Schematic representation of the
EYFP reporter assay. HEK293T cells were transiently co-transfected with the EYFP reporter
plasmid, a plasmid expressing an EYFP-targeting sgRNA (sgEYFP) together with the

gVPe4 9"P% to the minimal

transfection control mCherry, and a dCas variant. sgEYFP directs dCas
promoter of the reporter thereby inducing the transcription of EYFP. (b) Flow cytometry gating
strategy. Depicted flow cytometry scatter plots are representative of the last two conditions in
(d). Only in the presence of all system components (EYFP reporter, sgEYFP, and NLS-
dCas9'"®*), EYFP reporter is detectable 48 hours post transfection. (c) EYFP activation score
formula adapted from Xie et al. (2011). (d) Activation score quantification and reporter assay
validation. Only in the presence of all system components, EYFP reporter fluorescence is
detected. (e) Flow cytometry compensation strategy for dual fluorophore (mCherry/EYFP)

analysis.
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experiment, an empty cloning plasmid (pcDNA3.1) was added when necessary (Figure
3.2d). Second, EYFP fluorescence had to be compensated for to avoid false positive
signal because very high EYFP emission values were detectable in the mCherry

detection channel (bleed-through) (Figure 3.2e).

Having established the EYFP reporter assay, | investigated in a head-to-head
comparison the transcriptional activation potential of differently localised dCas9'"®
variants (Figure 3.3a-d). As expected, no EYFP activation was detectable in the
presence of control sgSCR (Figure 3.3a-e). Surprisingly, however, all dCas9'"*
variants in combination with sgeYFP induced very strong and robust EYFP expression
(Figure 3.3a-e). This suggests that the subcellular localisation of transiently transfected
dCas9""® has a limited impact on its transcriptional potency.

To substantiate these EYFP reporter assay studies, | then programmed
dCas9""® variants to target an endogenous gene. For all testing and optimisation
experiments carried out in this thesis, | focused on ASCL1 as a preferred gene for
several reasons: (i) ASCL1 is expressed at very low levels in HEK293/HEK293T cells;
(i) sgRNAs capable of mediating strong transcriptional upregulation of ASCL1 have
been tested and optimised by several groups; and (iii)) ASCL1 is routinely used in the
CRISPR field for testing novel dCas9-mediated transcriptional activation systems
(Perez-Pinera et al. 2013; Chavez et al. 2015; Nihongaki, Yamamoto, et al. 2015;
Konermann et al. 2015; Zetsche, Volz, et al. 2015; Chavez et al. 2016; Black et al.
2016; Kleinjan et al. 2017; H.-K. Liao et al. 2017). Notably, the dCas9-TF-facilitated
overexpression of ASCL1 and all other endogenous gene targets throughout this thesis
were only assessed on the transcript level.

To target ASCL1, | utilised a second generation synthetic transcriptional

potentiator, the synergistic activation mediator (SAM) (Konermann et al. 2015). This
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Figure 3.3 | Transcriptional activation potential of differently, subcellular-localised

soluble dCas9'"%

. (a-e) EYFP activation reporter assay for differently tagged soluble
dCas9'"®* variants (a-d, top). Plasmids were transiently transfected into HEK293T cells
together with the EYFP reporter plasmid and a guide RNA-encoding plasmid, as indicated
(sgSCR or sgEYFP). Representative flow cytometry scatter plots are shown (a-d, bottom) as
well as quantification of EYFP reporter activation (e). N = 3 biological replicates from one
experiment, mean +/- s.d., a.u. arbitrary units; sgSCR = scramble sgRNA control; sgEYFP =
artificial EYFP operator region-targeting sgRNA. (f) RT-gPCR of endogenously targeted ASCL 1
in HEK293T cells with different soluble dCas9'"®* and SAM system components. Data
displayed as fold change relative to each sgSCR condition. N = 3 biological replicates (x3

technical replicates), mean +/- s.d.
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system offers two major advantages: (i) SAM generates higher fold change gene
induction rates than any other reported system (Konermann et al. 2015; Chavez et al.
2016), a feature that will become important in downstream applications (Chapter 6); (ii)
utilising an already established transcriptional activation system highlights the
compatibility of my receptor platform and showcases its ease of adaptation and
implementation (Chapter 4-6).

To harness the power of the SAM system, | replaced the sgRNA with a SAM
sgRNA and co-transfected an additional plasmid, encoding the chimeric activator fusion
protein MCP-p65-HSF1 (Figure 1.2b2) (Konermann et al. 2015). The SAM sgRNA
contains two MS2 loops that each recruit two engineered MCP-p65-HSF1 activator
fusion proteins thereby potentiating the transcriptional power of dCas9""°*.

HEK293T cells transfected with all SAM system components and differently
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tagged dCas variants were harvested and their RNA extracted and subjected to
RT-gqPCR analysis (Figure 3.3f). Both soluble NLS-tagged dCas9'"** variants showed
strong ASCL1 gene induction (~1000-fold for NLS(+)-dCas9'"® and >1300-fold for
NLS-dCas9""*"). dCas9'"** upregulated ASCL1 gene expression by ~850-fold while
NES-dCas9'"** displayed the lowest transcriptional activation of ~250-fold. Taken

together, these results illustrate that all dCas9""®*

variants induce robust endogenous
gene expression and that the localisation tags have only a minor impact on overall
transcriptional potency.

Two striking conclusions can be drawn: (i) NLS sequences do not improve
transcriptional potency compared to untagged dCas9'"**, although NLS-dCas9""®* is
preferentially found in the nucleus; (ii) the lack of NLS or the addition of NES sequences

are insufficient to efficiently retain dCas9'"®*

in the cytoplasm and to silence its
transcriptional activity. It was previously shown that catalytically active Cas9 nucleases,

with or without flanking NLS sequences, display equivalent potency in disrupting
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genomic DNA in HEK293T cells (Oakes et al. 2016). My data substantiates this
surprising observation, as further detailed in the next subchapter. This phenomenon
may be intrinsic to rapidly dividing cells (Oakes et al. 2016). Continuous cell division
accompanied by nuclear membrane disintegration may expose genomic DNA to Cas9

cleavage and/or allows Cas9 and dCas9'"*

to be trapped in the nucleus during the
reassembly of the nuclear envelope.

Importantly, the data on endogenous gene activation (Figure 3.3f) correlates
nicely with the EYFP reporter system data (Figure 3.3e), in that all dCas9'"*
alternatives perform as strong transcriptional activators. Therefore, for subsequent

characterisation, optimisation, and performance evaluations of dCas9'"**-based

systems, | utilised the EYFP reporter system.

3.2.2 Engineering a conditional transmembrane-tethered

dCas9'"%* (TMt-dCas9""%) scaffold

The observation that Cas9/dCas9""®* can exert its programmed function in the nucleus
irrespective of the presence or absence of a localisation sequence may create a
significant problem for implementing robust OFF/ON state transition in engineered
dCas9-based chimeric receptors. To further investigate this behaviour and model
dCas9'"® in a receptor-relevant setting, | conditionally tethered dCas9'"** to the
membrane via an artificial transmembrane tether and incorporated a TEV-based
release mechanism (Figure 3.4). The generic transmembrane tether (TMt) fused to
dCas9'"®* facilities the transport and the integration of dCas9'"®* into the cell
membrane (OFF state). Only in the presence of the Nla tobacco etch virus (TEV)
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protease, dCas is liberated from the membrane via the proteolytic activity exerted
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on a TMt-engrafted TEV cleavage site (TCS). Subsequently, dCas can translocate

into the nucleus to initiate gene expression (ON state, Figure 3.4).
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Figure 3.4 | Conceptual overview of transmembrane-tethered dCas9""%* (TMt-dCas9'"%).
A generic transmembrane tether (TMt) integrates dCas9'"® into the membrane thereby
rendering it transcriptionally silent. Upon the TEV protease-mediated release from the
membrane, dCas9""®* translocates into the nucleus to drive the expression of any customised

endogenous gene, guided by its programmable sgRNA.
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The endopeptidase TEV (Parks et al. 1995; Kapust et al. 2001; Phan et al. 2002)
was chosen for several reasons: (i) it has a well-characterised cleavage site (Dougherty
et al. 1988; Dougherty & Dawn Parks 1989; Phan et al. 2002; Kapust et al. 2002); (ii) it
is unlikely to have endogenous mammalian target sites, minimising potential
cytotoxicity (Wehr et al. 2006; Xi Chen et al. 2010); (iii) it has been successfully
harnessed for numerous biotechnological applications (Cesaratto et al. 2016); (iv) it has
been effectively utilised in mammalian cell lines and in mice in vivo in a receptor-related
setting (Barnea et al. 2008; Kroeze et al. 2015; Wehr et al. 2006; Copeland et al. 2016;
Wenjing Wang et al. 2017).

The TMt used in these experiments contains the murine IgK-originating leader
signal sequence (directs proteins to the secretory pathway), a short flexible (GGGS),
linker sequence, a myc-epitope tag (for staining purposes) followed by a platelet-
derived growth factor (PDGF) receptor transmembrane domain, and another linker
sequence (XTEN) (Schellenberger et al. 2009). The TMt was then appended with the
efficiently cleavable canonical TEV cleavage site ENLYFQG (TCS(Q’G)) (Kapust et al.
2001; Kapust et al. 2002), and directly fused to the N-terminus of dCas9'"** variants,
as described in Figure 3.3b-d to generate TMt-NLS-dCas9'"%, TMt-dCas9""®, and
TMt-NES-dCas9'"** (Figure 3.5a-c). The standard NLS was chosen in this case
because when fused to dCas9""** it performed slightly better than NLS+ in terms of
activation (Figure 3.3e,g). An additional construct was generated which contained an
NES sequence upstream of the TCS sequence instead of being fused directly to
dCas9""® (TMtNES-dCaSQVP64, Figure 3.5d). The rationale for this configuration is two-
fold: (i) it could improve cytoplasmic sequestration since both tethering and the NES
target dCas9'"* to the cytoplasm; (ii) following TEV protease-mediated cleavage of the

TCS, dCas9'"* is separated from the NES thereby recapitulating soluble, untagged

98



VP64

Chapter 3: Establishing split transmembrane-tethered dCas9 as signal transduction module

a b c d
TMt-NLS-dCas9Vre TMt-dCas9VPe* TMt-NES-dCas9Vre TMtNES-dCas9Vre
Igk myc NLS HA NLS vpea Igk myc  NES HA vPed  NES
/ ! L
o | O |5 EN Y
TCs@'G) Igk myc HA VP Tcs@'G) Igk myc NES  HA VP64
/ AL p ! )
2w O (% 2t i O
D TCS(Q'G) D o D TCS(Q'G) U
ey
TCS(Q'G) M >< TCS(Q'G) Wl >< TCSQ'G) M >< 4
NLS (NLS ™ N TCS(Q'G) M ><
& &
dCas9 dCas9 dCas9
dCas9
VP64 VP64 VP64
VP64
TMt-NLS-dCas9VPe TMt-dCas9VPe+ TMt-NES-dCas9VPe+ TMtNES-dCas9Vre

