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Abstract

Thymocytes undergo multiple selection processes on their way to becoming mature T cells.
One of these processes is called negative selection and ensures that self-reactive thymocytes
are eliminated. However, the molecular pathway how the TCR signal of double positive
thymocytes results in negative selection in consequence of the binding to pMHC is not yet
known. Therefore this thesis deals with the identification of the transcription factor(s) (TF)
that modifies the apoptotic pathway in double positive thymocytes such that the TCR signal
leads to negative selection instead of proliferation and differentiation in mature T cells. To
achieve this goal an expressional approach was chosen and E2F7, E2F8 and Gtf2h4 were
identified as potential candidates. These were analyzed in vivo in more detail by specific
mouse models. For E2F7 and E2F8 an already existing mouse model was used to obtain T
cell-specific double deficient mice. In addition, to investigate the broad range of the impact
of Gtf2h4 on T cell development two mouse models were generated, showing a deficiency
for Gtf2h4 and an overexpression in CD4 positive thymocytes and T cells. Astonishingly, E2F7
and E2F8 did not have a key role in neither T cell development nor negative selection.
Nevertheless, the deficiency and overexpression of Gtf2h4 led to an altered cell number with
reverse effect. Additionally, different thymocytes subsets as well as peripheral T and B cell
populations were affected. In summary, Gtf2h4 seems to match the hypothesis and play a
role in T cell development that needs to be investigated further in the future. Moreover,
because the homozygous deficiency of Gtf2h4 in mice turned out to be lethal, the
CRISPR/Cas9 system was modified to achieve cell type-specific gene editing in mice.
Therefore, Cas9 was expressed under the CD4 promoter. To proof the concept Exon2 of CD2
in CD4 positive cells were targeted. Although, the efficiency was very low, we could show
that in principle the system of conditional gene targeting by the use of CRISPR/Cas9 can be
performed in mice. Further modifications will show if the targeting efficiency can be

improved in the future.
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Zusammenfassung

Thymozyten durchlaufen mehrere Selektionsprozesse auf dem Weg zur reifen T-Zelle. Einer
dieser Prozesse wird negative Selektion genannt und gewahrleistet, dass selbstreaktive
Thymozyten eliminiert werden. Allerdings ist es bisher nicht klar wie der molekulare
Signalweg des T-Zellrezeptors (TZR) doppelt positiver Thymozyten aufgrund der Bindung zum
MHC prasentierten Eigenpeptid zu negativer Selektion fiihrt. Demzufolge beschaftigt sich
diese Arbeit mit der Identifizierung des Transkriptionsfaktors (TF), der den
Apoptosesignalweg doppelt positiver Thymozyten dahingehend lenkt, dass das Signal des
TZRs zu negativer Selektion und nicht zu Proliferation und Differenzierung von reifen T-Zellen
flihrt. Um dieses Ziel zu erreichen wurde ein Expressionsansatz gewahlt und E2F7, E2F8 und
Gtf2h4 als potentielle Kandidaten identifiziert. Diese wurden mit Hilfe von Mausmodellen in
vivo genauer analysiert. Flir E2F7 und E2F8 wurde ein bereits existierendes Mausmodel
verwendet, um einen T-Zell spezifischen Verlust dieser TFen zu erhalten. Um auBerdem den
Einfluss von Gtf2h4 auf die T-Zellentwicklung zu untersuchen, wurde ein Mausmodell
generiert, welches einen Verlust von Gtf2h4 zeigt, sowie ein weiteres Modell, welches
Gtf2h4 in CD4 positiven Thymozyten und T-Zellen (iberexprimiert. Erstaunlicherweise
spielten E2F7 und E2F8 weder eine Rolle in der T-Zellentwicklung noch in der negativen
Selektion. Im Fall von Gtf2h4 jedoch, fithren der Verlust sowie die Uberexpression zu einer
veranderten Zellanzahl mit entgegengesetztem Effekt. AulRerdem waren verschiedene
Thymozytenklassen  sowie periphere T- und B-Zellpopulationen  beeinflusst.
Zusammenfassend erscheint es, als ob Gtf2h4 die Hypothese bestatigt und eine Rolle in der
T-Zellentwicklung spielt, welche in der Zukunft noch genauer untersucht werden muss. Da
sich herausgestellt hat, dass der homozygote Verlust von Gtf2h4 in Mausen letal ist, kommt
hinzu, dass eine neue Methode entwickelt wurde, um das CRISPR/Cas9 System fir
konditionelle Geneditierung zu verwenden. Hierfir wurde Cas9 unter dem CD4 Promoter
exprimiert. Um dieses Konzept zu bestdtigen, wurde das Exon2 von CD2 in allen CD4
positiven Zellen gezielt verandert. Auch wenn die Effizienz sehr gering ist, konnte gezeigt
werden, dass das Prinzip, das CRISPR/Cas9 System fiir konditionelle Genverdnderung zu
verwenden, in Mausen angewendet werden kann. In der Zukunft werden weitere
Optimierungen des Systems zeigen, ob die Effizienz der Genveranderung gesteigert werden

