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Summary

3. Summary

Nowadays, highly specialized genetic engineering tools are available, especially for the use in

the medical context. This work has primarily focused on transposon-based genome engineering.

Transposons are DNA segments that can change their position in the genome by a process

known as transposition. Depending on the nature of their mobile phase (RNA or DNA), a

distinction is made between class I and class II transposons. This work addressed class II

transposons. These transpose as a DNA unit from one position to the next and follow a so-called

cut-and-paste mechanism. Class II transposable elements consist of two essential components:

Transposon-specific recognition sequences that flank the transposon and the transposase

enzyme that recognizes the flanking sequences and catalyzes the mobilization from excision to

integration at another position. In nature, autonomous DNA transposons encode their

transposase between said recognition sequences and thus, upon successful transposition, take

with them all necessary components for additional transposition steps. For modern

biotechnology, this class of transposons has proven to be extremely useful because, as

described, only two components are required for transposition. How these components occur is

irrelevant as long as they come together. For this reason, transposase and recognition sequences

can be administered separately from each other into a cell, and the sequence between the two

recognition sequences can be replaced by any other. This makes it possible, for example, to

stably integrate therapeutic genes into the genome of a host cell and thus to produce gene and

cell therapy products. However, potential risk factors have to be taken into account. Since the

position in which the transposon is integrated is not predetermined, but the transposase itself

determines a suitable integration site, there is a risk that important genome components are

interrupted and thus their function is affected with potentially serious consequences such as

oncogenesis. Chapter I of this thesis has addressed the piggyBac transposon system. This widely

used system is capable of efficiently performing the genome modifications just described and

has already been used in clinical trials for the production of CAR T-cell products. However, the

piggyBac transposase has the problematic property of preferentially integrating transposons

near transcriptional start sites. This increases the likelihood of causing genotoxic effects,

making it potentially dangerous to use as a tool for clinical application. It has been shown in

the past that the piggyBac transposase shows physical interactions with BET proteins (e.g.

BRD4) through Co-IP experiments. Representatives of these proteins are part of the

transcriptional activation complex and are abundant at transcriptional start sites. Accordingly,

it was previously proposed that this interaction mediates the biased integration preference
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towards these positions. For the first chapter of this thesis, the goal was to inhibit this interaction

and determine if this changes the integration preference. As part of a collaboration in the lead-

up to this project, a region between V390 and P410 in the piggyBac structure was identified

based on structural analysis, which was suspected to be responsible for the interaction. In this

work, this entire structure was subjected to an alanine scan and the resulting mutants were

analyzed for their interaction capacity through a series of Co-IP experiments with BRD4. This

resulted in a total of four positions identified where substitution with alanine resulted in a

significant reduction in interaction capacity with BRD4: F395A, F397A, L403A, and K407A

by 61%, 90%, 70%, and 96%, respectively, compared with the wildtype control. However, in

subsequent transposition assays, it was found that all generated mutants had lost their

transposition activity. Since the role of said structure in the interaction with BRD4 was

confirmed however by the Co-IP experiments, multiple sequence alignments with related

members of the piggyBac superfamily and structural analysis obtained in collaboration were

used to propose alternative substitutions that are either found in members at said positions or

do not significantly alter the conformation of the structure but maximally affect the protein

surface with charged and/or long side chains. The mutants were generated, subjected to

transposition assays, and the active representatives were used in Co-IP experiments. In total,

seven substitutions were identified (E380F, V390K, T392Y, M394R, K407C, K407Q, and

K407V) which simultaneously exhibited transposition activity and showed reduced interaction

capacity with BRD4 (reduction by 65%, 53%, 95%, 92%, 67%, 62%, and 97%, respectively).

Each of the aforementioned mutants were used for further transposition experiments and

integration libraries were generated from the genomic DNA of the resulting cell populations. It

was determined via next-generation-sequencing, if the integration preferences of the respective

mutants in comparison to the piggyBac wildtype and in relation to their proximity to

transcription start sites had changed. Based on 1.6 to 3.2 thousand integration events identified

per generated mutant, these integration preferences were assessed. In the immediate range 200

base pairs up- and downstream from known human transcriptional start sites, all mutants used

exhibited a reduced integration bias. At a wider observation window 3000 base pairs up- and

downstream from transcriptional start sites, further mutants with the substitutions M394R,

T392Y and V390K showed a reduction in integration frequency of 17.3%, 1.5% and 5.4%,

respectively, compared to the wildtype. Of particular note was the mutant with the M394R

substitution, which showed a substantial reduction in all window sizes analyzed with a

maximum of 65% less integration preference in the immediate vicinity of transcriptional start

sites. Structural analyses showed that the side chain of M394 has no intermolecular interactions
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with neighboring side chains, protruding at the surface of the piggyBac molecule and thus

consolidating the hypothesis of achieving the desired effect by surface modification with

simultaneous preservation of the 3D structure. Thus, the goal of the first project was achieved.

The substitution M394R theoretically generates a significant safety advantage over the wildtype

transposase in terms of integration near transcriptional start sites in the tested cell system. Going

further, it is suggested to generate mutants with combinations of the analyzed substitutions to

determine potential additive properties and to achieve further eventual reductions in integration

bias. In addition, it is recommended to compare the generated datasets with respect to

integration preferences in additional potentially critical regions with the generated control

dataset of the wildtype transposase to identify possible differences and thus further characterize

the mutants.

Chapter II of this thesis was dedicated to the overall safety improvement for transposon-based

gene modification and addressed the time point after the transgene has already been integrated

and serious side effects may occur. In addition to the aforementioned risk of oncogenesis, other

potentially lethal side effects such as cytokine release syndrome or graft-versus-host disease

may occur within gene and cell therapies which are gaining attention. An elegant method to

deal with the eventuality is to incorporate a so-called suicide-switch into the cell product. Thus,

if conventional treatment methods do not resolve the side effects, the transgene cell product can

be eliminated from the patient by activating the switch. Several representatives of suicide-

switches are currently being tested for this purpose or are already in use. However, all systems

developed so far have significant drawbacks such as incomplete elimination modified cells,

incompatibility upon administration of the substances required for activation, or even severe

side effects caused by these substances. With this in mind, the aim of this second chapter was

to develop a novel suicide-switch that addresses these drawbacks, can be stably introduced into

cells via transposition, and reliably leads to cell death of the modified cells once activated. A

system based on CRISPR/Cas9 technology was developed and termed CRISPR Induced

Suicide-Switch (CRISISS). CRISPR/Cas9 is a programmable nuclease that can find and

generate double strand breaks at homologous DNA sequences to a predetermined and co-

administered guide RNA sequence. This revolutionary technology is both highly precise and

flexible due to its dependence on the guide RNA sequence. However, in this work

CRISPR/Cas9 was used in a highly unconventional way. A sequence that guides the Cas9

nuclease to Alu elements was chosen as the guide RNA. These are short, repetitive sequences,

which are distributed over the human genome in more than one million copies and make up

about 11% of our genetic material. If Cas9 causes double strand breaks within these elements,
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they are too numerous to be repaired by DNA repair mechanisms, the genome becomes

fragmented and the cell dies. However, in order to function as a suicide switch, inducibility is

required so that it is activated exclusively when necessary, without background activity and

thus causing unintended cell death. For this purpose, a transcriptional as well as post-

translational control mechanism was added. Transcription of the Cas9 nuclease was regulated

using a tet-on system so that transcription occurs only in the presence of doxycycline.

Furthermore, a version of the Cas9 nuclease called arC9 was used, which, by fusion with an

estrogen receptor ligand binding domain, adopts a conformation that prevents nuclease function

and induces a conformational change that allows double strand break generation only in the

presence of 4-Hydroxytamoxifen. Together with an expression cassette for the Alu-specific

guide RNA, an expression cassette for the reverse tetracycline controlled transactivator, and a

neomycin resistance gene expression cassette, all components were arranged between

transposase-specific recognition sequences on a plasmid to allow integration of the construct

into the host cell genome after introduction into host cells together with the respective

transposase. The system was tested in HeLa cells. To confirm successful transposition, cells

were selected with G418 for 14 days, generating a resistant cell population suspected to contain

the suicide-switch. First, conditional-only expression of the arC9 nuclease was confirmed by

addition of 1 µg/ml doxycycline through western blot analyses. Furthermore, the suicide-switch

was induced by additional addition of 200 nM 4-Hydroxytamoxifen, protein extracts were

extracted and assayed for the presence of phosphorylated KAP1 protein to confirm the induced

DNA damage response. Only in the presence of doxycycline, 4-Hydroxytamoxifen, and Alu-

specific guide RNA (cell populations containing all suicide cassette components except Alu-

specific guide RNA were generated as a negative control) was phosphorylated KAP1 protein

detected and as early as 24 hours. Flow cytometric assays for detection of Annexin-V, further

confirmed the onset of apoptosis. Monoclonal cell lines were subsequently generated from both

described conditional Cas9 expressing cell populations. These were used to perform extensive

growth and survival experiments to determine the effect of suicide-switch induction on cell

proliferation and survival. It was found that after induction, the cell line harboring an active

switch lose their ability to divide and die. Between 24 and 48 hours after induction, a halt in

cell division was detected, after which the dying process occurred. Within 5 days post induction,

>99% of all cells were eliminated. In the absence of both inducers, no significant differences in

survival were determined compared with the control cell line without Alu-specific guide RNAs.

Microscopic examinations of the <1% surviving cell fraction revealed a senescence-associated

phenotype and showed no signs of resumption of the cell division process. Thus, the second
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chapter of this thesis also achieved its goal in developing a functional CRISPR/Cas9-based

suicide-switch that can be inserted into human cells via transposition, is highly dependent in its

activity on the necessary induction signals, and exhibits excellent elimination capabilities in the

context tested. For the future, it is encouraged to confirm the efficiency and the function of the

presented system in clinically relevant cells and to perform tests including a therapeutic gene.

If successful, the possibility of further characterization in animal studies might be considered.

In summary, this work presents two independent approaches aiming to improve the safety of

the rapidly growing array of technologies for the production and implementation of gene and

cell therapeutics. Further development and testing of the presented systems is recommended to

fully exploit their promising potential.
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Zusammenfassung

4. Zusammenfassung

Für die gezielte Genommodifizierung, vor allem im medizinischen Kontext, stehen heutzutage

hochgradig spezialisierte Methoden zur Verfügung. Diese Arbeit hat sich in erster Linie mit

Transposon-basierter Genommodifikation beschäftigt. Als Transposons werden DNA-

Segmente bezeichnet, die durch einen als Transposition bezeichneten Prozess ihre Position im

Genom verändern können. In Abhängigkeit der Natur ihrer mobilen Phase (RNA oder DNA)

wird zwischen Klasse-I und Klasse-II Transposons unterschieden. Diese Arbeit widmete sich

Klasse-II Transposons. Diese transponieren als DNA-Einheit von einer Position zur nächsten

und folgen einem sogenannten cut-and-paste Mechanismus. Klasse-II Transposon-Einheitenen

bestehen aus zwei essenziellen Komponenten: Transposon-spezifischen Erkennungssequenzen,

welche das Transposon flankieren und dem Transposase-Enzym, welches die flankierenden

Sequenzen erkennt und die Mobilisierung von Exzision bis Integration an einer anderen

Position katalysiert. Autonome DNA-Transposons kodieren ihre Transposase in der Natur

zwischen besagten Erkennungssequenzenen und nehmen somit bei erfolgreicher Transposition

jegliche nötige Information für weitere Transpositionsschritte mit. Für die moderne

Biotechnologie haben sich diese Klasse von Transposons als außerordentlich nützlich erwiesen,

da wie beschrieben nur zwei Komponenten für die Transposition nötig sind. Wie diese

Komponenten vorkommen, ist nicht von Bedeutung, solange sie zusammenkommen. Aus

diesem Grund können Transposase und Erkennungssequenzen separat von einander in eine

Zelle verabreicht werden, wobei die Sequenz zwischen den beiden Erkennungssequenzen durch

eine beliebige andere ersetzt werden kann. Dadurch ist es möglich, beispielsweise

therapeutische Gene stabil in das Genom einer Wirtszelle zu integrieren und somit Gen- und

Zelltherapieprodukte herzustellen. Potentielle Risikofaktoren müssen jedoch berücksichtigt

werden. Da die Position, in der das Transposon integriert wird, nicht vorbestimmt werden kann,

sondern die Transposase selbst einen geeigneten Integrationsort bestimmt, besteht die Gefahr,

dass wichtige Genomkomponenten unterbrochen und somit ihre Funktion beeinflusst werden

mit potentiell gravierenden Folgen wie beispielsweise Onkogenese. Kapitel I dieser Arbeit hat

sich dem piggyBac Transposon-System gewidmet. Dieses weitverbreitete System ist in der

Lage, effizient die eben beschriebene Genommodifizierungen durchzuführen und wurde bereits

im Rahmen von klinischen Studien für die Produktion von CAR-T-Zell-Produkten eingesetzt.

Jedoch besitzt die piggyBac Transposase die problematische Eigenschaft, Transposons

bevorzugt nahe Transkriptionsstartpunkten zu integrieren. Dies erhöht die Wahrscheinlichkeit,

genotoxische Effekte zu verursachen, was den Einsatz als Werkzeug für klinische Anwendung

erschwert. In der Vergangenheit wurde gezeigt, dass die piggyBac Transposase in Co-IP
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Experimenten physische Interaktionen mit BET-Proteinen (z.B. BRD4) aufweist. Vertreter

dieser Proteine sind Teil des Transkriptions-Aktivierungskomplexes und kommen vermehrt

nahe dieser Transkriptionsstartpunkte vor. Demnach wurde vorgeschlagen, dass diese

Interaktion Grund für die voreingenommene Integrationspräferenz gegenüber diesen Positionen

ist. Im ersten Kapitel dieser Arbeit wurde das Ziel verfolgt, diese Interaktion zu inhibieren und

zu ermitteln, ob sich dadurch die Integrationspräferenz ändert. Im Rahmen einer Kooperation

im Vorlauf dieses Projekts wurde auf Basis von Strukturanalysen eine Region zwischen V390

und P410 in der piggyBac Struktur identifiziert, welche vermutet wurde, für die Interaktion

verantwortlich zu sein. In dieser Arbeit wurde diese gesamte Struktur einem Alanin-Scan

unterzogen und die daraus entstehenden Mutanten mittels Co-IP Experimenten mit BRD4 auf

ihre Interaktionskapazität analysiert. Daraus wurden insgesamt vier Positionen identifiziert, bei

denen eine Substitution mit Alanin eine erhebliche Reduktion in der Interaktionskapazität mit

BRD4 mit sich führte: F395A, F397A, L403A und K407A um jeweils 61%, 90%, 70% und

96% im Vergleich zu der Wildtyp-Kontrolle. In anschließenden Transpositionsassays wurde

jedoch festgestellt, dass alle generierten Mutanten ihre Transpositionsaktivität verloren hatten.

Da jedoch die Rolle der besagten Struktur in der Interaktion mit BRD4 durch die Co-IP

Experimente bestätigt werden konnte, wurden anhand von multiplen Sequenzalignments mit

verwandten Vertretern der piggyBac Superfamilie und durch eine in Kooperation erhaltene

Strukturanalyse alternative Substitutionen vorgeschlagen, die entweder bei Vertretern an

besagten Positionen zu finden sind, oder die Struktur in ihrer Konformation nicht maßgeblich

verändern, jedoch die Proteinoberfläche mit Ladungen und/oder langen Seitenketten

größtmöglich beeinflussen. Die Mutanten wurden generiert, Transpositionsassays unterzogen

und die aktiven Vertreter in Co-IP Experimenten eingesetzt. Insgesamt wurden sieben

Substitutionen identifiziert (E380F, V390K, T392Y, M394R, K407C, K407Q und K407V),

welche zugleich Transpositionsaktivität aufwiesen und reduzierte Interaktionskapazität mit

BRD4 zeigten (Reduktion um jeweils 65%, 53%, 95%, 92%, 67%, 62% und 97%). Mit jeder

der genannten Mutanten wurden für weitere Transpositionsversuche eingesetzt und aus der

genomischen DNA der resultierenden Zellpopulationen Integrations-Libraries angefertigt, um

mittels Next-Generation-Sequencing die Integrationspräferenzen der jeweiligen Mutanten im

Vergleich zu dem piggyBac Wildtyp und in Bezug auf ihre Nähe zu Transkriptionsstartpunkten

zu bestimmen. Auf Basis von 1,6 bis 3,2 Tausend analysierten Integrationspositionen pro

generierte Mutante wurden diese Integrationsfrequenzen bestimmt. Im unmittelbaren Bereich

200 Basenpaare auf- und abwärts von bekannten humanen Transkriptionsstartpunkten zeigten

alle eingesetzten Mutanten eine deutlich reduzierte Integrationspräferenz. Bei einem größer

15



Zusammenfassung

gezogene Beobachtungsfenster 3000 Basenpaare auf- und abwärts von

Transkriptionsstartpunkten wiesen weiterhin Mutanten mit den Substitutionen M394R, T392Y

und V390K eine Reduktion in der Integrationsfrequenz von jeweils 17,3%, 1,5% und 5,4% im

Vergleich zum Wildtyp auf. Besonders hervorzuheben ist dabei die Mutante mit der

Substitution M394R, welche in allen analysierten Fenstergrößen eine erhebliche Reduktion

vorwies, mit einem Maximum von 65% weniger Integrationspräferenz im unmittelbaren

Umfeld von Transkriptionsstartpunkten. Strukturanalysen zeigten, dass die Seitenkette von

M394 keine intermolekularen Interaktionen mit benachbarten Seitenketten aufweist, an der

Oberfläche des piggyBac Moleküls hinausragt und somit die Hypothese festigt, durch

Oberflächenmodifikation mit gleichzeitiger Erhaltung der 3D-Struktur den erwünschten Effekt

zu erzielen. Das Ziel des ersten Projektes wurde somit vollumfänglich erreicht. Die Substitution

M394R generiert ein in Bezug auf die Integration nahe Transkriptionsstartpunkten in dem

getesteten Zellsystem einen erheblichen Sicherheitsvorteil gegenüber der Wildtyptransposase.

Weiterführend wird vorgeschlagen, Mutanten mit Kombinationen der ermittelten

Substitutionen zu generieren, um potentiell additive Eigenschaften zu ermitteln und weitere

eventuelle Reduktionen in der Integrationspräferenz zu erreichen. Zusätzlich wird empfohlen,

die generierten Datensätze in Bezug auf Integrationspräferenzen in weiteren potentiell

kritischen Regionen mit dem generierten Kontrolldatensatz der Wildtyptransposase zu

vergleichen, um mögliche Unterschiede zu ermitteln und die Mutanten somit weiter zu

charakterisieren.

Kapitel II dieser Arbeit hat sich der Verbesserung der allgemeinen Sicherheit

transposonbasierter Genmodifikation gewidmet und den Zeitpunkt adressiert, nachdem das

Transgen bereits integriert wurde und schwerwiegende Nebenwirkungen eintreten können.

Neben der erwähnten Gefahr der Onkogenese können weitere potentiell tödliche

Nebenwirkungen wie Zytokin-Freisetzungssyndrom oder Graft-versus-Host-Reaktion bei an

Aufmerksamkeit gewinnenden Gen- und Zelltherapien auftreten. Eine elegante Methode für

den Fall des Eintretens ist das Einbauen einer sogenannten Suizid-Kassette in das Zellprodukt.

Somit kann, falls herkömmliche Behandlungsmethoden die Nebenwirkungen nicht beheben,

das Transgene Zellprodukt durch Aktivierung der Suizid-Kassette aus dem Patienten eliminiert

werden. Einige Vertreter von Suizid-Kassetten werden aktuell für diesen Zweck erprobt oder

sind bereits im Einsatz. Jedoch weisen alle bislang entwickelten Systeme entscheidende

Nachteile auf wie beispielsweise unvollständige Eliminierung aller modifizierten Zellen,

Unverträglichkeit bei Verabreichung der für die Aktivierung nötigen Stoffe oder sogar schwere

Nebenwirkung dieser. Mit diesem Hintergrund war das Ziel dieses zweiten Kapitels eine
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neuartige Suizid-Kassette zu entwickeln, die besagte Nachteile adressiert, mittels Transposition

stabil in Wirtszellen eingebracht werden kann und zuverlässig zum Zelltod der modifizierten

Zellen führt, sobald sie aktiviert wird. Es wurde ein System auf Basis von CRISPR/Cas9

Technologie entwickelt, welche mittels Transposition in das Genom von Wirtszellen eingefügt

werden kann. Bei CRISPR/Cas9 handelt es sich um eine programmierbare Nuklease, die mittels

einer vorab bestimmten und beigesteuerten guide-RNA Sequenz zu homologen DNA-

Sequenzen finden und an besagten Stellen DNA Doppelstrangbrüche generieren kann. Diese

revolutionäre Technologie ist auf Grund der Abhängigkeit der guide-RNA Sequenz hoch

präzise und flexibel zugleich. Im Rahmen dieser Arbeit wurde CRISPR/Cas9 jedoch auf eine

äußerst unkonventionelle Art und Weise verwendet. Als guide-RNA wurde eine Sequenz

gewählt, welche die Cas9-Nuklease zu Alu-Elementen führt. Dabei handelt es sich um kurze,

repetitive Sequenzen, welche verteilt über das humane Genom in über einer Million Kopien

vertreten und etwa 11% unseres Erbguts ausmachen. Verursacht Cas9 innerhalb dieser

Elemente Doppelstrangbrüche, sind diese zu zahlreich, um von Reparaturmechanismen

behoben zu werden, das Genom wird fragmentiert und die Zelle stirbt. Um jedoch als Suizid-

Kassette fungieren zu können, bedarf es an Induzierbarkeit, sodass diese nur wenn notwendig

aktiviert wird und es andernfalls zu keiner Hintergrundaktivität und somit unbeabsichtigtem

Zellsterben kommt. Für diesen Zweck wurde ein transkriptioneller sowie post-translationaler

Kontrollmechanismus eingesetzt. Die Transkription der Cas9 Nuklease wurde mittels eines tet-

on Systems geregelt, sodass die Transkription nur in Anwesenheit von Doxycyclin geschieht.

Des Weiteren wurde eine Version der Cas9 Nuklease, genannt arC9, verwendet, welche durch

die Fusion mit einer Östrogenrezeptor ligandenbindende Domäne eine Konformation annimmt,

die die Nukleasefunktion verhindert und nur nach Zugabe von 4-Hydroxytamoxifen eine

Konformationsänderung herbeiführt, die Doppelstrangbruchgenerierung erlaubt. Zusammen

mit einer Expressionskassette für die Alu-spezifische guide-RNA, einer Expressionskassette für

den reversen Tetracyclin kontrollierten Transaktivator und einer Neomycin-Resistenzgen

Expressionskassette wurden alle Bestandteile zwischen transposasespezifischen

Erkennungssequenzen auf einem Plasmid arrangiert, um nach Einbringung in Wirtszellen

zusammen mit der dazugehörigen Transposase, die Integration des Konstrukts in das

Wirtszellgenom zu ermöglichen. Das System wurde in HeLa Zellen getestet. Um die

erfolgreiche Transposition zu bestätigen, wurden die Zellen 14 Tage mit G418 selektiert,

wodurch eine resistente Zellpopulation generiert wurde, die vermutet wurde, die Suizid-

Kassette zu enthalten. Zunächst wurde die ausschließlich konditionelle Expression der arC9

Nuklease durch Zugabe von 1 µg/ml Doxycyclin mittels Western Blot Analysen bestätigt. Des
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Weiteren wurde die Suizid-Kassette mittels zusätzlicher Zugabe von 200 nM 4-

Hydroxytamoxifen induziert, Proteinextrakte extrahiert und auf die Anwesenheit von

phosphoryliertem KAP1 Protein untersucht, um die potentiell eingeleitete DNA-

Schadensantwort zu bestätigen. Nur in Anwesenheit von Doxycyclin, 4-Hydroxytamoxifen und

Alu-spezifischen guide-RNA (als Negativkontrolle wurden Zellpopulationen generiert, welche

alle Suizid-Kassettbestandteile außer die guide-RNA enthielten, generiert) wurde

phosphoryliertes KAP1 Protein bereits nach 24 Stunden detektiert. Durchflusszytometrische

Untersuchungen zur Detektierung von Annexin-V bestätigten weiterhin den Eintritt in die

Apoptose. Von beiden generierten konditionell Cas9 exprimierenden Zellpopulationen wurden

anschließend monoklonale Zelllinien generiert. Mit diesen wurden umfangreiche Wachstums-

und Überlebensversuche durchgeführt, um den Effekt der Suizid-Kassettinduktion auf die

Zellteilung und die Überlebensfähigkeit der Zelllinien zu ermitteln. Dabei wurde festgestellt,

dass nach Induktion die Zelllinien ihre Teilungsfähigkeit verlieren und sterben. Zwischen 24

und 48 Stunden nach Induktion wurde das Anhalten der Zellteilung festgestellt, wonach der

Sterbeprozess eintrat. Innerhalb von 5 Tagen nach Induktion wurden >99% aller Zellen

eliminiert. In Abwesenheit von beiden Induktoren wurden keine signifikanten Unterschiede bei

den Überlebenszahlen im Vergleich zu der Kontrollzelllinie ohne Alu-spezifische guide-RNA

ermittelt. Lichtmikroskopische Untersuchungen der <1% überlebenden Zellfraktion

offenbarten einen Seneszenz-assoziierten Phänotyp und zeigten keine Anzeichen einer

Wiederaufnahme des Zellteilungsprozesses. Somit erreichte auch das zweite Kapitel dieser

Arbeit sein Ziel zur Entwicklung einer funktionellen CRISPR/Cas9 basierten Suizid-Kassette,

welche mittels Transposition in humane Zellen eingefügt werden kann, hochgradig abhängig in

seiner Aktivität von den nötigen Induktionssignalen ist und hervorragende

Eliminierungsfähigkeiten im getesteten Kontext aufweist. Zukunftsgerichtet wird der Weg

geebnet, die Effizienz und die Funktion des vorgestellten Systems in klinisch relevanten Zellen

zu bestätigen und samt eines therapeutischen Gens zu erproben. Falls erfolgreich, wäre die

Möglichkeit zu erwägen, in Tierversuchen weitere Charakterisierungen vorzunehmen.