-TEV + TEV -TEV + TEV -TEV + TEV -TEV + TEV

HA (dCas9) DAPI

Phalloidin Myc (TMt)

Merge

Figure 3.5 | Subcellular localisation of transmembrane-tethered dCas9'"®. (a-d) Top:
Molecular structures and cartoons of TMt-NLS-dCas9""** (a), TMt-dCas9""** (b), TMt-NES-
dCas9'"** (c), and TMt"5-dCas9"'" (d). Bottom: Anti-HA and anti-myc confocal microscopy
of transiently transfected HEK293T cells with TMt-dCas9'"®* variants in the absence or
presence of TEV protease. As expected, only NLS-HA-dCas9""®* translocates into the nucleus
upon the successful cleavage of the TCS in TMt-NLS-dCas9'"** by TEV protease. Anti-HA
staining indicates dCas9'"® location in the cell whereas anti-myc staining visualises TMt-
dCas9""® in the absence of TEV protease or only TMt in the presence of TEV protease. DAPI
= nuclear staining, Phalloidin = F-actin. White dotted lines outline nuclei. White arrows indicate

nuclear localisation of NLS-tagged dCas9""®*. Scale bar = 10um.
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dCas9VP64 that showed strong transcriptional potency (Figure 3.3e,g). | reasoned that
these features may result in an improved OFF/ON state transition characteristic.

As expected, anti-HA and anti-myc confocal microscopy revealed that the myc-
labelled TMt was only detected in the cytoplasm and/or transmembrane structures in
all tested TMt-dCas9'"** configurations, regardless of the presence or absence of TEV
protease (Figure 3.5a-d). Similarly, the HA-tagged dCas9'"** variants were all
cytoplasmic in both conditions, except for TMt-NLS-dCas9""®*. Only in the presence of
TEV protease, the HA-tagged NLS-dCas9'"* was separated from its TMt anchor,
allowing NLS-dCas9""® to translocate into the nucleus, as revealed by strong anti-HA
and non-detectable anti-myc signal in the nucleus (Figure 3.5a).

Confirming the specificity of the antibodies, no cross-reactivity was observed
between anti-HA and anti-myc and no signal was detected in an antibody tag-free

control condition (Figure 3.6).
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The transcriptional activation potential of each TMt-dCas configurations was then

tested using the EYFP reporter system (Figure 3.7). Strikingly, TMt-NLS-dCas9""®*
displayed extremely high EYFP reporter activation, comparable to soluble dCas9'"**
variants (Figure 3.3g). Furthermore, TEV protease had apparently no impact on the
overall activation potency, as evidenced by the lack of an OFF/ON state transition
(Figure 3.7a,e). TMt-dCas9'"** maintained similar absolute activation strength as TMt-
NLS-dCas9'"**. However, it generated a two-fold transactivation change in the
presence of TEV (Figure 3.7b,e).

As expected (see Figure 3.3g), the overall transcriptional activity of TMt-NES-
dCas9'"® was slightly diminished, indicating that the flanking NES sequences on
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Cas imposed moderate cytoplasmic sequestration. Nonetheless,
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Figure 3.6 | Control antibody staining for anti-HA and anti-myc. (a) Transiently transfected
HEK293T cells with TMt-NLS-dCas9""®* and with or without TEV protease were subjected to
either anti-HA antibody or anti-myc staining. (b) HEK293T cells transiently transfected with
dCas9'"** (no HA or myc tag) were also individually treated with either anti-HA antibody or anti-
myc only. There was no crosstalk observed for any antibody combination or condition apart
from unspecific background staining (denoted with white asterisks). DAPI = nuclear staining,
Phalloidin = F-actin. White dotted lines outline nuclei. White arrows indicate nuclear localisation

of NLS-tagged dCas9'"*. Scale bar = 10um.
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Figure 3.7 | Transcriptional activation potential of conditionally transmembrane-tethered
dCas9"'"%* (TMt-dCas9"'"®*). (a-e) EYFP reporter assay for transmembrane-tethered (TMt),

differently tagged dCas9""®* gvres

variants (a-d, top). dCas variants were transiently transfected
into HEK293T cells together with the EYFP reporter plasmid, EYFP targeting guide plasmid
(sgEYFP) in the presence or absence of TEV protease. Representative flow cytometry scatter
plots are shown (a-d, bottom) as well as the quantification of EYFP reporter activation (e). Only

the configuration in which the NES sequence is separable from dCas9'"®* (

and conversely
retained on the TMt) upon TEV protease cleavage results in a 35-fold OFF/ON state transition.
In all instances, high unspecific background activation was observed. N = 3 biological replicates

from one experiment, mean +/- s.d., a.u. arbitrary units.
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TMt-NES-dCas9'"® generated an approximately two-fold OFF/ON state transition
change (Figure 3.7c,e). The effect of reduced baseline activation mediated by NES
sequences was more pronounced for TMtVES-dCas9'"®*. This construct achieved a
decent 35-fold change of transcriptional activation in the presence of TEV protease
(Figure 3.7d,e). TEV-mediated proteolytic cleavage liberated dCas9'"** from both the
TMt and the NES (TMt"®S). With regard to transcriptional potency, TEV-processed

TMt"ES-dCas9""® recapitulated liberated dCas9""** (Figure 3.7e).

The apparent discrepancy between subcellular localisation (Figure 3.5) and the
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transcriptional activity of dCas (Figure 3.7) prompted further investigation. In the

following, | first investigate and validate the role of TEV-mediated TCS cleavage in the

release and activation of dCas9""%

and second, the transcript level of TMt-NLS-
dCas9'"® and its potential implications for poor OFF/ON state transition

characteristics.

To validate TEV-facilitated release of transmembrane-tethered dCas9""%*

variants, |
first used a catalytically deficient TEV protease (TEV®'®'* Phan et al. 2002, Figure 3.8a
bottom). Confocal microscopy verified that catalytically inactive TEV®"™ did not
liberate TMt-NLS-dCas9'"** from its membrane-bound state (Figure 3.8b left). | then
created a TMt-NLS-dCas9""® variant that lacks the TCS, TMt*"°>-NLS-dCas9""*
(Figure 3.8a). As expected, TMt*"“S-NLS-dCas9""® could not be processed by TEV
protease, impairing liberation of NLS-dCas9'"** as revealed by the lack of anti-HA
signal in the nucleus (Figure 3.8b right).

Reporter assays, performed with a combination of different TEV proteases and

TMt-NLS-dCas9""® constructs, disclosed a similar level of EYFP activation throughout

(Figure 3.9). This observation supports the previous finding that the potency of
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Figure 3.8 | TEV protease specifically releases transmembrane-bound NLS-dCas9""®
from the membrane. (a) Construct designs and cartoons of TMt-N LS-dCas9""® (left); TMEATCS.
NLS-dCas9'"** (right); and TEV protease constructs, no TEV, catalytically inactive TEV
(TEVC151A), and catalytically active TEV (bottom). (b) Anti-HA and anti-myc confocal microscopy
of transiently transfected HEK293T cells with either TMt-NLS-dCas9""®* (left) or TMt*T°S-NLS-
dCas9"'"® in combination with TEV protease variants. Only TMt-NLS-dCas9""** co-transfected
with catalytically active TEV protease led to nuclear NLS-dCas9'"®*. Arrows indicate nuclear
localisation of NLS-tagged dCas9'"**. DAPI = nuclear staining, Phalloidin = F-actin. White

dotted lines outline nuclei. Scale bar = 10um.
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Figure 3.9 | TMt-NLS-dCas9"'"** transcriptional activation is independent of TEV protease.
(a) EYFP reporter assay for TMt-NLS-dCas9""®* and TMt*"“S-NLS-dCas9""®* in combination
with either no TEV, catalytically inactive TEV (TEVC151A), or catalytically active TEV protease.
Representative flow cytometry scatter plots are shown (bottom). (b) Quantification of EYFP
reporter activation. Independent of the presence of catalytically active TEV or an engrafted TCS
in TMt-NLS-dCas9""**, all tested conditions display strong transcriptional reporter activation. N

= 3 biological replicates from one experiment, mean +/- s.d., a.u. arbitrary units.
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TMt-NLS-dCas9'"®* is seemingly independent of TEV protease (Figure 3.7).
Furthermore, TMt*T°5-NLS-dCas9""®* showed no evidence of being functionally
affected by TEV protease co-delivery (Figure 3.9). This observation implies that: (i)
there is no alternative endogenous TEV protease orthologue capable of cleaving the

9VP64 t

TCS site; (ii) there must be another mechanism that allows for TMt-NLS-dCas (o}

be transcriptionally active in the nucleus.

TMt-NLS-dCas9""** did not display an OFF/ON state transition behaviour, which may
reflect a detection issue due to extremely high background leakiness. To address this
possibility, | repeated the same experiment, however, using TMt"5°-dCas9""®* and
TMEVESATCS 4Cas9¥P®* (Figure 3.10a). TMt“E5-dCas9'™®* co-transfected with TEV
protease reproduced the observed OFF/ON state transition from Figure 3.7 (Figure
3.10b left). As expected, TMt"E5-dCas9""** in combination with TEV®'*'* did not result
in any increased transcriptional activity (Figure 3.10b left). Conversely, TM{VESATCS.
dCas9'"** maintained its baseline transcriptional activity irrespectively of which TEV
protease was used (Figure 3.10b right). This data unequivocally demonstrates that

catalytically active TEV protease in combination with a cognate TCS is necessary and

sufficient to release transmembrane-tethered dCas9""** (Figure 3.10b).