kann.
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1 Introduction

1.1 T cell development

The immune system of vertebrates can be classified into the innate and adaptive immune
system. T cells are part of the adaptive immune system and necessary for the cell-mediated
immune response and develop in the thymus. The thymus is known as a primary lymphoid
organ and divided into two main structural parts: the cortex and the medulla. T cells are
characterized by the expression of the T cell receptor (TCR) and evolve from lymphoid
precursor cells that migrate from the bone marrow into the thymus through the cortico-
medullary junction (Lind et al., 2001). Thymocytes undergo different functional checkpoints
on their way to mature T cells before they start the journey from the thymus to secondary
lymphoid organs. Lymphoid precursor cells entering the thymus lack CD4 and CD8 surface
marker expression and are so called double negative (DN).

This maturation stage can be further subdivided into DN1-4 by the surface marker CD44 and
CD25. DN1 (CD44" CD25) cells, still able to develop into ap T cells, y& T cells, natural killer
(NK) cells, dendritic cells (DC), macrophages and B cells, enter the cortex and start to
proliferate before they begin the TCRB, TCRy and TCRS rearrangement during DN2 (CD44"
CD25%). As soon as the TCRP chain rearrangement is successfully completed TCRB can
associate with the invariant pre-TCRa chain as well as CD3 and form the pre-TCR-complex.
This process defines the maturation towards the aB T cells and occurs during stage DN3
(CD44 CD25%). The last DN stage, DN4 (CD44 CD25), is characterized by the TCRa
rearrangement that later on leads to the initiation of the expression of CD4 and CD8
(reviewed in (Shah and Zuniga-Pflucker, 2014))(Godfrey et al., 1994; Godfrey et al., 1993)
(Fig. 1+2). Importantly, the TCR rearrangements are regulated in two waves by Rag-1 and
Rag-2 (Wilson et al., 1994).

Another way to term and discriminate the different stages of thymocyte development is
related to terms and surface marker used in the B cell development. Here the DN1 stage is
called Pro-T1 and is characterized by the marker CD17""*, CD44™", CD25 , CD127 and CD3".
DN2 is equivalent to Pro-T2 (CD17"", CD44™, CD25", CD127%, CD3’), DN3 correspond to
Pre-T1 (CD17*, CD44", CD25", CD127%, CD3"") and DN4 matches Pre-T2 (CD17°Y, CD44,
CD25’, CD127, CD3'°W) (reviewed in (Ceredig and Rolink, 2002)). In addition, all DN stages are
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characteristic for a high CD24 (HSA, J11d) expression that disappears slowly while
maturation (Crispe et al., 1987).

Because of the random nature of the a and B rearrangement the TCRs are quality controlled
in terms of function, self-restriction and self-tolerance. This is necessary since only an
immune competent thymocyte, which attacks “foreign” but not “self”, qualifies for further
maturation. The first step towards the maturation process is the positive selection process.
Double positive (DP) thymocyte that express CD4 and CD8 migrate among cortical thymic
epithelial cells (cTECs) in search of the possibility to bind to self-peptides presented by the
major histocompatibility complex (MHC) of those cells. aff thymocytes with a non-functional
TCR, that is not able to bind to peptide/MHC (pMHC), can undergo TCRa re-rearrangement.
Cells which are still not able to bind, die by neglect. Furthermore, another process, that is
called negative selection or clonal deletion, takes place in the cortex or the medulla of the
thymus (reviewed in (Yates, 2014)). Thymocytes that bind with a strong avidity to tissue-
restricted antigen (TRA) presented by the MHC of medullary thymic epithelial cells (mTECs)
or to ubiquitous proteins presented by cTECs, die by apoptosis. The expression of the TRA is
mediated by the autoimmune regulator (AIRE) and the expression takes place either directly
by the mTECs itself or indirectly through the transfer of TRA to dendritic cells and the
presentation by them (reviewed in (Klein et al., 2011) and (Shi and Zhu, 2013)). This
checkpoint, as well as the positive selection checkpoint, where the strength of the binding is
characterized by an intermediate avidity, ensures that self-tolerant and self-restricted
thymocytes can survive and maturate further. These stringent checkpoints lead to a survival
rate of only less than 5 % of all thymocytes (reviewed in (Yates, 2014)). Afterwards, DP
thymocytes downregulate one of the surface markers and become either CD4 or CD8 single
positive (SP). Mature SP T cells can finally exit the thymus and migrate to secondary