Zusammenfassend stellt diese Arbeit zwei unabhängige Ansätze vor, um die rasant wachsende

Palette an Technologien für die Herstellung und Implementierung von Gen- und

Zelltherapeutika mit zusätzlichen Angehensweisen zu erweitern, die deren Sicherheit für

zukünftige Vorhaben potentiell verbessern könnten. Eine Weiterentwicklung und

Weitererprobung der vorgestellten Systeme wird empfohlen, um deren vielversprechendes

Potential vollumfänglich auszuschöpfen.
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5. General introduction

The knowledge about DNA, the code that every living being harbors and which condenses all

essential information for their existence, has come a long way. First discovered in 1869 by

Friedrich Miescher and termed “nuclein” [1] it took close to a century to describe the structure

by Watson and Crick in 1953 [2]. Since then, breakthroughs have been developed at an ever

increasing pace: discovering that the code of bases is read in triplets which code for one amino-

acid (aa) [3], deciphering the code (reviewed in [4]), cutting (reviewed in [5]), ligating

(reviewed in [6]), sequencing (reviewed in [7]) and multiplying [8] DNA gave birth to the

disciplines of molecular and synthetic biology. Today, in a process referred to as genetic

engineering, we are able to purposefully and precisely make genetic altercations from

introducing entire genes to edit individual bases to our advantage. Applications of genetic

engineering range from adding functions to single cell systems enabling industrial-scale

production of novel substances, include optimization of crops and livestock in agriculture

adding valuable traits and bypassing time consuming and imprecise breeding, to modern

medicine with gene and cell therapy, where disorders can either be genetically corrected or

treated by reprogrammed cells (e. g., by immune cells genetically modified to recognize and

combat cancer).

At the core of gene and cell therapy, there are the tools that allow for this process, of which

there are several with distinct advantages and disadvantages, applications and limitations. A

general categorization into two groups can be made here: i) tools that produce permanent

changes within the genome of their target and thus lead to stable changes that are passed down

after cell division and ii) tools that transiently shuttle genetic material into the target cells

nucleus, achieving the desired effect only while transiently present. Within both categories, a

further, more technical distinction can be made: viral and non-viral systems.

5.1. Viral vectors

Viral systems have been a widely implemented and obvious choice. Due to their nature, viruses

possess the innate ability to enter target cells and sequestrate their machinery to ultimate express

their genes, multiply their genome and thus ensure their own existence. Within the context of

genetic engineering and gene and cell therapy, these characteristics can be used as a natural

advantage. By adding transgenes to their genome, viruses can be used as a vehicle to shuttle

genetic material with a potential to alter a cellular function into the target cells. Depending on

the viruses’ tropism and replication properties, this can be done for a variety of needs. Instances

where stable integration of a therapeutic gene is required to ensure lifelong expression in target
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cells maintained throughout cell division cycles and passed on to the next generation after

mitosis, retroviruses haven been used extensively as integrating viral vector platforms in gene

replacement therapy and most prominently in adoptive immunotherapy, leading the adoptive

immunotherapy landscape (reviewed in [9]). When integration of the therapeutic gene is not

required, non-integrating viral vectors such as adenoviruses and adeno-associated viruses

(AAVs) have been established as a reliable and efficient vector technology. Episomal

persistence paired with high transduction efficiencies and broad tropism profiles ensure

efficient long lasting transgene expression in non-dividing cell types (reviewed in [9]). While

several advantageous qualities have cemented viral vectors in preclinical and clinical research,

culminating in being the tool of choice of therapeutic products enjoying regulatory approval

today, distinct and difficult to overcome disadvantages plague these systems push for broader

application and acceptance: namely, associated risks and costs. The most prominent risk factor

contributing to the necessity of stringent safety assessments are the potential hazardous effects

that can be caused by integrating viral vectors. Their preferential integration into transcriptional

start sites (TSSs) and into actively transcribed genes [10,11] contributes to a significant safety

risk regarding genotoxicity and tumorigenicity due to their increased potential of disrupting

expression patterns ensuring cellular homeostasis. Additionally, the need for substantial safety

screening and elaborate infrastructure for GMP-conform manufacturing adds a considerable

cost-component, limiting accessibility. Constituting the currently most expensive medicines in

the world, products have been withdrawn from entire continental markets due to low demand

[9] and are expected to skip other markets entirely. Lastly, concerning non-integrating viral

vectors, preexisting humoral and cellular immunities directed towards the viral particles can

significantly lower therapeutic efficiencies within affected populations and negatively interfere

with clinical outcomes [12,13].

5.2. Non-integrating non-viral vectors

Non-viral systems encompass all alternative tools that do not rely on viral transduction to

introduce foreign genetic material into desired cells. While mostly lacking the ability to

independently enter cells and tissues efficiently, technological advances have pushed them into

a position of challenging their viral counterparts with regards to delivery efficiency while often

surpassing them with respect to specificity and safety, adding the important benefit of lower

production and implementation costs. Although arguably more varied than viral alternatives, a

similar classification into systems that produce permanent genomic changes and systems that

do not modify their host’s genome can be made. Concerning the former, the simplest yet

especially in recent times one of the most discussed emerging technologies is the delivery of
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naked nucleic acid such mRNA-based approaches and in this context the less known

DNA-based approaches. Certainly, since the emergence of the Sars-CoV2 pandemic and the

impact vaccine development has had on the public eye, mRNA technology has established itself

as a robust, scalable, modular and economical method of eliciting an immune response against

an infectious agent [14,15]. The underlying technology however, holds far greater potential and

is expected to play an important role in the coming gene therapy landscape, as immune

responses directed towards the mRNA-encoded antigen can be tailored towards an unlimited

number of targets, expanding the utilities for vaccine development aimed at other infectious

diseases but additionally encompassing tumors. This is achieved by i) chemically modifying

mRNA to enhance its biological stability and translational capacity while reducing its

immunogenicity [16], ii) packaging into lipid nanoparticles to enable cellular uptake and in vivo

administration [17] and iii) advanced sequencing technologies and bioinformatically aided

diagnostic tools allowing for the rapid identification of patient specific tumor-associated

neoantigens and subsequent translation for manufacturing of tailored mRNA-based tumor

vaccines [18]. Less prominent but quickly gaining attention, episomal vectors are emerging as

an alternative to nonintegrative non-viral vector technology that share the low potential for

insertional mutagenesis and low production cost but add the advantage of long-term transgene

expression (reviewed in [19]). The latest generation of episomal vectors are circular DNA

molecules that share multiple similarities with conventional expression plasmids: simple

production, high stability, efficient delivery into cells, large cargo capacity and a modular

design, allowing for a virtually unlimited combination of transgenes paired with promoters of

varying strength and/or cell type specificity adaptable to the individual needs. Importantly

however, they address the typical problem of plasmid loss after mitotic segregation, negatively

affecting long-term nuclear persistence and thus, transgene expression. They achieve this by

including scaffold/matrix attachment regions, AT-rich chromosomal elements that tether the

episomal DNA to the nuclear scaffold or matrix, paired with an origin of replication ensuring

low copy number episomal replication, leading to vector and expression persistence through

multiple generations [20]. Therapeutic gene delivery using this technology has not arrived in

form of clinical trials yet, but important advances are being made to potentially add it to the

repertoire for biomedical applications [21–23].

Several needs however, can currently only be met by the category of tools that produce

permanent genomic modifications. Within the non-viral realm of technologies two major

representatives can be highlighted that bring distinct properties and functions: transposons and

designer nucleases.
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5.3. Transposons: integrating non-viral vectors

Transposons or transposable elements (TEs), commonly known as “jumping genes”, were first

discovered and described by Barbara McClintock [24], earning her a Nobel Prize in 1983.

Traces of them and active copies can be found across all domains of life making up large

portions of their hosts genome and have been described as being an integral part evolution

through genome rearrangements and diversification, horizontal gene transfer and domestication

(reviewed in [25,26]), their key characteristic being able to mobilize and change their location

from one position to another. Focusing on eukaryotic TEs, a general distinction and

categorization into two separate classes is made depending on the composition of their mobile

phase. Class I TEs or retrotransposons move via an intermediate RNA molecule and exhibit

replicative “copy-and-paste” transposition mechanism [27]. To effectively mobilize, their

transposition involves transcription, reverse transcription and integration. Class II transposons

or DNA-transposons mobile molecule remains DNA and can be either replicative [28] or non-

replicative (“cut-and-paste”) [29]. Non-replicative autonomous DNA TEs are typically two

component elements: a gene coding for a transposase protein and repetitive flanking regions

termed terminal inverted repeats (TIRs) containing recognition and binding sequences for the

transposase. As such, once expressed, the transposase can recognize its own gene and is able to

excise the entire sequence from left-TIR to right-TIR and reintegrate it into a novel location

where the process can repeat itself (reviewed in [30]). The obvious conflict however, between

being a strong driving force of evolution and having the potential of causing significant

detrimental effects in its host genome, led to a majority of TEs to either accumulate mutations

until they became inactive over the course of millions of years or to find and adopt key cellular

and organismic functions within its host [31]. The potential to become a powerful tool for

genetic engineering was not evident however until just over two decades ago, when the

reconstruction out of fossil DNA sequences within fish genomes awakened the first DNA

transposon showcasing activity in vertebrates, including humans, after a 10 million year

slumber [32]: Sleeping Beauty (SB) [33]. SB presented the first viable alternative to viral

vectors for efficient transgenesis. This is achieved by constructing a two-component system,

replacing the transposase gene on a conventional plasmid with a transgene of choice and

supplying the transposase in trans, on a separate expression plasmid. Once expressed, the

transposase recognizes the TIRs and catalyzes transposition of the synthetic transposon

harboring the transgene (reviewed in [34]).
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Figure 1: Schematic overview of the basic principle of cut-and-paste transposition in transposon system based
genetic engineering to shuttle a gene of interest (GOI) into a target cells genome. 1: Transposase enzyme
recognizes TIRs flanking the GOI sequence, 2: Transposase enzyme introduces DSBs at the TIR and excises the
transposon from the donor DNA strand, 3: The transposase carrying the transposon finds a suitable target on the
target DNA strand to integrate its cargo, 4: Transposon containing GOI is integrated into a new location. (Figure
was created using Biorender.com).

Following SB, other transposon systems emerged showcasing utility in genetic engineering and

are establishing transposon based vector technology in a growing landscape of non-viral gene

and cell therapy clinical trials trying to highlight their distinct advantages over viral vectors

(reviewed in [35]). Details will be discussed in following sections of this work.
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5.4. Designer nucleases

Finally, constituting an important second class of non-viral/hybrid genome engineering tools

counting with a Nobel Prize winning discovery, designer nucleases such as zinc finger

nucleases, transcription activator-like effector nucleases (TALENs) and most prominently

clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated protein

(Cas)9 have become indispensable for targeted genome modifications (reviewed in [36]).

Different to all beforehand mentioned systems, designer nucleases lack the ability to directly

introduce transgenes into their hosts. Rather, they allow for precise double strand break (DSB)

induction at sequence-specific locations depending on the design of their DNA binding

domains. Usually, these breaks get repaired via the non-homologous end joining (NHEJ)

pathway introducing indels, which can be exploited to efficiently knock out genes through

resulting frame-shit mutations. Through the supplementation with oligonucleotides or AAV

vectors containing sequences of interest flanked by homologous sequences to the flanking

regions of the intended cut, the homology directed repair (HDR) pathway can be forced

however, effectively adding the possibility of introducing transgenic sequences with this tool

as well. Similarly to transposon technologies, details and the current state of designer nucleases,

especially CRISPR/Cas9, will be discussed later on.

5.5. General safety concerns with integrative vector technology

It is obvious that the possibility of dangers associated with the disruption of a genome will

always be present when foreign genetic material is inserted into a cell's genome, independently

of the use of viral or non-viral methods describes previously. It became tragically apparent in

the early days of gene and cell therapy, when first generation gammaretroviral vectors were

used to introduce an IL-2 receptor γ gene to patient derived hematopoietic stem cells,

manufacturing a cell product to administer to patients in order to treat X-linked severe combined

immunodeficiency (SCID-X1) [37–39]. While immune reconstitution was achieved, several

patients developed insertional mutagenesis driven leukemia [40,41], hampering the advance of

gene therapy worldwide at the time. It became evident, that vectors used at the time possessed

several characteristics which would have been in heavy conflict with today’s safety standards.

A central consideration when a foreign sequence is introduced into a genome and by definition

causes an interruption is, where this interruption occurs. Growing knowledge and new assays,

especially the advent of next-generation sequencing (NGS) and accompanying bioinformatics

allow today to better define and identify so called genomic safe harbors: genomic sites where

integrative events would not be expected to cause malignant transcriptome alterations.

Unfortunately for the first SCID-X1 trials, this knowledge was lagging behind the drive to

24



General introduction

provide revolutionary lifesaving therapies. Integrating patterns for the first gammaretroviral

vectors were wrongfully expected to be random and thus primarily target noncoding regions. It

was merely ensured that vector batches were free of replication-competent viruses, which was

assumed to be the main risk factor of using a retrovirus vector. However, further research

showed that integration preference towards TSSs, proto-oncogenes, cancer associated insertion

sites and growth controlling genes [10,42], paired with enhancer sequences within the long

terminal repeat (LTR) sequences affecting expression patterns of neighboring genes [40]

represent a significant safety threat to gammaretroviral gene therapy applications. The overall

better safety profile compared to other retroviruses has encouraged a preferred use of lentiviral

vectors (derived of HIV-1) as a viral gene delivery vehicle and up to date no similar adverse

effects as observed with the first gammaretroviral clinical trials have been registered. Yet,

alternative splicing, the generation of aberrant transcripts and viral-cellular fusion transcripts

[43,44] have been observed in lentivirus-modified cells highlighting the need for further

development to reduce existing risks as therapies become more widely available. In a very

recent example within a chimeric antigen receptor (CAR) T-cell clinical trial using a transposon

engineered cell product, unexpectedly 2 out of 10 patients developed T-cell lymphoma

originating from cells of the therapeutic transplantation [45,46]. As a highly surprising event,

since no such development had ever been observed in CAR T-cell trials and mature cells have

been shown to be highly resistant to malignant transformation [47], the underlying causes are

still subject of investigation. The ideal gene therapy tool would efficiently allow for a targeted

single insertion at a predefined genomic safe harbor. CRISPR/Cas9 has been hailed as a

technology that could meet these criteria. However, a recent focus on chromosomal

translocations that have been observed within pilot clinical trials employing CRISPR/Cas9

technology [48], underline the need for continuous safety screening and stringent regulatory

evaluations concerning the risk/benefit ratio in a rapidly advancing landscape of novel gene

therapies treading into uncharted territory.

5.6. General project target

With the general risks linked to the advance of genetic engineering discussed beforehand in

mind, especially concerning the foreseeable exponential growth of translational medicine in the

gene and cell therapy field due to the rise and establishment of breakthrough technologies, this

work aims to contribute to improving the overall safety aspect of current state of the art

procedures. Two key time points within a therapeutic scenario were considered for this purpose:

before the products delivery during manufacturing and after the product is administered to the

patient. For the first time point, the piggyBac (PB) transposon system was taken into
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consideration. PB is, similarly to SB, an attractive transposon system and alternative to viral

vectors for permanent transgene insertion and has been translated to clinical trials. It exhibits

however, in contrast to SB, a preference for integrating its cargo into transcriptional start sites

(TSSs) of its host, which constitutes a significant risk of inducing genotoxic effects. Chapter I

of this work discusses and compiles important background information, addresses a hypothesis

explaining this behavior and presents and discusses an experimental approach to modify the

integration profile of the PB transposase, yielding several PB transposase variants with reduced

integration biases. For the second time point, a novel suicide-switch was conceptualized,

developed and tested which enables rapid and effective cell killing of genetically modified cells.

Within a therapeutic scenario, a suicide-switch component within a cell product would allow to

clear a patient from the product if severe side effects were to develop. Chapter II introduces the

novel concept of unconventionally using CRISPR/Cas9 to maximize target numbers within the

human genome and conditioning its activity to transcriptional and translational induction,

causing genome fragmentation and cell death upon activation. Background information, study

design and results providing a proof-of-concept regarding the systems performance will be

introduced, presented and discussed in detail in the respective chapter.
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6. Chapter I: Disrupting PB transposase – BRD4 interaction

influencing insertion site preferences and transposition

efficiency

6.1. Introduction chapter I

6.1.1. Transposon system-based gene transfer

As briefly mentioned previously, transposon gene transfer systems based on autonomous DNA

TEs constitute an attractive alternative to virus-based systems, offering an extensive list of

notable advantages. Current transposon systems are remarkably simple to produce and

implement for efficient integrative gene transfer protocols. Their simplicity lies in the two-

component nature of their mechanism. For transposition, only two main components are

required: the transposase enzyme and the transposon. The form in which these components are

delivered to the target cell to induce transposition is highly flexible and can be adjusted

depending on the applications needs. The most widely adopted delivery method is the classical

two-plasmid delivery. The transposase expression cassette is delivered on a conventional

expression plasmid and the transposon composed of a gene of interest flanked by transposase

specific TIRs is delivered separately on a second plasmid. Manufacturing and propagation of

plasmid DNA is economical, scalable and together with the implementation to produce

transgenic organisms can be conducted in standard BSL1 laboratories, facilitating the access

where higher biosafety levels cannot be met or infrastructure costs prevent from meeting them.

Transfer into target cells can be achieved with standard transfection or electroporation methods.

The same advantages are true for the remaining forms in which transposon system components

can be delivered. This can be in form of miniature plasmids, doggybone (DB) DNA and for the

transposase additionally mRNA and recombinant protein (reviewed in [35]). These design

changes address the shortcomings of plasmid DNA with respect to delivery efficiency,

transposition efficiency, toxicity and genomic safety. Standard plasmid DNA typically

contains, besides the expression cassette for the transposase or the transposon harboring the

gene of interest, a backbone consisting of sequences needed for bacterial replication including

antibiotic selection markers. These sequences often containing unmethylated CpG

dinucleotides can be recognized by Toll-like receptor 9 and stimulate the innate immune system

[49]. Additionally, while only playing a role for plasmid manufacturing, they contribute to the

overall plasmid size, which negatively correlates to the transfection/electroporation rate as
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larger molecules cross the cell membrane less efficiently. Miniature plasmids such as plasmids

free of antibiotic resistance markers (pFARs) [50], minicircles (MCs) [51] and DBs [52] address

this issue while simultaneously, concerning the plasmid carrying the transposon, reduce the

distance between the TIRs, improving transposition efficiency [53]. For the transposase, the use

of recombinant protein or mRNA circumvents this problem altogether. Additionally, an

important safety aspect is added. The significantly lower half time of mRNA and protein

compared to DNA limits the transposase expression to a shorter time window, reducing the risk

of transposon remobilization that might compromise genomic integrity. Overall, these

properties have allowed the SB and PB transposon systems to join the group of genetic

engineering tools used to manufacture cell products used in clinical trials (reviewed in [35,54]).

Subject of this chapter will be the PB transposon system, which will be introduced in detail in

the following section.

6.1.2. The piggyBac transposon system

The PB transposon is a naturally active DNA TE that made its first appearance in the

laboratories of the 70’s when it was noticed that, for unknown reasons, the occlusion bodies of

certain nuclear polyhedrosis viruses changed their morphology when they were passaged in

cabbage looper moth (Trichoplusia ni) cell lines [55]. Host cell DNA insertions disrupting viral

genes were identified to be the probable cause for these phenotypical changes and as insertions

could be reverted by continuous passage in the same cell line and homologous sequences to the

interrupting insertions were found to be represented in multiple copies across the T. ni genome

[56], it was suspected that this phenomenon was caused by an active mobile DNA element.

Suspicions were definitively confirmed several years later, when the full TE sequence was

determined [57], the responsible transposase enzyme identified and the transposon named PB

[58]. The PB transposase is a member of a large superfamily of PB-like elements [59]. The

enzyme is 594 aa in length and coded within a single 2475 open reading frame (ORF) flanked

by terminal sequences (5’ end 311 bp long 3’ end 235 bp in length) harboring asymmetric

inverted repeats. These contain 13-bp long TIRs and 19-bp long sub-terminal repeats (STRs),

separated by 3 bp in the left and 31 bp in the right terminal sequence [60]. The PB transposase

itself can be divided into several domains, starting at the N-terminus with an acidic N-terminal

domain followed by a dimerization and DNA-binding domain, a catalytic domain containing

the catalytic triad of three aspartates at positions 268, 346 and 447, an insertion domain

interrupting the catalytic domain sequence and a cysteine-rich C-terminal domain [61]

containing a nuclear localization signal predicted to span positions 551 to 571 [62].
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Figure 2: Overview of the structure of the PB-TE spanning 2475 bp and containing an ORF for a 594 aa long PB
transposase protein flanked by terminal sequences containing TIRs (white arrow shapes) and STRs (grey arrow
shapes). The PB transposase itself is composed of an N-terminal domain (NTD, light blue), a dimerization and
DNA-binding domain (DDBD, blue), a catalytic domain (CD, orange) containing the three Ds (red circles), and a
cysteine rich domain (CRD) containing the predicted NLS (beige circle). (Figure was created using
Biorender.com)

PB transposition occurs almost exclusively into TTAA tetranucleotides [57]. From a

biochemical perspective, the transposition itself begins with a PB transposase-mediated

hydrolytic nick at the 3’-ends of the PB transposon. The exposed 3’-OHs start a nucleophilic

attack on the 5’-end of the TTAA sequence on the complementary strand creating a

phosphodiester bond and hairpin on the transposon ends effectively producing a DSB, liberating

the transposon from the donor DNA [63]. This process leaves complementary TTAA overhangs

at the 5’-ends of the donor DNA which can anneal to each other, repairing the DSB on the donor

DNA through ligation instead of DNA synthesis, producing the unique attribute of the PB-

system amongst eukaryotic DNA transposons of not generating footprints at the excision site

[64,65]. At the ends of the excised transposon, the hairpins protect the transposon ends from

degradation following a similar mechanism as bacterial transposons Tn5 and Tn10 [66,67].

Before integration occurs, the hairpins are hydrolytically resolved, re-exposing the 3’-OHs

which start a nucleophilic attack on the 5’-Ts of the TTAA target site, creating a nick. Resulting

TTAA overhangs at the target site pair to the resolved TTAA flaps on the transposon ends,

creating TTAA target site duplications on each side of the now integrated transposon [63]. The

TTAA target site specificity, although not strictly needed for transposon excision [68], is

suggested to be essential for transposon integration due to the high distortability a TTAA

tetranucleotide exhibits. This enables the melting and necessary severe distortion needed for

the scissile phosphodiester bonds at the 5’-Ts of the TTAA target site to reach the catalytic

pocket of the PB transposase and the exposed 3’-OH of the transposon ends [61]. It is

hypothesized, that PB randomly probes target DNA until the requirements of target site

flexibility are met, which in the vast majority of cases is a TTAA tetranucleotide [61].
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As previously described for transposon-based genetic engineering tools, the PB transposon

system can be split. Placing a gene of interest between the PB TIRs while providing the PB

transposase separately allows for transgene transfer besides in insects and infecting

baculoviruses in yeast [63], plants [69], mammals [70] and in vitro [63].

Since its discovery, several efforts have succeeded in further improving PB transposition

efficiency in comparison to the wildtype isolate. Besides shortening and optimizing the TIR

sequences enhancing overall transposition efficiency [71,72] and codon optimization [73],

several hyperactive PB mutants have been engineered [74,75] exhibiting transgene transfer

rates that rival viral vectors. In contrast to viral vectors however, PB shares a unique trait of

transposon systems of not having a strict upper cargo capacity, in contrast to viral particles with

a structural packaging limit. PB has been shown to mobilize giant bacterial artificial

chromosomes of over 100 kb in length while maintaining the integrity of its cargo [53,76].

PB has been used for a variety of applications. The earliest and most widely adopted application

that takes special advantage of PBs ability to efficiently mediate transposition in a vast range

of organisms, is the use as a powerful mutagenic element for forward genetic screens [77]. To

do so, the PB system is modified to incorporate reporter and mutagenic cassettes depending on

the intended usage that ranges from gene trapping, poly(A) trapping, oncogene trapping to

promoter/enhancer trapping in vitro as well as in vivo (reviewed in [78]). In order to identify

the insertions that produced a phenotypical impact throughout the experiment, insertions can

be retrieved via PCR-based methods [77,79], mapped to the respective genome after sequencing

and then assessed. The PB transposon system has furthermore been a valuable tool to efficiently

generate transgenic animals. This can be achieved fairly efficiently by microinjection of

transposon DNA and transposase DNA or mRNA (avoiding potential background integration

of transposase gene at spontaneous DSB sites, leading to detrimental lifelong transposon

remobilization) into fertilized eggs and has been successfully demonstrated for a variety of

animals, namely zebrafish, mice, rats, pigs and cattle [70,80–83].

The efficiency with which transposon systems shuttle large complex gene cassettes into a target

cell’s genome has proven to be particularly useful for reprogramming somatic cells to induced

pluripotent stem cells (iPSCs) by introducing the necessary reprogramming factors (reviewed

in [84]). The reprogramming efficiency is significantly higher than with alternative non-

integrating non-viral methods, is comparable to the efficiency of viral vectors and adds several

significant advantages. Besides the cost reduction in contrast to viral methods, the unique

property of PB transposition described previously that leaves no footprint after excision, allows
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to seamlessly remove reprogramming factors after successful reprogramming, generating

footprint-free and factor-free iPSCs [85,86]. The generation of a excision proficient/integration

deficient PB mutant [87] would additionally allow for a more efficient reprogramming factor

removal since 40-60% of excised transposons reintegrate when using the wildtype PB [88].

Also, efficient transient transgenesis in general is facilitated.

Importantly, PB holds a substantial potential for gene and cell therapy applications (reviewed

in [35,89]). Within the scope of preclinical studies, PB has been used in numerous occasions to

successfully mobilize therapeutic genes and achieve functional correction of genetic disease

models and full functionality of therapeutic cell products. Concerning functional correction, the

most prominent models are disorders where a functional gene is introduced into the target cells

genome to replace or complement a defective one for sustained transgene expression. Genes

include full-length dystrophin providing functional amelioration of muscles in Duchenne

muscular dystrophy mouse models [90], the cystic fibrosis transmembrane conductance

regulator gene for functional correction of cystic fibrosis in pigs [91], full length factor VIII

correcting mouse models of hemophilia A [92], the argininosuccinate synthetase gene and

ornithine transcarbamylase gene for correction of urea cycle defects in mice [93] and the ATP-

binding cassette 4 gene correcting familial intrahepatic cholestasis type 3 in mouse models [94].