Next, | examined whether TMt-NLS-dCas9'"®* transcript abundance might have a
negative impact on both the overall high background activity in the OFF state and the
absence of inducibility in the presence of TEV protease (ON state). To this end, |
created HEK293T cells carrying a stably integrated TMt-NLS-dCas9'"®* under the
control of a doxycycline-inducible promoter (Figure 3.11a). This design allowed to
determine whether low TMt-NLS-dCas9""®* expression is a prerequisite for enabling

potent OFF/ON state transition by fine-tuning its transcript levels. By comparison,
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Figure 3.10 | TMt"F5-dCas9""®* transcriptional OFF/ON transition is dependent on TEV
protease. (a) EYFP reporter assay of transiently transfected TMtN=-dCas9'"®* or TMtNESATCS.
dCas9'"® HEK293T cells in combination with either no TEV, catalytically inactive TEV
(TEVC"™'), or catalytically active TEV protease. Representative flow cytometry scatter plots are
shown (bottom). (b) Quantification of EYFP reporter activation. Only in the presence of
catalytically active TEV and an engrafted TCS in TMt"55-dCas9""®*, TMt"E5-dCas9"'"®* displays
a robust OFF/ON state transition in reporter output. N = 3 biological replicates from one

experiment, mean +/- s.d., a.u. arbitrary units.
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Figure 3.11 | TEV independent reporter activation of lowly expressed TMt-NLS-
dCas9"P%4P%Xl (a) Construct design and cartoon of stably integrated, doxycycline inducible
TMt-NLS-dCas9"Pe4PoX], Constitutively expressed rtTA binds under doxycycline treatment (+
Dox, step 1) to TREtight promoter to induce the transcription of TMt-NLS-dCas9'"** (step 2).
(b) Quantification of EYFP reporter activation of transiently transfected, doxycycline inducible
TMt-NLS- dCas9'Pe4PX HEK293T cells with the EYFP reporter, sgEYFP with mCherry, in the
absence or presence of TEV protease. 24h post-transfection, doxycycline was supplemented
to media at indicated concentrations and cells grown for an additional 48 hours. Data represent
the mean = s.d. (N = 3) from one experiment using biological replicates, a.u. arbitrary units. (c)

Representative flow cytometry scatter plots from (b).

108



VP64

Chapter 3: Establishing split transmembrane-tethered dCas9 as signal transduction module

transient transfections with TMt-NLS-dCas9""** expressing plasmid produce very high
levels of protein as confirmed by microscopy (Figure 3.5a and 3.8b).

Only in the presence of doxycycline, constitutively expressed rtTA bound to
doxycycline engages with the TREtight promoter, initiating TMt-NLS-dCas9'"*
expression. In the absence of doxycycline, no transgene expression was observed
(Figure 3.11b,c). Surprisingly, however, even at low doxycycline concentrations (low
TMt-NLS-dCas9'"®* expression level), background EYFP reporter expression was
detected in the absence of TEV protease (Figure 3.11b,c). TEV presence led to
approximately two-fold OFF/ON state transition at increasing concentrations of
doxycycline. Taken together, this data suggests that TMt-NLS-dCas9""®* background

transcriptional activity is mostly independent of expression levels.

To substantiate these observations, | then carried out a parallel set of experiments
utilising catalytically active Cas9. To this end, | fused Cas9 and NLS-Cas9 to the
transmembrane linker, an efficiently cleavable TCS sequence, and the fluorescent
protein mCherry (Figure 3.12a-d). Confocal microscopy revealed that TMt-NLS-Cas9-
mCherry is directed to discrete structures of the secretory pathway in the cytoplasm in
absence of TEV protease (Figure 3.12a left). In the presence of TEV protease, NLS-
Cas9-mCherry is released from the membrane and can freely translocate into the
nucleus (Figure 3.12a right), recapitulating the phenotype of soluble NLS-Cas9-
mCherry (Figure 3.12c). TMt-Cas9-mCherry also localises to discrete structures in the
cytoplasm in the absence of TEV protease (Figure 3.12b, left) and once processed by
TEV protease, it is evenly distributed in the cytoplasm (Figure 3.12b right). These
results are in agreement with previous data on the localisation of TMt-dCas9"'"®*

variants (Figure 3.5).
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Figure 3.12 | Subcellular localisation of transmembrane-tethered Cas9-mCherry variants.
(a-d) Top: Molecular structures and cartoons of TMt-NLS-Cas9-mCherry (a), TMt-Cas9-
mCherry (b), NLS-Cas9-mCherry (c), and Cas9-mCherry (d). Bottom: Confocal microscopy of
transiently transfected HEK293T cells with TMt-Cas9-mCherry variants in the absence or
presence of TEV protease. As expected, only NLS-Cas9-mCherry translocated into the nucleus
upon the successful cleavage of the TCS in TMt-NLS-Cas9-mCherry by TEV protease thereby
recapitulating the characteristic nuclear distribution of NLS-Cas9-mCherry (c). Cas9-mCherry
(d) served as control for the cytoplasmic localisation of TMt-Cas9-mCherry (b). White dotted
lines outline nuclei. Arrows indicate nuclear localisation of NLS-tagged dCas9-mCherry

variants. DAPI = nuclear staining. Scale bar = 10um.
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To assess the functional potency of catalytically active Cas9, | established a
genomic EGFP disruption assay. In this assay, a destabilised EGFP (dEGFP) is
integrated into the genome of HEK293T cells (HEK293T_dEGFP) and targeted for
disruption by transiently transfecting EGFP specific sgRNA (sgEGFP)-programmed
Cas9 (Tsai et al. 2014; Oakes et al. 2016) (Figure 3.13a). Insertions and/or deletions
(indels) generated by catalytically active Cas9 distort the open reading frame of EGFP,
leading to a loss of EGFP expression. The addition of a destabilisation tag on EGFP
(PEST domain, dEGFP) guarantees a short half-life (~2 hours, Oakes et al. 2016),
allowing the assessment of successful cleavage events by flow cytometry (Figure
3.13a,b). In this system, EGFP disruption is rigorously quantified in a binary manner:
transfected Cas9-mCherry cells are either positive or negative for EGFP expression
after Cas9 cleavage.

To generate a clonal HEK293T_dEGFP cell line | transduced the parental cell
line HEK293T with a customised dEGFP lentivirus (Figure 3.13b) at low virus titer and
sorted single cells by FACS. Following clonal expansion, a HEK293T_dEGFP clone
that displayed homogenous dEGFP expression was isolated (Figure 3.13c).

The HEK293T_dEGFP cell line was then transiently transfected with previously
described Cas9-mCherry variants (Figure 3.12a-d) and subjected to flow cytometry
(Figure 3.14a,b). Only mCherry positive, Cas9-expressing cells were analysed for
EGFP expression (Figure 3.14a). As expected, loss of EGFP expression was observed
in cells that received soluble NLS-Cas9-mCherry or Cas9-mCherry programmed with
SgEGFP (Figure 3.14a,b). The same result was obtained for TMt-NLS-Cas9-mCherry
and TMt-Cas9-mCherry guided by sgEGFP irrespective of TEV protease co-delivery
(Figure 3.14a,b). This observation is consistent with previous transcription activity data

VP64
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deploying dCas variants (Figure 3.7e).
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Figure 3.13 | Establishing HEK293T_dEGFP for a genomic dEGFP disruption assay. (a)
Cartoon of the EGFP disruption assay. Stably transduced HEK293T cell line with destabilised
EGFP (dEGFP) were transiently transfected with catalytically active Cas9-mCherry variants and
a sgRNA targeting the ORF of dEGFP (sgEGFP). Successfully transfected HEK293T_dEGFP
cells were mCherry positive and lost dEGFP expression. (b) Schematic of the lentivirally
integrated dEGFP construct into HEK293T cells. LTR, long terminal repeat; 3’LTR(AU3), 3'LTR
without U3 region; HIV-1 W, human immunodeficiency virus 1 packaging signal; cPPT, central
polypurine tract; CTS, central termination sequence; SFFV, spleen focus-forming virus. (c¢) Flow
cytometry histogram of EGFP fluorescence for wild-type HEK293T cells (IEGFP negative) and
monoclonal HEK293T_dEGFP cell line (dEGFP positive). The Y-axis of the histograms was set

to modal in FlowJo software for improved visualisation/readability purposes.
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Figure 3.14 | TMt-Cas9-mCherry variants diminish dEGFP fluorescence in
HEK293T_dEGFP cells. (a) Representative flow cytometry histograms of transiently
transfected HEK293T_dEGFP cells with different Cas9-mCherry and TMt-Cas9-mCherry
constructs as well as control plasmid (mCherry only) in the absence or presence of co-
transfected TEV protease. Depicted is the dEGFP fluorescence of pre-gated, mCherry positive
cells (receiver of Cas9 constructs or mCherry control plasmid). The Y-axis of the histograms
was set to modal in FlowJo software for improved visualisation/readability purposes. (b)
Quantification of the dEGFP disruption assay as descripted in (d). N = 3 biological replicates

from one experiment, mean +/- s.d.
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EGFP disruption on the DNA level, rather than on the protein level, was
confirmed via a T7 endonuclease | (T7E1) assay. The T7E1 assay detects mismatches
within the PCR amplicon that were introduced as a consequence of Cas9 cleavage
events. If Cas9 cutting occurred, fragments of the size of 545 and 184 nucleotides are
visible, in addition to the non-mutated, wildtype 729 nt amplicons (Figure 3.15a). In
agreement with the flow cytometry data, loss of EGFP expression was accompanied
by detectable EGFP DNA mutagenesis (Figure 3.15b). No distinct fragment pattern
(545 and 184 nt) were observed in any of the control conditions. Furthermore, NLS-
Cas9-mCherry and TMt-NLS-Cas9-mCherry appeared to have a more robust effect
than Cas9-mCherry or TMt-Cas9-mCherry, both with regard to loss of EGFP expression
(Figure 3.14b) and indel formation (band intensity, Figure 3.15b). This is indicative of
an increased DNA cutting potency of NLS-tagged Cas9 compared to its untagged
counterparts.

Since Cas9 is directly fused to mCherry, the fluorescence intensity of mCherry
should correlate with Cas9 expression levels. Taking advantage of this feature, | sorted
NLS-Cas9-mCherry and TMt-NLS-Cas9-mCherry expressing cells into several
fluorescence bins (Figure 3.15c) and assessed dEGFP fluorescence in each bin. Even
low levels of sgEGFP-programmed NLS-Cas9-mCherry or TMt-NLS-Cas9-mCherry
(without co-delivered TEV protease) led to loss of EGFP fluorescence and this effect
amplified with increasing mCherry fluorescence (Figure 3.15d). Interestingly, control
sgSCR-guided NLS-Cas9-mCherry or TMt-NLS-Cas9-mCherry fractions also
displayed reduced dEGFP fluorescence, indicating that transfection of
HEK293T_dEGFP cells compromised their dEGFP intensity, albeit this effect was only

observed in the high mCherry fluorescence bins (Figure 3.15d).
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Figure 3.15 | TMt-Cas9-mCherry variants disrupt dEGFP in the genome of
HEK293T_dEGFP cells independent of TEV protease-mediated liberation. (a, b) T7
endonuclease | (T7E1) assay for the detection of targeted Cas9 cleavage events. (a) Schematic
illustration of the PCR strategy. Indicated are amplicon lengths of uncut genomic EGFP as well
as expected Cas9 cleavage fragment sizes after the T7E1 assay. nt, nucleotides; Pgwp, forward
primer; Prey, reverse primer. (b) Agarose gel of T7E1 digested PCR amplicons of genomic DNA
from Cas9-transfected HEK293T_dEGFP cells from Figure 3.14a,b. To note, this digest was
performed on unsorted/non-enriched cell populations. Transfection efficiency in Figure 3.14a,b
was approximately 30%. Only in the presence of sgEGFP-guided Cas9, cutting events were
detected (see arrows and red dotted boxes). N = 1. UT, transfected cells. (c¢) Representative
flow cytometry scatter plot of transiently transfected HEK293T_dEGFP cells with NLS-Cas9-
mCherry and sgSCR. Bins were generated for different mCherry mean fluorescence intensities.
Same experiment as in Figure 3.14a,b. (d) Quantification of dEGFP mean fluorescence of
mCherry bins (g) for various Cas9-mCherry constructs. N = 3 biological replicates from one

experiment, mean +/- s.d., a.u. arbitrary units.
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These results suggest that TMt-NLS-Cas9-mCherry is functional even at low
expression levels, which is in accordance with data relating to doxycycline-inducible
TMt-NLS-dCas9'"** (Figure 3.11). TEV protease is indeed dispensable for TMt-NLS-
Cas9-mCherry functionality, because TMtATCS-NLS-CaSQ-mCherry is as potent as TMt-
NLS-Cas9-mCherry in the absence of TEV protease (Figure 3.16a,b).