lymphoid organs, like lymph nodes (LN) and spleen.
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Figure 1 | Schematic illustration of T cell development in the thymus.

Lymphoid precursors enter the thymus and become double negative (DN)
thymocytes. After TCRB and TCRa rearrangement they develop into TCR expressing
double positive (DP) thymocytes. Before they are fully matured they undergo
positive and negative selection and finally leave the thymus into the periphery as
single positive T cells that express either CD4 or CD8.
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Figure 2 | Different stages of thymocyte development.

The surface marker CD4 and CD8 are used to distinguish the main stages of
thymocyte development: DN (CD4" CD8’), DP (CD4" CD8"), SP CD4" (CD4" €D8’) and
SP CD8" (CD4™ CD8"). Depicted as schematic illustration (top left) and from flow
cytometric analysis (top right). Furthermore, the DN stage can be further
subdivided into DN1 (CD44" CD25), DN2 (CD44" CD25"), DN3 (CD44 CD25") and
DN4 (CD44 CD25'). Represented as schematic illustration (bottom left) and from
flow cytometric analysis (bottom right).
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1.2 T cell receptor signaling and negative selection

Negative selection, which is important to eliminate self-reactive thymocytes, is controlled by
the avidity of the interaction between the TCR and the pMHC. However, the exact molecular
pathway(s) through which the TCR signal of DP thymocytes results in negative selection as a
consequence of binding with high avidity to pMHC is not yet known. Astonishingly, in mature
T cells the same TCR signal results in proliferation and differentiation. In general, the TCR
binding to pMHC leads to the activation of lymphocyte-specific protein tyrosine kinase (Lck)
and Fyn which are members of the Src family kinase (Ericsson and Teh, 1995; Samelson et
al., 1990). Lck bound to the co-receptor CD4 or CD8 is brought into position, close to its
targets. The immunoreceptor tyrosine-based activation motifs (ITAM) of TCR associated
CD3y, CD3§, CD3e and CD3T chains are phosphorylated, leading to the recruitment of the
Zeta-chain-associated protein kinase 70 (Zap70) (Johnson et al., 1995; Neumeister et al.,
1995; Osman et al., 1995). Subsequently, Zap70 undergoes conformational changes, due to
autophosphorylation which, finally triggers its kinase activity. One of the ZAP70 target
molecules is the linker for activation of T cells (LAT), where it phosphorylates four tyrosine
residues which in turn activates LAT downstream signaling molecules, like phospholipase Cy1l
(PLCy1l) and growth factor receptor-bound protein 2 (GRB2). The activation of LAT
downstream molecules triggers the activation of three main signaling pathways, namely the
Ca®*, the mitogen-activated protein kinase (MAPK) and the nuclear factor-kB (NFkB)
pathways (Zhang et al., 1999a; Zhang et al., 1999b) which finally decide on the outcome of
the TCR-pMHC interaction of this particular T cell (reviewed in (Brownlie and Zamoyska,
2013)).

Nevertheless, some pathway regulations and the outcomes of different stimuli are
identified. It is, for instance, known, by comparing negative and positive selection, that LAT
is a central molecule. The strong TCR-pMHC binding during negative selection leads to a fully
phosphorylated LAT which in turn responds with a stable interaction with Grb2-SOS that
provokes a strong and transient extracellular-signal-regulated kinase (ERK) activation.
However, the weak interaction of the TCR to pMHC during positive selection phosphorylates
LAT only partially which activates, among others, PLCy1. This initiation leads to a recruitment
of RasGRP1 to the Golgi and a slow and sustained ERK activation (reviewed in (Labrecque et
al., 2011)). In addition, Zap70 plays an essential role regarding the decision of positive or