Besides replacement gene therapies, immune cell engineering aiming for adoptive

immunotherapy solutions to treat several forms of malignant tumors has seen a substantial rise

in recent years. Especially CAR therapy, which targets cancer specific cell surface markers, has

taken off as a breakthrough therapy with several T-cell products gaining regulatory approval to

treat hematological malignancies and several more in clinical trials including efforts to expand

towards solid tumors (reviewed in [95]). Currently, the vast majority are being generated via

retroviral gene transfer including all approved products for the world market. However, severe

bottlenecks concerning the cost of these therapies are starting to solidify as therapies move

away from academic research and small early phase clinical trials to a larger patient group after

product approval [96]. In an effort to reduce cost and simplify the manufacturing procedure,

transposon systems have successfully been introduced into the adoptive immunotherapy

landscape and a number of preclinical studies have proven feasibility of generating therapeutic

CAR products using non-viral transposon technology alternatives including PB. This

encompasses CD19- and CD116/CD131-specific CAR T-cells aimed at B-cell malignancies

[97–101], human granulocyte-macrophage colony-stimulating factor receptor-specific CAR T-

cells against acute myelocytic leukemia [102], human epidermal growth factor receptor-specific

CAR T-cells targeting non-small cell lung cancer [103], glypican-3 and EGFRvIII-directed
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CAR T-cells against hepatocellular carcinoma [104,105] and mesothelin-targeted CAR T-cells

against large solid tumors [106].

Providing solid preclinical data suggesting efficacy and cost-effective clinical translation, PB

entered the clinical trial stage in recent years with several CAR T-cell clinical trials. The

majority adopted the well-characterized CD19 B-cell-specific cell surface marker which has

been employed by most viral vector-based methods and is the target of most approved CAR T-

cell products such as Kymriah (Novartis), Yescarta (Gilead Sciences), Tecartus (Gilead

Sciences) and Breyanzi (Brystol Myers Squibb). These include the CARTELL study in

Australia (NHMRC identifier: 1102172) and two more recent studies from Japan and China

(UMIN Clinical Trials registry ID: UMIN000030984 and ClinicalTrials.gov ID: NCT04289220

respectively). Additionally, in USA-based trials BCMA is being targeted as a multiple

myeloma-specific marker in a phase I/II study (ClinicalTrials.gov Identifier: NCT03288493)

and PSMA as a target for prostate and salivary gland cancer (ClinicalTrials.gov Identifier:

NCT04249947). CD116-specific CAR T-cells will be used as an alternative to CD19 in Japan

to treat leukemia patients (JRCT ID: jRCT2033210029). For solid tumors, a phase I clinical

trial employed EGFR-specific CAR T-cells to treat patients with NSCLC (ClinicalTrials.gov

Identifier: NCT03182816) in China. While tolerance is generally high, toxicities low and initial

reports on response rates favorable [107–109], in an unexpected development 2 out of 10

patients enrolled in the CARTELL study developed CD19-CAR T-cell product derived T-cell

lymphoma [45,46], with one patient tragically dying. Genome and transcriptome sequencing

data analysis show a higher-than-expected numbers of transposon insertions in one of the

lymphoma cases, structural variants, copy number variations and transcriptional readthrough

from the CAR gene, affecting global gene expression levels in both lymphoma cases. None of

the before mentioned data match with known drivers for lymphomagenesis, including a shared

integration into the BACH2 gene, causing downregulation. BACH2 haploinsufficiency is rather

associated to immunodeficiency and autoimmunity [110]. However, a preference to integrate

into the BACH2 gene has been described before [111] for PB and is a feature shared with the

murine leukemia virus (MLV) retrovirus, raising the question if a correlation does exist.

6.1.3. piggyBac’s biased integration pattern

While the mechanism that causes these tragic lymphoma cases is currently unknown and

research is being conducted to elucidate the underlying cause for other malignant T-cell

transformations, it is clear that particular care has to be taken when venturing into unexplored

territory translating preclinical data into the clinic. The PB transposon system, while containing

the previously discussed advantages of a non-viral gene transfer tool and several unique

32



Chapter I: Introduction

advantages, also exhibits certain problematic characteristics that are not found in the alternative

SB transposon system. While current consensus is that this was not the cause behind the

lymphoma cases, PB integrates its cargo preferentially into 5’-transcriptional regulatory regions

of genes [111,112] following a similar integration pattern as gammaretroviral vectors such as

MLV [10,111], which was linked to insertional mutagenesis in early clinical trials [40,41]. The

mechanism behind the MLV integration preference is known: the integrase (IN) of

gammaretroviruses including MLV was shown to physically interact with members of the

bromodomain and extraterminal domain (BET) proteins BRD2, BRD3 and BRD4 which acts

as a targeting factor for MLV integration near BET-chromatin binding sites [113–115]. Since

BET proteins bind to acetylated histone tails [116] which associate with TSSs and are part of

the transcriptional activation complex, integrations are tethered towards these locations.

Inhibiting BET proteins accordingly leads to a reduction in integration bias towards these sites

[113,115]. Interestingly, the PB transposase has been shown to physically interact with BET

proteins as well [111]. A similar mechanism tethering the PB transposase has been proposed

and structural analysis show distinct structural similarities between a beta hairpin found

responsible for the MLV-IN/BET interaction [117] and an initially predicted (unpublished data,

Prof. Dr. Thomas Krey, Universität zu Lübeck) and later experimentally confirmed [61] beta

hairpin found in the PB transposase between aa V390 and P410 located within the insertion

domain, which interrupts the catalytic domain (Fig. 2).
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Figure 3: Structural basis for PB integration bias towards TSSs. A: Side view of PB strand transfer complex (STC)
(Protein Data Bank entry 6X67, [61]). Blue: Transposon DNA structure, Grey: PB monomer protein structure,
Black: PB monomer protein structure, Green: beta hairpin of both PB monomers spanning aa V390-P410
exhibiting similar structural characteristics to the MLV-IN beta hairpin ( yellow structure in C), B: Bottom view of
PB-STC (Protein Data Bank entry 6X67, [61]), C: MLV-IN interaction with extraterminal domain of BET
protein (adapted from [117]). Yellow: MLV integrase hairpin structure, red: BRD4 extra terminal domain, D:
Depiction of hypothesis explaining PB insertional bias towards TSSs. BET proteins (green protein) associated to
acetylated (violet) histone (blue cylinders) interact with PB transposase (light blue protein) during target site
selection, guiding integration towards TSSs.

Thus, it is proposed that the tethering mechanism guiding gammaretroviral integration into

TSSs and promoter regions can be similarly applied to PB transposition (Fig. 3D). It is

hypothesized, that modifying the hairpin to disrupt PB-BET interaction while maintaining
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transposition activity intact, might reduce the biased insertion preference of PB transposase and

produce a more random and thus safer integration profile. The first project of this work aimed

at experimentally characterizing the beta hairpin’s role in the PB-BET interaction, generate

mutations that disrupt the interaction while retaining transpositional activity and observe the

effect of the mutations at potentially redirecting PB integrations away from TSSs.

6.1.4. Significance chapter I

As discussed, it is clear that PB is an extremely efficient and versatile genetic engineering tool

for stable transgene delivery. However, due to the insertion bias it shares with the first

generation gammaretroviral vectors [111] that proved problematic during the first gene therapy

clinical trials, it severely lags behind established viral gene transfer systems and the SB

transposon system with regards to adoption in clinical applications today. Modifying the

integration preferences away from TSSs would substantially improve the system’s safety

profile and might alleviate concerns that were further strengthened with the occurrence of

lymphoma cases after the first in-human clinical trial employing PB technology and encourage

taking advantage of attractive safety features unique to the PB system such as footprint-free

excision. Furthermore, it would provide a valuable proof-of-concept concerning rational

design-based retargeting of a transposase system, highlighting the potential for additional

improvements of existing gene transfer systems concerning their underlying performance and

characteristics.
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6.2. Methods chapter I

6.2.1. Site-directed mutagenesis

All generated PB mutants were generated via site-directed mutagenesis PCR using either the

Q5® High-Fidelity DNA Polymerase (NEB) for all insect PB (iPB) mutats, and the Phusion™

High-Fidelity DNA Polymerase (Thermo Fisher) for the mouse codon optimized (mPB)

mutants. Unless stated otherwise, the employed oligonucleotide primers included a 5’-

phosphate to facilitate downstream ligation reactions and were manually designed with back-

to-back orientation (Tab. 14 for details) considering and ensuring suitable annealing

temperatures, which were calculated using the Tm Calculator tool from NEB

(https://tmcalculator.neb.com). PCR conditions were set according to the manufacturer’s

instructions. PCR products were separated on 0,7% agarose gel, excised, purified and eluted in

10 µl dH2O. 5 µl of the eluted sample was taken and the linearized double-stranded DNA

contained was re-circularized by overnight ligation at 16 °C using the T4 DNA ligase (NEB)

following the manufacturers recommendations. When non-phosphorylated oligonucleotide

primers were employed in the mutagenesis PCR, this step was preceded by a phosphorylation

reaction using a polynucleotide kinase (NEB) according to the manufacturer’s

recommendation, followed by DNA purification. 2 µl of the ligation reaction was directly

transformed into chemically competent Subcloning Efficiency™ E. coli DH5α (Thermo Fisher)

according to manufacturer’s instructions followed by a 1 h incubation at 37 °C and 700 rpm in

SOC medium. After the incubation period, 100 µl were plated on LB-Agar plates containing

100 µg/ml ampicillin and incubated overnight in an incubator at 37 °C. Colonies were picked

the subsequent day to inoculate 5 ml LB-medium containing 100 µg/ml ampicillin for overnight

incubation at 37 °C and 200 rpm. Plasmid DNA was extracted from the liquid cultures using an

extraction kit according to manufacturer’s recommendations and samples were sent for

sequencing (Eurofins) to confirm the presence of the desired mutations and identify colonies

that harbor them.

6.2.2. Determination of PB-BRD4 interaction via co-immunoprecipitation

HEK293T cells, seeded at a quantity of 2,5 × 105 cells per well of a 6-well plate 24 h prior,

were co-transfected with 1 µg of an expression plasmids for C-terminally HA-tagged PB

transposase (Tab. 13) and 1 µg of an expression plasmid for N-terminally Myc-tagged BRD4

expression plasmid (Tab. 13) using the transfection reagent Lipofectamine® 3000 (Thermo

Fisher) according to the manufacturer’s recommendations. For each sample corresponding to

either transfections with the Myc-BRD4 expression plasmid in combination with either a PB-
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Mutant-HA expression plasmid, the iPB-HA/PB-3X-HA expression plasmids as a positive

control, or lacking a PB-expression plasmid as a negative control, transfections were performed

in duplicates on two independent wells. 48 h after transfection, cells were washed once with

PBS and harvested directly in 350 µl of Lysis buffer #3 (Tab. 5) by scraping the adherent cells

with a cell scraper and resuspending the cell suspension with a micropipette. Once all cells of

one sample were detached, the content was moved to the second well containing the

corresponding duplicate and the process was repeated. The 350 µl lysate containing all cells of

one duplicate co-transfection sample was transferred to a microcentrifuge tube and placed in a

rotating shaker at 20 rpm for 30 min. at 4 °C. To finalize the cell lysis, samples were sonicated

using a Bioruptor® Plus sonication device (Diagenode, 3 cycles, each consisting of 15s on and

15 s off at LOW setting). Cell debris were sedimented by centrifugation at 20 000 × g for 15

min. in a cooled microcentrifuge at 4 °C. 320 µl of the supernatant were moved to a clean

microcentrifuge tube and centrifugation at 20 000 × g was repeated for 10 min. at 4 °C to

sediment any remaining debris. 300 µl of the supernatant were moved to a clean

microcentrifuge tube. 50 µl of each 300 µl sample were transferred to a fresh microcentrifuge

tube to serve as the input sample and stored at -20 °C. The remaining 250 µl were placed at 4

°C while the washing of the Protein G Sepharose™ 4 Fast Flow beads (Cytiva) intended for

sample pre-clearing was carried out: 6 × n µl (where n equals the number of samples) of

sepharose bead suspension were washed with 17 × n µl of Lysis Buffer #3 by resuspension with

a micropipette using previously modified pipette tips (tip end cut off manually to increase the

tip diameter). Sepharose beads were sedimented by centrifugation at 20 000 × g for 10 s at 4

°C. The supernatant was removed, discarded and the washing process repeated three times. The

final sepharose-bead pellet was resuspended in 13 × n µl of Lysis Buffer #3. 12 µl of pre-

washed sepharose beads were added to each 250 µl sample and incubated in a rotating shaker

at 20 rpm for 30 min. at 4 °C for pre-clearing to remove any trace amounts of contaminating

immunoglobulins. After incubation, sepharose beads were sedimented at 20 000 × g for 10 min.

at 4 °C. The supernatant was carefully removed and transferred to a fresh microcentrifuge tube,

where 12 µl of c-Myc Monoclonal Antibody-Agarose Beads (Takara) were added. The co-

immunoprecipitation was carried out overnight in a rotating shaker at 20 rpm at 4 °C. The next

day, samples were centrifuged at 20 000 × g for 10 min. at 4 °C to sediment the c-Myc

Monoclonal Antibody-Agarose Beads. The supernatant was discarded carefully and the

remaining pellet was washed five times similarly to the pre-washing of the sepharose beads

except that 300 µl of Lysis buffer #3 were used for re-suspension per sample for each washing

step. To finalize the last washing step, only 230 µl of Lysis buffer #3 were removed to leave
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the washed c-Myc Monoclonal Antibody-Agarose Beads in 70 µl of Lysis buffer #3. To the 70

µl, constituting one Co-IP sample, 35 µl of 3X SDS sample loading buffer were added. The 50

µl previously frozen input samples were thawed and 25 µl of 3X SDS sample loading buffer

were added. Co-IP and Input samples were incubated for 5 min. at 95 °C, loaded on an 10%

polyacrylamide gel and subjected to an SDS-PAGE. Separated proteins were transferred to a

nitrocellulose membrane for Western Blot (WB) analysis. The nitrocellulose membrane was

blocked overnight in blocking buffer (Tab. 5) at 4°C in a shaking incubator at 55 rpm. The next

day the blocking buffer was discarded, the membranes cut between 35 and 25 kDa, and

individually incubated with the corresponding primary antibody (anti-H3 for the loading

control, anti-HA to detect HA-tagged PB transposase protein (Tab. 4)) for 90 min. at room

temperature on a shaking incubator at 55 rpm. After incubation with the primary antibodies,

these were removed and membranes washed three times with TBS-T Buffer for 10 min. at room

temperature on a shaking incubator at 55 rpm. Afterwards, incubation with the corresponding

HRP-conjugated secondary antibodies (Tab. 4) was carried out similarly to primary antibody

incubation except for a 60 min. incubation time instead. After secondary antibody incubation

was finalized, membranes were similarly washed three times in TBS-T Buffer except for a 5

min. incubation per washing step. Finally, protein detection was carried out via

chemoluminescent detection (Tab. 11) using a CCD-Imager (Tab. 10). After detection, the top

membrane half was stripped of antibodies (https://www.abcam.com/protocols/western-blot-

membrane-stripping-for-restaining-protocol) for re-probing with Myc-specific primary

antibodies and secondary HRP-conjugated antibodies (Tab. 4) to detect Myc-tagged BRD4.

Antibody incubation steps and chemoluminiscent detection was carried out as previously

described. If necessary, quantification of the WB signals was carried our using ImageJ’s (Tab.

17) gel analysis tools.

6.2.3. Transposition assays

The transposition activity of all PB transposase variants was assessed in HeLa cells by

performing colony forming assays by co-transfecting the corresponding PB expression plasmid

alongside a plasmid harboring a PB transposon containing a neomycin resistance gene (Tab.

13), followed by selection with G418 (Tab. 8), colony staining and counting. For that purpose,

2,5 × 105 HeLa cells were seeded the day before transfection per sample on a well of a 6-well

plate. The next day, 500 ng of PB expression plasmid were co-transfected with 50 ng of pXL-

Neo plasmid via lipofection (Lipofectamine® 3000 Transfection Kit according to

manufacturer’s instructions). 48 h after transfection, cells were trypsinized and resuspended in

growth medium vigorously to produce a single cell suspension. 10% of the suspension were
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moved to a 10 cm cell culture plate and selection was started by cultivating cells in growth

medium containing 1 mg/ml G418. Selection was continued for 14 days with regular medium

changes to remove dead cells. After the selection period, the medium was aspirated and

remaining cell colonies washed once with PBS. Afterwards, cells were fixed by covering the

plates with a 4% PFA solution and a 2h incubation at room temperature. Following fixing, the

PFA solution was removed and replaced with a 0,2% methylene blue solution. Incubation was

carried out for 2h at room temperature to stain the fixed cell colonies. After the incubation

period, the staining solution was removed and plates were rinsed in dH2O to remove excess

staining solution. The plates were then dried at room temperature overnight. To determine the

colony numbers, each plate was covered with wheat flower to increase the contrast and the

bottom of each plate was scanned. Files were imported into ImageJ (Tab. 17) to digitally

determine colony numbers and the relative area covered by cells on each plate in the following

manner:

- Select plate with an oval and clear non-selected component (Edit → Clear Outside)

- Convert Image type to 8-bit (Image → Type → 8-bit)

- Adjust selection threshold automatically on the plate containing the most colonies of

the experiment, apply same threshhold for the remaining plates (Image → Adjust

→ Threshold → Auto/manually adjust → Apply)

- Re-select plate with an oval shape

- Modify image to increase individual colony separation (Process → Binary →

Watershed)

- Analyze image (Analyze → Analyze Particles → Size: 0-Infinity, Circularity: 0.00 –

1.00, Show: Nothing, checkmark on “display results”, “summarize” and “exclude on

edges” → OK)

- Export results and plot

Where specified, results were shown normalized to the corresponding negative control.

Negative values, resulting from a lower value than the corresponding negative control, were set

to 0.

6.2.4. Multiple sequence alignment and secondary structure rendering

aa sequences were retrieved from the Protein Database of the National Center for

Biotechnology Information (NCBI) and were subjected to multiple sequence aligment using the

MAFFT version 7 online service (https://mafft.cbrc.jp/alignment/server/, [118,119]). To add

the secondary structure rendering and depict residue conservation, the alignment files were
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downloaded and submitted to ESPript 3.0 (https://espript.ibcp.fr/, [120]) where entries in the

Protein Data Bank (PDB, http://www.rcsb.org/pdb/) were used as input files.

6.2.5. Insertion library generation

To determine the genomic integration site preferences of the generated PB mutants, an insertion

library was generated out of various cell lines harboring PB transposons introduced with each

PB mutant variant under investigation and subsequently sequenced on using the Illumina

platform.

Initially, HeLa cells that were seeded one day prior at a density of 2,5 × 105 cells per well on a

six well plate, were co-transfected with 500 ng of either an expression plasmid of an mPB

mutant (see 6.2.1.) or the mPB expression plasmid for the wildtype PB transposase as a control,

alongside with 50 ng of the pXL-Neo plasmid using the TransIT®-LT1 Transfection Reagent

(Mirus) according to manufacturer’s instructions which if integrated into the cells genome

introduces a resistance to G418 and thus allows for antibiotic selection of cells containing PB

transposons in their genome. For the generation of the mPB-based insertion library, each co-

transfection was performed in triplicates in order to triple the overall number of transposition

events. 24 h post transfection, cells were moved from each individual well on the 6-well plate

to a 10 cm cell culture plate and subjected to antibiotic selection by adding 1 mg/ml G418 into

the cell culture medium. Selection was maintained for 2 weeks with regular medium changes to

remove dead cells. After the two-week selection period, 5 × 106 cells from each 10 cm plate were

harvested and genomic DNA was isolated following the kit’s (Tab. 11) manufacturer’s

instructions. The DNA concentration of each sample was determined with a spectrophotometer

(Tab. 10). DNA from each sample of one triplicate was pooled in equal ratios to one final

sample with a combined amount of 2 µg of DNA.

The 2 µg for each sample were diluted in the genomic DNA isolation kit’s provided elution

buffer to a total volume of 50 µl and subjected to shearing via sonication using an M220

Focused Ultrasonicator (Covaris) according to the manufacturer’s instructions at the following

settings in order to generate fragments with an average length of 600 bp: Peak Power 50.0,

Duty Factor 5.0, Cycles/Burst 200 and Duration 80 s. The resulting DNA fragments were

isolated using magnetic beads (Beckman Coulter) according to manufacturer’s instructions and

dissolved in 85 µl H2O.

In the following reactions, each followed by isolation using magnetic beads, fragments were

end-repaired using the and dA-tailed using the NEBNext® Ultra™ II End Repair/dA-Tailing

Module (NEB) following manufacturer’s protocol to generate single dA-overhangs, and ligated
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to linker-sequences (Tab. 14) using a T4 DNA-Ligase (NEB) according to the manufacturer’s

recommendations. Isolated ligation products after magnetic bead purification were dissolved in

20 µl H2O.

The resulting DNA fragments were subjected to a nested PCR. The first round is to amplify and

enrich the junction between PB-transposon ends and genomic sequence using PB-TIR and

linker-sequence specific primers (#79 and #80, Tab. 14). 5 µl of the isolated DNA solution

following the ligation step was used as a template while following the NEBNext® High-

Fidelity 2X PCR Master Mix (NEB) manufacturer’s instruction to set up the 50 µl reaction

sample. The program for the first round of PCR is described in the following table.

Table 1: PCR program used to enrich junctions between PB-transposon ends and genomic sequences

Step

Initial Denaturation

Denaturation

Annealing

Extension

Denaturation

Annealing

Extension

Final Extension

Store

Temperature (°C)

98

98

67

72

98

62 (1 °C/s ramp rate)

72

72

4

Duration Cycle

(s) s

30 1

10

30 10

30

10

30 15

30

300 1

∞ 1

Following the first PCR-round, PCR products were purified using magnetic beads and dissolved

in 20 µl H2O. 5 µl of each sample were used as a template for the second round of PCR, which

is designed to further enrich transposon-genomic junction sequences and introduce (through a

combination of the employed PCR-Primers #81 - #92, Tab. 14) 6-bp barcodes, specific to each

sample, to enable parallel sequencing and subsequent read-sample association during analysis

and Illumina adapter sequences for downstream processing. The program for the second round

of PCR is described in the following table.
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Table 2: PCR program used to enrich junctions between PB-transposon ends and genomic sequences and to
introduce sample specific barcode and Illumina adapter sequences for downstream processing.

Step

Initial Denaturation

Denaturation

Annealing

Extension

Final Extension

Store

Temperature (°C)

98

98

63 (1 °C/s ramp rate)

72

72

4

Duration Cycle

(s) s

30 1

10

30 15

30

300 1

∞ 1

The resulting PCR products were separated on a 1,5% agarose gel and the products ranging

between 200 and 500 bp in length were excised and gel-purified. After purification, the DNA

content of each sample was determined using a Qubit® 2.0 Fluorometer (Invitrogen) according

to the manufacturer’s instruction and 30 ng of each sample was pooled into a final sample,

constituting the finalized insertion library.

6.2.6. Next-generation sequencing and data analysis

All NGS-services and data subsequent data analyses were conducted by the Genomics Core

Facility of the Paul-Ehrlich-Institute (Dr. Csaba Miskey and Tanja Leyendecker).
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6.3. Results chapter I

6.3.1. Co-immunoprecipitations of alanine scan PB-mutants

Based on previous research, where single aa within a structural hairpin of the murine MLV

integrase were identified to mediate the protein-protein interaction between the MLV integrase

and BET-proteins and inhibiting said interaction shifted the transgene integration pattern away

from a biased one towards TSSs [113,115], a similar hairpin structure was predicted within the

PB transposase based on structural modeling (unpublished data, Prof. Dr. Thomas Krey) and

later confirmed via cryo-EM [61]. This provided a structural explanation for the known protein-

protein interaction between PB transposase and BET proteins ( [111]) which drove the

hypothesis of being able to shift the integration preference of the PB transposase from TSS to

a more random distribution if disturbing the PB-BET interaction in a similar way to the MLV

integrase study is achieved.

Consequently, the aa sequence in question ranging from V390 to P410 was subjected to an

alanine scan and each resulting alanine replacement mutant used in Co-IP experiments (see

6.2.2.) to observe its interaction behavior with BRD4. The resulting protein bands on the WB

membrane were quantified according to their relative intensity in comparison to the signal

measured with the corresponding wildtype PB transposase protein, which was subjected to the

same Co-IP experiments as a control. Additionally, a PB transposase mutant containing 3

C-terminal mutations (iPB-C3, [121]) was included. This hyperactive mutant had previously

shown a significantly less biased integration pattern towards TSS than its counterparts [121]

and was generated similarly to the alanine substitution mutants via site directed mutagenesis

using the pRRL.PPT.SF.piggybacHApre plasmid as a template (see 6.2.1.).
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Figure 4: Excerpt of relative signal intensity of Co-immunoprecipitated HA-tagged PB mutant protein bands
normalized with the signal intensity obtained with the internal wildtype HA-tagged iPB control. Shown are the
values that were observed to show a visible decrease in signal strength and additionally the value generated with
the HA-tagged iPB-C3 transposase. Values below 1.0 indicate a weaker signal intensity relative to the control
while values above 1.0 indicate a stronger signal intensity relative to the control.

Out of the 20 resulting mutants with single alanine substitutions throughout the hairpin structure

(for full Co-IP WBs see supplementary material), 4 exhibited a notable reduction in signal

strength compared to the control, while the HA-tagged iPB-C3 transposase exhibited a stronger

relative signal strength (Fig. 4). Mutant PB-HA-K407A exhibited a 96% reduction in relative

signal strength, PB-HA-F395A a 61% reduction, PB-HA-L403A a 70% reduction and PB-HA-

F397A a 90% reduction, while iPB-C3-HA increased its signal strength by 26%.

Given these preliminary results that identified critical sequence positions that influence PB-

BET interactions, mutants were subjected to transposition assays to assess if they retain their

transpositional activity. However, mutant transposases lacked apparent transpositional activity

when harboring an alanine substitution at positions determined to influence BRD4 interaction

via Co-IP. Thus, alternative aa substitutions were considered and investigated as described in

the following sections.
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6.3.2. Multiple sequence alignment and structural disruption-based PB-mutagenesis

Given that the PB-mutants generated through the alanine scan with reduced BRD4 interaction

behavior appeared to have lost their transpositional activity, alternative substitutions were

investigated with the goal of finding replacements both transpositionally active and exhibiting

a decrease in protein-protein interaction with BRD4 when subjected to Co-IP experiments. To

find suitable substitutions, the aa sequence of the PB transposase (GenBank accession number

ABC67521.1) was subjected to a protein BLAST search and resulting hits with decreasing

sequence similarity were picked (63% similarity GenBank accession number: GBP63866.1,

60% sequence similarity GenBank accession number: ADV17598.1, 40% sequence similarity

GenBank accession number: ADU33112.1, 39% sequence similarity GenBank accession

number: TGZ37512.1). Alongside the original aa sequence of the PB transposase and sequences

of two additional members of the PB superfamily (FoxyPB (unpublished sequence) and

PiggyBat [122]), they were subjected to a multiple sequence alignment and subsequent

secondary structure rendering based on the recently described PB transposase 3D structure

([61], see 6.2.4. for methods).