In all described EGFP disruption experiments, | observed that whenever
sgEGFP is co-expressed with Cas9-mCherry, EGFP mutagenesis occurred. To
conclusively verify that this is not due to the mere presence of the EGFP-targeting guide
RNA, | transiently transfected HEK293T_dEGFP cells with either sgEGFP on a
mCherry backbone alone or with a scramble control (sgSCR) (Figure 3.16a,b). This
control experiment confirmed that sgEGFP without Cas9 does not lead to EGFP protein

loss in HEK293T_dEGFP cells (Figure 3.16a,b).

In summary of subchapter 3.2.2, | demonstrated that a transmembrane anchor is not
sufficient for functionally sequestering full length dCas9'"®* or Cas9 in HEK293T cells.
Tethering, however, resulted in distinct subcellular localisation which can be

conditionally regulated by an engineered TEV protease-mediated release mechanism.

3.2.3 A split TMt-dCas9"'"** scaffold design for stringent OFF/ON

state transitions

In the previous section, | showed that a transmembrane tether, in combination with an
NES sequence preceding the TCS facilitated limited conditional sequestration of full
length dCas9'"® and transcriptional upregulation in the presence of TEV protease
(Figure 3.7d,e). However, the high background activity of TMt"£5-dCas9""®* prohibited
its implementation as a receptor with dCas9'"®* as intracellular signal transduction

module.
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Figure 3.16 | Genomic dEGFP disruption is mediated by sgEGFP-guided TMt-Cas9-
mCherry variants. (a) Representative flow cytometry histograms of transiently transfected
HEK293T dEGFP cells with TMt-NLS-Cas9-mCherry, TMt*"“>-NLS-Cas9-mCherry, or

mCherry in combination with either sgSCR or sgeGFP (in all cases without co-delivered TEV

0
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protease). Depicted is the dEGFP fluorescence intensity of pre-gated, mCherry positive cells
(receiver of Cas9 constructs or mCherry control plasmid). The Y-axis of the histograms was set
to modal in FlowJo software for improved visualisation/readability purposes. (b) Quantification
of the dEGFP disruption assay as descripted in (a). N = 3 biological replicates from one

experiment, mean +/- s.d.
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| hypothesised that adapting a spilt dCas9'"** design may provide a solution to
reduce or completely eliminate this high OFF state leakiness. Feng Zhang’s laboratory
previously reported that conditional splitting of full length dCas9""®* into an N-terminal
part, dCas9(N), and C-terminal part, dCas9(C)'"**, almost completely abrogated its
transcriptional activity (Zetsche, Volz, et al. 2015). To efficiently reconstitute full length
dCas9'"® in an inducible manner, they fused the hetero-dimerisation FK506 binding
protein 12 (FKBP) domain to dCas9(C)""® and the FKBP rapamycin binding (FRB)
domain to dCas9(N) (Choi et al. 1996; Banaszynski et al. 2005; Zetsche, Volz, et al.
2015). In the presence of rapamycin, the dimerisation pair FKBP/FRB facilitates the
reassembly of a full length, functional dCas9'"®* transcription factor. Notably, to
separate both dCas9 moieties in the cell, NES sequences were appended to the
dCas9(N) fragment and NLS sequences to dCas9(C)""** (Zetsche, Volz, et al. 2015).

To integrate the system developed by Zetsche, Volz, et al. (2015), | tested
various split/tethered dCas9'"** pair combinations. These included the original NLS(+)-
dCas9(C)""**-FKBP construct as well as an appended version with a transmembrane
tether (TMt-NLS-dCas9(C)""®*-FKBP) (Figure 3.17a, top). In addition to the original
NES-dCas9(N)-FRB fragment, | included a dCas9(N) variant without NES sequences
(dCas9(N)-FRB) and a tethered version in which the NES precedes the TCS sequence
(TMt“ES-dCas9(N)-FRB) (Figure 3.17a, bottom), by analogy with TMtE5-dCas9""®*
(Figure 3.7d,e). The subsequent experiments were carried out in the absence of
rapamycin since the trigger for transcriptional activation in my case ought to be TEV
protease only. As expected, soluble NLS(+)-dCas9(C)""**-FKBP in combination with
soluble NES-dCas9(N)-FRB or dCas9(N)-FRB did not display any OFF/ON state
transition characteristic in the presence of TEV protease since they do not possess a

TMt or the TCS (Figure 3.17b left). The NLS(+)-dCas9(C)""**-FKBP and
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Figure 3.17 | Screen to identify split dCas9 configurations with improved OFF/ON

state transition characteristics. (a) Molecular structures and cartoons of NLS(+)-
dCas9(C)""*-FKBP and TMt-NLS-dCas9(C)""**-FKBP (top); and NES-dCas9(N)-FRB,
dCas9(N)-FRB and TMtVE5-dCas9(N)-FRB (bottom). (b) Top: Representative flow cytometry
scatter plots of EYFP reporter assay (without rapamycin) with a combination of different
dCas9(C)""®*-FKBP and dCas9(N)-FRB constructs in presence or absence of TEV protease
transiently transfected into HEK293T cells. Bottom: Quantification of EYFP reporter activation
assay (without rapamycin) as in (b, top). N = 3 biological replicates from one experiment, mean

+/- s.d., a.u. arbitrary units.
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NES-dCas9(N)-FRB pair displayed reduced background activation, due to the NES-
tagged dCas9(N)-FRB fragment, replicating previous results (Zetsche, Volz, et al.
2015). Strikingly, soluble NLS(+)-dCas9(C)""**-FKBP and TMt"*°-dCas9(N)-FRB
displayed a very strong OFF/ON state transition with a 187-fold change in EYFP
reporter activation in the presence of TEV protease (Figure 3.17b left). This result
demonstrates that, as previously reported, dCas9 fragments can spontaneously
assemble in the absence of rapamycin (Zetsche, Volz, et al. 2015). The affinity of
dCas9(C)""** and dCas9(N) for each other is a fundamental property for creating a split
dCas9-TF signal transduction module.

TMt-NLS-dCas9(C)""**-FKBP in combination with either NES-dCas9(N)-FRB or
dCas9(N)-FRB yielded low OFF/ON state transitions (Figure 3.17b). Remarkably, the
split dual-tethered dCas9 fragments, TMt-NLS-dCas9(C)""**-FKBP and TMt"ES-
dCas9(N)-FRB, showed extremely low background activation in the absence of TEV
protease, resulting in a 518-fold change EYFP activation (Figure 3.17b). This striking
result demonstrates that tethering NLS-dCas9(C)""®* provides effective sequestration
and concomitantly reduces background leakiness which is in stark contrast to tethering
full length NLS-dCas9'"®* (Figure 3.7a,e). In addition, it validates that dual tethering
counteracts the inherent auto-assembly properties of split dCas9'"** fragments. Finally,
TEV protease appears to effectively release dual-tethered dCas9'"®* fragments and
rapamycin is not required for system activation.

To determine if rapamycin could, however, confer an additional, beneficial layer
to control the activity of split dCas9 pairs, | repeated the EYFP activation assay utilising
TMtES-dCas9(N)-FRB in combination with either NLS(+)-dCas9(C)"F**-FKBP or TMt-
NLS-dCas9(C)'""®-FKBP, in the presence of 200 nM rapamycin (Figure 3.18a).

Surprisingly, rapamycin completely abrogated TEV-mediated system inducibility,
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s.d., a.u. arbitrary units.

121



VP64

Chapter 3: Establishing split transmembrane-tethered dCas9 as signal transduction module

leading to full EYFP activation (Figure 3.18b,c). This might be explained by the
rapamycin-induced formation of dimerised dCas9 fragments, resembling in essence full

length TMt-NLS-dCas9(C)""** (Figure 3.5a).

3.2.3.1 Split mono and dual TMt-dCas9""*

Since fusing the FKBP/FRB dimerisation domains to the two best performing split
dCas9 variants did not improve system performance, | removed these domains from
subsequent TMt scaffolds. Additionally, | incorporated the SAM system into the NLS-
dCas9'"* plasmid variants which will allow the efficient induction of endogenous genes
in downstream experiments. These changes in construct designs led to the creation of

an optimised set of split transmembrane-tethered dCas9""®*

variants: split mono TMt-
dCas9'"%, comprised of NLS-dCas9(C)""** and TMt"®5-dCas9(N) and split dual TMt-
dCas9'"®, consisting of TMt-NLS-dCas9(C)""** and TMt“E5-dCas9(N) (Figure
3.19a,b).

Confocal microscopy on both split mono and dual TMt-dCas9""** systems using
an HA-tagged dCas9(N) fragment (TMt"E5-HA-dCas9(N)) revealed that in the absence
TEV protease, no HA-signal was detected in the nucleus in either configuration (Figure
3.20a). In the presence of TEV protease, however, both soluble NLS-dCas9(C)'"** and
previously tethered TMt-NLS-dCas9(C)""®* redirected proteolytically processed
TMtYES-HA-dCas9(N), HA-dCas9(N), into the nucleus (Figure 3.20a). This indicates
that split dCas9""®* fragments auto-assemble after TEV-mediated cleavage.

Next, | tested the transcriptional potency of split mono and dual TMt-dCas9'"**
in transiently transfected HEK293T cells. Astonishingly, both tethered configurations
displayed higher background leakiness and lower fold activation than their FKBP/FRB

counterparts (Figure 3.20b,c compared to Figure 3.17b). Split mono TMt-dCas9'"**
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Figure 3.19 | Conceptual overview of split mono and dual TMt-dCas9"'"%. (a) Molecular
structures and cartoons of NLS-dCas9(C)""®*, TMt-NLS-dCas9(C)""®*, and TMtVES-dCas9(N).