negative selection. Differences in the amount of Zap70, which is regulated by the amount of
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expressed TCR, result in different outcomes in which a partial inhibition of Zap70 kinase
leads to a conversion of negative selection into positive selection (Mallaun et al., 2010).
Furthermore, two typical factors influencing negative selection are Bim and Nur77. Whereas
the expression of Nur77 is required for negative selection (Calnan et al., 1995), it is not as
clear for Bim. In the HY mouse model (Kisielow et al., 1988) it was shown that Bim is not
necessary for negative selection (Hu et al., 2009). However, others investigated that TCR
induced killing in thymocytes is independent of Fas pathway but requires Bim, which can be
inhibited by Bcl-2 (Villunger et al.,, 2004). Nevertheless, it seems that there are Bim
independent and dependent pathways involved in the selection process. During negative
selection, Bim is required upon a strong TCR signal, whereas in case of binding to a
ubiquitous self-antigen negative selection occurs independently of Bim (Suen and Baldwin,
2012).

Interestingly, for some molecules the different outcome of TCR signaling is already known.
For instance, Schnurri2 (Shn2) deficiency alters the threshold of TCR induced cell death
towards enhanced negative selection that can be rescued by Bim deficiency (Staton et al.,
2011). Moreover, c-Jun NH2-terminal kinase (JNK) was found to be activated in MAP kinase
kinase MKK7 mediated negative selection (Rincon et al., 1998). Also detailed investigations
with JNK1 and JNK2 deficient mice showed that c-jun phosphorylation is reduced in INK17
thymocytes, but not affected in mature T cells, stimulated with anti-CD3, indicating a normal
activation induced T cell apoptosis but resistance in thymocyte apoptosis (Sabapathy et al.,
1999; Sabapathy et al., 2001). Nevertheless, the complex differentiation of the TCR signaling
during negative selection of thymocytes and the activation of mature T cells needs to be

determined by further investigation.

1.3 Gtf2h4

RNA polymerases are found in all species and are required to transcribe DNA into RNA. RNA
polymerases exist in three different subclasses, RNA polymerase I-lll, each transcribing a
different class of RNA. RNA polymerase Il is essential for mRNA transcription. The first step
of this process is the formation of the pre-initiation complex. This involves Polymerase I, the
TATA binding protein TBP as well as the general transcription factors TFIIA, TFIIB, TFIIE, TFIIF
and TFIIH. The complex then binds to the promoter and unwinds the DNA. The latter can be

accomplished through TFIIH which is the only transcription factor in this complex with an
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enzymatic activity (Grunberg and Hahn, 2013; Luse, 2013). TFIIH is additionally involved in
the nucleotide excision repair (NER) process for DNA damage repair (Drapkin et al., 1994;
Seroz et al., 1995), promoter escape (Kugel and Goodrich, 1998; Spangler et al., 2001) and
cell cycle regulation (Dynlacht, 1997; Matsuno et al., 2007). It is a multi-subunit protein
consisting of XPB, XPD, p52, p8, p62, p44, p34, cdk7, cyclin H and MAT1. Whereas p52, p8,
p62, p44, p34 form a core complex, cdk7, cyclin H and MAT1 form a kinase complex
(Marinoni et al., 1997)(reviewed in (Zhovmer et al., 2010)). XPD is known as the link between
the core and kinase complex and has, in addition to XPB, an ATP-dependent helicase
function (Fuss and Tainer, 2011) (Fig. 3). Furthermore, both subunits are part of the p53-
mediated apoptosis pathway. They directly bind p53 at the carboxy-terminal domain which
can lead to an inhibition of the TFIIH helicase activity (Wang et al., 1996; Wang et al., 1995).

CAK

| (2
(o)
@

_ 5'to 3'ATP
o dependent
3'to S'ATP helicase
dependent
helicase

Figure 3 | Transcription factor Il H (TFIIH) with its 10 subunits.

XPB, XPD, p52, p8, p62, p44, p34, cdk7, cyclin H and MAT1. cdk7, cyclin H and
MAT1 form the kinase complex (CAK) (white) which is bridged via XPD (light grey)
to the core complex (Core) (dark grey) consisting of p44, p34, p62, p52, p8 and XPB.
p52 is also known as Gtf2h4 (red) (reviewed in (Zhovmer et al., 2010)).