Figure 5: Excerpt of a multiple sequence alignment between the PB transposase sequence and selected members of
the piggyBac superfamily, showing the structural hairpin suspected to mediate PB-BET interaction between V390
and P410. Corresponding positions of turns (T) and beta sheets 8 and 9 (β8 and β9). Sequence conservation across
all sequences is indicated with blue rectangles while individual aa conservation with red letters.

As Co-IP experiments with alanine replacement mutants had provided transpositionally

inactive PB-transposases yet identified positions that influenced the interaction with BRD4,

potential alternative substitutions were identified at given positions based on aa found in

selected representatives of the piggyBac superfamily. Selected were substitutions V390K,
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F397R, F397Y, Y406W, K407C, K407Q, K407Q, K407V, and P410_A411del (Fig. 5) based

on their occurrence in selected members, both the PiggyBat and FoxyPB sequence and the

finding that PiggyBat exhibits a weaker insertion bias towards TSSs [122]. Additionally, several

mutants were generated based on structural predictions done by Prof. Dr. Thomas Krey

(University of Lübeck, unpublished data) with the premise of selecting aa substitutions adding

steric hindrance to the PB-BET interaction without disrupting the hairpin structure itself. These

substitutions were E380F, V381D, S387Q, T392Y, M394E, M394R and C396R.

All mentioned substitutions were introduced into the an HA-tagged iPB-C3 sequence via site-

directed mutagenesis (see 6.2.1.), to maximize a potential reduction in insertion bias toward

TSS, given that iPB-C3 had shown a significant drop in previous studies and additionally

improving transposition efficiency as it is described as a hyperactive mutant in comparison to

the wildtype [121].

6.3.3. Transposition assays of new PB-mutants

Generated PB mutants based on the previously described multiple sequence alignment and

structural predictions were subjected to a transposition assay to assess their transpositional

activity as a requirement for downstream Co-IP experiments.
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Figure 6: Representation of the transpositional activity of iPB-C3 Mutants generated on the basis of multiple
sequence alignments and structural predictions. Values indicate the percentage of area covered by resistant cells on
the corresponding cell culture plate after 2 weeks of antibiotic selection, normalized by subtracting the
percentage of area coverage by the corresponding negative control.

Over a total of 16 mutants tested, 11 exhibited transpositional activity: E380F, V381D, S387Q,

V390K, T392Y, M394R, F397Y, Y406W, K407C, K407T and K407V (Fig. 6). Accordingly,

these mutants were selected for downstream Co-IP experiments to assess their protein-protein

interaction with BRD4.

6.3.4. Co-immunoprecipitations of new PB-mutants

Mutants identified to have kept or regained their transpositional activity (Fig. 6) were used as

input in additional Co-IP experiments (for methodology see 6.2.2.). Resulting protein bands

corresponding to the Co-immunoprecipitated iPB-C3-mutants that showed a visibly lower band

intensity in comparison to the iPB-C3 control were quantified and normalized with the

corresponding band intensity of the corresponding iPB-C3 positive control.
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Figure 7: Excerpt of relative signal intensity of Co-immunoprecipitated HA-tagged iPB-C3 mutant protein bands
normalized with the signal intensity obtained with the internal HA-tagged iPB-C3 control. Shown are samples that
exhibited a measurable decrease in signal strength. Values below 1.0 indicate a weaker signal intensity relative to
the control.

Quantification resulted in the identification of a total of 8 aa substitutions that weakened the

protein-protein interaction between the PB-transposase and BRD4 (Fig. 7). These 8

substitutions were subsequently introduced into a mouse codon-optimized PB sequence termed

mPB (Tab. 13) via site-directed mutagenesis (see 6.2.1.) to generate an HA-tag-free version

that could possibly influence target site selection while maximizing transposition activity, given

that the C-terminally added HA-tag had a previously shown severe negative impact on

transposition efficiency (unpublished data) limiting transposition events and thus reducing the

number of integrations that can be rescued in downstream NGS analysis. Additionally, given

that the C-terminus contains the DNA binding domain of the PB transposase [61], it was

excluded that the close proximity of a foreign HA-tag could influence target site selection in

any way. Also, since surprisingly the three C-terminal mutations contained in iPB-C3 did not

reduce the PB-BRD4 interaction (Fig. 4), they were excluded from the generation of mPB

mutants used for downstream integration library generation.
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6.3.5. Novel PB-mutants exhibit a reduced integration preference for TSSs

To determine if the mutations determined via the Co-IP experiments produced an effect on

influencing the integration preference, integration libraries of cells harboring transposons

introduced with each mutant were generated and sequenced.

Table 3: Number of recovered integration events for each mPB-Mutant and the WT-PB transposase (data were
determined by Dr. Csaba Miskey).

mPB-Mutant

mPB-E380F
mPBK-407C
mPBK-407Q
mPBK-407V
mPB-M394R
mPB-T392Y
mPB-V390K

Number of recovered integrations

2318
1557
1647
3272
2429
2637
2974

Recovered integration events (Tab. 3) within 3 kb up- and downstream of TSSs were quantified

and normalized with respect to the total number of recovered integrations and normalized

frequencies for each mutant compared to each other and the WT.

Figure 8: Insertion frequencies of PB-Transposons within a 6 kb window around TSSs obtained for each mPB-
Mutant and the WT-mPB transposase (mPBWT, pink line with black dots) as an internal control. Insertion
frequencies obtained with each mutant are normalized with the total number of integrations obtained with each
mutant. Every datapoint represents the normalized insertion frequency within 400 bp (200 bp up and downstream of
each x-axis value) windows around TSSs (value “0” on x-axis). (Sequencing data contained in this figure were
produced by Dr. Csaba Miskey).
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When comparing the integration profiles within the 6 kb window surrounding TSSs, a

noticeable drop within the 400 bp window directly surrounding the TSSs is observed in all

integration profiles of the generated PB-Mutants (X axis datapoint 0, Fig. 8), indicating a lower

insertion frequency in the direct proximity of that region. Additionally, a different distribution

pattern can be observed. While the insertion frequency of the WT-PB showcases a singular

peak within the first downstream window from the TSSs, mutants appear to exhibit two peaks,

up and downstream of TSSs.

Figure 9: Fold change of integrations into 6 kb window around TSSs produced with mPB-Mutants in comparison to
the WT PB-transposase. Values above 1 represent a bigger relative fraction of integrations detected within the 6 kb
window, values lower than 1 a lower relative fraction.

Quantifying the overall integration frequency into the 6 kb window around TSS obtained for

each PB-mutant and normalizing it with the integration frequency of the WT-PB transposase

used as a control (Fig. 9), three mutants can be identified that exhibit a lower integration

preference into that area in contrast to the WT control: mPB-M394R, mPB-T392Y and mPB-

V390K. mPB-V390K exhibited a 5,4% reduction in insertion frequency into this window,

mPB-T392Y a 1,5% reduction and mPB-M394R the largest reduction with a 17,3% smaller

proportion of integration events. The remaining mutants all exhibit larger proportion of

integration events occurring into the 15 kb window surrounding TSSs. These increments are:

8,8% for mPB-E380F, 5% for mPB-K407C, 19,2% for mPB-K407Q and 1% for mPB-K407V.
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Figure 10: Fold change of integrations into windows around TSSs of varying sizes (between 400 and 6000 bp)
produced with mPB-Mutants in comparison to the WT PB-transposase. Values above 1 represent a bigger relative
fraction of integrations detected within each window, values lower than 1 a lower relative fraction.

Dissecting the 6 kb window surrounding the TSSs into smaller windows and determining the

fold change difference in the proportion of integrations within these windows (Fig. 10)

highlights the reduction in integration bias occurring within the smallest window of 400 bp

around TSSs exhibited by all generated PB-Mutants. Within that window, mPB-E380F showed

a reduction of 41%, mPB-K407C of 37%, mPB-K407Q of 22%, mPB-M394R of 65%, mPB-

T392Y of 21% and mPB-V390K of 50%. Within every window up to the 2 kb window, a

majority of mutants still exhibit a lower integration preference in comparison to the WT-PB

transposase. Interestingly, mPB-M394R is the only mutant that exhibits a reduction within

every window size tested and shows the strongest reduction amongst mutants in every window.
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6.4. Discussion chapter I

The PB transposon system is a highly efficient, flexible and easy to use non-viral genetic

engineering tool. As discussed previously however, it is significantly held back from broader

clinical translation by exhibiting a problematic integration pattern for its cargo, preferentially

hitting TSSs. It is safe to assume, that the close-to-random integration pattern exhibited by the

alternative SB transposon system is a contributing factor favoring its adoption for human

applications, reflected in the larger number of clinical trials conducted in the past and being

conducted currently (reviewed in [35]). Considering the disadvantage, this work represents a

rational approach to modifying PB integration pattern based on disrupting the physical

interaction interplay of the PB transposase and the BRD4 protein, which co-localizes at TSSs.

Previously unpublished data preceding this work predicted a hairpin within the PB transposase

(Prof. Dr. Thomas Krey, Universität zu Lübeck) with structural similarities to a hairpin structure

found in the MLV integrase, shown to be responsible for the respective interaction with BET

proteins, mediating integration bias for MLV itself [117]. The hairpin structure has since then

been confirmed experimentally [61].

6.4.1. Alanine scan through PB-hairpin structure

The initial approach of conducting an alanine scan through the hairpin structure, although not

providing active transposases, generated valuable insights and a proof-of-concept, that the

interaction properties between PB and BRD4 could be influenced by modifying the hairpin’s

composition. This provided the first confirmation, that the structure at hand is a major

contributor to the interaction as predicted. On the other hand, it highlighted the importance of

the hairpin’s integrity for the transposase function. This is expected, since the hairpin structure

was shown to be an essential component of the insertion domain, spanning from residues 373

to 433 of the PB transposase and interrupting the catalytic domain [61]. As such, two of the

four alanine scan mutants can be predicted to have influenced the hairpin structure and function

significantly: F395A and F397A.
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Figure 11: Excerpt of the cryo-EM structure of the PB strand transfer complex showcasing the hairpin spanning
from residues V390 to P410 (green) and the transposon DNA (blue) (Protein Data Bank entry 6X67, [61]). Black:
remaining PB transposase protein. Red balls: Oxygen, Blue balls: Nitrogen, Green balls: Carbon A: Side view of
the hairpin structure (green) highlighting aromatic residues F395, F397 and Y406. B: Detailed view of hairpin
residue F395 and its hydrophobic contacts with T402, V404, A424 and P433. C: Detailed view of hairpin residue
F397 and its hydrophobic contact with T402. D: Detailed view of hairpin residue Y406 and its hydrogen bond
mediated interaction with the transposon DNA (blue) as well as the hydrophobic contact with P408, V414 and
P433.

As depicted (Fig. 11, A) F395 and F397 are positioned alongside Y406 in an orientation that

would suggest attractive parallel-displaced pi stacking between the aromatic rings of the

respective residues, contributing substantially to the hairpin’s β-sheet stability and orientation.

Y406 orientation is of particular importance, since it is directly involved in transposon-DNA

interaction with two hydrogen bonds, exerts a hydrophobic contact with V414 which is also

implicated in transposon-DNA interaction, and exhibits additional hydrophobic contacts with

P408, V414 and P433 (Fig. 11, D). Follow-up experiments replacing F397 with Y and R

corroborate this hypothesis: F397Y did not substantially influence transposition activity as the

aromatic ring in Y397 might have replaced the stacking properties of F397. F397R however

generated an inactive transposase variant. Moreover, F395 exhibits a substantial number of

hydrophobic contacts with residues V404, A424, P433 (Fig. 11, B) and sharing a contact with

F397 at T402 (Fig. 11, C). This observation highly suggests essential roles in structure integrity,

directly linked to transposase function by transposon-DNA interaction through Y406.

Accordingly, replacement of F395 and F397 with an A might have critically compromised said

interplay and lead to a loss of transposition function. It can be assumed, that the hairpin integrity

itself is critical in mediating BRD4 interaction but that F395 and F397 are not directly involved

in said interaction The remaining two alanine replacement mutants displaying reduced
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interaction behaviors with BRD4 in the presented Co-IP experiments L403A and K407A

exhibit a less obvious reason for disrupting the hairpin structure and the transposase function.

Figure 12: Excerpt of the cryo-EM structure of the PB strand transfer complex showcasing a section of the hairpin
spanning from residues V390 to P410 (green) (Protein Data Bank entry 6X67, [61]). Black: remaining PB
transposase protein. Red balls: Oxygen, blue balls: Nitrogen, yellow balls: sulfur A: Detailed view of hairpin
residue K407 and its hydrogen bonds with P410, N384 and R388 as well as hydrophobic contact with R388. B:
Detailed view of hairpin residue L403 and its hydrophobic contact with L382 as well as the hydrophobic contact
between L382 and M394.

It can be assumed that K407 has a significant influence over the overall hairpin stability, being

involved in a hydrophobic contact with R388 but mainly exhibiting three hydrogen bonds with

N384, R388 and P410 respectively (Fig. 12, A). Except for the hydrogen bond with P410

however, none of the interactions are between K407 and a component of the hairpin itself. Thus,

K407A might have influenced the hairpin’s orientation significantly losing its possible function

as an anchor with N384, R388 and P410 and thus affected BRD4 interaction as well as

transposition efficiency. It may however not have influenced the hairpin’s integrity itself, which

may contribute to the transpositional efficiency rescue by employing other substitutions at

position K407 as discussed in the following section. L403A’s effect is less obvious however

and subject to greater speculation. Through L403’s hydrophobic contact with L382 it appears

to contribute to the hairpin’s stability. Interestingly however, it could play an important role in

stabilizing L382 which in turn stabilizes M394 through a hydrophobic contact. M394 was

shown to play a major role in BRD4 interaction (Fig. 7) and the mutant M394R was the

candidate which had the greatest impact in shifting PB’s integration pattern away from TSS

(Fig. 9 & 10) as discussed in a later section.
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6.4.2. Alternative PB-hairpin mutants

As experimental data strongly indicated that the hairpins structural integrity is essential for

maintaining transposition function, two strategies were followed to generate alternative aa

replacement mutants that would not compromise the overall structure. The first strategy

encompassed finding alternative aa substitutions that were present in the highly conserved

hairpin structure across members of the PB superfamily (Fig. 5) at positions that had shown a

reduced interaction behavior in Co-IP experiments when substituted with alanine. The second

strategy suggested introducing large and charged aa residues at positions that would not

compromise the hairpins structural integrity but influence the structures surface through which

the BRD4 interaction is mediated. Out of all candidates tested, substitutions E380F, V390K,

T392Y, M394R, K407C, K407Q, K407V had a substantial impact on reducing BRD4

interaction as seen in follow-up Co-IP experiments while simultaneously maintaining

transpositional activity. Interestingly, K407C, K407Q and K407V did not suppress the

transposition activity, in contrast to K407A. While losing its hydrogen bonds with N384, R388

and P410 (Fig. 12), the replacing residues might have maintained the hydrophobic contact with

R388 providing enough stability to maintain function yet influenced the structure sufficiently

enough to influence BRD4 interaction.

Figure 13: Excerpt of the cryo-EM structure of the PB strand transfer complex showcasing a section of the hairpin
spanning from residues V390 to P410 (green) (Protein Data Bank entry 6X67, [61]). Black: remaining PB
transposase protein. Red balls: Oxygen, blue balls: Nitrogen, yellow balls: sulfur. A detailed view of aa V390s
hydrophobic contact with P410 as well as K407 hydrogen bond with P410 are shown.
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Out of the remaining four positions, V390 is the only aa residue that is involved in an interaction

with a member of the hairpin sequence in form of a hydrophobic contact with P410 (Fig. 13).

The observation that both aa residues that interact with the P410 residue are implicated in

reducing the BRD4 interaction when mutated (V390 and K407, Fig. 7), together with the

observation that a P410_A411del produced an inactive PB transposase (Fig. 6), strongly suggest

that both transpositional activity and BRD4 interaction are linked to the hairpins integrity since

prolines are known to heavily influence protein folding, disrupting secondary structures by

inhibiting alpha-helix or beta-sheet conformation through its restricted phi angular range in

peptide bond formation (reviewed in [123]).

Figure 14: PB strand transfer complex (A) (Protein Data Bank entry 6X67, [61]) containing hairpin structure
spanning from V390 to P410 (green). Blue: Transposon DNA, black: remaining PB transposase protein. B:
Detailed view of hairpin structure (green) and the positions of residues E380 V390, T392 and M394 (highlighted in
green). Red balls: oxygen, blue balls: nitrogen, yellow balls: sulfur, green balls: carbon.

The remaining three side chains of M380, T392, M394 together with V390 are all situated at

the protein’s surface (Fig. 14), thus having the innate ability to be involved in protein-protein

interactions. Furthermore, side chains of E380, T392 and M394 do not showcase any

intermolecular interactions with aa members of the hairpin suggesting minimal to no

involvement in its integrity. Thus, they represent optimal candidates to be exchanged for

charged and/or bulky side chains, modifying the hairpins surface without compromising its

structure.

Accordingly, all mutations at discussed positions that produced a visible drop in BRD4

interaction signal during the Co-IP experiments while maintaining transposition activity were

used for integration library generation and subsequent analysis to determine potential shifts in

insertion preferences.
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6.4.3. Impact of PB-mutants on integration bias

Following the hypothesis that the insertion bias PB exhibits towards TSSs is based on a physical

interaction with BET proteins that tethers transposition events towards BET-binding sites,

generating transpositionally active PB-mutants with measurable reductions in BRD4 interaction

as a BET representative, led in all instances to the desired outcome of reducing the insertion

frequency within the strict proximity of TSSs in comparison to the wildtype transposase (Fig.

9). Within a 400 bp window around TSS insertion frequencies were reduced between 21% and

65%. Surprisingly, increasing the size of the analyzed windows around TSSs, the reduction is

not maintained for all mutans. E380F and K407Q exhibit an increment of insertional bias if

considering window sizes between 800 bp and 600 bp around TSSs. A correlation between

reduction of insertional bias and reduction of BRD4 interaction behavior can however be

generally made with one exception: V390K. Out of all employed PB-mutants it exhibited the

lowest reduction in BRD4 interaction in Co-IP experiments (Fig. 7), yet belonged to the only

three mutants that exhibited a reduction in interaction bias throughout the entire 6 kb window

analyzed around TSSs together with M394R and T392Y. The former showed together with

K407V the highest reduction in interaction behavior in Co-IP experiments, surpassing 90%

(Tab. 7). While not exhibiting an integration bias reduction throughout the entire 6 kb window,

K407V remained closest to neutral and up to a window size of 2,8 kb around TSSs exhibited a

reduced insertion preference. The remaining two mutants showed higher insertion frequencies

in all window sizes except the smallest of 400 bp around TSS, correlating with the smallest

reduction in BRD4 interaction behavior seen in Co-IP experiments (Fig. 10). Considering the

lack of correlation between insertion profile shift away from TSSs and reduction in BRD4

interaction exhibited by V390K it is important to note key factors which might influence this

single exception. Generally, Co-IP experiments are highly useful to gain insights on protein-

protein interactions. The procedure itself however is cumbersome and dependent on several

handling steps throughout a multi-day protocol, making quantifiable results at the end of the

procedure highly dependent on a high degree of consistency during the experimental steps.

While highly speculative and also applying to every other sample, it needs to be acknowledged

that quantitative Co-IP results as presented in this work have to be interpreted with caution. For

the project itself however, they served the important purpose of pre-screening possible

candidates to use for the generation of insertion libraries and effectively lead to the discovery

of several insertion preference modified PB-mutants. A more likely explanation for the

correlation exception exhibited by V390K can be that only one BET protein member was used

to pre-screen mutants via Co-IP to find suitable candidates: BRD4. It is known that PB
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additionally interacts with BRD2 which is also implicated in recruiting transcription factors and

regulatory complexes, activating gene expression [124–126] and thus also is involved in the

hypothesis of how PB is tethered towards TSSs. The determination of interaction properties

with BRD2 were not subject of this work. Nevertheless, the generated mutants based on Co-IP

experiments with BRD4 might have in turn influenced the interactions with BRD2 in unknown

ways. While the BRD4 interaction after introducing mutation V390K presented the least drop

of all mutants tested, it is unknown how the interaction with BRD2 may have been shifted,

potentially adding to the reduction of integration bias. Therefore, it would be highly interesting

to produce Co-IP data similarly to the one presented in this work but with BRD2, to gain further

insight into the mechanisms behind insertion preference selection and possibly introducing

another factor influencing mutant design to further improve the reduction of insertional bias

towards TSSs.

Interestingly, Co-IP experiments revealed that iPB-C3, which includes three C-terminal

mutations (S509G, N538K and N570S) and were implicated previously in reducing the

integration bias towards TSSs [121] did not exhibit an effect on reducing BRD4 interaction in

Co-IP experiments (Fig. 4). Since the hypothesis driving this project is based on a correlation

between BET protein interaction and insertional bias towards TSSs, the three C-terminal

mutations were not included in the mutants used in the library generation. However, since a

reduction in insertional bias was experimentally proven previously [121], there is strong

evidence that additional factors besides BET interaction properties can influence PB’s

integration preferences.

Changing the integration preference, despite being the primary project goal, was not the only

modification of the insertion profile produced by the presented PB-mutants that was observed.

The wildtype PB used as an internal control for the integration library preparation exhibited a

single peak in insertion frequency near TSSs as expected (Fig. 9). However, every single mutant

tested exhibited two: directly up- and downstream of the TSSs position (Fig. 9). This pattern is

highly reminiscent of the integration profile seen with retroviral vectors such as MLV, where a

link between the MLV integrases preference to insert its cargo into nucleosome-associated

DNA [127,128] has been proposed [111]. In contrast to the MLV integrase, PB is known to

integrate preferably into nucleosome-free DNA [111]. Since nucleosome-depleted DNA is

associated to TSSs of actively transcribed genes [129], this observation poses a highly valuable

insight into a possible secondary effect of the mutations generated in this work: not only

retargeting insertions away from TSSs but also effectively from TSSs of actively expressed

genes. This secondary effect would, if confirmed, present an additional safety benefit adding to
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the risk reduction goal presented here. It is expected that the bioinformatic dataset generated

throughout this project contains all necessary information to answer not only this question but

additionally, the integration preferences into the proximity of other problematic regulatory-

associated regions that PB is known to favor such as DNaseI hypersensitivity sites, H3K4me3

marks and RNA-Polymerase II-bound regions [68,112,130–133]. Specifically, integration

preference into the BACH2 gene would be of great interest since it is a problematic preference

shared with MLV [111] and has been found in all instances of lymphomagenesis of therapeutic

CAR T-cell products generated with PB transposase technology [134]. It is projected that

moving forward, these insights will become increasingly relevant when deciding which genetic

engineering tool to choose and that he ground work presented here for the PB transposon system

provides valuable insights for the goal of improving the safety aspects of the system.
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6.5. Conclusion and outlook chapter I

This project set out to confirm the hypothesis that the insertional bias towards TSSs that the PB

transposon system exhibits is linked to a physical interaction between the PB transposase

protein and BET proteins that co-localize at these sites and that disrupting said interaction

influences the insertion profile by reducing the tethering effect. For this purpose, the proposed

hairpin element identified within the PB transposase spanning aa’s V390-P410 was subjected

to an alanine scan, followed by Co-IP experiments that experimentally confirmed the structure’s

central role in the interaction behavior. Additionally, it suggested a critical role of the hairpins

structural integrity for transpositional activity, which was confirmed during the course of this

work by published cryo-EM structures for the PB transposase revealing the structural basis for

PB unique transposition mechanism and experimentally confirmed the hairpin as part of the

transposase’s insertion domain which, together with the dimerization, DNA binding and

catalytic domains, direct cleavable phosphodiester bonds within the TIRs to the active site’s

DDD motif [61]. Accordingly, rational design modifications were conducted by investigating

alternative aa substitutions at interaction-relevant sites identified via alanine scan and found in

PB-superfamily members and prediction-based substitutions theoretically maintaining hairpin

integrity while introducing large surface changes with respect to size and/or charge. Both

approaches were successful and yielded active PB-variants with comparable transpositional

activity as seen by the number of recovered integrations during the insertion library generation

(Tab. 3), and reduced BRD4 interaction profiles (Fig. 7). Finally, the initial hypothesis was

confirmed via integration library generation and insertion site analysis, where a substantially

lower numbers of integrations close to TSSs were observed. Furthermore, one particular mutant

was generated (mPB-M394R) which exhibited an exquisite reduction in integration bias in

every window size up to 6 kb around TSSs.

While this achievement is expected to represent a substantial improvement over the wildtype

PB integration profile with respect to lowering the risk of insertional mutagenesis caused by

TSS disruption affecting gene expression, this study exposes the potential of further reducing

the insertional bias to close the gap as much as possible to an ideally random integration site

distribution. For this purpose, several strategies should be considered for future developments.

First, as a total of seven transpositionally active PB mutants were generated throughout this

project that exhibited a modified insertion profile, all of them a strong reduction within the

immediate proximity of TSSs, it should be considered to produce PB versions that include

combinations of said mutations. As discussed, it is expected that the disruption of PB-BRD4

interaction was caused by the modification of the protein’s surface maintaining hairpin
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integrity, it is likely that the disruptive effect is additive and thus can be further improved. To

test this assumption, the total potential of insertion bias reduction mediated by PB-BET

disruption could be experimentally assessed by analyzing integration libraries that are generated

while PB-BET interaction is artificially yet fully disrupted by the addition of BET inhibitors

such as JQ1. These results could be compared with this study’s results to determine the

integration bias difference, indirectly defining the leftover potential. Second, the interaction

behavior with other members of the BET family (BRD2 and BRD3) should be assessed, as

interaction with BRD2 has previously been described [111], could hypothetically also be

implicated in a tethering effect and it remains unclear, if a BRD4 interaction disruption caused

by the introduced mutations would have the same effect with regards to related proteins.