(b) Schematic representation of the split mono and dual tethered dCas

9'P®* concept. A generic

transmembrane tether (TMt) anchors dCas9(N) in the membrane as well as TMt-NLS-
dCas9(C)""®*, whereas NLS-dCas9(C)""** resides soluble in the nucleus. Upon TEV-mediated

cleavage of the TCS in the tether, both dCas9 fragments reassemble to form a transcriptionally

active TF in the nucleus.
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dCas9(C)""®*. DAPI = nuclear staining, Phalloidin = F-actin. White dotted lines outline nuclei.
Arrows indicate nuclear localisation of dCas9(N). Scale bar = 10um. (b) Representative flow
cytometry scatter plots of EYFP reporter assay of split mono and dual TMt-dCas9 in the
presence or absence of TEV protease in transiently transfected HEK293T cells. (c)
Quantification of EYFP reporter assay as described in (b). (d) Representative flow cytometry
scatter plots of EYFP reporter assay with a combination of differently NLS-tagged dCas9(C)""**
and TMt"E5-dCas9(N) in transiently transfected HEK293T cells. (e) Quantification of EYFP
reporter activation assay. (c,e) N = 3 biological replicates from one experiment, mean +/- s.d.,

a.u. arbitrary units.
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attained only 10-fold activation while split dual TMt-dCas9'"®* yielded 234-fold
activation (Figure 3.20b,c). The diminished OFF/ON state transitions may be a
consequence of removing the FKBP/FRB domains. FKBP/FRB domains were fused to
the dCas9 fragments via short linkers thereby potentially disfavouring the inherent split
dCas9 auto-reconstitution. Furthermore, the FKBP/FRB domains may also contribute
to reduced affinity between Cas9 fragments since they themselves do not possess any
affinity for one another in the absence of rapamycin (Banaszynski et al. 2005).

In particular, the fold-change of split mono TMt-dCas9"'"® deteriorated
compared to its FKBP/FRB equivalent, although a weak NLS sequence was used in
the NLS-dCas9(C)'"®* variant. The original NLS-dCas9(C)'"® fragment had a
NLS(+)sequence on its N-terminus (NLS(+)-dCas9(C)""*-FKBP). However, the
stronger NLS(+) led to an even poorer fold-change activation (5.7-fold) compared to the
weaker NLS variant (11-fold) when tested in a head-to-head experiment (Figure

3.20d,e).

3.2.3.2 Inducible split mono and dual TMt-dCas9""®*
As demonstrated in the previous section, stringent OFF/ON state transitions of split

mono and dual TMt-dCas9""%

scaffolds are dependent on co-delivered TEV protease.
Engineering a chimeric receptor based on this conceptual framework may benefit from
a strategy in which TEV protease activity is regulated by extracellular
factors/exogenously delivered compounds. To render TEV protease inducible, | split
constitutively active, full length TEV protease into functionally inactive TEV(N) and
TEV(C) parts, as previously described (Wehr et al. 2006; D. J. Williams et al. 2009;
Gray et al. 2010; D. Lee et al. 2017). Next, | fused FKBP to the C-terminus of TEV(N),

generating FKBP-TEV(N), and FRB to TEV(C), creating FRB-TEV(C) (Figure 3.21a,b)
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Figure 3.21 | Inducible transcriptional activation with soluble split TEV for split mono and
dual TMt-dCas9'"®* (TMt-dCas9-iTEV®°"?*). (a) Schematic representation of the split mono
and dual TMt-dCas9-iTEV®"?® concept. Rapamycin triggers the reconstitution of catalytically
active TEV protease that subsequently liberates TMt-NLS-dCas9(C)""®* and/or TMtVES-
dCas9(N). (b) Molecular structures and cartoons of FKBP-TEV(N) and FRB-TEV(C). (c)
Quantification of EYFP reporter assay and (d) representative flow cytometry scatter plots of split
mono and dual TMt-dCas9-iTEV*"?® in the presence or absence of 200 nM rapamycin in
transiently transfected HEK293T cells. N = 3 biological replicates from one experiment, mean
+/- s.d., a.u. arbitrary units. (e) Dose-dependent transcriptional reporter activation of split dual
TMt-dCas9-TEVS®“?®. N = 3 biological replicates for each concentration data point, data from

one experiment, mean +/- s.d., a.u. arbitrary units.
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(Wehr et al. 2006). | then delivered the newly created FKBP-TEV(N)/FRB-TEV(C) pair

together with the split mono and dual TMt-dCas9""**

(Figure 3.21a). Upon rapamycin
administration, the FKBP-TEV(N)/FRB-TEV(C) pair reconstitutes a catalytically active
TEV protease, which is competent for liberating the tethered dCas9 fragments (Figure
3.21a). These rapamycin-dependent designs are referred to as split mono TMt-
dCas9-iTEV*®"?*® and split dual TMt-dCas9-iTEV*""""" respectively.

The transcriptional activity of inducible split mono and dual TMt-dCas9-
iTEV™"’® constructs was first assessed using the EYFP reporter assay. Split mono
TMt-dCas9-TEV*®"?® generated a modest 15-fold change EYFP upregulation upon
induction with 200 nM rapamycin (Figure 3.21c,d). The inducible split dual TMt-dCas9-
iTEVS™"" however, yielded a staggering 1202-fold activation, while maintaining a
substantially lower background activity compared to the split mono configuration
(Figure 3.21c,d). Notably, the split dual TMt-dCas9-iTEV**""® quickly reached its
maximum transcriptional potential at low rapamycin concentrations (Figure 3.21e).

This characteristic suggests a narrow window of fine-tuning opportunity which |
further tested on the endogenous gene ASCL1. Transient transfections of HEK293T
cells with split dual TMt-dCas9-iTEV**"® as well as a pool of previously validated SAM
sgASCL1 guide RNAs (Zetsche, Volz, et al. 2015) confirmed dose-dependent
endogenous gene activation of up to 11-fold at 200 nM rapamycin compared to 0 nM
(Figure 3.22). This performance was comparable to the full length TEV protease
condition, which, as expected, did not display rapamycin-mediated inducibility.
Importantly, rapamycin in combination with a control guide RNA (sgSCR) did not trigger

ASCL1 upregulation (Figure 3.22).
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In an attempt to further enhance the transcriptional potency of inducible split mono and
dual TMt-dCas9-iTEV**""® constructs, | adapted an integrative design (Wehr et al.
2006). To this end, FKBP-TEV(N) was incorporated into the split tethered dCas9
fragments, creating split mono TMt-dCas9-iTEV®"9*"? and split dual TMt-dCas9-
iITEV®"9""ed (Figure 3.23). | reasoned that the resulting proximity of reconstituted TEV
protease to its TCS may favour enhanced overall performance, compared to a freely
diffusible, soluble iTEV (Figure 3.21a). Indeed, these designs improved OFF/ON state
transition properties of both split mono TMt-dCas9-TEV®"9™"? and split dual TMt-
dCas9-iTEV®"9¥"? o 60-fold and 35900-fold, respectively (Figure 3.24). These
enhanced fold-changes were accomplished by massively reducing background
leakiness while maintaining high overall activation potency. Importantly, both
iTEVe"9a™ed systems did not operate in control reactions in which there was no soluble
FRB-TEV(C) fragments supplied or in the presence of only soluble FKBP-TEV(N)
fragments (Figure 3.24). Strikingly, split dual TMt-dCas9-TEV®"9"?"? displayed virtually
no background leakiness (Figure 3.24). Subsequently, | benchmarked both iTE V"""
systems against the original rapamycin-inducible, dimerisation-dependent split
dCas9'"® constructs (Zetsche, Volz, et al. 2015) (Figure 3.24). Split dCas9'"*
outperformed mono TMt-dCas9-iTEV®"9¥"? hut was inferior to split dual TMt-dCas9-
iTEVe"oa™ed (Figure 3.24).

Finally, | tested split dual TMt-dCas9-TEV®"9"* in the context of endogenous
gene regulation. At 2 nM, 20 nM, and 200 nM rapamycin, split dual TMt-dCas9-
iTEVe"9@"d vielded robust 3.5-, 63-, and 107-fold ASCL? upregulation, respectively

(Figure 3.25), vastly outperforming split dual TMt-dCas9-iTEV**"*® (Figure 3.22).
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Figure 3.23 | Concept of an engrafted split TEV in split mono and dual TMt-dCas9""®*
(TMt-dCas9-iTEVe"9"*"e9) (a) Schematic representation of the split mono and dual TMt-dCas9-
iTEVe"9@™d concept. Rapamycin induces the recruitment of TEV(C) to the tethered and
engrafted TEV(N) fragment, thereby allowing the reassembly of catalytically active TEV
protease. Reconstituted TEV protease cleaves the in proximity located TCS, which leads to the
liberation of TMt-FKBP-TEV(N)-NLS-dCas9(C)""** and/or TMt"ES-FKBP-TEV(N)-dCas9(N).
Subsequently, both dCas9 fragments reassemble to form a transcriptionally active TF. (b)
Molecular structures and cartoons of TMt"E5-FKBP-TEV(N)-dCas9(N) (top) and TMt-FKBP-

TEV(N)-NLS-dCas9(C)""®* (bottom).
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Figure 3.24 | Inducible transcriptional activation with split mono and dual TMt-dCas9-
iITEVe"9""ed (3) Representative flow cytometry scatter plots of EYFP reporter assay of split
mono and dual TMt-dCas9-TEV®"9®"? in the presence or absence of 200 nM rapamycin in
transiently transfected HEK293T cells and (b) the quantification thereof. In addition, the
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originally reported split dCas constructs from Zetsche, Volz, et al. (2015) were run in

parallel. N = 3 biological replicates from one experiment, mean +/- s.d., a.u. arbitrary units.
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split dual TMt-dCas9-iTEV®"9"¥"? at different concentrations of rapamycin. N = 3 biological

replicates (x3 technical replicates), mean +/- s.d.
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In summary of subchapter 3.2.3, | demonstrated that splitting dCas9""®* into two
fragments and simultaneously tethering them to the membrane is sufficient for
functionally sequestering dCas9'"® in HEK293T cells. Upon TEV-mediated
proteolysis, split dual TMt-dCas9'"®* transitions into a potent signal transduction
module, achieving stringent OFF/ON state transitions.

Split dual TMt-dCas9-TEVe"92d represents an effective approach to render
split dual TMt-dCas9'"** responsive to an exogenously-delivered compound, enabling

temporally-controlled and user-defined endogenous gene expression modulation.