The p52 subunit of TFIIH, also known as Gtf2h4, is conserved from yeast to human.
Compared to the yeast counterpart TFB2, human p52 shows only a 37% sequence identity
(Marinoni et al., 1997). However, the comparison of p52 from mouse and human reveals
91% nucleotide and 98% protein identity (Lanning and Lafuse, 1999). It was shown that a
mutation of the C terminal region of p52 reduced the NER and transcription activity of TFIIH
that led to an inhibition of the promoter opening. Additionally, p52 is anchoring XPB within

the TFIIH complex, because the p34/p44/p62 subcomplex is unable to bind to XPB in
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absence of p52 (Jawhari et al., 2002). Case studies and SNP analysis of Gtf2h4 showed that
Gtf2h4 is upregulated in patients with Merkel-cell carcinoma, a rare eyelid tumor (Kumar et
al., 2007), and that Gtf2h4 is associated with multiple sclerosis (MS) susceptibility (Briggs et
al., 2010), reduced risk of lung cancer (Buch et al., 2012), HPV persistence as well as cervical
cancer (Wang et al., 2010).

Interestingly, a connection between TFIIH and the E2F family, which is described in the
following section, can be found. The subunit p62 is responsible for the binding of TFIIH to
E2F1 and leads to its phosphorylation which is cdk7 dependent. p62 and cdk7 bind E2F1 at
the retinoblastoma (RB) binding site which means that RB can inhibit and regulate the
phosphorylation. Furthermore, it was shown that cdk7 expression stays the same during cell
cycle but p62 specifically interact with E2F1 during the S phase and leads to its
downregulation, probably through RB control (Pearson and Greenblatt, 1997; Vandel and
Kouzarides, 1999). Furthermore, a link to the T cell development can be drawn by binding
site analysis of the promoters of the TFIIH genes. It was shown that Ap-1 is one of the factors
which have the highest binding site frequency in the sequence of Gtf2h4 of human and
zebrafish (Silva et al., 2014).

1.4 E2F7 and E2F8

The E2F family of transcription factors plays an important role in apoptosis, proliferation and
cell differentiation. This family consists of eight family members (E2F1-E2F8) which can be
distinguished upon different characteristics. E2F1, E2F2 and E2F3a are known to be
activators whereas E2F3b, E2F4, E2F5, E2F6, E2F7 and E2F8 belong to the group of
repressors. Another way to describe these members is according to their structural
characteristics. E2F1-6 are typical members because they consist of an N-terminally located
DNA binding domain (DBD) which is followed by a dimerization domain. In contrast, E2F7
and E2F8 are atypical family members as they have a duplicated DBD, bind in a dimerization
pattern and independent of RB (de Bruin et al., 2003; Di Stefano et al., 2003; Lammens et al.,
2009; Logan et al., 2004; Logan et al., 2005). E2F7 and E2F8 are the most recent discovered
family members and share not only structural but also functional similarities. During cell
cycle they are both induced when it comes to G1 to S transition and their expression

increases in the S phase of the cell cycle (Di Stefano et al., 2003; Endo-Munoz et al., 2009).
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This means that an overexpression of E2F7/8 leads to an accumulation of cells in G2 phase
and decreased proliferation potential (de Bruin et al., 2003; Maiti et al., 2005).

E2F7 is located on mouse chromosome 10 and human chromosome 12 and shows the
highest expression in skin and thymus whereas no or less expression is detected in brain,
muscle and stomach (de Bruin et al., 2003). E2F8 is also highly expressed in skin and thymus
in addition to the liver and testis. It is found on mouse chromosome 7 and human
chromosome 11 (Christensen et al., 2005; Maiti et al., 2005). Interestingly, E2F7 and E2F8
are able to form homo- and heterodimers, with the formation of E2F7 homodimers being
preferred over E2F7/E2F8 heterodimers. The less preferred formation consists of E2F8
homodimers (de Bruin et al., 2003). Analysis of E2F7 and E2F8 knockout mice showed their
importance in embryonic development and apoptosis. Double knockout (DKO) mice are
lethal by embryonic day E11.5 because of massive apoptosis induced by an increased E2F1
and p53 expression (Li et al., 2008). Furthermore, these mice show vascular defects as the
loss of E2F7/8 prevents the complex formation with hypoxia inducible factor 1 (HIF1) which
is important for transcriptional activation of VEGFA (Weijts et al., 2012). In addition, it was
shown that E2F7/8 are highly expressed in placental tissue, more precisely in three major
trophoblast lineages: labyrinth trophoblasts (LTs), spongio throphoblasts (STs) and
trophoblast giant cells (TGCs). The placentas of DKO mice are smaller than normal and
trophoblasts are not able to enter maternal decidua. Interestingly, this effect can be
reversed in E2F3a, E2F7 and E2F8 triple KO mice. A comparison of E2F3a KO and E2F7/8 DKO
mice indicates that they share more than 90% of their target genes but expressed in the
opposite direction. Structural analysis confirmed this antagonistic modulation because of an

E2F3a binding site within the promoter of E2F7 and E2F8 (Ouseph et al., 2012).