Accordingly, mutations described here that did not influence BRD4 interaction might have

influenced interactions with other BET members and thus should be considered. Third, through

the initial description of iPB-C3 an unintended yet independent proof of mutation-caused

redirection of insertions has been described that significantly reduced integrations within TSSs,

CpG islands and within genes [121]. As described in this study, the three C-terminal mutations

included in iPB-C3 did not have an effect on reducing BRD4 interaction (Fig. 4). This strongly

suggest that there are additional factors influencing PB’s target site selection besides the one

addressed here. Thus, effort should be made to identify the mechanism behind iPB-C3’s

phenotype with respect to target site distribution, and then to combine these mutants to

potentially achieve an additive impact.

Overall, this work presents the first instance of experimentally confirming a mechanism behind

the PB-BRD4 interaction and describes the generation of functional PB-variants that include

modifications reducing said interaction leading to the desired outcome of changing PB’s risk

associated integration profile. It is predicted that this contribution will lead to an effort to further

improve PB’s potential to become a safe alternative for a transposon-based genetic engineering

tool, which is currently under the spotlight due to the still unresolved association between PB

gene transfer and the development of lymphoma cases, increasing the repertoire of cost

effective and thus more widely adoptable technologies to provide gene and cell therapy.
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7. Chapter II: development of a novel, highly effective
CRISPR/Cas9-based cellular suicide-switch

7.1. Introduction chapter II

7.1.1. Suicide-switches

While modern gene and cell therapies bring novel treatment possibilities to previously

untreatable conditions, potential dangers are extensively being discussed and subjected to

stringent evaluation by the regulatory authorities when considering clinical trial and product

approval. While efforts are being led to make vector technology safer, including the first chapter

of this thesis, options will always be required to address unforeseeable negative side effects that

might arise once the transgenic cell product has been administered to the patient, independently

of how refined and optimized technologies might become with regards to their safety profile.

An elegant way of including an exit strategy to the product itself has been the introduction of

suicide-switches to the therapeutic vectors that are employed. Ideally, these switches will

remain dormant within the modified cells until needed. If serious adverse effects were to occur

and the removal of the transgenic cells could reduce or eliminate them, the suicide-switch can

be activated, killing all cells harboring it and effectively clearing the patient of the living drug.

Several options for such suicide-switches exist today, each with its advantages and

disadvantages and they will be discussed in the following sections.

7.1.2. Herpes Simplex Virus thymidine kinase

The thymidine kinase (TK) is a phosphotransferase that catalyzes the first of three

phosphorylations of thymidine to yield thymidine monophosphate, a precursor building block

for DNA synthesis. The cellular TK is highly specific in choosing thymidine as its substrate.

The TK belonging to the Herpes Simplex Virus (HSV) however, exhibits a broader specificity

in its substrate choice, including purine and pyrimidine analogs [135,136]. If the HSV-TK

phosphorylates these analogs that can be administered as a prodrug in vitro or in vivo such as

the antiviral drug ganciclovir, the phosphorylated product will be further phosphorylated by

cellular thymidylate kinases and nucleoside diphosphate kinases and finally block DNA

synthesis once incorporated in nascent DNA by generating dead-end complexes [137],

ultimately leading to cell cycle arrest [138] and apoptosis [139]. This trait has led the HSV-TK

to be used as an efficient cytostatic agent and suicide gene to alleviate side effects by

eliminating cell therapy products from affected patients [140]. Nevertheless, several
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shortcomings require improvements for it to be an ideal solution. As a viral protein, the HSV-

TK represents a xenoantigen and its intracellular presence required for its function can lead to

strong responses in immunocompetent patients and rejection of transplanted cell products

[141]. This would be less of a disadvantage in immunocompromised patients. However, as a

weakened immune system enhances the risk of viral infections which might call for ganciclovir

administration, the therapeutic cell population would unintentionally be affected. Additionally,

since the HSV-TK leads to a blockade in DNA synthesis, the killing mechanism is cell-cycle

dependent and not suitable for non-dividing cells such as notably chemoresistant, dormant,

cancer-initiating stem cells (reviewed in [142]).

7.1.3. Inducible Caspase 9

The current state-of-the-art suicide-switch available is the inducible caspase 9 (iCasp9) system

[143]. It was originally developed as a safety switch more suitable for adoptive therapy than

the HSV-TK system and consists of a fusion protein composed of the caspase 9 protein that

initiates apoptosis and the human FK506 binding protein (FKPB) [144]. The fusion protein

remains in its monomeric form until the small molecule inducer AP1903 is added and binds to

FKPB, causing cross-linkage between monomers and thus prompting dimerization, upon which

caspase 9 initiates the apoptotic pathway. In contrast to the HSV-TK system, as iCasp9 is based

on endogenous proteins, no immune response against the switches components is triggered.

Additionally, AP1903 has been thoroughly tested and been found to be safe and well tolerated,

not causing any drug related adverse effects [145]. This is not the case for ganciclovir, which

is associated with hematological and neurological toxicities (reviewed in [146]). Furthermore,

iCasp9 acts considerably faster than HSV-TK, generating detectable levels of the apoptotic

marker Annexin-V 30 min. upon drug administration [147], since it is not dependent on cell

division and directly induces an apoptotic cascade. Accordingly, the iCasp9 system has

transitioned into the clinical world and has been successfully employed to handle graft-versus-

host disease (GvHD) in recipients that received donor T cells that were genetically modified to

specifically include the iCas9 safety-switch for this scenario [148]. Although GvHD was

terminated, only 90% of the total modified cells were effectively killed and the remaining cells

were still detected in long-term follow-up 3,5 years later. While GvHD did not recur, 90% cell

clearance might not be sufficient to treat all potential adverse effects, especially malignant

transformations, and complete cell clearance has not been observed in vivo (reviewed in [149]).

7.1.4. Epitope-based elimination

A third system that has been frequently used in clinical settings is formally not considered a

suicide-switch but similarly allows for depletion of gene modified cell product upon
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administration of a compound when adverse effects warrant it: the use of an epitope-based

elimination marker. For this purpose, a cell surface marker which is ideally non-immunogenic

and not present either in non-modified cells of the same type or anywhere else is added to the

transgene cassette, effectively labeling every therapeutic cell. This is not only useful to quantify,

monitor, select and sort the product during manufacturing and once administered. It also allows

riddance by administration of marker specific clinically approved therapeutic antibodies,

leading to antibody- or complement dependent cytotoxicity toward marked cells. Tested surface

markers include CD20 [150] a truncated version of the human epidermal growth factor (hu-

EGFRt) [151] and a combined target epitope of CD20 and CD34 termed RQR8 [152]. While

efficiency and speed of elimination of epitope-based elimination markers has been shown to be

equal to the iCasp9 system [147], potential bottlenecks are to be expected when used in heavily

immunocompromised patients [153], worsening of adverse immune reactions including

cytokine release syndrome (CRS) (reviewed in [154]) and poor biodistribution and tissue

penetration [155].

Given the shortcomings of the most widely used suicide mechanisms for gene and cell

therapeutic applications described previously, this work aims at providing an alternative that

addresses them, in particular the incomplete cell elimination. For this purpose, a novel approach

will be pursued to engineer an inducible CRISPR/Cas9 technology-based suicide-switch.

7.1.5. CRISPR/Cas9- and sgRNA-mediated targeting

The CRISPR/Cas9 system, now known worldwide as a Nobel-Prize winning breakthrough

genetic engineering tool to generate precise genome modifications, is a repurposed component

of bacterial and archaeal adaptive immune defense against invasive nucleic acids including

plasmids and viruses. For that purpose, the CRISPR system is able to detect incoming foreign

nucleic acids by comparing them with a roster of previously encountered sequences (CRISPR

array), add novel foreign sequences to the list and fend off invading agents by fragmenting and

neutralizing their DNA [156,157] or RNA [158] if matching sequences are encountered. This

process is usually categorized into three distinct stages. In the first stage, adaptation, invading

nucleic acid are recognized and short sequence fragments called protospacers are acquired and

incorporated into the CRISPR array by Cas1 and Cas2, resulting in spacer sequences within the

array [159]. In the second step, expression, the CRISPR arrays are transcribed forming

precursor CRISPR (pre-cr) RNA and processed into shorter creRNA via Cas6 nuclease-

mediated fragmentation [160]. creRNA contains complementary sequences to the invading

agent, spacer sequences and a repeat sequence which allows association to transactivating

crRNA (tracrRNA) [161]. Both guide (g) RNAs associate to the Cas9 nuclease (in the most
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widely used type II systems [162]) and form a complex, which probes nucleic acids for

sequences matching the spacer within the crRNA and a suitable protospacer-adjacent motif

(PAM) sequence, consisting of a trinucleotide NGG [163]. In the third and final step,

interference, if matching sequences and suitable PAM motif are available, Cas9 cleaves the

target DNA [157], fragmenting the intruder.

As mentioned before, this system has been exploited in the recent years to become a versatile

tool for genetic engineering. By supplying synthetic gRNAs, Cas9 can be easily “programmed”

to cut any sequence of interest, only limited by the availability of an adjacent PAM sequence.

The development of a chimera of tracrRNA and crRNA which can be supplied as a single guide

(sg) RNA, further improved ease of use [157]. Genetic engineering with the CRISPR/Cas9

system usually revolves around the way cells overcome DSBs: Non-homologous end joining

(NHEJ) or homology directed repair (HDR). If a DSB is repaired via NHEJ, insertions or

deletions (indels) are often introduced as a byproduct of the repair mechanism. If these indel

mutations occur within a target gene, frameshifts will cause disruption of gene expression,

making this method highly effective at knocking out genes or screening for unknown functions

by observing the resulting phenotypic changes. HDR on the other hand can be used to introduce

DNA sequences into a target cell’s genome. By supplying synthetic DNA fragments with

flanking sequences that match up- and downstream of the generated DSB, HDR can use these

fragments to repair the cuts, effectively introducing the provided foreign sequences stably into

the genome (reviewed in [164]).
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Figure 15: Schematic overview of CRISPR/Cas9-mediated genome modifications. The CRISPR/Cas9 complex is
guided to the target site via the target site complementary sgRNA sequence. After hybridization, Cas9 mediates
DSB induction next to the NGG PAM sequence. After DSB induction, the damaged site is either repaired via NHEJ,
introducing indels or via HDR when sequences with matching flanking regions to the break are available, opening
up the possibility of introducing a GOI into the damaged site. (Figure was created using Biorender.com).

This method has converted CRISPR/Cas9 into a valuable option to introduce therapeutic

sequences for clinical applications such as integrative viral vectors and transposons, with the

added benefit of precisely defining the location of the insertion beforehand. Accordingly,

several preclinical studies have been conducted (reviewed in [165]), several of them

culminating in first-in-human clinical trials using CRISPR/Cas technology (reviewed in [166]).

Most preclinical studies address gene correction of monogenic disease models which include

cystic fibrosis [167,168], sickle cell anemia [169–171], beta-thalassemia [172–176],

Huntington’s disease [177–179], Duchenne muscular dystrophy [180,181], hemophilia A/B

[182,183], amyotrophic lateral sclerosis [184] and chronic granulomatous disease [185,186],

but also multifactorial diseases such as diabetes [187], cardiovascular diseases [188], AIDS

(reviewed in [189]) and cancer (reviewed in [190]).
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Given that the technology is fairly new, the amount of clinical research that utilizes

CRISPR/Cas9 is remarkable. Even more impressive is the fact, that a substantial number of

clinical trials is already being conducted making use of its potential. Pilot studies translated the

knowledge accumulated over the years of checkpoint inhibitors in cancer therapy, such as the

effect of blocking the binding of the programmed death-ligand (PD-L1), expressed by

numerous tumors, to the programmed cell death protein 1 (PD-1), with anti PD-1 antibody

administration [191,192] to CIRISPR technology. Pilot studies showed the feasibility and safety

of ex vivo CRISPR modification of patients’ T-cells to knock-out PD-1 and re-administering

them (ClinicalTrials.gov Identifier NCT02793856, [193]), circumventing the need of PD-1

blockade via therapeutic antibodies. Another early trial successfully piloted combining the

PD-1 knockout with an additional endogenous T-cell receptor (TCR) knockout, reducing TCR

mispairing and enhancing the expression of a synthetic cancer-specific TCR (ClinicalTrials.gov

Identifier: NCT03399448, [48]). Furthermore, several clinical trials involving site-directed

CAR T-cell integration into the T-cell receptor α-chain constant locus or replacing endogenous

TCRs with synthetic TCRs or CARs are currently being planned/conducted (reviewed in [190]).

Most recently, within the context of the ongoing SARS-CoV-2 pandemic, in an effort to provide

long-lasting immunity and prevent T-cell exhaustion, PD-1 and ACE2 knockout T-cells will be

generated with CRISPR/Cas9 and re-administered to the patient in a soon-to-be-recruiting

phase I clinical trial (ClinicalTrials.gov Identifier: NCT04990557).

While incredibly adaptable and representing a tool of incomparable precision within genetic

engineering, a growing number of concerns might have to be addressed before CRISPR/Cas9-

based gene therapy will be available to the masses. One area of concern is the occurrence of

off-target effects. This phenomenon can potentially cause substantial and difficult to detect

effects on the host cells’ genome, as unintended DSB at unforeseeable sites can lead to similar

disruptive consequences as on the target site. Homology between the ~20 nucleotide (nt) long

sgRNA sequence and genomic sequences other than the target site can typically cause this.

Mismatches of up to 5 bp have been tolerated [194]. There is, however, a correlation between

the number, distribution and position of mismatches in the sgRNA-DNA recognition and the

efficiency of off-target cleavage [194,195] allowing for current in silico models to make

predictions on off-target cleavage probabilities and suggest optimized sgRNA design to

maximize the chances of avoiding them (reviewed in [196]). Another substantial risk factor

receiving growing attention in recent years, is the generation of large on-target structural

variants (SV) and unwanted chromosomal rearrangements. Since CRISPR/Cas9 formally only

mediates DSB generation and repair leading to the desired modification is mediated by
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endogenous cellular mechanisms, the existence of multiple DSB within a genome generated

either spontaneously, through multiple sgRNAs utilized in the experiment, through unintended

off-target cleavages or a combination of several mentioned factors, can lead to the joining of

distant cleavage sites and chromosomal translocations [197], chromosome loss [198], SV

generation [199], chromosomal truncations [200] and chromothripsis [201]. Instances have

indeed been reported in clinical trials [48]. So far, no malignant transformations have been

reported in patients treated with CRISPR/Cas9-modified cells. However, these phenomena

represent a substantial risk that have been heavily associated with oncogenesis and congenital

disorders and have generated an urgent call on thoroughly assessing the safety CRISPR-based

therapies before transitioning to larger patient groups.

7.1.6. Creation of an inducible CRISPR/Cas9 system that targets Alu elements and kills cells

For the intended purposes of this work, generating a CRISPR/Cas9-based suicide-switch, a

highly unconventional usage of this tool was tested which is not affected by the before

mentioned risks and shortcomings, but might actually benefit from them. Instead of exploiting

the unique qualities that allow precise programmable DSB generation at single genomic sites,

sgRNAs were employed that maximize the number of potential genomic targets, hypothesizing

that reaching a sufficient number of CRISPR/Cas9-induced DSBs present the cell with an

irreparable amount of DNA damage and thus inducing cell death. To achieve the goal of

efficiently maximizing sites that can be targeted with an individual sgRNA sequence, Alu

retrotransposon elements were chosen as a target.

Alu elements constitute highly repetitive, primate-specific short interspersed elements (SINE)

of the retroelement class of transposable elements, which exceed one million copies in the

human genome [202]. They represent an active SINE and make up almost 11% of our entire

genome and belong to what is colloquially termed “junk DNA”, although their function is

starting to be elucidated as contributing to genetic diversity, influencing gene expression, but

also driving disease development through insertional mutagenesis (reviewed in [203]). Their

presence in such high copy numbers and repetitive sequence nature, however, position them as

a prime candidate to achieve maximal potential target sites through a specifically designed

sgRNA which is expected to overwhelm the DNA damage repair capacity of the affected cell

and in turn cause cell death (Fig. 16).
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Figure 16: Overview of the envisioned CRISPR/Cas9 based suicide cassette. Modified cells harbor the inducible
Alu-specific Cas9 suicide-switch within them. Once induced, the Alu-specific Cas9 is expressed and binds to the
repetitive Alu elements present in multiple copies throughout the human genome, generating DSBs and effectively
fragmenting the host cells genome, leading to apoptosis.

7.1.7. DNA damage induced apoptosis

Inducing cell death through the means of producing a high number of DSBs is a procedure that

has a long history in medicine. Alongside chemotherapy and surgery, radiotherapy is a pillar of

current cancer treatment. By focusing ionizing radiation onto cancerous tissue, critical numbers

of DSBs are generated (reviewed in [204]). To prevent genomic instability, if the DNA damage

exceeds the potential of the cell’s DNA repair mechanisms, the p53 pathway leads to an

accumulation of pro-apoptotic proteins that trigger programmed cell death (reviewed in [205]).

Independently from the work presented here, other groups have succeeded recently in targeting
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Alu elements with CRISPR/Cas9 with the purpose of inducing cell killing [206,207]. By

supplementing Cas9 with Alu-specific sgRNAs, they were able to efficiently kill cancer cells in

proof-of-concept studies, presenting the possibility of using this method to target difficult-to-

treat cancer types. However, for the intended purposes of this work, their design does not

represent an option for a suicide-switch, since the key feature of inducibility is missing. Thus,

to fulfil the requirements for a working suicide-switch, a major challenge of this work was to

engineer an Alu-targeted CRISPR/Cas9 system that can be stably introduced into a target cell,

persists for an indefinite time without exhibiting unintended leakage and presents a reliable

inducibility leading to complete clearance of cells harboring the switch. To achieve stable

integration, the CRISPR/Cas9-based suicide-switch was designed as part of a non-viral SB

transposon vector, enabling virus-free genetic engineering and circumventing viral vectors’

cargo capacity limits, since a full-length CRISPR/Cas9 system would be close to the maximum

cargo size of most viral vectors (reviewed in [208]) and adding a hypothetical therapeutic gene

would exceed their capacity. Additionally, when envisioning a safety mechanism for potential

use in gene therapy, the intrinsic advantages of non-viral gene transfer technology add an

attractive benefit to the concept, which is the close-to-random integration pattern of the SB

transposon system in comparison to viral systems or alternative transposon systems such as PB

(as discussed in Chapter I of this thesis) [111]. This further decreases the possibility of

insertional mutagenesis and thus reduces the likelihood having to use the suicide-switch. Lastly,

concerning the inducibility, post-translational and transcriptional regulation were explored in

order to achieve optimal induction response while maintaining no measurable leakiness,

ensuring a sustained lack of unintended activity which would compromise cell fitness long-

term. In an effort to identify regions within the Cas9 protein that allow insertions of foreign aa

sequences without compromising sgRNA-dependent Cas9-mediated cleavage, a Cas9 mutant

was generated termed arC9, which allows for reversible allosteric control over its DSB

induction capability [209]. arC9 is devoid of a nuclear localization signal, but includes the

Human Estrogen Receptor α Ligand Binding Domain (ER-LBD; residues 302–552 of ESR1)

[210]. Through the ER-LBD, arC9 exhibits a structural conformation which inhibits arC9

cleavage and, since the NLS is missing, localizes in the cytoplasm. However, upon induction

with the small molecule 4-Hydroxytamoxifen (4-HT), binding with the ER-LBS occurs, which

produces a conformational change habilitating arC9 cleavage and doubles as an NLS,

facilitating nuclear translocation. The proof-of-concept study showed remarkable induction

capacity coupled with unmeasurable background activity. However, a single genomic site was

targeted with an individual sgRNA. It is speculative how the background activity will translate
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to a system where thousands of potential target sites will be available. Additionally, taking long-

term uses into consideration, having a foreign protein of bacterial origin constantly expressed

in a therapeutic cell poses a significant immunogenicity problem, threatening clearance of the

product by the immune system once transplanted. For Cas9, this has been described to be the

case (reviewed in [211]). Accordingly, a second control mechanism was explored in the form

of a transcriptional control by putting arC9 expression under a tet-on system [212], conditioning

arC9 transcription to doxycycline (DOX) presence.

7.1.8. Significance chapter II

Untargeted insertion of foreign genetic material inevitably disrupts the natural sequence

composition of the genome of the hosts’ cells. This can be accompanied with deleterious effects

which, in a worst-case scenario, can lead to oncogenic transformation. In addition, in light of

the recent advances in cell-based immunotherapy, important complications such as CRS

accompanied by neurotoxicity call for extra careful consideration. A suicide-switch would

provide an effective way of installing a final exit option into a therapeutic cell product in case

the potential adverse effects outweigh the product’s benefit. As discussed, current suicide-

switch options still come with substantial room for improvement and in some cases, with

unfixable roadblocks. This work aims at providing an unconventional alternative addressing

these.
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7.2. Methods chapter II

7.2.1. Cloning of AluY1-specific sgRNAs containing arC9 expression plasmids

For the construction of AluY1 targeting arC9 expression plasmids, the plasmid

pT2HB_arC9_COMBI_scaffold (Tab. 13) was linearized by digestion with BbsI (BbsI-HF,

NEB) and subjected to agarose gel electrophoresis. The band corresponding to the fully digested

plasmid was extracted and purified using a gel purification kit (Tab. 11) according to

manufacturer’s instructions. The purified DNA was dephosphorylated (Antarctic Phosphatase,

NEB) according to manufacturer’s recommendations and ligated to phosphorylated AluY1-

specific sgRNA oligonucleotides (Tab. 14) using a T4 DNA ligase (NEB) following the

manufacturer’s instructions over night at 16 °C. 5 µl of the ligation reaction were directly

transformed into chemically competent Subcloning Efficiency™ E. coli DH5α (Thermo Fisher)

and incubated on Agar plates containing 100 µg/ml Ampicillin at 37 °C overnight. The next

day, colonies were picked and 4 ml of LB liquid medium were inoculated for overnight growth

in a shaking incubator at 37 °C and 200 rpm. The following day, plasmid preparations were

conducted using a plasmid miniprep kit (Tab. 11) according to manufacturer’s instructions and

purified samples were sent for sanger sequencing (Eurofins) alongside sequencing primers

(Tab. 14) to confirm the insertion of the AluY1-specific sgRNA. The sequence-verified version

of this plasmid was termed pT2HB_arC9_COMBI_Alu.

7.2.2. Attempt to generate monoclonal HeLa cells harboring the arC9_COMBI_Alu

transgene via Sleeping Beauty transposition

HeLa cells that were seeded a day before at a density of 2,5 × 105 cells per well on a 6-well

plate were co-transfected with 1 µg of pT2HB_arC9_COMBI_Alu alongside 300 ng of the

pCMV(CAT)T7-SB100X expression plasmid using the Lipofectamine® 3000 Transfection Kit

(Thermo Fisher), according to the manufacturer’s instructions. In parallel, similar transfections

were conducted, yet missing the transposase expression plasmid component as a negative

control, to determine the time point where transient expression, visualized by monitoring

mCherry expression via fluorescence microscopy, is no longer taking place while stable

expression, product of SB-mediated transposition of the transgene cassette into the HeLa

genome, persists. One day post transfection, cells were passaged from each 6-well to individual

10 cm plates per transfection sample and mCherry fluorescence monitored daily. Single-clone

picking was not attempted and experiment discontinued due to the suspicion of leaky arC9

expression driving cell death.
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7.2.3. Cloning of pTOV_T11_Neo_arC9_Alu/scaff

The arC9 expression cassette was introduced together with the hU6 driven CRISPR scaffold ±

Alu-specific sgRNA sequences into the pTOV_T11_Neo plasmid (Tab. 13) to enable SB-

mediated transposition, DOX dependent arC9 expression via a tet-on system and G418

mediated selection of modified cells. For that purpose, the pTOV_T11_Neo plasmid was

linearized with NotI-HF and SalI-HF (NEB) according to the manufacturer’s instructions

followed by agarose gel electrophoresis to confirm complete digestion. The band with the

expected size was excised and the DNA contained was purified using a gel purification kit (Tab.

11). The arC9 gene was PCR-amplified using the pT2HB_arC9_COMBI_Alu plasmid as the

template and oligonucleotide primers #93 and #94 (Tab. 14), introducing a stop codon at the

5’-end and matching restriction sites NotI and SalI for insertion into the previously linearized

plasmid pTOV_T11_Neo, using a high fidelity Q5 Polymerase (NEB) following the

manufacturer’s instructions. For calculating optimal annealing temperatures, the tool Tm

Calculator (https://tmcalculator.neb.com, NEB) was used. The PCR product was purified using

a purification kit (Tab. 11). The eluted product was digested with NotI-HF and SalI-HF (NEB)

according to the manufacturer’s recommendations to generate matching overhangs. After

digestion, the sample was heat inactivated for 20 min. at 80 °C, subjected to a 1,2 % agarose

gel electrophoresis to confirm the correct size and afterwards excised and purified as described

previously. The eluted product was subjected subjected alongside the eluted product from the

pTOV_T11_Neo plasmid to a ligation reaction (T4 DNA Ligase, NEB) according to the

manufacturer’s recommendations for 16 °C overnight. The next day, 5 µl of the ligation reaction

were transformed into chemically competent E. coli, plated, picked and grown, followed by

plasmid preparations as previously described. Purified plasmids were sent for Sanger

sequencing together with sequencing primers (Tab. 14) to verify the introduction of the arC9

coding sequence. Once a plasmid was identified, that harbored the correct sequence, this

plasmid was linearized with NheI-HF and AgeI-HF (NEB) according to manufacturer’s

recommendations, separated on an agarose gel, excised and purified as previously described.

The hU6 driven CRISPR scaffold ± Alu-specific sgRNA sequences were PCR amplified using

plasmids pT2HB_arC9_COMBI_Alu or pT2HB_arC9_COMBI_scaff respectively as

templates, with primers #95 and #96 (Tab. 14) in order to introduce NheI and AgeI restrictions

sites. The cloning process, to introduce the hU6 driven CRISPR scaffold ± Alu-specific sgRNA

sequences into the previously linearized plasmid was repeated similarly to the previously

described procedure, except with restriction enzymes NheI-HF and AgeI-HF (NEB). The final
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purified and sequence verified samples constitute plasmids pTOV_T11_Neo_arC9_Alu and

pTOV_T11_Neo_arC9_scaff.

7.2.4. Generation of polyclonal HeLa cells harboring transcriptionally and post-

translationally inducible suicide-switch CRISISS

To generate polyclonal HeLa cells harboring CRISISS suicide-switch, cells were transfected

with 500 ng pTOV_T11_Neo_arC9_Alu and 300 ng SB100X expression plasmid (Tab. 13).