3.3 Discussion

In this chapter, | set out to design, implement, and optimise a programmable dCas9-
TF-based signal transduction module. To create a functional module for synthetic
receptor engineering, two critical conditions had to be met: (i) by analogy with
native/endogenous receptors, it was indispensable to attain minimal background
activation (leakiness) in the absence of an inducer (OFF state); (ii) in the presence of
the inducer, the system should display robust activation (ON state).

To recapitulate the intracellular signal transduction module of a cell-surface
receptor, | created a generic transmembrane-tethered dCas9-TF scaffold.
Subsequently, | implemented a TEV protease-mediated mechanism to reliably release
dCas9-TF from its membrane anchor. Surprisingly, full length tethered dCas9-TF was
extremely potent in activating target gene transcription. | have demonstrated that this
leakiness is not caused by extensive protein expression, but rather might be explained
by the cell type of choice and cellular processes. Jennifer Doudna’s group has shown
that in rapidly dividing HEK293T cells, Cas9 does not require an NLS to efficiently
disrupt genomic DNA (Oakes et al. 2016). Additionally, the conclusion that full length

transmembrane-bound dCas9 is inadequate for generating a stringent OFF/ON state
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transition has been confirmed by studies of alternative chimeric receptor scaffolds in
HEK293T, HEK293FT, and Jurkat cells (Schwarz et al. 2017; Kipniss et al. 2017; Y. Liu
et al. 2017).

One possible, although speculative, explanation is that this property might be a
result of nuclear membrane disintegration, providing an access opportunity for highly
effective dCas9-TF. This behaviour would be significantly exacerbated in rapidly
dividing cells, such as HEK293T cells. However, this also suggests that testing and
optimising a system that works robustly in HEK293T cells will presumably exceed its
performance in other cell types that display moderate rates of cell division. This would
be highly relevant for downstream applications of this new class of chimeric receptors,
which would likely entail delivery to induced pluripotent stem cells (iPSC), human stem
cells, and primary cells.

To control dCas9-TF activity in a membrane-tethered configuration, | have
implemented several modifications to the basic architecture: (i) | removed NLS
sequences, thereby reducing dCas9-TF translocation to the nucleus; (ii) | included an
NES sequence upstream of the TCS thereby potentially increasing cytoplasmic
sequestration in the transmembrane-bound state; and (iii) | segregated dCas9-TF into
two fragments, completely rendering it functionally inactive in the absence of an
inducer. These three steps of iterative dCas9-TF engineering resulted in a design that

displayed stringent OFF/ON state transition properties.
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Chapter 4 : Engineering programmable chimeric

dCas9-synGPCR scaffolds

Most of the data presented in this chapter has been published in: Baeumler, T.A.,
Ahmed, A.A. & Fulga, T.A., 2017. Engineering Synthetic Signaling Pathways with
Programmable dCas9-Based Chimeric Receptors. Cell Reports, 20(11), pp.2639—

2653.

4.1 Chapter Aims

Verifying that grafting full length dCas9-TF to the GPCR TANGO scaffold is

inadequate for attaining low OFF state activity.

e Adapting the core split dCas9-based architecture to the GPCR TANGO scaffold
to create chimeric dCas9-based GPCRs (dCas9-synGPCRs).

¢ Implementing and characterising a TCS-optimised, split dual dCas9-synGPCR
as ideal configuration for attaining robust OFF/ON state transition properties in
the presence of cognate ligands.

e Demonstrating the generalisability of this dCas9-based chimeric receptor

architecture by designing a variety of dCas9-synGPCRs.

e Engineering Boolean AND logic gates for multi-factorial input processing.

4.2 Results

4.2.1 Chimeric, full length dCas9-based GPCRs are inadequate for

attaining robust OFF/ON state transitions

After establishing that transmembrane-bound full length dCas9'"®* is insufficient in

generating a suitable OFF/ON state transition (i.e. low background activation level,
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Chapter 3.2.2), | first sought to ascertain this conclusion by appending dCas9'"** onto
a native, cell-surface receptor.

To this end, | exploited the previously reported “transcriptional activation
following B-arrestin translocation” (GPCR TANGO) scaffold (Barnea et al. 2008; Kroeze
et al. 2015) as a template for the development of chimeric full length dCas9-based
GPCRs (GPCR-dCas9) (Figure 4.1). The basic GPCR-dCas9 design contains the
GPCR coding DNA sequence (CDS) followed by a V, tail sequence, originating from
the vasopressin receptor. Downstream of the V; tail, | have inserted an inefficiently
cleavable TCS (amino acid sequence ENLYFQL, cleavage occurs between Q and L,
abbreviated as TCS(Q’L)). The TCS(Q’L) is a TEV cleavage site variant that is
proteolytically processed with reduced efficiency compared to the canonical TCS(Q'G)
(Kapust et al. 2001; Kapust et al. 2002). Upon cognate ligand engagement, the receptor
undergoes a conformational change that subsequently leads to V; tail phosphorylation.
The artificial and constitutively overexpressed B-arrestin2-TEV fusion protein is then
actively recruited to the phosphorylated V;, tail, thereby bringing the TEV protease and
its cognate TCS in proximity, prompting its proteolytic cleavage. Liberated dCas9'"**
translocates into the nucleus to induce transcriptional upregulation of any chosen gene
(Figure 4.1). Under this premise, a prototype GPCR-dCas9 should be capable of
rewiring specific input/output functions by linking a native ligand to the activity of a

VP64
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synthetic, programmable dCas as novel signal transduction module (Figure 4.1).

| grafted NLS-dCas9""®* and dCas9""®* onto the original GPCR TANGO scaffold of the
bradykinin B2 receptor (BDKRB2), generating BDKRB2-NLS-dCas9'"** and BDKRB2-
dCas9""®, respectively (Figure 4.2a).

For all optimisation experiments, | chose BDKRB2 TANGO because it displayed

potent OFF/ON state transition characteristics in the original paper (Kroeze et al. 2015)
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Figure 4.1 | Concept of GPCR-coupled dCas9'"** as novel modality for the rewiring of

signal pathways. dCas9'"**

is fused to the C-terminal part of an artificial GPCR scaffold, which
was originally reported with a non-programmable TF (Barnea et al. 2008; Kroeze et al. 2015).
This design contains the GPCR coding DNA sequence (CDS) followed by the V, tail of the
vasopressin receptor and a TEV protease cleavage site (TCS). Upon cognate ligand
engagement, the receptor undergoes a conformational change which leads to the
phosphorylation of its C-terminal V, tail. The artificial and constitutively expressed B-arrestin2-
TEV fusion protein is then recruited to the phosphorylated V, tail thereby bringing the TEV
protease and its cognate TCS in proximity prompting its proteolytic cleavage. Liberated

dCas9""® can then translocate into the nucleus to exert its transcriptional activity.
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Figure 4.2 | BDKRB2-dCas9"'"* recapitulates poor OFF/ON state transition behaviour of
TMt-dCas9""%. (a) Construct designs and cartoons of BDKRB2-NLS-dCas9'"** and BDKRB2-
dCas9'"**. (b) Representative flow cytometry scatter plots of EYFP reporter assay of transiently
transfected HTLA cells with EYFP reporter, respective sgRNA and variants of BDKRB2-
dCas9""® in the absence or presence of 10 uM bradykinin and (c) the quantification thereof.
GPCR-tethered full length dCas9'"®* variants demonstrated extremely high background
activities, compromising robust OFF/ON state transition characteristics. N = 3 biological

replicates from one experiment, mean +/- s.d., a.u. arbitrary units.
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and its agonist, bradykinin, is a relatively inexpensive short peptide. Furthermore,
bradykinin is produced by cancer cells to stimulate proliferation and thus may be
relevant for therapeutic interventions (da Costa et al. 2014). For all transient
transfections involving GPCRs, | utilised a stably transduced HEK293 clone that
constitutively expresses the B-arrestin2-TEV fusion protein at low levels, referred to as
HTLA cells (Kroeze et al. 2015).

Analysis of the reporter expression disclosed that the magnitude of activation by
both BDKRB2-NLS-dCas9'"** and BDKRB2-dCas9""®* in the absence or presence of
bradykinin is similar to TMt-NLS-dCas9'"** and TMt-dCas9'"®* in the absence or
presence of TEV protease, or their untethered derivatives (compare Figure 4.2b,c with
Figure 3.7e and Figure 3.3e). As a consequence of extremely high background activity,
these chimeric receptors displayed poor fold change activation (~2-fold for BDKRB2-
NLS-dCas9'"** and ~6-fold for BDKRB2- dCas9'"®). This data confirms that
transmembrane-tethered full length dCas9-TF is indeed not an adequate means for
engineering dCas9-based chimeric receptors, as demonstrated in Chapter 3 and

subsequently by others (Kipniss et al. 2017; Y. Liu et al. 2017).

4.2.2 Exploring design principles for synthetic split dCas9-based

GPCRs (dCas9-synGPCRs)

Having conceived a split, conditionally membrane-bound and functionally sequestered
dCas9""® architecture (Chapter 3.2.3), | sought to append this core design onto the
original GPCR TANGO scaffold in order to mitigate the extremely high OFF state
activation observed for full length dCas9'"** (Figure 4.2).

To this end, | adapted the split mono TMt-dCas9""** design to the original
GPCR TANGO architecture (Figure 4.3a). In the first instance, | fused the dCas9(N)

fragment to the BDKRB2 TANGO receptor (dCas9(N)-synBDKRB2), and retained NLS-
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dCas9(C)""** in a soluble form (Figure 4.3a). Having only one dCas9 fragment tethered
at a time, enabled me to disentangle the effects of introducing modifications into the
original scaffold in pursuit of achieving improved OFF/ON state transitions. In contrast,
if | had adapted the split dual TMt-dCas9""® configuration for the GPCR TANGO
architecture, | would have had to investigate the effects of amendments in the scaffolds
of both tethered variants in an alternating fashion.

First, | tested the original GPCR TANGO design in which the inefficient TCS(Q’L)
follows the V;, tail directly (Figure 4.3a). Second, | conceived a modified design in which
| incorporated an NES preceding the TCS(Q'L), by analogy with TMtVES-dCas9""e
(Figure 3.7d,e). Third, | generated a control design in which a short linker sequence
(GGS) was introduced instead of the NES (Figure 4.3a). Surprisingly, by introducing
additional amino acids/linker sequence between the V; tail and TCS(Q’L) in form of an
NES or GGS, the overall activation potential diminished (Figure 4.3b,c).
Simultaneously, | observed an improved fold change in the activation level (Figure
4.3b,c). This indicates that the linker length is a critical component impacting the overall
magnitude of reporter activation and responsiveness upon ligand stimulation. In
particular, the V,-NES-TCS(Q'L) version of dCas9(N)-synBDKRB2, as well as the V,-
GSS-TCS(Q'L) control variant, showed a ~24-fold activation upon bradykinin treatment
compared to ~11-fold activation in the original V,-TCS(Q’L) design (Figure 4.3b,c).