1.5 Genetically modified mice and the CRISPR/Cas9 System

The mouse has become an essential animal model in immunological research not least
because its genome is highly homologous to the human genome (Waterston et al., 2002)
and easy to manipulate. The first genetically modified mice were generated in the earliest
80s by microinjections of plasmids into fertilized oocytes (Brinster et al., 1981; Gordon and
Ruddle, 1981; Gordon et al., 1980; Palmiter et al., 1982) which was later on improved by
site-directed gene targeting in mouse embryonic stem cells (ES cells) (Thomas and Capecchi,

1987). To study the function of one specific gene in certain cell types or organs, the methods
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of choice is the generation of conditional KO mice by the use of the Cre/loxP recombination
system (Schwenk et al., 1998). The Cre recombinase is a type | topoisomerase from P1
bacteriophage and can be used to recognize the 34 bp loxP sites. Cre expressed by a specific
promoter leads to the deletion or inversion of the allele flanked by loxP sites in this
particular cell type or tissue (Hoess et al., 1982; Schwenk et al., 1998; Sternberg and
Hamilton, 1981).

The induction of a complete gene deletion has become much easier during the last years.
Designer nucleases like Zinc Finger Nucleases (ZFN) (Lee et al., 2010; Meyer et al., 2010; Sollu
et al., 2010), Transcription Activator-like Effector Nucleases (TALEN) (Cermak et al., 2011;
Zhang et al., 2011) and CRISPR/Cas9 (Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013)
can be injected into fertilized oocytes and introduce specific double stand breaks (DSB) in
the target sequence of the genome which is followed by a repair through either non-
homologous end-joining (NHEJ) or homologous recombination (HR). HR leads to integration
of a co-injected plasmid or ssDNA containing homology arms on both sites and NHEJ can
lead to gene deficiencies because of deletions or insertions (Fig. 4). Among these three
designer nucleases the CRISPR/Cas9 system became the method of choice because it is very
easy to work with. Furthermore, it is the faster approach. Only recently, it was shown that
the procedure can be simplified by using oocytes from a transgenic mouse expressing Cas9
oocyte-specific under the Zp3 promoter (Zhang et al.,, 2016). In addition, instead of
pronuclear injection (PNI) electroporation of the oocytes with Cas9 and gRNA should be
considered (Chen et al., 2016; Qin et al., 2015).

Originally, the CRISPR/Cas9 system was discovered in E. coli in 1987 (Ishino et al., 1987),
however it is also found in 37% eubacteria and in 90% archaea. CRISPR/Cas stands for
clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR associated
proteins (Cas) (Koonin and Makarova, 2009). In prokaryotes it is part of the adaptive immune
system and responsible for the protection against foreign genetic elements by silencing. This
process involves three steps: adaptation, expression and interference. Adaptation means
that short sequences of foreign DNA from viruses or plasmids are taken up and are acquired
as new proto-spacers at the end of the CRISPR array. The proto-spacers that vary between
26 bp and 72 bp are separated by repeats of 21 to 48 bp. Subsequently, in case of a repeated
occurrence, the CRISPR array is transcribed by RNA polymerase as a pre-crRNA and

maturates successively into crRNA. Finally, during the interference stage the crRNA guides
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the Cas protein to the plasmid or bacteriophage DNA to form a complex which leads to
targeted cleavage of the foreign nucleic acids (Bhaya et al., 2011; Doudna and Charpentier,
2014; Garneau et al., 2010; Horvath and Barrangou, 2010). Additionally, it was shown that
CRISPR3/Cas from S. thermophilus can be transferred to E. coli and leads to specific CRISPR
mediated immunity against transformed plasmids. Furthermore, proto-spacer and the proto-
spacer adjacent motifs (PAM) are required for a functional immunity, whereas some single
nucleotide mismatches at certain positions are tolerated to achieve a functional binding
(Sapranauskas et al., 2011).