For that purpose, the day before transfection, 2,5 × 105 HeLa cells were seeded on a well of a

6-well plate and transfected the day after via lipofection using the Lipofectamine® 3000

Transfection Kit (Thermo Fisher) following the manufacturer’s instructions. The following day,

cells were transferred to a 10 cm cell culture plate. Selection was started immediately by

culturing cells in growth medium containing 1 mg/ml G418. Medium was regularly changed

and cells washed with PBS to remove dead cells. Selection lasted a minimum of 14 days to

eliminate cells exhibiting G418 resistance due to transient expression and not stable transgene

integration.

7.2.5. arC9 expression confirmation via WB Analysis

2,5 × 105 HeLa cells expected to harbor CRISISS (polyclonal or monoclonal, see 7.2.4. & 7.2.8.

for details) were seeded on wells of a 6-well plate. DOX was directly added to the growth

medium at a concentration of 1 µg/ml to induce arC9 expression. After 48h, growth medium

was removed, cells were washed once with PBS and harvested directly in 250 µl of RIPA buffer

(Tab. 5) by scraping the adherent cells with a cell scraper and resuspending the cell suspension

with a micropipette. The cell suspension was moved to a microcentrifuge tube and placed in a

rotating shaker at 20 rpm for 30 min. at 4 °C. Cell debris were sedimented by centrifugation at

20 000 × g for 10 min. in a cooled microcentrifuge at 4 °C. 200 µl of the supernatant was moved

to a clean microcentrifuge tube. 20 µl were mixed with 10 µl 3X SDS sample loading buffer

(Tab. 5) and heated at 95 °C for 5 min. Afterwards, the samples totaling 30 µl volume were

subjected to an SDS-PAGE on an 8% polyacrylamide-gel. Once electrophoresis was complete,

proteins were blotted on a nitrocellulose membrane. Membranes were blocked overnight at 4

°C on a shaking incubator in blocking buffer. The following day, the blocking buffer was

discarded, the membrane cut below 100 kDa and individually incubated with the corresponding

primary antibody (the lower membrane half with an anti-H3 or anti-Actin for the loading

control, anti-Cas9 to detect arC9 (Tab. 4) for 90 min. at room temperature on a shaking

incubator at 55 rpm. After incubation with the primary antibodies, these were removed and

membranes washed three times with TBS-T for 10 min. at room temperature on a shaking

incubator at 55 rpm. Afterwards, incubation with the corresponding HRP-conjugated secondary
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antibodies (Tab. 4) was carried out similarly to primary antibody incubation except for a 60

min. incubation time instead. After secondary antibody incubation was finalized, membranes

were similarly washed three times in TBS-T except for a 5 min. incubation per washing step.

Finally, protein detection was carried out via chemoluminescent detection (Tab. 11) according

to the manufacturer’s instructions using a CCD-Imager (Tab. 10).

7.2.6. CRISISS induction and colony-forming kill-assay

Cells harboring the transposon containing the DOX and 4-HT inducible suicide-switch were

seeded on cell culture plates as varying cell densities depending on setup, (disclosed in

corresponding result section) and induced with 1 µg/ml DOX and 200 nM 4-HT (added directly

into the cell culture medium). Medium and inducers were changed every two days for the

entirety of the induction period. To determine the effectivity of the suicide mechanism after the

induction period, the remaining cells on the culture plates were fixed, stained and analyzed

similarly as described previously (see 6.2.3.).

7.2.7. Flow-cytometry based viability assay

The documentation of the apoptosis and cell death dynamics after CRISISS induction was

performed via a flow-cytometry based viability assay. Wildtype HeLa cells were seeded on two

10 cm cell culture plates at densities of 1 × 106 and 2 × 106 per plate, containing the cells

intended for the unstained samples, apoptosis background samples and the positive dead cell

control samples. Cells for the remaining samples, namely the wildtype HeLa cells for the

apoptosis positive control, the HeLa pTOV scaff + DOX induction, the HeLa pTOV Alu +

DOX induction, the HeLa pTOV scaff +DOX +4-HT induction and the HeLa pTOV Alu +DOX

+4-HT induction were seeded on wells of a 6-well plate at the following densities per well: 5 ×

105 for the measurements at day 1 post induction, 2,5 × 105 for day 2 post induction, 1,25 × 105

cells for day 3 post induction and 5 × 104 for day 4 post induction. Induction with 1 µg/ml DOX

and 200 nM 4-HT was started immediately after seeding on the corresponding samples. The

medium was changed on day 2 post induction containing fresh DOX and 4-HT at the required

concentrations. Apoptosis induction intended for the positive control was performed by adding

camptothecin directly to the medium of the corresponding sample to a final concentration of 10

µM on the day before the corresponding measurement. On each measurement day, for the

control samples except the apoptosis positive control, 1 million cells were harvested from one of

the two 10 cm plates containing wildtype HeLa cells. The remaining cells were replated to be

used for the same measurement 2 days later. On day 2 post induction the same procedure was

repeated with the other 10 cm plate containing wildtype HeLa cells. For the positive dead-cell

control, cells were harvested and heated to 65 °C for 20 min. For the remaining samples,
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the supernatant of their corresponding well was removed each measurement day and dead cells

were sedimented by centrifugation at 250 × g for 5 min. Remaining adherent cells were

harvested and pooled with the corresponding dead cell pellet. Subsequently, all samples were

washed with PBS once. The unstained samples and the apoptosis positive control sample were

resuspended in 100 µl FACS buffer (Tab. 5) and passed through a cell strainer. The remaining

samples were resuspended in 100 µl Zombie working solution (1:500 dilution in PBS) and

incubated for 20 min. at RT in the dark. All samples were washed twice with 4 °C FACS buffer.

Subsequently, staining of apoptotic cells was performed by resuspending corresponding cell

samples in 1 ml annexin binding buffer (Tab. 5), mixing 100 µl of the resulting cell suspension

with 5 µl of Pacific Blue™ labeled Annexin V (Tab. 11) by vortexing and incubating samples

for 10 min. at RT in the dark. After the incubation period, 400 µl annexin binding buffer was

added and the resulting 505 µl passed through a cell strainer. Flow cytometric measurements

were performed on a BD LSR II Flow Cytometry Cell Analyzer (Tab. 10) and the Analysis

using FloJo™ v10 (Tab. 17).

7.2.8. Generation of CRISISS harboring monoclonal HeLa cell line

The monoclonal HeLa cell line was generated based on the polyclonal cell line described in

7.2.4. Cells were seeded at a cell density of 5 x 103 per 10 cm cell culture plate. One day after

seeding, solitary single cells were identified via microscopy and marked to monitor

development daily. Once single cells developed into well-defined colonies, these were picked

under the microscope with a 10 µl micropipette and moved to individual wells on a 24-well

plate, where expansion was begun. Colonies were regularly trypsinized and cells transferred to

a bigger well format (12-well, then 6-well). To ensure monoclonality, the entire process was

repeated culminating at a cell population stemming from two consecutive single-colony picking

processes. Finally, to confirm the presence and expression of the suicide-cassette in the

generated monoclonal cell line, arC9 expression was induced and measured via WB analysis

(see 7.2.5.).

7.2.9. Detection of KAP1 phosphorylation after CRISISS induction

DNA damage occurring through the induction of the CRISISS system was determined by

detecting DNA-damage response via WB based on the detection of phosphorylated KAP1

(pKAP1). For that purpose, monoclonal HeLa cell line harboring CRISISS including Alu-

specific sgRNAs (arC9 Alu HeLa clone #1) and without Alu-specific sgRNAs (arC9 scaff HeLa

clone #1) were induced with 200 nM 4-HT and 1µg/ml DOX. Cells were harvested 1 day post

induction (dpi), 2 dpi and 3 dpi alongside uninduced cells of both cell lines as controls and lysed

in RIPA buffer including protease and phosphatase inhibitors (Tab. 5) at 1X concentration and
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for 30 min. at 4 °C in a rotating shaker. Subsequently, a WB analysis was carried out in a similar

way as described before with a few exceptions: i) 5 µg of total protein was loaded onto the

acrylamide gel per sample ii) a 10% polyacrylamide gel was used iii) bovine serum albumin

was used for the blocking buffer and the antibody dilutions (Tab. 4).

7.2.10. Determination of CRISISS kill-kinetics

To determine the kinetics of cells harboring CRISISS upon activation, 2 × 105 cells of cell lines

arC9 Alu HeLa clone #1, arC9 scaff HeLa clone #1 and a polyclonal HeLa control cell line

were seeded on wells of a 6-well plates and immediately induced by adding 4-HT and DOX at

concentrations of 200 nM and 1 µg/ml respectively to the cell culture medium. For a period of

5 dpi, for each cell line, the total amount of living cells per well was determined after washing

three wells per cell line with PBS to remove dead cells and cell debris, harvesting them via

trypsinization, resuspending with cell culture medium to generate single cell suspensions and

counting with an automated cell counter (Tab. 10). For each cell line triplicates were run in

parallel.
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7.3. Results chapter II

7.3.1. Generation of monoclonal HeLa cell lines harboring a post-translationally inducible

CRISPR/Cas9 based suicide-switch

The first attempt of generating a CRISPR/Cas9-based suicide-switch that kills its host cells by

fragmenting their genome through Alu element targeting was conducted by transfecting the

transposon plasmid pT2_arC9_COMBI_Alu into WT HeLa cells. After transfection, cells were

kept in culture for an additional 14 days in order to dilute non-integrated episomal DNA leading

to transient expression. After 14 days colonies still exhibiting mCherry expression, the

fluorescent marker fused to arC9 via a T2A sequence, were identified via fluorescent

microscopy and monitored daily for growth.

Figure 17: Exemplary microscopic following of a HeLa cell colony exhibiting mCherry expression at 14 days and 16
days after co-transfection with the transposon plasmid pT2_arC9_COMBI_Alu and the transposase expression
plasmid pCMV(CAT)T7-SB100X.

However, as shown as an example depicted in Fig. 17, fluorescent cell colonies appeared to

lose fitness and eventually die. This behavior is best seen in the middle section of the colony in

Fig. 17 in the brightfield image and in the disappearance of red fluorescent in that section in the

merged/mCherry channels. This behavior made clonal expansion impossible yet provided early

indications, that presumable leakiness of the system was sufficient for cell killing. To

circumvent this issue, an additional regulatory switch in form of a transcriptional control was

added to the system.
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7.3.2. Generation of CRISISS, a translational and post-transcriptionally inducible

CRISPR/Cas9-based suicide-switch

Since generating a cell line harboring a post-translationally inducible suicide-switch proved

unsuccessful presumably due to leakiness of the system, an additional control mechanism was

added in form of a tet-on system driving arC9 expression. Additionally, the mCherry selection

marker was discarded and exchanged for a neomycin resistance gene, facilitating elimination

of cells lacking the desired transgene cassette (see 7.2.3.). In parallel, the process was repeated

with an identical transposon except for the lack of sgRNAs to be used as a negative control with

respect to the role of the Alu-targeting in the suicide-mechanism.

Figure 18: Schematic representation of pTOV_T11_Neo_arC9_Alu plasmid, depicting the components of the
transcriptionally and post-translationally inducible suicide-switch CRISISS. Components include the human U6
promoter (light red) driving Alu-specific sgRNA (dark grey) and CRISPR scaffold (dark red) transcription, a
tetracycline response element (light blue) driving transcription of arC9 (blue), a human PGK promoter (light
green) driving transcription of the reverse transcriptional transactivator (green) and an SV40 promoter (beige)
driving the neomycin resistance gene (orange) transcription. These components are flanked by SB-TIR’s (yellow).

To test the functionality of the constructed plasmids, they were transfected into HeLa cells and

induction was initiated by adding 1 µg/ml of DOX. 48h post-transfection, protein extracts were

subjected to WB Analysis.
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Figure 19: WB analysis of protein extracts stemming from HeLa cells 48 h post transfection with the
transcriptionally and post-translationally inducible suicide-switch with (arC9_Alu) and excluding (arC9_scaff)
the Alu-specific sgRNAs to confirm DOX-dependent arC9 expression. Protein extract stemming from untransfected
HeLa cells was used as a negative control. As a loading control, H3 was detected. Both proteins were detected on the
same membrane with an exposure time of 3 min.

The WB Analysis (Fig. 19) shows a strong signal between 130 kDa and 250 kDa, indicating a

DOX-dependent expression of arC9 in the corresponding samples. Protein extracts of

uninduced samples show a faint signal at a similar size, suggesting the presence of arC9 and

thus minimal DOX-independent arC9 expression leakage.

7.3.3. Polyclonal HeLa cell cultures harboring CRISISS exhibit solid, DOX-dependent arC9

expression and unmeasurable leaky expression

As a follow up, transposons harboring the components of CRISISS (Fig. 18) that had been

confirmed to enable DOX-dependent arC9 expression (Fig. 19) were stably introduced into the

genome of HeLa cells via SB-mediated transposition (see 7.2.4. for methods). After selection

with G418 for a total period of 14 days two stable G418-resistant polyclonal cell cultures were

established, in which the functional integration of the transgene cassettes was determined by

inducing arC9 transcription via addition of 1 µg/ml of DOX to the cell growth medium for 48h

followed by WB Analysis to detect the presence of arC9.
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Figure 20: WB analysis of protein extracts stemming from two polyclonal HeLa cell lines harboring the
transcriptionally and post-translationally inducible suicide-switch with (arC9_Alu) and excluding (arC9_scaff)
the Alu-specific sgRNAs to confirm DOX-dependent arC9 expression. A protein extract stemming from wildtype
HeLa cells was used as a negative control. As a loading control, H3 was detected. For arC9 detection, the
membrane was exposed for a total of 5 min., for loading control detection for 9 s.

The WB Analysis (Fig. 20) shows DOX-dependent expression of arC9, as seen with the

presence of two protein bands in the corresponding lanes between 130 and 250 kDa.

Additionally, and in contrast to the previously conducted DOX induction after transient

introduction of both transposons into HeLa cells (Fig. 19), no detectable levels of leaky arC9

expression were observed in the absence of DOX as seen with the lack of a specific protein

band in the corresponding sample lanes, similar to the negative WT control.

7.3.4. CRISISSinductionandcolony-formingkill-assay showCRISISS-dependentcellkilling

but generates a CRISISS resistant cell population

The previously described polyclonal HeLa cell populations expressing arC9 in a DOX-

dependent manner were used to assess the feasibility of the suicide mechanism and to generate

preliminary data to gain an early insight on the effect of targeting Alu elements with an inducible

designer nuclease. For this purpose, 5 × 105 cells of each polyclonal cell population were
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induced with 200 nM 4-HT and DOX at a concentration of 1 µg/ml and grown on a 10 cm cell

culture plate in triplicates.

Figure 21: Area coverage on a 10 cm cell culture plate of polyclonal HeLa cell lines harboring CRISiSS with
(blue) and without (orange) sgRNAs, 4 and 7 dpi with 200 nM 4-HT and 1 µg/ml DOX. Corresponding stained
plates are depicted above each column. Cell-less circles in both 4 dpi plates were caused due to the direct addition of
4-HT diluted in EtOH directly to the growth medium, breaking surface tension and killing cells in that area. This
problem was avoided at 7 dpi by tilting the plate while adding the 4-HT dilution.

As depicted (Fig. 21), plates corresponding to the first replicate were stained and analyzed 4

days post-induction. While the cells lacking the Alu-specific sgRNAs repopulated the plates’

surface to a total coverage of 58%, only 4% of coverage was measured on the plate containing

the cells that harbored Alu-specific sgRNAs. However, at 7 days post-induction, the same cells

repopulated the plate to a total surface coverage of 47% under continuing induction with 4-HT

and DOX. The cells lacking the Alu-specific sgRNAs repopulated the plate to reach 99%

confluency.

Hypothesizing that the cell population presumed to harbor a CRISISS cassette including Alu-

specific sgRNAs would nonetheless have a fraction that did not exhibit DOX-dependent arC9
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expression and as a result appeared to regain fitness and repopulate the cell culture plate, the

third replicate was kept in culture under induction conditions with regular medium changes

adding fresh 4-HT and DOX every 48h for a period of two weeks. This established a third cell

population apparently resistant to CRISISS induction.

To confirm the previously described hypothesis, protein extracts of this third cell population

were generated and analyzed via WB, probing for arC9 expression. As controls, protein extracts

of two polyclonal cell populations (described in 7.3.3.) were included in the analysis after 48h

induction with 1 µg/ml DOX, uninduced, and for the cells lacking Alu-specific sgRNAs with 1

µg/ml DOX and 200 nM 4-HT.

Figure 22: WB analysis of protein extracts stemming from three HeLa cell populations harboring the
transcriptionally and post-translationally inducible suicide-switch with (arC9_Alu), excluding (arC9_scaff) the
Alu-specific sgRNAs and generated by prolonged selection of arC9_Alu with 4-HT and DOX to confirm DOX-
dependent arC9 expression. As a loading control, actin was detected. For arC9 detection, the membrane was
exposed for a total of 10 min., for loading control detection for 1 min. Samples were loaded on an 8%
polyacrylamide gel.

The analysis presented in Fig. 22 generated visible protein band signals at the expected size of

arC9 for samples arC9_Alu and arC9_scaff when induced with DOX for 48h and a similar

protein band signal for arC9_scaff when induced for 48h with DOX and 4-HT. The cells
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generated by selecting the polyclonal arC9_Alu with DOX and 4-HT produced a protein band

signal at the expected size only visible when exposing the membrane for a minimum of 10 min

and noticeably fainter than the first three samples.

7.3.5. Time-limited flow cytometry-based viability assay shows Alu-specific, sgRNA-

dependent induction of apoptosis and cell killing

Taking into consideration the observation, that although a fraction of the polyclonal arC9_Alu

cells express arC9 (though at notably lower levels), but nonetheless survives double induction

with 4-HT and DOX and repopulates the cell culture, a time-limited flow cytometry-based

viability assay was conducted to observe the apoptosis induction and cell killing caused by

CRISISS. Since the previous colony-forming kill-assay indicated cell killing until day 4 post

induction followed by repopulation by the remaining resistant cells, the 4-day timeframe was

chosen as the observation period.
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Figure 23: Time-limited flow-cytometric assay to determine the apoptosis induction and cell killing through
CRISISS. Shown are the two polyclonal arC9_Alu and arC9_scaff cell populations after single (+DOX) and double
(+DOX +4-HT) and the respective cell fractions, namely unstained (blue), Annexin V positive (orange), Zombie
positive (grey) and Annexin V and Zombie positive (yellow) out of the total cell population over a course of 4 dpi.
The Annexin V positive fraction represents apoptotic cells, double positives for Annexin V and Zombie represent
dead cells.

When Alu-specific sgRNAs were absent (polyclonal arC9_scaff), no differences were

discernible between the cell populations composition within samples induced with DOX and

samples induced with both DOX and 4-HT across the 4-dpi timeframe. Additionally, cell

population composition did not seem to change over time. However, when Alu-specific sgRNAs

were present (polyclonal arC9_Alu), a growing fraction of apoptotic and dead cells was

detected as time progressed. Differences were observed dependent on the induction: single

induction with DOX led to an overall smaller and slower increasing fraction of apoptotic and

dead cells while double induction with DOX and 4-HT led to a faster increment of the apoptotic
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and dead cell population fractions making up 57% of the total cell population fraction at 4 dpi

in contrast to 21,4% for the sample induced with DOX only.

7.3.6. Generation of a monoclonal HeLa cell line harboring CRISISS exhibits solid DOX-

dependent arC9 expression

Since the established polyclonal cell populations harboring the transcriptionally and post-

translationally inducible suicide-switch provided data indicating that DOX- and 4-HT-

dependent cell killing was taking place but surviving cells showed a substantial loss of the

capacity for DOX-dependent arC9 expression and were able to repopulate and grow under

double induction growth conditions, clones were picked out of the two polyclonal cultures,

generating monoclonal cell lines (see 7.2.8. for methods).

To confirm the functional integration of the SB-transposon harboring CRISISS, protein extracts

of the newly generated monoclonal cell lines were extracted and analyzed via WB, probing for

arC9 expression after 48h induction with 1 µg/ml DOX.
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Figure 24: WB analysis of protein extracts stemming from two monoclonal HeLa cell lines harboring the
transcriptionally and post-translationally inducible suicide-switch including (arC9_Alu HeLa clone #1) and
excluding (arC9_scaff HeLa clone #1) the Alu-specific sgRNAs. As a loading control, actin was detected. For
arC9 detection, the membrane was exposed for a total of 2 to 6 min., for loading control detection for 30 s to 6 min.
Samples were loaded on an 8% polyacrylamide gel.

As shown in Fig. 24, monoclonal cell lines maintained DOX-dependent arC9 expression,

represented by protein band signals in lane 1 and 2, confirming results observed in the origin

polyclonal cell populations (Fig. 20).

7.3.7. CRISISS induction produces strong KAP1 phosphorylation while no leakage is

observed when uninduced

Based on the hypothesis that CRISISS induces an irreparable amount of DSBs in the host cell

when induced causing cell death, WB based detection of pKAP1 probing for DNA damage

response was conducted on the two monoclonal cell lines arC9 Alu HeLa clone #1 and arC9

scaff HeLa clone #1 in order to: i) confirm CRISISS-induced DNA damage when induced, ii)

measure potential leakage leading to DNA damage when uninduced, iii) gain insight about the
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timeframe in which DNA damage occurs and iv) link DNA damage directly to the presence of

a sgRNA.

Figure 25: WB based assay to detect the presence of pKAP1 in cell lines arC9 Alu HeLa clone #1 and arC9 scaff
HeLa clone #1 after CRISISS induction over a time period of 3 days. A total of 5 µg of total protein was loaded per
sample on an 8% polyacrylamide gel. To detect the presence of pKAP1 the membrane was exposed for 1 min and
26 s. For the loading control (actin) detection, the membrane was exposed for 1 min.

When uninduced, the cell extracts of the cell line harboring CRISISS (arC9 Alu HeLa clone

#1) did not contain any detectable levels of pKAP1. Upon induction however, pKAP1 was

detected at all timepoints at equal levels. Cell extracts of the cell line lacking Alu-specific

sgRNAs (arC9 scaff HeLa clone #1) did not display any pKAP1-specific signals, regardless of

induction and timepoint of extraction from day 1 to 3 post-induction.

7.3.8. Colony forming and overall survival assays after CRISISS induction

Using the established monoclonal cell lines that displayed induction and Alu-sgRNA dependent

DNA damage responses (Fig. 25), overall survival and colony forming assays were performed

5 dpi to assess the efficiency of CRISISS (with and without Alu-specific sgRNAs) at eliminating

cells and to simultaneously exclude a negative impact on cellular growth and fitness when

uninduced.
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Figure 26: Assay to determine CRISISS effectivity. A: The percentage of area covered by cells corresponding to the
monoclonal cell lines harboring CRISISS with (arC9 Alu HeLa clone #1) and without (arC9 scaff HeLa clone #1)
Alu-specific sgRNAs on a 10 cm cell culture dish after single induction with 4-HT (pink), DOX (petrol), double
induction with 4-HT and DOX (violet) and uninduced (black) are shown. B: The total number of visible colonies
formed by cells corresponding to the monoclonal cell lines harboring CRISISS with and without Alu-specific
sgRNAs on a 10 cm cell culture dish after single induction with 4-HT (pink), DOX (petrol), double induction with 4-
HT and DOX (violet) and uninduced (black) are shown. Significances were calculated with respect to the
corresponding negative control (uninduced sample, black). Error bars: SD, ns: p>0,05, * = p<0,05, ** = p<0,01,
*** = p<0,001 (Welch’s t-test).
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There was no significant difference measured between the overall survival, measured by

relative area covered by cells (Fig. 26, A), and colony numbers (Fig. 26, B) of cell lines arC9

scaff HeLa clone #1 and arC9 Alu HeLa clone #1 in the absence of induction (Fig. 26, black

bars). In addition, arC9 scaff HeLa clone #1 remained unaffected concerning overall survival

rate and colony numbers, when exposed to single induction with 4-HT (Fig 26, pink bars).

Significant reduction of the numbers of surviving cells and colonies was observed however

when DOX was added. This was observed regardless of 4-HT presence, as the DOX induced

samples exhibit no significant difference to the DOX + 4-HT induced sample. When Alu-

specific sgRNAs are present, survival rates were significantly affected in all induction

conditions. The weakest effect was observed when cells were induced with 4-HT only, where

area covered by cells and colony numbers dropped by an average of 32% and 21% respectively.

Inducing with DOX and a full induction with DOX and 4-HT however, lead to an almost

complete cell killing. Cells induced with DOX exhibited an average total reduction in area

coverage and colony numbers of 99,9% and 97% respectively. When full induction with DOX

and 4-HT took place, this effect reached an average maximum reduction of 99,9% and 98,9%

with respect to area coverage and colony numbers. Interestingly, statistically significant

differences between arC9 Alu HeLa clone #1 samples induced with DOX and samples induced

with both DOX + 4-HT could only be observed when comparing the total colony numbers and

not the total area coverage.

Hypothesizing that the reduction in cell viability of cell line arC9 scaff HeLa clone #1 when in

presence of DOX despite not containing sgRNA sequences and having ruled out DNA damage

(Fig. 25) might be caused by the overexpression of a foreign protein, a polyclonal WT HeLa

cell line was used in an identical overall survival/colony forming assay.
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Figure 27: Assay to determine the impact of DOX on a polyclonal WT HeLa cell. Left: The percentage of area
covered by cells on a 10 cm cell culture dish uninduced and after single induction with and without DOX are
shown. Right: The total number of visible colonies formed by cells on a 10 cm cell culture dish, uninduced and
after single induction with DOX are shown. Significances were calculated with respect to the corresponding
negative control (uninduced sample, black). Error bars: SD, ns: p>0,05 (Welch’s t-test).

There were no significant differences observed between uninduced samples and samples

induced with DOX with regards to area coverage and colony formation (Fig. 27) and thus no

significant impact of DOX on cell viability.

Lastly, since CRISISS efficiency seemed to near 100% but trace amounts of colony numbers

and area coverage could still be measured after the induction period, the remaining cells were

inspected microscopically after a slightly longer 7-day induction period with DOX and 4-HT,

in order to rule out signs of resistance and recovery.
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Figure 28: Exemplary microscopy (left) and methylene blue stained plate scan (right) images showing the
resulting cellular morphology (left) and cell growth (right) after 7 days incubation in a 6-well plate well of arC9
Alu HeLa clone #1 with double induction (DOX + 4-HT) (A) and uninduced (B). 5 × 105 cells were seeded on day 0.