To potentially compensate for the reduced overall activation potential, | explored
the idea of swapping the TCS sequence for other variants that enhance TEV protease
binding affinity (Barnea et al. 2008; Wenjing Wang et al. 2017) (ordered by increasing
TEV protease binding affinity, TCS(Q'L), ENLYFQ'L; TCS(Q’Y), ENLYFQ'Y; TCS(Q'G),
ENLYFQ’G) (Figure 4.3a). The overall activation potentials of the split mono dCas9(N)-

synBDKRB2 designs with more efficiently cleavable TCS displayed increased
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Figure 4.3 | Scaffold optimisation for split mono dCas9(N)-synBDKRB2. (a) Construct
designs and cartoons of dCas9(N)-synBDKRB2 variants in combination with soluble NLS-
dCas9(C)""®*. dCas9(N)-synBDKRB2 constructs were tested with different TCS variants and
linker lengths between the V,-tail and the TCS (ordered by decreasing TEV protease binding
affinity): TCS(Q'G), ENLYFQ'G; TCS(Q'Y), ENLYFQY; TCS(Q'L), ENLYFQ'L. (b)
Quantification of EYFP reporter activation of transiently transfected HTLA cells with the EYFP
reporter system, NLS-dCas9(C)""®, and different split dCas9(N)-synBDKRB2 configurations in
the absence or presence of 10 uM bradykinin. N = 3 biological replicates from one experiment,

mean +/- s.d., a.u. arbitrary units. (c) Representative flow cytometry scatter plots from (b).
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transcriptional potencies compared to the TCS(Q’L) variant, albeit at the expense of
OFF/ON state transitions (Figure 4.3b,c).
In summary, the original Vo-TCS(Q'L) GPCR TANGO scaffold displayed the best

performance in the split mono dCas9(N)-synBDKRB2 configuration.

Next, | contemplated whether incorporating an NES sequence upstream of the
BDKRB2 CDS could improve receptor performance. An NES may reduce background
leakiness by enforcing cytoplasmic localisation of dCas9-based receptor fusion
proteins. | designed two configurations in which the split mono dCas9(N)-synBDKRB2
is extended by only an NES or an NES flanked by GGS
sequences, generating dCas9(N)-synNES-BDKRB2 and dCas9(N)-
synNES(GGS)BDKRB2, respectively (Figure 4.4a). Benchmarking against the original
split mono dCas9(N)-synBDKRB2, the alternative NES-bearing versions did not appear
to improve the OFF/ON state transition (Figure 4.4b,c). One plausible explanation may
be that the introduced sequences in the extracellular scaffold of the GPCR
compromised its bradykinin binding ability and hence led to an overall reduction in
receptor performance. Taken together, these results indicate that the split mono
dCas9(N)-synBDKRB2 in the original GPCR TANGO scaffold displayed the best
OFF/ON state transition.

The property of endogenous receptors to modulate transcriptional programmes
in response to varying concentrations of input signals is of paramount importance. To
this end, | investigated the ability of split mono dCas9(N)-synBDKRB2 to induce gene
expression in a dose-dependent manner (Figure 4.4d). At increasing concentrations of
bradykinin (0.01 nM — 10 uM), an increase in reporter gene expression was observed,
reaching a maximum level at 10 yM bradykinin. The resulting dose-response curve
revealed bradykinin-dependent EYFP activation at a half maximal effective ligand

concentration of ECsg = 223 nM (Figure 4.4d).
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Figure 4.4 | Extracellular domain optimisation for split mono dCas9(N)-synBDKRB2. (a)
Construct designs and cartoons of dCas9(N)-synBDKRB2, dCas9(N)-synNES-BDKRB2, and
dCas9(N)-synNES(GGS)BDKRB2. (b) Representative flow cytometry scatter plots of transiently
transfected HTLA cells with EYFP reporter, respective sgRNAs, and variants of dCas9(N)-
synBDKRB2 in the absence or presence of 10 uM bradykinin and (c) the quantification thereof.
N = 3 biological replicates from one experiment, mean +/- s.d., a.u. arbitrary units. (d) Dose-
response curve for dCas9(N)-synBDKRB2 with NLS-dCas9(C)""** in the EYFP reporter assay
at increasing concentrations of bradykinin (ECsy = half-maximal effective concentration; each
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arbitrary units; curve was fitted using a non-linear variable slope (three parameters) function in
GraphPad Prism).
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To assess whether this core split dCas9-based architecture is portable to other GPCRs,
| adapted this particular configuration as well as the NES(GGS)-bearing version to the
arginine vasopressin receptor 2 (AVPR2) (Figure 4.5a). dCas9(N)-synAVPR?2 yielded
a 2.4-fold activation while dCas9(N)-synNES(GGS)AVPR2 a 2.0-fold activation in the
presence of vasopressin (Figure 4.5¢). This data suggests that this scaffold architecture
is indeed portable to other GPCR CDS and that the original GPCR TANGO design is

more suitable for achieving robust OFF/ON state transitions (Figure 4.5b,c).

Subsequently, | explored the ability of split mono dCas9(N)-synGPCRs to activate the
expression of several endogenous genes (ASCL1, IL1B, and HBG1) (Figure 4.6a-c).
HTLA cells transiently transfected with split mono dCas9(N)-synBDKRB2 components
and respective pools of SAM sgRNAs yielded low fold change upregulation of target
genes, in the range from 2.6 to 4.7, at 10 yM bradykinin (Figure 4.6a-c). Importantly,
none of the genes were transcriptionally upregulated by bradykinin treatment alone
when co-transfected with a control SAM sgRNA (SAM sgSCR) (Figure 4.6a-c). Split
mono dCas9-synAVPR2 displayed a similar system performance when programmed to
target the endogenous locus of ASCL1, yielding a 2.3-fold activation upon 1 uM

vasopressin stimulation (Figure 4.6d).

In summary, the original, unaltered GPCR TANGO core scaffold appears to be suitable

for accommodating a split dCas9'"**

configuration. However, the performance of split
mono dCas9-synGPCRs, in terms of OFF state leakiness and fold change activation,
remained unsatisfactory for rewiring signal transduction pathways, irrespective of the

GPCR or downstream target genes.
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4.2.3 Engineering an optimised split dual dCas9-synGPCR
architecture with stringent OFF/ON state transition characteristics

4.2.3.1 Establishing and characterising a prototype split dual dCas9-synBDKRB2
receptor

Since the split mono dCas9-synGPCRs displayed relatively poor OFF/ON state
transition characteristics, | sought to adapt a split dual dCas9-synGPCR architecture,
based on the original GPCR TANGO scaffold. To this end, | fused the NLS-
dCas9(C)""* downstream of the TCS(Q'L) sequence of BDKRB2 TANGO, creating
dCas9(C)-synBDKRB2™*@Y) (Figure 4.7a). In this instance, both dCas9(N) and
dCas9(C)""** are coupled to the BDKRB2 TANGO scaffold, collectively referred to as
split dual dCas9-synBDKRB2. Surprisingly, HTLA cells transiently transfected with
the EYFP reporter system and split dual dCas9-synBDKRB2 components yielded no
EYFP activation under stimulation conditions (Figure 4.7b,c).

To assess whether the dCas9(C)-synBDKRB2™“*@Y) fusion is competent for
transcriptional activation per se, | combined it with TMtNES-dCaSQ(N) (Figure 4.7a).
Intriguingly, even in this combination, dCas9(C)-synBDKRB2*(@") did not lead to any
reporter expression (Figure 4.7b,c).

| then transfected HEK293T cells with TMt"¥-dCas9(N) and dCas9(C)-
synBDKRB2TCS(Q’L) in the presence of co-delivered TEV protease (Figure 4.7d). |
hypothesised that if the constructs are by itself functional, TEV protease-mediated
liberation of dCas9 fragments should lead to EYFP expression. Indeed, under these
experimental conditions, reporter activation was observed, indicating that the
constructs are functional and TCS(Q'L) in dCasQ(C)—synBDKRBZTCS(Q’L) is accessible
for proteolytic cleavage (Figure 4.7¢e,f). Relative to receptor behaviour, this result may

suggest that the transient interaction of lowly expressed B-arrestin2-TEV in HTLA cells
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with an TCS(Q'L) in dCas9(C)-synBDKRB2™°%®Y) is too short lived to facilitate
cleavage. Furthermore, the B-arrestin2-TEV fusion protein in HTLA cells consists of the
wild-type TEV protease that undergoes intramolecular auto-inactivation, thereby
reducing its catalytic activity (Parks et al. 1995). The soluble TEV protease, however,
is a stabilised mutant (S219V) with greater resistance to auto-inactivation and ~100-
fold increased catalytic activity (Kapust et al. 2001).

To address this reasoning, | devised various TCS variants in dCas9(C)-
synBDKRB2, similar to the experiments performed in Figure 4.3a (Figure 4.8a). One
variant carrying the most efficient TCS, dCasQ(C)-synBDKRBZTCS(Q’G), yielded an
enormous 925-fold change upon bradykinin administration while maintaining minimal
background activation in the uninduced state (Figure 4.8b,c). None of the other TCS
variants generated such a satisfactory transcriptional response upon 10 uM bradykinin

stimulation (Figure 4.8b,c).

Taken together, these exploratory studies identified the combination of dCas9(N)-
synBDKRB2*(@") and dCas9(C)-synBDKRB2'“*@® as the most optimal receptor
architectures in generating a robust OFF/ON state transition upon bradykinin
administration. To the best of my knowledge, this configuration, collectively termed
dCas9(N/C)-synBDKRB2, was the first robustly functioning synthetic receptor that
deployes dCas9-TF as signal transduction module. dCas9(N/C)-synBDKRB2 was then
used for all subsequent experiments and further characterised in detail.

To investigate the relationship between dCas9(N/C)-synBDKRB2 receptor
abundance (plasmid copy number, input) and its performance (output), | first divided
the reporter data into sequential mCherry fluorescence bins (transfection control) at
increasing intensity (Figure 4.8d). Second, | calculated the EYFP mean fluorescence

values and the percentage of activated cells within each mCherry bin (Figure 4.8e,f).
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Figure 4.8 | Optimisation of split dual dCas9-synBDKRB2 designs. (a) Construct designs
and cartoons of dCas9(N)-synBDKRB2 and dCas9(C)-synBDKRB2 TCS variants. (b)
Representative flow cytometry scatter plots of transiently transfected HTLA cells with EYFP
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Since the mCherry construct is co-transfected with dCas9(N/C)-synBDKRB2, it
provides a good approximation for the amount of dCas9(N/C)-synBDKRB2 in cells. This
analysis revealed a positive correlation between the abundance of system components
and the level of EYFP reporter activation. Across a broad range of expression levels,
the activity of dCas9(N/C)-synBDKRB2 increased until reaching a maximum threshold,
after which the system performance did not improve anymore (Figure 4.8e,f).