Until now ten major Cas proteins has been classified (Cas1l — Cas10) whereof Casl and Cas2
are universal Cas proteins that can be found in all three CRISPR/Cas systems: Type |, Il and III.
The other Cas proteins are either unique or typical for more than one type. The Type Il
system is the most interesting as it allows specifically targeted gene modification. It is found
only in bacteria and can be distinguished into Type IIA and Type IIB. The Cas9 protein is a
representative of this type of CRISPR/Cas system and contains two endonuclease domains.
The RuvC-like nuclease is located at the N-terminus and the HNH domain in the center of the
protein (Bhaya et al., 2011; Doudna and Charpentier, 2014). For a successful cleavage, crispr
RNA (crRNA), trans-activating RNA (tracrRNA) and Cas9 are required. The crRNA pairs with
the proto-spacer DNA or target DNA, in terms of targeted genetic modification, which leads
to a Cas9 binding via the tracrRNA. The PAM is necessary for the target binding that enables
Cas9 to separate the DNA strand and form the R-loop. Subsequently, the complementary
DNA strand is cleaved three base pairs upstream of the PAM by the HNH domain whereas
the RuvC-like domain cuts the non-complementary DNA strand at one or more sites within
three to eight base pairs upstream of the PAM and is successively clipped by a 3'-
5’exonuclease activity. The system can be minimized by the fusion of crRNA and tracrRNA to
one single guide RNA (gRNA) (Jinek et al., 2012) (Fig. 4) .

In the beginning of 2013, the first results were published which showed that CRISPR/Cas9
originating from Streptococcus pyogenes can be used to specifically mutate DNA in human
cell lines as well as induced pluripotent stem cells in a multiplex manner. Cas9 was codon-
optimized and crRNA and tracrRNA used as one single gRNA. Furthermore, it was shown that
the PAM sequence NGG is indispensable for the target binding. Interestingly, a nickase form
of Cas9 (Cas9D10 or dCas9) could increase the HR/NHEJ ratio (Cong et al., 2013; Jinek et al.,

2013; Mali et al., 2013). Since then, the system was, among others, used to target genomic
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DNA in zebrafish (Chang et al., 2013; Hwang et al., 2013), Saccharomyces cerevisiae (DiCarlo
et al., 2013), Caenorhabditis elegans (Cho et al., 2013; Friedland et al.,, 2013; Katic and
Grosshans, 2013), plants (Jiang et al., 2013; Nekrasov et al., 2013; Xie and Yang, 2013),
Drosophila melanogaster (Bassett et al., 2013; Gratz et al., 2013; Yu et al., 2013), Xenopus
tropicalis (Nakayama et al., 2013), rats (Hu et al., 2013; Ma et al., 2014), mice (Wang et al.,
2013; Yang et al., 2013) and monkeys (Niu et al., 2014). Moreover, some adaptations were
made to modulate the system for more specific applications. For instance, dCas9 is used to
specifically activate or repress gene expression when fused to a transcriptional effector
domain (Cheng et al., 2013; Gilbert et al., 2013; Qi et al.,, 2013). Furthermore, dCas9
containing an antibody can be applied for purification (Fujita and Fujii, 2013) or dCas9 fused
to EGFP for imaging purpose (Chen et al., 2013). Additionally, Cas9 also exists in other
species than S. pyogenes. Using Cas9 from another species has the advantage of different
PAM recognition sites and extended variability in experimental design. Cas9 from S. aureus
recognizes NNGRRT or NNGRR(N) (Ran et al., 2015), N. meningitidis binds to NNNNGATT
(Hou et al., 2013), S. thermophiles targets NNAGAAW (Esvelt et al., 2013; Jinek et al., 2012)
and T. denticola identifies the PAM NAAAAC (Esvelt et al., 2013).

Moreover, just recently two additional enzymes were published. Cpfl (CRISPR from
Prevotella and Francisella 1) is another single RNA guided endonuclease of the type Il system
and needs only a crRNA of ~42 bp to specifically bind target DNA. Cpfl cuts, in contrast to
Cas9 that results in blunt ends, with an 5° overhang which might be an enhancement for
homologous recombination. In terms of the specific experimental design, it could be also
useful that Cpfl from F. novicida recognizes two different PAMs, TTN or CTA (Zetsche et al.).
Additionally, besides the already mentioned RNA guided endonucleases there is also a DNA
guided enzyme from N. gregoryi, Argonaute. Argonaute needs a 5’ phosphorylated-ssDNA of
~24 bp to specifically target DNA and cuts without the requirement of a PAM sequence that
successfully leads to NHEJ and HR (Gao et al., 2016).
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Figure 4 | Schematic illustration of gRNA and Cas9 binding to the target DNA and
the possible outcomes.