While the uninduced sample reached complete confluency on the well of a 6-well plate within

7 days (Fig. 28 B, right), the induced sample exhibited no signs of recovery (Fig. 28 A, right)

in comparison to previous observations after a 5-day induction time (Fig. 27). Interestingly

however, when observing the remaining trace amounts of cells after double induction with DOX

and 4-HT under a light microscope, noticeable morphological differences were seen. Instead of

colonies and counted as such previously after staining (Fig. 27), the observed remaining cells

on these plates were individual senescent cells, multiple times larger in size (Fig. 28 A, left).

No other phenotype was observed.
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7.3.9. CRISISS induction and kill kinetics

After confirming that CRISISS is capable of killing nearly all cells within a cell population

carrying it and seemingly completely stopping cell division in the surviving cells, an assay to

determine the kinetics of the cell killing mechanism was conducted. For this purpose, 2 × 105

cells of the monoclonal arC9 Alu HeLa clone#1 were seeded on a 6-well plate and induced with

DOX and 4-HT to start CRISISS. Every 24h for a total of 7 days, the number of living cells

remaining on the dish was assessed and compared with the results obtained from an identical

setup with the control cells harboring CRISISS but excluding the Alu-specific sgRNAs, and a

third control consisting of a wildtype HeLa cell line. Besides comparing the total number of

cells, the dynamics of the fraction each cell line occupied during the observation period out of

the total number of surviving cells, considering that they were equally distributed in the

beginning, was assessed.

Figure 29: Determination of population dynamics and cell proliferation of monoclonal HeLa cells after suicide-
switch induction over a period of 7 dpi. Top half: Representation of the average fractions of the total population
each cell line occupies, after an initial equal distribution corresponding to 1/3 of the total, each. Bottom half:
Number of the average surviving cells counted every 24h after induction over a period of 7 dpi. Significances were
calculated with respect to the data of the arC9 scaff HeLa clone #1 cell line (red). Error bars: SD, ns: p>0,05, * =
p<0,05, ** = p<0,01 (Welch’s t-test).
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As seen in Fig. 29, control cell lines arC9 scaff HeLa clone #1 and polyclonal HeLa both

exhibited exponential growth until plateauing due to the limits imposed by the physical size of

the 6-well plate. Overall, except for day 2 post-induction, no significant differences were

measured regarding growth rate. At 7 dpi, both control cell lines made up an average of almost

precisely 50% of the total remaining cell numbers, each. However, the remaining cell line arC9

Alu HeLa clone #1, while exhibiting significantly similar cell numbers compared to the control

cell lines on day 1 post induction yet stark variances between replicates, halted cell division on

day 2 post induction and started dying on day 3 post-induction. An average reduction of 82,2%

in cell numbers compared to the originally seeded number was reached on day 4 post induction,

where this decline is further enhanced to an average of 91,5% when compared to the average

maximum number of living cells present at day 3 post induction. Cell death continued until the

end of the experiment at day 7 post-induction, where an average death of 96,8% of the average

maximum number of living cells measured on day 3 post-induction was observed. Measured

by the fraction that each cell line represents, beginning with day 4 post-induction, the control

cell lines made up an average of 99,6% of the total living cell population. At day 7 and at the

end of the experiment, this fraction grew to an average of 99,9%.
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7.4.1. Post-translationally controlled suicide-switch

The initial results, basing the inducibility concept of a suicide-switch on post-translational

induction through the use of the allosteric Cas9 switch arC9 [209] provided critical and valuable

information for the project’s continuation and final success. While unexpected, since Oakes et

al. reported no significant leakage levels in their original study, when employing Alu-specific

sgRNAs which theoretically match to thousands of targets in the human genome instead of a

single target as used in their study, background leakage was determined to be the probable cause

that prevented cells suspected to harbor the switch to proliferate for extended periods of time.

Attempts to rear a cell line harboring the system based on the fluorescent marker expression

mCherry fused to arC9 via a T2A sequence, failed due to premature cell death as exemplary

depiction in Fig. 17 shows. Despite based exclusively on this observation and not conclusively

proven experimentally, essential preliminary conclusions were drawn that drastically

influenced downstream decisions: i) while unintentional, targeting Alu elements with a designer

nuclease causes cell death, which was an unknown at the time the observation as related

publications were not published yet and ii) it is essential that any background activity is strictly

prevented as it opens up the possibility of not only killing a potential cell product but also of

unintentionally inducing severe DNA damage which in a worst case scenario could lead to

malignant transformation reversing the role of a safety switch to a risk factor.

7.4.2. Effect of coupling post-translational and transcriptional control on suicide-switch

expression

Accordingly, the decision was made to include an additional induction mechanism in form of a

tet-on system allowing transcriptional control of the allosteric Cas9 switch arC9. Conceptually,

this provided several advantages over the original design. Combining two inducible systems

should hypothetically lead to a drastic reduction in background activity since it would be limited

to the background activity of the first stage transcriptional switch. Second, from a practical

perspective, switching from a fluorescent mCherry selection marker to an antibiotic-based

neomycin resistance marker allows for more rapid selection and less biased polyclonal cell line

generation compared to individual clone picking. Additionally, it addresses the immunogenicity

issue that would have been expected when arC9 is under the regulation of a constitutive

promoter [211]. Initial transient expression tests 48 h after transfection of the new plasmids into

HeLa cells provided promising results exhibiting strong DOX dependent arC9 expression

measured via WB analysis (Fig. 19). Background expression in the absence of DOX was
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observed to be substantially lower and was expected to be reduced further when changing the

setting from a transient one, where cells are flooded with expression plasmids, to a stable one,

where due to the nature of SB transposition, <12 suicide cassette copies are expected to

integrate per cell [213]. The generation of a stable, transgenic, polyclonal cell population

confirmed this by providing no signal of background expression in the absence of DOX, as seen

in the corresponding WB analysis (Fig. 20), despite overexposure of the WB membrane.

Furthermore, WB analysis were conducted after a 2-week culturing period to ensure sufficient

dilution of plasmid DNA, stable expression stemming from SB-mediated genomic integration

and elimination of G418-sensitive cells without stable transposon insertions. In contrast to the

initial experiments attempting to generate cell lines lacking the second stage of transcriptional

control, neither growth inhibition nor cell killing could be observed suggesting a lack of

background arC9 activity.

7.4.3. Initial CRISISS induction in polyclonal cell cultures

The first pilot experiment to gain an insight on CRISISS’ performance upon double induction

with DOX and 4-HT produced both expected and unexpected results. As expected, G418-

resistant polyclonal cells assumed to carry a full CRISISS cassette appeared to rapidly decline

in numbers and exhibited a significantly slower growth rate than the control cell line lacking

Alu-specific sgRNAs. This behavior seemed to peak on day 4 post-induction, where, in contrast

to the control cells lacking Alu specific sgRNAs and reaching >50% confluency, the

experimental cells displayed only <5% confluency. This accounts for a reduction of ~90% in

cell growth of a cancerous cell line, which initially provided a promising insight into the

potential utility of CRISISS. Unexpectedly however, the remaining cells quickly repopulated

the dish and reached close to 50% confluency on day 7 post-induction. Since epigenetic

silencing is rarely observed in transposon-modified cells [214] and G418 selection was

continued indicating unaltered expression of the transgenic neomycin resistance gene which is

part of the CRISISS cassette, it was hypothesized that a small fraction of cells that randomly

incorporated incomplete segments of the CRISISS cassette through random recombination

events sufficient for conferring G418 resistance but not to provide functional CRISISS action

(either because these cells lack expression of Cas9 or the sgRNA or both), repopulated the dish

after clearance of CRISISS harboring cells.
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Figure 30: Hypothetical development of two population fractions over time, including (blue line) and excluding
(red) the CRISISS system while under double induction with DOX and 4-HT. (Figure was created using
Biorender.com).

In such a scenario as depicted in Fig. 30, the observed culture dish confluency would decrease

as the CRISISS+ cells which constitute a majority of the cell population at the beginning die,

until the G418-resistant cells, which constitute a minority of the cell population at the

beginning, surpass the number of CRISISS+ cells. At this critical point, which is hypothesized

to occur at day 4 post-induction, the cell population would transit to a regular growth behavior

and repopulate the cell culture dish, as was observed on day 7 post-induction.

The previously described hypothesis was ultimately validated by continuing induction with

DOX and 4-HT until a cell population emerged with apparent resistance to CRISISS induction

and exhibiting G418 resistance. This cell population exhibited severely reduced DOX-

dependent arC9 expression as determined via WB analysis in comparison to the original non-

induced cells that were used as controls (Fig. 22). Interestingly, the arC9 signal obtained from

the DOX- and 4-HT-resistant cells was substantially weaker yet not zero as initially expected.

However, assuming that random recombination events lead to the incorporation of a functional

neomycin resistance gene, the same argument can be made for non-functional or incomplete

fragments of the CRISISS cassette. Since functional testing by inducing CRISISS did not cause

cell death but WB analysis shows minimal expression, two scenarios would explain this

observation: i) an incomplete incorporation of the arC9 gene, leading to non-functional arC9

protein but maintaining the necessary epitope for WB based detection ii) missing or incomplete

incorporation of the Alu-specific sgRNA.
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Yet, the preliminary observations concerning CRISISS-induced cell killing within a timeframe

of 4 dpi were taken as an observation window to experimentally and formally confirm

CRISISS-mediated apoptosis induction via flow cytometric analysis to detect apoptosis-

correlated Annexin V staining and the transition into dead cells with Annexin V and the live-

cell non-permeant Zombie Aqua™ dye. As described in the corresponding results section,

CRISISS induction produced a growing population of apoptotic and dead cells within the

chosen time window of 4 dpi (Fig. 23) in a time-dependent manner, confirming CRISISS killing

effect and inducibility. Interestingly, CRISISS+ cells exposed to single induction with DOX

also exhibited apoptosis and cell death, however less pronounced and delayed in comparison to

the double induced sample. Considering the observations made with the initial suicide-switch

that lacked a transcriptional switch in form of a tet-on system however, these initial results were

expected, since substantial leakage of the allosteric switch was assumed initially and proposed

to be the reason behind the impossibility of rearing a cell line harboring an only post

translational inducible suicide-switch based on arC9-mediated Alu targeting. This observation

confirms the hypothesis and warrants the need for a second regulatory element needed for

induction.

7.4.4. CRISISS performance on a monoclonal cell line

In line with the obtained results, the following characterization of CRISISS performance that

was presented in this work required the generation of the monoclonal cell lines harboring the

CRISISS system with and without Alu-specific sgRNAs. Due to the methodology that was

employed to rear them, which included two rounds of single clone picking, substantial

expansion to establish sufficient material for downstream material and thus went through

multiple passages (>10) and lengthy culture time (>1 month), allowed to get early insights on

the long-term tightness of the system. As confirmed experimentally in downstream experiments

(Fig. 26), differences in fitness affecting growth rates in comparison to the control cell line

which excluded the Alu-specific sgRNAs were not observed and did not hinder cell line

establishment during the rearing period.

Meeting expectations, CRISISS induction led to a strong DNA damage response as indicated

with the pKAP1 assay results (Fig. 25). Remarkably, no visible increment in pKAP1 signal

strength could be observed over the course of the 3 dpi period samples suggesting DNA damage

to reach critical levels between 0 and 24h post induction. As such, this not only confirms

CRISISS induced DNA damage but it also strongly suggests to achieve early cell cycle arrest

and/or apoptosis induction. KAP1, being a transcriptional repressor of cell cycle control

proteins p21 and Gadd45α as well as proapoptotic proteins Bax, Puma and Noxa loses its
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repressor function when phosphorylated at serine 824 [215], which was detected in the pKAP1

assay. Additionally, through the employment of the control cell line lacking Alu-specific

sgRNAs, the induced DNA damage can be confirmed to be strictly sgRNA dependent. Lastly

but of high importance, the uninduced CRISISS containing sample showed no detectable

pKAP1 levels. This experimentally confirms that background activity is not only unmeasurable

by probing for leaky arC9 expression via WB, but also does not produce the slightest indication

of unintended DNA damage, further strengthening the tightness of the system.

Definitive experimental confirmation of CRISISS performance was achieved by inducing the

suicide-switch and performing colony forming assays with the generated monoclonal cell lines.

As expected from previous observations, no leakage could be suggested when uninduced and

full induction lead to a near complete cell elimination within the observed 5-day induction

period, proving the suitability as an efficient first-of-its-kind CRISPR/Cas9 based suicide-

switch system. The follow-up observations that monitored the marginal numbers of surviving

cells identified senescent phenotypes without exceptions. For a suicide-switch system this

proves highly valuable as while a close-to-complete cell killing was achieved, the remaining

cells lose their proliferative properties. In an in vivo scenario it would be thus likely highly

beneficial for two main reasons: i) considering the ultimate threat of malignant transformation

of a gene therapeutic cell product, CRISISS showed that within the context of a cancerous cell

line as an in vitro model, besides near-complete cell clearance, a potent tumor-suppressive state

(reviewed in [216,217]) was achieved in the remaining cells completely stopping proliferative

properties and ii) the general coupling to a senescence-associated secretory phenotype [218]

would suggest a swift clearance by the immune system in vivo (reviewed in [219,220]) by

recruiting macrophages, natural killer cells, neutrophils and T-lymphocytes through pro-

inflammatory protein secretion [221].

Besides showcasing its effectiveness as a suicide-switch, the colony forming assay also

confirmed the strict necessity of combining the two inducible systems at hand by exposing the

leaking properties of each. Single induction with DOX driving arC9 expression led to slightly

lower yet comparable killing performance as achieved with double induction. This was

expected, since the arC9 post-translational switch by itself proved to be insufficient for that

precise reason at the start of the project. The argument that the post-translational switch may

not be necessary is however unsubstantiated for two important reasons: i) as seen during the

flow cytometric apoptosis induction analysis it was clearly shown, that double induction in

comparison to single DOX induction aided with CRISISS activation speed in the polyclonal

setting, and, importantly ii) single induction with 4-HT also lead to a less pronounced yet
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significantly reduced cell viability in comparison to the controls, highly suggesting leakiness

of the tet-on system based transcriptional control. A slight indication of this was seen during

the transient expression assays without DOX induction (Fig. 19) that fell under the detection

limit after integration and stable transgene expression was achieved. Slowly progressing DNA

damage induced through a leaky, genome-fragmenting suicide-switch must be avoided at all

cost, and experimental data presented in this work suggests that the combination of both

inducible systems achieves said goal.

Surprisingly however, the established monoclonal cell line employed as a negative control for

the CRISISS switch lacking Alu-specific sgRNAs seemed to be impacted by the addition of

DOX in the colony forming and overall survival assays exhibiting reduced numbers of colonies

and area coverage after the induction period (Fig. 26). Seemingly contradictory, the preceding

polyclonal cell population this monoclonal line was established from, did not show any signs

different behavior when exposed to DOX in previous assays measuring apoptosis induction and

cell death (Fig. 23). Additionally, following up with an independent assay designed to test

potential toxicity of DOX on wildtype HeLa cells, no such effect could be observed (Fig. 27).

It is therefore highly likely, that the observed apparent reduction on cell fitness is not attributed

to an onset of cell death upon DOX induction since this would have been detected on the flow

cytometric analyses mentioned previously (Fig. 23), but rather a slowing in cell proliferation

which would have passed unnoticed. No conclusive data exists which independently describes

the effects of overexpressing Cas9 as observed in this study. However, it could be argued that

it would not be surprising if a measurable effect like the one at hand might be caused by the

potential additional stress the cellular system is exposed when overexpressing a foreign protein.

It is clear however, that this phenomenon is not related to potential substantial off-target activity

of Cas9, as this would have been apparent in the negative control when detecting

phosphorylated KAP1 in response to DNA damage (Fig. 25).

Favorable insights were lastly gained by measuring CRISISS kinetics upon induction. The

expected DNA damage mediated cell cycle arrest was observed between 24 and 48h post

induction, representing approximately one cell division after induction with the employed cell

model. Massive cell death occurred between 72 and 96h post induction reducing on average the

initially seeded cell numbers by approximately 82% and by approximately 92% with respect to

the highest cell numbers detected on day 2 post induction. While in comparison to established

suicide-switches 96h represents a slightly longer period for cell killing, considering that cell

proliferation arrest was documented between 24 and 48h and the onset of DNA damage repair

pathways was detected in a period between 0 and 24h post induction, it can nevertheless be
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expected that the slightly delayed killing itself will not lead to significant complications with

typical adverse effects, especially considering that while killing takes longer, no resistance and

survival of proliferative cells was observed.
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7.5. Conclusion and Outlook Chapter II

Overall, the presented work showcases a proof of concept for a functional suicide-switch in an

in vitro HeLa cell model. This represents the first time, CRISPR/Cas9 technology has been

employed for this purpose, further expanding the utility of the former prokaryotic adoptive

immunity system. The initially set goals of engineering a system that addresses shortcomings

of established kill switch systems were met within the scope of this model. First, exceptional

levels of cell killing were achieved coupled with no detection of surviving proliferative cells,

strictly dependent on both essential components of the system: Alu-specific sgRNAs and double

induction of translation and post translational activation. Second, no observable levels of

unintended background activity when one of the two essential components was missing. And

third, designing a system with the potential of being triggered in vivo, due to the excellent

biodistribution, tissue penetration and tolerability to the small molecule inducers DOX and 4-

HT exhibit [222,223]. Both goals could prove valuable and potentially develop into advantages

over the established state of the art suicide mechanisms. More complete cell killing than with

the iCas9 system, better potential tolerability than with the HSV-TK’s ganciclovir dependence

and immunogenicity issues and better potential tissue penetration than with epitope-based kill-

switches. However, as CRISISS was tested exclusively in a HeLa cell model, the obvious

translation into clinically relevant cells will have to be assessed. Nonetheless, current

observations and performance strongly suggest that the major challenge concerning the cell

type, which was achieved, would be to kill aberrant and resilient by nature cancerous and highly

proliferative cells such as HeLa’s or as shown recently patient-derived glioblastoma cell lines

showcasing high-dose irradiation resistance [206]. It is highly unlikely that primary cells would

survive CRISISS-induced genomic fragmentation. Nevertheless, several disadvantages and

hurdles must be addressed and overcome moving forward from this pilot study. To show utility

in a clinical setting, the neomycin resistance gene, which was used as a selection marker to

facilitate cell selection but would constitutes a substantial risk if integrated into a cell product,

must be removed and a therapeutic gene added. This is expected to produce potential

complications. While removing a neomycin expression cassette would reduce the overall size

of the transposon, a typical therapeutic gene such as a full-length CAR-cassette is typically

larger, increasing the overall size of the transposon. Adding to the length of CRISPR scaffold,

sgRNAs, arC9 expression cassette and reverse tetracycline controlled transactivator (rtTA), the

size quickly becomes substantial while simultaneously losing an antibiotic selection marker that

efficiently mediated elimination of non-modified cells. A general negative correlation between

transposon size and transposition efficiency has been shown for SB [224–227]. Accordingly,
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it is to be expected that this would entail a reduction in transposition efficiency with

simultaneous difficulty of selecting for modified cells. There are however, potential solutions

that could alleviate said bottlenecks. While transposon size and transposition efficiency seem

to negatively correlate, it has been suggested following transposition experiments that

successfully showed SB-mediated transposition of 100-kb long transposons, that transposition

efficiency is mostly influenced by the shortest distance between the TIRs [53], as a shorter

distance facilitates synaptic complex formation. On a linear strand of DNA, the distance

between the TIRs is equal to the length of the transposon, as the TIRs flank it. On a plasmid

however, the shortest distance usually is significantly shorter, since the plasmid backbone itself

separating the TIRs can be shorter than the transposon. DNA MCs represent a well-established

technology that allows generation of greatly reduced-in-size plasmids completely free of

bacterial backbones via site-specific recombination [228]. Thus, MC carrying transposons

contain TIRs in significantly closer proximity to each other, which has led to substantial

improvements in transposition efficiency [229]. Furthermore, the size reduction itself aids

electroporation and transfection efficiency facilitating membrane crossing, reduces the

occurrence of innate immune responses targeted at unmethylated CpG motifs associated to

bacterial DNA [49] and overall toxicity linked to cytoplasmic DNA [230]. Concerning the strict

obligation to remove the antibiotic selection marker from a potential therapeutic transgene

cassette, the question remains of how to enable efficient selection. For this purpose it would be

highly recommended to maintain common practices to tag either the therapeutic gene or the

suicide-switch itself with a non-immunogenic peptide [231] for which the cell product can not

only be tracked after administration but which would additionally allow for cell sorting based

selection of modified cells.

Lastly, while having substantially reduced the expected immunogenic potential of arC9 by

placing it under transcriptional control, immunogenic potential remains for the rtTA, which is

required to be expressed continuously for the system to work. Firstly, it is important to note

however, that the absence of a detrimental immune response towards the rtTA has been

observed in cynomolgus monkeys for up to 5 years [232]. Secondly, recent studies have

introduced the possibility of an autoregulatory tet-on strategy which reduces the rtTA

expression to background levels in absence of DOX, yet full induction and transgene expression

in presence of DOX. This could be achieved by eliminating the constitutive promoter from the

rtTA expression cassette, and instead link the rtTA via a self-cleaving peptide sequence to the

tet-on driven transgene itself. Minimal background levels of DOX-independent expression

proved to be sufficient to start DOX dependent transcription once DOX is added constituting a
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positive feedback loop [233]. This would significantly reduce rtTA presence in a potential cell

product to minimal levels and would reduce immunogenic issues significantly. On the contrary,

local immunogenic responses to the arC9 and rtTA expression following induction would in

fact further help the cause of clearing modified cells by attracting the host’s immune system in

an in vivo setting. Additionally, removing the constitutive promoter sequence would further

decrease the transposon size increasing transposition efficiency. Overall, this project paved the

way with a proof-of-concept study presenting CRISISS performance and presents suggestions

to address current disadvantages that would realistically allow for a transition into preclinical

scenarios, possible introducing an edge over current suicide-switch alternatives.
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Table 4: Antibodies

Antigen

Actin

Cas9

HA-tag

Histone H3

Mouse IgG

Myc-tag

Phosphorylated

KAP1

Rabbit IgG

Clonality

Monoclonal

Monoclonal

Monoclonal

Monoclonal

Polyclonal

Monoclonal

Monoclonal

Polyclonal

Conjugation

Unconjugated

Unconjugated

Unconjuated

HRP

HRP

Unconjugated

Unconjugated

HRP

Host RRID

Mouse AB_2223496

Mouse AB_2610639

Rabbit AB_2744968

Rabbit AB_238971

Goat AB_228313

Rabbit AB_490778

Rabbit AB_2891814

Mouse AB_228378

Supplier

Thermo

Fisher

Thermo

Fisher

Thermo

Fisher

Abcam

Thermo

Fisher

Cell

Signaling

Technology

Bethyl

laboratories

Thermo

Fisher

Table 5: Buffers

Name

10X Taq-Buffer

3X SDS sample loading buffer

4% PFA

Composition/Supplier

Thermo Fisher

188 mM Tris-HCl (pH 6,8)

3% (w/v) SDS

30% (v/v) Glycerol

0,01 % bromphenol blue

15% (v/v) mercaptoethanol

55% (v/v) dH2O

4% paraformaldehyde (w/v)

PBS
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5X Phusion™ HF-Buffer

5X Q5® Reaction Buffer

Antarctic Phosphatase Buffer (10X)

Blocking Buffer

CutSmart™ Buffer

FACS buffer

Lysis buffer #3 pH 7,6

(Recipe from Prof. Dr Thomas Schulz

laboratory, Medizinische Hochschule

Hannover)

Mild stripping buffer pH 2,2

PBS

RIPA buffer

SDS Running Buffer

T4 DNA Ligase Buffer (10X)

T4 PNK Reaction Buffer (10X)

TBS-T

Transfer Buffer

Thermo Fisher

New England Biolabs

New England Biolabs

5% (w/v) powedered milk

95% (v/v) TBS-T

New England Biolabs

1% Fetal Bovine Serum

1% Penicillin/Streptomycin

98% PBS

50 mM Tris-HCl

150 mM NaCl

0,5 mM EDTA

1% (v/v) Glycerol

1% (v/v) IGEPAL CA-630

98% (v/v) dH2O

1,5% (w/v) glycine

0,1% (w/v) SDS

1% (v/v) Tween 20

99% (v/v) dH2O

In house production

150 mM EDTA

50 mM HEPES (pH 7,8)

150 mM NaCl

1% (v/v) IGEPAL CA-630

0,25% (w/v) Na-deoxycholate

1X Protease-inhibitor-cocktail (Roche)

1X PhosSTOP™ (Roche) (only for pKAP1

assay)

99% (v/v) dH2O

In house production

New England Biolabs

New England Biolabs

In house production

In house production
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Table 6: Eukaryotic cell lines

Name

arC9 Alu HeLa clone

#1

arC9 scaff HeLa

clone #1

arC9_Alu

arC9_scaff

HEK293T

HeLa WT

Clonality

Monoclonal

Monoclonal

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Culture Conditions

DMEM + 10% FCS + 1% P/S, 37 °C,

5% CO2, 1 mg/ml G418

DMEM + 10% FCS + 1% P/S, 37 °C,

5% CO2, 1 mg/ml G418

DMEM + 10% FCS + 1% P/S, 37 °C,

5% CO2, 1 mg/ml G418

DMEM + 10% FCS + 1% P/S, 37 °C,

5% CO2, 1 mg/ml G418

DMEM + 10% FCS + 1% P/S, 37 °C,

5% CO2

DMEM + 10% FCS + 1% P/S, 37 °C,

5% CO2

Source

See 7.2.8.

See 7.2.8.

See 7.2.4.

See 7.2.4.