Next, | characterised the dose-response behaviour of dCas9(N/C)-synBDKRB2.
At increasing concentrations of bradykinin agonist, this receptor displayed a robust
ligand-mediated reporter gene activation with a half-maximal effective agonist
concentration of 603 nM (Figure 4.9a).

Another important property of endogenous receptors is their temporal profile. In
this regard, a question might be: How long does it take to generate a transcriptional
output upon agonist stimulation? To this end, | investigated the temporal performance
of dCas9(N/C)-synBDKRB2 by analysing transfected and agonist-stimulated HTLA
cells at various time points (Figure 4.9b). Reporter expression was detected as early
as 12 hours post stimulation and increased vigorously throughout the duration of the
experiment (Figure 4.9b). This suggests that bradykinin is swiftly converted by activated
and reconstituted dCas9 fragments into a transcriptional output response (Figure 4.9b).

Moving away from transgene activation, | tested the ability of this highly
optimised dCas9(N/C)-synBDKRB2 receptor to control the induction of the endogenous
gene ASCL1. In a dose-dependent manner, ASCL1 was specifically upregulated by
5.2-, 11- and 13-fold in the presence of 0.4, 2 and 10 mM bradykinin, respectively
(Figure 4.9c). These results indicate that dCas9(N/C)-synBDKRB2 surpassed the

performance of split mono dCas9-synBDKRB2 (Figure 4.6a) by 277%.
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Figure 4.9 | Characterisation of dCas9(N/C)-synBDKRB2. (a) Dose-response curve for
dCas9(N/C)-synBDKBR?2 in the EYFP reporter assay at increasing concentrations of bradykinin
(ECs0 = half-maximal effective concentration; each data point represents EYFP activation score
from 3 biological replicates, mean +/- s.d., a.u. arbitrary units; curve was fitted using a non-
linear variable slope (four parameters) function in GraphPad Prism). (b) Time course analysis
of dCas9(N/C)-synBDKBR2 agonist response in HTLA cells. After 20 hours, the media was
changed to HTLA full media containing no agonist (0 uM bradykinin) or supplemented with 2
MM bradykinin. EYFP reporter expression was measured by flow cytometry at 0, 2, 4, 8, 12, 24,
and 48 hours post induction. Data points for sgSCR with and without bradykinin overlap in the
diagram. EYFP activation score was calculated from three biological replicates (n = 3, mean +/-
s.d.; a.u., arbitrary units). (¢, d) Dose-dependent and multiplexed endogenous gene activation
with split dual dCas9-synBDKBR2. (c) Endogenous ASCL1 transcriptional gene activation in
transiently transfected HTLA cells in a dose-responsive manner. Data is represented as fold
change relative to sgSCR no-agonist condition. (d) Dose-dependent and multiplexed
transcriptional activation of three endogenous genes (ASCL1, IL1B, HBG1) at increasing
agonist concentrations (0.4, 2, 10 yM bradykinin) at the same time. Displayed as fold change
relative to respective no-agonist condition (O uM bradykinin). In all instances, data represents n

= 3 biological replicates (x3 technical replicates), mean +/- s.d.
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A notable advantage of employing dCas9-TF is the opportunity to control
virtually any user-defined endogenous gene or gene set by simply programming dCas9-
TF with a combination of sgRNAs. To demonstrate this capacity in the context of
dCas9(N/C)-synBDKRB2, | simultaneously induced the expression of a panel of
endogenous genes (ASCL1, IL1B, and HBG1) using validated SAM sgRNAs
(Konermann et al. 2015). This experiment revealed the robust upregulation of all three

genes in a dose-dependent manner (Figure 4.9d).

Taken together, the scaffold design of dCas9(N/C)-synBDKRB2 represents the first
successful installation of a highly potent, dCas9-based synthetic receptor configuration,
characterised by minimal background activation in the uninduced state and stringent

OFF/ON state transition in the presence of its ligand.

4.2.3.2 Expanding the repertoire of ligand-activated dCas9-synGPCRs
To harness the diversity of input-sensing GPCRs, | next investigated whether the core
split dCas9 architecture of dCas9(N/C)-synBDKRB2 could be applied to other GPCRs.

First, | converted vasopressin-responsive AVPR2 into dCas9(N/C)-synAVPR2.
Upon hormone stimulation at different concentrations, a potent dose-response curve
was observed in the EYFP reporter assay (Figure 4.10a).

Second, | adapted the C-X-C chemokine receptor type 4 (CXCR4) into the
dCas9-synGPCRs scaffold, generating dCas9(N/C)-synCXCR4. At high concentrations
of the chemokine protein SDF-1 (stromal cell-derived factor 1, also known as C-X-C
motif chemokine 12 (CXCL12)), a robust reporter gene expression was observed,
indicating an agonist threshold level required for the transition from OFF to ON state

(Figure 4.10b).
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Figure 4.10 | Vasopressin and SDF-1 responsive dCas9-synGPCRs. (a) Dose-response
curve for dCas9(N/C)-synAVPR2 at increasing concentrations of vasopressin. EC5p = half-
maximal effective concentration. (b) Dose-response curve for dCas9(N/C)-synCXCR4 at
increasing concentrations of SDF-1. In all instances, each data point represents EYFP
activation score from 3 biological replicates, mean +/- s.d., a.u. arbitrary units; curve was fitted

using a non-linear variable slope (three parameters) function in GraphPad Prism).
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Third, | turned the lysophosphatidic acid receptors 1 and 2 (LPAR1 and LPAR2)
into dCas9(N)-synLPAR1, dCas9(N)-synLPAR2, dCas9(C)-synLPAR1, and dCas9(C)-
synLPARZ2, and tested their reporter activation potency in a combinatorial screen in the
presence or absence of 20 yM lysophosphatidic acid (Figure 4.11a,b). dCas9(N/C)-
synLPAR1, in which each dCas9 fragment is fused to LPAR1, performed best with a
191-fold change in EYFP induction. The dose-response curve for dCas9(N/C)-
synLPAR1 revealed robust transgene activation at higher agonist concentration, with
an ECsp = 1.82 mM (Figure 4.11c).

Last, | adapted the sweet taste receptors T1R2 and T1R3 to the dCas9-
synGPCR scaffold, creating dCas9(N)-synT1R2, dCas9(N)-synT1R3, dCas9(C)-
synT1R2, and dCas9(C)-synT1R3. | then tested their activation potency in a
combinatorial screen in the presence or absence of 100 mM D-glucose (Figure
4.12a,b). All combinations revealed weak reporter activation, however, dCas9(N/C)-
synT1R3 displayed a promising 7.2-fold change induction (Figure 4.12a,b).
Furthermore, analysis at increasing concentrations of D-glucose demonstrated a clear
dose-dependent behaviour (Figure 4.12c).

To further characterise the dCas9(N/C)-synT1R3 receptor, | investigated its
capacity to respond to other nutritional sugars (Figure 4.12d). In direct comparison with
100 mM D-glucose, 100 mM D-fructose and Coca-Cola Classic (equivalent sugar
content) yielded 9.9- and 10.6-fold EYFP reporter activation, respectively. This
confirmed that dietary sugars can bind to the T1R3 receptor, as previously reported
(Nelson et al. 2001; G. Q. Zhao et al. 2003; Y. Zhang et al. 2003; P. Jiang et al. 2004;
Nie et al. 2005; Chandrashekar et al. 2006; Assadi-Porter et al. 2008; Assadi-Porter et

al. 2010).
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Figure 4.11 | Lipid responsive dCas9(N/C)-synLPARs. (a) ldentification of the best
performing dCas9(N/C)-synLPAR pair via the EYFP reporter assay in transiently transfected
HTLA cells in the absence or presence of 20 yM LPA. N = 3 biological replicates from one
experiment, mean +/- s.d., a.u. arbitrary units. (b) Representative flow cytometry scatter plots
of (a). (c) Dose-response curve for dCas9(N/C)-synLPAR1 at increasing concentrations of LPA.
(ECsp = half-maximal effective concentration; each data point represents EYFP activation score
from 3 biological replicates, mean +/- s.d., a.u. arbitrary units; curve was fitted using a non-

linear variable slope (four parameters) function in GraphPad Prism).
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Figure 4.12 | D-glucose responsive dCas9(N/C)-synT1Rs. (a) Identification of the best
performing dCas9(N/C)-synT1R pair via the EYFP reporter activation assay in transiently
transfected HTLA cells in the absence or presence of 100 mM D-glucose. N = 3 biological
replicates from one experiment, mean +/- s.d., a.u. arbitrary units. (b) Representative flow
cytometry scatter plots of (a). (c) Dose-response diagram for dCas9(N/C)-synT1R3 at
increasing concentrations of D-glucose. Dotted line connecting data points was not fitted. (d)
EYFP reporter assay for dCas9(N/C)-synT1R3-transfected HTLA cells with a variety of
nutritional sugar compounds. N = 3 biological replicates from one experiment, mean +/- s.d.,

a.u. arbitrary units.
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4.2.4 Boolean AND logic gates for multi-factorial input processing

Building on the successful adaptation of a diverse group of GPCRs to the dCas9-
synGPCR scaffold (section 4.2.3.2), | next asked whether it is possible to deploy two
different GPCRs in combination. In doing so, | would create a Boolean AND logic gate
operation (see Chapter 1.2.3.1). Theoretically, only in the presence of both respective
ligands, a transcriptional output should be observed. Such AND gate configurations
offer the opportunity to gain temporal and spatial control over receptor output
programmes in designer cells.

In the first instance, | combined dCas9(N)-synAVPR2 with dCas9(C)-
synBDKRB2 (Figure 4.13a,b). In the absence of both agonists or in the presence of
only vasopressin, no reporter activation was observed (Figure 4.13b). In the presence
of bradykinin only, however, the system was capable of eliciting an agonist dose-
dependent EYFP activation (Figure 4.13b). Interestingly, increasing concentrations of
vasopressin agonist appeared to compromise bradykinin-mediated activation and
reduced overall reporter fluorescence (Figure 4.13b). This effect might be caused by
the physiologically reciprocal properties of these two agonists. Vasopressin is a potent
vasoconstrictor, whereas kinins (such as bradykinin) are generally vasodilatory and
together they play major roles in regulating the ionic balance and water content in
kidneys (Gonzalez & Figueroa 1999). When the receptors on the dCas9 fragments were
interchanged (dCas9(N)-synBDKRB2 and dCas9(C)-synAVPR2), a similar reciprocal
relationship was observed (Figure 4.13c,d). Surprisingly, this receptor AND gate
combination resulted in high background activation across all agoni<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>