Lab stock

Lab stock

Table 7: Prokaryotic cell lines

Name

Subcloning Efficiency™ E. coli DH5α

Supplier

Thermo Fisher

Table 8: Chemicals

Name

1X PhosSTOP™

1X Protease-inhibitor-cocktail

4-Hydroxytamoxifen

Agarose

APS

Biozym LE Agarose

Bovine Serum Albumin

Bromphenol blue

Campthotecin

Doxycycline Hydrochlorate

Supplier

Sigma

Roche

Sigma

Sigma

AppliChem

Biozym

Thermo Fisher

Sigma

Merck

Fisher Scientific
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EDTA

G418

Glycerol

Glycine

HEPES

IGEPAL-CA 630

Mercaptoethanol

Methylene Blue

NaCl

Na-deoxycholate

Powdered milk

ROTIPHORESE®Gel 30 (37,5:1)

Sodium dodecyl sulfate

TEMED

Tris-HCl

Tween 20

In-house

InvivoGen

Sigma

Roth

Thermo Fisher

Sigma

Sigma

Roth

Sigma

Sigma

Roth

Roth

Roth

Roth

Roth

Thermo Fisher

Table 9: Enzymes

Name

AgeI-HF

Antarctic Phosphatase

BbsI-HF

NheI-HF

NotI-HF

Phusion™ High-Fidelity DNA Polymerase

Q5® High-Fidelity DNA Polymerase

SalI-HF

T4 DNA Ligase

T4 Polynucleotide Kinase

Taq DNA-Polymerase

Trypsine

Supplier

New England Biolabs

New England Biolabs

New England Biolabs

New England Biolabs

New England Biolabs

Thermo Fisher

New England Biolabs

New England Biolabs

New England Biolabs

New England Biolabs

Thermo Fisher

In house production
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Table 10: Equipment

Name

BD™ LSRII

Bioruptor® Plus sonication device

C1000 Touch™ Thermal Cycler

ECL Chemocam Imager

Gel iX20 Imager

M220 Focused Ultrasonicator

NanoDrop™ 2000 Spectrophotometer

Qubit® 2.0 Fluorometer

TC20 Automated Cell Counter

Ti Eclipse Inverted Microscope

Supplier

BD Biosciences

Diagenode

Biorad

Intas

Intas

Covaris

Peqlab

Invitrogen

Biorad

Nikon

Table 11: Kits

Name

Amersham™ ECL Select™ Western Blotting Detection

Reagent

Lipofectamine® 3000 Transfection Kit

NEBNext® High-Fidelity 2X PCR Master Mix

NEBNext® Ultra™ II End Repair/dA-Tailing Module

Pacific Blue™ Annexin V Apoptosis Detection Kit with

PI

QIAprep Spin Miniprep Kit

QIAquick PCR Purification Kit

Quick-DNA Miniprep Kit

Zombie Aqua™ Fixable Viability Kit

Zymoclean Gel DNA Recovery Kit

ZymoPURE II Plasmid Midiprep Kit

Supplier

Cytiva

Thermo Fisher

New England Biolabs

New England Biolabs

Biolegend

Qiagen

Qiagen

Zymo

Biolegend

Zymo Research

Zymo Reseach
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Table 12: Growth media

Name

Dulbecco′s Modified Eagle′s Medium (+/- appropriate

antibiotic)

LB-Medium (liquid) (+/- appropriate antibiotic)

LB-Medium (solid) (+/- appropriate antibiotic)

SOC-Medium

Supplier

Thermo Fisher

In house production

In house production

In house production

Table 13: Plasmids

Name
pRRL.PPT.SF.piggybacHApre

pRRL.PPT.SF.iPB-C3HApre

pCMV_mPB

pCMV(CAT)T7-SB100X

pT2HB_arC9_COMBI_GFP3

pT2HB_arC9_COMBI_scaffold

pT2HB_arC9_COMBI_Alu

Function
Expression of C-

terminally HA-tagged
PB transposase

Expression of C-
terminally HA-tagged
iPB-C3 transposase

[121]
Expression vector for

mouse codon optimized
PB transposase

Expression vector for
hyperactive Sleeping
Beauty transposase

SB100X
Sleeping Beauty

transposon vector
harboring an mCherry
tagged arC9 expression

cassette and a GFP-
specific sgRNA

between its terminal
inverted repeats
Sleeping Beauty

transposon vector
harboring an mCherry
tagged arC9 expression
cassette but lacking a

sgRNA sequence
between its terminal

inverted repeats
Sleeping Beauty

transposon vector
harboring an mCherry
tagged arC9 expression
cassette and an AluY-

specific sgRNA

Source
Prof. Dr. Thomas Schulz

Generated via mutagenesis
PCR based on plasmid

pRRL.PPT.SF.piggybacHApre
and mutagenesis primers 2-7

Lab stock

Lab stock [234]

Lab stock

Lab stock

Lab stock
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pTOV_T11_Neo

pTOV_T11_Neo_arC9_Alu

pTOV_T11_Neo_arC9_scaff

pXL-Neo

pcDNA3.1.Myc-BRD4

between its terminal
inverted repeats
Sleeping Beauty

transposon harboring a
tetracycline response

element followed by a
multiple cloning site, a

reverse tetracycline
transactivator

expression cassette and
a neomycine resistance

gene between its
terminal inverted

repeats
Sleeping Beauty

transposon harboring an
AluY-specific sgRNA

followed by a
tetracycline response

element, an arC9
expression cassette, a
reverse tetracycline

transactivator
expression cassette and
a neomycine resistance

gene between its
terminal inverted

repeats
Sleeping Beauty

transposon harboring a
tetracycline response

element followed by an
arC9 expression

cassette, a reverse
tetracycline

transactivator
expression cassette and
a neomycine resistance

gene between its
terminal inverted

repeats and lacking a
sgRNA sequence

Plasmid containing a
PB transposon

harboring a neomycine
resistance gene used for
PB transposition assays

Expression of N-
terminally Myc-tagged

BRD4

Lab stock

Combination of
pTOV_T11_Neo and

pT2HB_arC9_COMBI_Alu
elements

Combination of
pTOV_T11_Neo and

pT2HB_arC9_COMBI_scaff
elements

Lab stock

Prof. Dr. Thomas Schulz
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Table 14: Oligonucleotides used for all work conducted on the PB transposase. UPPER CASE: nucleotides
binding to target sequence, lower case: non-binding nucleotides introducing modification to newly synthesized
sequence, italic: replacement codon introducing mutation for mutagenesis process, underlined: restriction
site/cloning overhang [PHO]: phosphate addition to facilitate downstream ligations bold: primer specific
barcode

# Name

1 rev_pRRL_PB_colon

y_pcr

2 PiggyBac_S508G_fw

3 PiggyBac_S508G_rev

4 PiggyBac_N538K_fw

5 PiggyBac_N538K_rev

6 PiggyBac_N570S_fw

7 PiggyBac_N570S_rev

8 PiggyBac_V390A_fw

9 PiggyBac_V390A/G3

91A_rev

Sequence (5’ →

3’)

GGTTGATTgtc

gacTCAGGC

CCTGTACATG

ggtCTGACCTC

C

TTCCGCATGA

ATTTCTTCCG

GC

CATCCTGCCC

aagGAGGTGC

CCG

TTGCTGATGT

TGTCCCGCAG

G

GCGGAAGGC

CagcGCCAGC

TGCA

CGGATCTTGC

TGGGACAGT

AGGTGC

[PHO]ACCTgcc

GGCACCAGC

ATG

[PHO]CTGGAC

CGGGAGTTCT

TCAGC

Description

Serves as a sequencing primer to identify

iPB hairpin mutations via sanger

sequencing

Mutagenesis primer to introduce

substitution S508G into the iPB sequence

[121]

Serves as a reverse primer paired with

mutagenesis primer number 2

Mutagenesis primer to introduce

substitution N538K into the iPB sequence

[121]

Serves as a reverse primer paired with

mutagenesis primer number 4

Mutagenesis primer to introduce

substitution N570S into the iPB sequence

[121]

Serves as a reverse primer paired with

mutagenesis primer number 6

Mutagenesis primer to introduce

substitution V390A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primers number 8 and 11
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11 PiggyBac_G391A_fw

12 PiggyBac_T392A_fw

13 PiggyBac_T392A/S39

3A_rev

14 PiggyBac_S393A_fw

15 PiggyBac_M394A_fw

16 PiggyBac_M394A/F3

95A_rev

17 PiggyBac_F395A_fw

18 PiggyBac_C396A_fw

19 PiggyBac_C396A_rev

20 PiggyBac_F397A_fw

21 PiggyBac_F397A/D3

98A_rev

23 PiggyBac_D398A_fw

[PHO]ACCTGT

GgccACCAGC

ATG

[PHO]GCgccA

GCATGTTCTG

CTTCG

[PHO]CCACA

GGTCTGGAC

CGGG

[PHO]GCACCg

ccATGTTCTG

CTTCG

[PHO]CAGCgc

cTTCTGCTTC

GACG

[PHO]GTGCCC

ACAGGTCTG

GACC

[PHO]CAGCAT

GgccTGCTTCG

ACG

[PHO]TTCgccT

TCGACGGCC

[PHO]CATGCT

GGTGCCCAC

AGG

[PHO]gccGAC

GGCCCTCTGA

C

[PHO]GCAGA

ACATGCTGGT

GCCC

[PHO]TTCgccG

GCCCTCTGAC

Mutagenesis primer to introduce

substitution G391A into the iPB sequence

Mutagenesis primer to introduce

substitution T392A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primers number 12 and 14

Mutagenesis primer to introduce

substitution S393A into the iPB sequence

Mutagenesis primer to introduce

substitution M394A into the iPB

sequence

Serves as a reverse primer paired with

muagenesis primers number 15 and 17

Mutagenesis primer to introduce

substitution F395A into the iPB sequence

Mutagenesis primer to introduce

substitution C396A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primer number 18

Mutagenesis primer to introduce

substitution F397A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primers number 20 and 23

Mutagenesis primer to introduce

substitution D398A into the iPB sequence
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24 PiggyBac_G399A_fw

25 PiggyBac_G399A_rev

26 PiggyBac_P400A_fw

27 PiggyBac_P400A/L40

1A_rev

28 PiggyBac_L401A_fw

29 PiggyBac_T402A_fw

30 PB_T402A/L403A/V

404A_rev

31 PiggyBac_L403A_fw

32 PiggyBac_V404A_fw

33 PiggyBac_S405A_fw

34 PiggyBac_S405A/Y4

06A_rev

[PHO]ccCCTCT

GACCCTGGT

GTC

[PHO]cGTCGA

AGCAGAACA

TGCTGG

[PHO]gccCTGA

CCCTGGTGTC

CTAC

[PHO]GCCGTC

GAAGCAGAA

CATGC

[PHO]CCTgccA

CCCTGGTGTC

C

[PHO]gccCTGG

TGTCCTACAA

GC

[PHO]CAGAG

GGCCGTCGA

AGC

[PHO]ACCgcc

GTGTCCTACA

AGC

[PHO]ACCCTG

gccTCCTACAA

GC

[PHO]gccTACA

AGCCCAAGC

CC

[PHO]CACCA

GGGTCAGAG

GGC

Mutagenesis primer to introduce

substitution G399A into the iPB sequence

paired with primer number 25

Mutagenesis primer to introduce

substitution G399A into the iPB sequence

paired with primer number 24

Mutagenesis primer to introduce

substitution P400A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primers number 26 and 28

Mutagenesis primer to introduce

substitution L401A into the iPB sequence

Mutagenesis primer to introduce

substitution T402A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primers number 29, 31 and

32

Mutagenesis primer to introduce

substitution L403A into the iPB sequence

Mutagenesis primer to introduce

substitution V404A into the iPB sequence

Mutagenesis primer to introduce

substitution S405A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primers number 33 and 35
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35 PiggyBac_Y406A_fw

36 PiggyBac_K407A_fw

37 PiggyBac_K407A_rev

38 PiggyBac_P408A_fw

39 PiggyBac_P408A_rev

40 PiggyBac_K409A_fw

41 PiggyBac_K409A_rev

42 PiggyBac_P410A_fw

_Alternative

43 PiggyBac_P410A_rev

_Alternative

44 PiggyBac_V390K_fw

45 PiggyBac_F397R_fw

46 PiggyBac_F397Y_fw

[PHO]TCCgccA

AGCCCAAGC

[PHO]GGTGTC

CTACgccCCCA

AGCC

[PHO]AGGGT

CAGAGGGCC

GTCG

[PHO]ccAAGC

CCGCCAAGA

TGG

[PHO]cCTTGT

AGGACACCA

GGGTC

[PHO]CTACAA

GCCCgccCCC

GCC

[PHO]GACAC

CAGGGTCAG

AGGG

[PHO]CCAAGg

ccGCCAAGAT

GG

[PHO]GCTTGT

AGGACACCA

GGGTC

[PHO]ACCTaa

gGGCACCAGC

ATG

[PHO]cggGAC

GGCCCTCTGA

C

[PHO]tacGACG

GCCCTCTGAC

Mutagenesis primer to introduce

substitution Y406A into the iPB sequence

Mutagenesis primer to introduce

substitution K407A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primer number 36

Mutagenesis primer to introduce

substitution P408A into the iPB sequence

paired with primer number 39

Mutagenesis primer to introduce

substitution P408A into the iPB sequence

paired with primer number 38

Mutagenesis primer to introduce

substitution K409A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primer number 40

Mutagenesis primer to introduce

substitution P410A into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primer number 42

Mutagenesis primer to introduce

substitution V390K into the iPB sequence

Mutagenesis primer to introduce

substitution F397R into the iPB sequence

Mutagenesis primer to introduce

substitution F397Y into the iPB sequence
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47 PiggyBac_F397G_fw

48 PiggyBac_Y406W_fw

49 PiggyBac_K407C_fw

50 PiggyBac_K407Q_fw

51 PiggyBac_K407V_fw

52 PiggyBac_K407T_fw

53 PB_PA410/411_del_f

w.2

54 PB_PA410/411_del_r

ev.2

55 PiggyBac_M394E_fw

56 PiggyBac_M394R_fw

57 PiggyBac_C396E_fw.

2

[PHO]ggcGAC

GGCCCTCTGA

C

[PHO]TCCtggA

AGCCCAAGC

[PHO]GGTGTC

CTACtgcCCCA

AGCC

[PHO]GGTGTC

CTACcagCCC

AAGCC

[PHO]GGTGTC

CTACgtgCCCA

AGCC

[PHO]GGTGTC

CTACaccCCCA

AGCC

[PHO]AAGAA

GATGGTGTA

CCTGC

[PHO]GGGCTT

GTAGGACAC

CAG

[PHO]CAGCga

aTTCTGCTTC

GACG

[PHO]CAGCcgt

TTCTGCTTCG

ACG

[PHO]TTCGAA

TTCGACGGCC

CTC

Mutagenesis primer to introduce

substitution F397G into the iPB sequence

Mutagenesis primer to introduce

substitution Y406W into the iPB

sequence

Mutagenesis primer to introduce

substitution K407C into the iPB sequence

Mutagenesis primer to introduce

substitution K407Q into the iPB sequence

Mutagenesis primer to introduce

substitution K407V into the iPB sequence

Mutagenesis primer to introduce

substitution K407T into the iPB sequence

Forward mutagenesis primer to introduce

deletion P410_A411del into the iPB

sequence

Reverse mutagenesis primer to introduce

deletion P410_A411del into the iPB

sequence

Mutagenesis primer to introduce

substitution M394E into the iPB

sequence

Mutagenesis primer to introduce

substitution M394R into the iPB and

mPB sequence

Mutagenesis primer to introduce

substitution C396E into the iPB sequence
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58 PiggyBac_C396R_fw

59 PiggyBac_T392Y_fw

60 PiggyBac_S387Q_fw.

2

61 PiggyBac_S387Q_rev

.2

62 PiggyBac_E380F_fw.

2

63 PB_E380F/W/V381D

_rev.2

64 PiggyBac_E380W_fw

.2

65 PiggyBac_V381D_fw

66 SV40_polyA_rev

67 mPB_V390K_fw

68 mPB_V390K_rev

[PHO]TTCcgtT

TCGACGGCC

[PHO]GCtatAG

CATGTTCTGC

TTCG

[PHO]CGGcag

AGACCTGTG

GGC

[PHO]GGAGTT

CTTCAGCACC

TCGG

[PHO]CCCtttG

TGCTGAAGA

ACTCCC

[PHO]AATCTC

GCGCTTGTTG

GACC

[PHO]CCCtggG

TGCTGAAGA

ACTCCC

[PHO]GAGgatC

TGAAGAACT

CC

[PHO]AGTTGT

GGTTTGTCCA

AACTC

[PHO]CCCaag

GGCACCAGC

ATG

[PHO]CCTGGA

CCTGCTGTTC

TTCAGG

Mutagenesis primer to introduce

substitution C396R into the iPB sequence

Mutagenesis primer to introduce

substitution T392Y into the iPB and mPB

sequence

Mutagenesis primer to introduce

substitution S387Q into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primer number 60

Mutagenesis primer to introduce

substitution E380F into the iPB sequence

Serves as a reverse primer paired with

mutagenesis primers number 62 and 65

Mutagenesis primer to introduce

substitution E380W into the iPB

sequence

Mutagenesis primer to introduce

substitution V391D into the iPB sequence

Serves as a sequencing primer to identify

mPB hairpin mutations via sanger

sequencing

Mutagenesis primer to introduce

substitution V390K into the mPB

sequence

Serves as a reverse primer paired with

mutagenesis primer number 67
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69 mPB_K407C_fw

70 mPB_K407Q_fw

71 mPB_K407V_fw

72 mPB_K407C/Q/V_re

v

73 mPB_T392Y_rev.2

74 mPB_M394R_rev

75 mPB_E380F_fw

76 mPB_E380F_rev

77 Linker top strand

78 Linker bottom strand

79 Linker Primer

[PHO]tgcCCCA

AGCCCGCCA

AGATGG

[PHO]cagCCC

AAGCCCGCC

AAGATGG

[PHO]gtgCCCA

AGCCCGCCA

AGATGG

[PHO]GTAGG

ACACCAGGG

TCAGGG

[PHO]CCACG

GGCCTGGAC

C

[PHO]GTGCCC

ACGGGCCTG

[PHO]CCtttGT

CCTGAAGAA

CAG

[PHO]GGATCT

CTCTCTTGTT

GC

gtaatacgactcacta

tagggctccgcttaag

ggactcagacgtgtg

ctcttccgatc

gatcggaagagcaca

cg-SpacerC3

GTAATACGA

CTCACTATAG

GGC

Mutagenesis primer to introduce

substitution K407C into the mPB

sequence

Mutagenesis primer to introduce

substitution K407Q into the mPB

sequence

Mutagenesis primer to introduce

substitution K407V into the mPB

sequence

Serves as a reverse primer paired with

mutagenesis primers number 69, 70 and

71

Serves as a reverse primer paired with

mutagenesis primer number 59

Serves as a reverse primer paired with

mutagenesis primer number 56

Mutagenesis primer to introduce

substitution E380F into the mPB

sequence

Serves as a reverse primer paired with

mutagenesis primer number 75

Top strand of linker used to ligate with

ends of sheared genomic DNA to

introduce a known sequence that can be

used as a primer target for PCR

Bottom strand of linker used to ligate

with ends of sheared genomic DNA to

introduce a known sequence that can be

used as a primer target for PCR

Primer specific to linker
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80 PB Uno

81 PB5h_bc7_ill

82 PB5h_bc8_ill

83 PB5h_bc9_ill

84 PB5h_bc10_ill

85 PE_nest_ind7

CAGACCGAT
AAAACACAT

GCGTCA

aatgatacggcgacc

accgagatctacactc

tttccctacacgacgc

tcttccgatctcagat

cAACGTACGT

CACAATATG

ATTATCTTTC

aatgatacggcgacc

accgagatctacactc

tttccctacacgacgc

tcttccgatctacttga

AACGTACGT

CACAATATG

ATTATCTTTC

aatgatacggcgacc

accgagatctacactc

tttccctacacgacgc

tcttccgatctgatca

gAACGTACGT

CACAATATG

ATTATCTTTC

aatgatacggcgacc

accgagatctacactc

tttccctacacgacgc

tcttccgatcttagctt

AACGTACGT

CACAATATG

ATTATCTTTC

caagcagaagacgg

catacgagatgatct

gGTGACTGGA

Primer specific to PB-TIR

Illumina-Primer specific to PB-TIR that

introduces a 6 nucleotide long barcode

sequence to identify reads downstream

Illumina-Primer specific to PB-TIR that

introduces a 6 nucleotide long barcode

sequence to identify reads downstream

Illumina-Primer specific to PB-TIR that

introduces a 6 nucleotide long barcode

sequence to identify reads downstream

Illumina-Primer specific to PB-TIR that

introduces a 6 nucleotide long barcode

sequence to identify reads downstream

Illumina-Primer specific to linker

sequence that introduces a 6 nucleotide
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86 PE_nest_ind8

87 PE_nest_ind9

88 PE_nest_ind10

89 PE_nest_ind11

90 PE_nest_ind12

GTTCAGACGT

GTGCTCTTCC

GATCT

caagcagaagacgg

catacgagattcaag

tGTGACTGGA

GTTCAGACGT

GTGCTCTTCC

GATCT

caagcagaagacgg

catacgagatctgatc

GTGACTGGA

GTTCAGACGT

GTGCTCTTCC

GATCT

caagcagaagacgg

catacgagataagct

aGTGACTGGA

GTTCAGACGT

GTGCTCTTCC

GATCT

caagcagaagacgg

catacgagatgtagc

cGTGACTGGA

GTTCAGACGT

GTGCTCTTCC

GATCT

caagcagaagacgg

catacgagattacaa

gGTGACTGGA

GTTCAGACGT

long barcode sequence to identify reads

downstream

Illumina-Primer specific to linker

sequence that introduces a 6 nucleotide

long barcode sequence to identify reads

downstream

Illumina-Primer specific to linker

sequence that introduces a 6 nucleotide

long barcode sequence to identify reads

downstream

Illumina-Primer specific to linker

sequence that introduces a 6 nucleotide

long barcode sequence to identify reads

downstream

Illumina-Primer specific to linker

sequence that introduces a 6 nucleotide

long barcode sequence to identify reads

downstream

Illumina-Primer specific to linker

sequence that introduces a 6 nucleotide

long barcode sequence to identify reads

downstream
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91 PE_nest_ind13

92 PE_nest_ind14

93 arC9_SalI_fw

94 arC9_STOP_NotI_rev

95 hU6_NheI_fw

GTGCTCTTCC

GATCT

caagcagaagacgg

catacgagatttgact

GTGACTGGA

GTTCAGACGT

GTGCTCTTCC

GATCT

caagcagaagacgg

catacgagatggaac

TGTGACTGG

AGTTCAGAC

GTGTGCTCTT

CCGATCT

tttgtcgac

ATGGATTAC

AAAGACGAT

GACG

tttgcggccgc

tcaGGATTCGG

ATCCGTCG

tttgctagcTTTCC

CATGATTCCT

TCATATTTGC

Illumina-Primer specific to linker

sequence that introduces a 6 nucleotide

long barcode sequence to identify reads

downstream

Illumina-Primer specific to linker

sequence that introduces a 6 nucleotide

long barcode sequence to identify reads

downstream

Amplification of the arC9 coding

sequence from the pT2HB-Vector and

addition of a SalI restriction site for

cloning into the pTOV-Vector.

Additionally used for Sanger sequencing

to exclude errors introduced via PCR

amplification.

Amplification of the arC9 coding

sequence from the pT2HB-Vector and

addition of a Stop-codon followed by a

NotI restriction site for cloning into the

pTOV-Vector.

Amplification of the hU6 promoter and

the CRISPR scaffold ± Alu-specific

sgRNA from the pT2HB-Vector and

addition of a NheI restriction site for

cloning into the pTOV-Vector.

Additionally used for Sanger sequencing

to exclude errors introduced via PCR

amplification.
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96 gRNAscaff_AgeI_rev

97 arC9_Seq1

98 arC9_Seq2

99 arC9_Seq3

10 arC9_Seq4

0

10 arC9_Seq5

1

10 arC9_Seq6

2

10 sgAluY-1_top

3

10 sgAluY-1_btm

4

tttaccggtAAAA

AAAGCACCG

ACTCGG

CTCCAGCAA

ACAGTCTTGC

C

AAGTGTAAG

AACGTAGTG

CC

AGAAGATCC

TGACCTTCCG

CATCCGGGA

CAAGCAGTC

CG

TTCGACAATC

TGACCAAGG

C

TACGGCGGC

TTCGACAGCC

CACCGTCCC

AAAGTGCTG

GGATTAC

AAACGTAAT

CCCAGCACTT

TGGGAC

Amplification of the hU6 promoter and

the CRISPR scaffold ± Alu-specific

sgRNA from the pT2HB-Vector and

addition of a AgeI restriction site for

cloning into the pTOV-Vector.

Used for Sanger sequencing of the arC9

coding sequence to exclude errors

introduced via PCR amplification.

Used for Sanger sequencing of the arC9

coding sequence to exclude errors

introduced via PCR amplification.

Used for Sanger sequencing of the arC9

coding sequence to exclude errors

introduced via PCR amplification.

Used for Sanger sequencing of the arC9

coding sequence to exclude errors

introduced via PCR amplification.

Used for Sanger sequencing of the arC9

coding sequence to exclude errors

introduced via PCR amplification.

Used for Sanger sequencing of the arC9

coding sequence to exclude errors

introduced via PCR amplification.

Top strand of Alu-specific sgRNA used

throughout the project as CRISISS target

(received from Adrian Kovač)

Bottom strand of Alu-specific sgRNA

used throughout the project as CRISISS

target (received from Adrian Kovač)

Table 15: Reagents

Name

c-Myc Monoclonal Antibody-Agarose Beads

dNTP-Mix (10 mM each)

Supplier

Takara

Thermo Fisher
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Fetal Bovine Serum

GeneRuler 1 kb Plus DNA Ladder

Magnetic Beads

PageRuler™ Plus Prestained Protein Ladder

Protein G Sepharose™ 4 Fast Flow

Q5® High-Fidelity 2X Master Mix

TransIT®-LT1 Transfection Reagent

Pan Biotech

Thermo Fisher

Beckman Coulter

Thermo Fisher

Cytiva

New England Biolabs

Mirus

Table 16: Services

Name
Next-Generation Sequencing

Sanger Sequencing

Provider
In-house (Dr. Csaba Miskey)

Eurofins Genomics

Table 17: Software

Name
ESPript 3.0
FloJo™ v10

GraphPad Prism 9
ImageJ

MAFFT version 7
Microsoft Excel
Microsoft Word

Tm Calculator (version 1.13.0)

Provider
[120]

Becton Dickinson
GraphPad Software

Wayne Rasband (NIH)
[118,119]
Microsoft
Microsoft

New England Biolabs
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9. List of figures

Figure 1: Schematic overview of the basic principle of cut-and-paste transposition in
transposon system based genetic engineering to shuttle a gene of interest (GOI) into a target
cells genome. 1: Transposase enzyme recognizes TIRs flanking the GOI sequence, 2:
Transposase enzyme introduces DSBs at the TIR and excises the transposon from the donor
DNA strand, 3: The transposase carrying the transposon finds a suitable target on the target
DNA strand to integrate its cargo, 4: Transposon containing GOI is integrated into a new
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Figure 33: Supplemental WB analysis membranes corresponding to Chapter I Co-IPs #3
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Figure 35: Supplemental WB analysis membranes corresponding to Chapter I Co-IPs #5
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