The gRNA (orange) recognizes a 20 bp target sequence that leads to the binding of
S. pyogenes Cas9 (purple). This can either induce NHEJ (left site) or HR (right site) if
single-stranded DNA (ssDNA) is provided. NHEJ results in indel and HR in the
insertion of the ssDNA. Red arrows indicate the cutting site.
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1.6 Specific aim of the thesis

1st Project

Determining the master regulator responsible for negative selection in thymocytes

The aim of the first project of the thesis was to identify one or more transcription factor (TF)
that are able to connect the TCR signaling with the apoptotic process during T cell
development in the thymus without enabling apoptosis in mature T cells. This included

carrying out the following analyses:

e |dentification of one or more TF highly expressed at the DP stage and less expressed
at DN and SP stages

e Verify the expression profile of these TFs by RT-PCR

e Investigate the role of the selected candidates in T cell development and negative
selection in vivo in the TF deficient mouse model

e |Investigate the role of the selected candidates in T cell development and negative

selection in vivo in the TF overexpression mouse model

MHC MHC
Peptide
T cell receptor Biye T cell receptor
complex complex
n
@ Lck
Zap70
Thymocyte qb Tcell
NFkB, NFAT, AP-1 NFkB, NFAT, AP-1
Apoptosis Survival Proliferation & Maintenance
Negative selection Positive selection Differentiation

Figure 5 | Schematic illustration of the reverse outcome of the TCR signaling in
thymocytes and mature T cells.

TCR signaling in thymocytes (left) and mature T cells (right) leads to reverse
outcomes. In thymocytes a strong TCR (thick red arrow) signal induces apoptosis or
negative selection whereas in mature T cells it leads to proliferation and
differentiation. A weak TCR signal (thin red arrow) induces survival and positive
selection in thymocytes and maintenance in mature T cells.
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2nd Project

T cell-specific inactivation of mouse CD2 by CRISPR/Cas9

During the analyses of the first project, the Gtf2h4 deficient mouse model was found to be
embryonically lethal. Consequently, we wanted to modify the CRISPR/Cas9 system to target
a gene of interest in a cell type-specific manner. This has not been shown before in mice.

The following steps were carried out:

e Design of a useful concept that allows the proof of concept without major changes in
the phenotype of the mouse

e The generation of a double transgenic mouse that expressed Cas9 under a cell type-
specific promoter as well as the gRNA specific to the target exon under the U6
promoter.

e |dentification and characterization of cell-specific deficiency by single cell sorting,

FACS analysis and sequencing

The methods and results of this subproject can be found in the publication Beil-Wagner et al.

2016 which is attached to this thesis.
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2 Material and Methods

2.1 Insilico analysis

The Immgen (Heng and Painter, 2008) analysis was performed by the microarray core facility
of the Institute of Medical Microbiology, Immunology and Hygiene, Technische Universitat
Minchen in 2011. The raw Immgen datasets (Painter et al., 2011) of the T cell stages DN2,
DN3, DP, DPbl, DPsm, 4SP24, 85P24, 4nve and 8nve were downloaded from NCBI’s GEO data
repository (GSE15907) (Edgar et al., 2002). The quality control box plot of the robust multi-
array average (lrizarry et al.,, 2003) normalized data showed that the datasets are
comparable and could be used without correcting for a batch-effect. Significantly expressed
genes were selected by using a cut-off false discovery rate of 0 calculated by the significance
analysis of microarrays (Tusher et al., 2001). The cluster analysis revealed a cluster of genes
showing an up-regulation in the DP stages and a downregulation in DN2, DN3, 4SP24, 8SP24,

4nve, and 8nve. From this cluster transcription factors were selected for further analysis.

2.2 Real-Time PCR

Real Time (RT)-PCR was performed using either total organ RNA or RNA from sorted
thymocytes or T cells (see 2.5.4). All organs were treated as described in 2.4.1. RNA was
isolated with peqGOLD Trifast (Peqlab) or RNeasy Micro/Mini Kit (Qiagen) according to
manufacturer's instructions. cDNA was transcribed with iScript cDNA Synthesis Kit (BioRad)
and SsoFast EvaGreen Supermix (BioRad) was used to perform RT-PCR on the CFX384 Touch
Real-Time PCR Detection System (BioRad) or QuantStudio 7 Flex Real-Time PCR System
(ThermoFisher Scientific). The primer pairs (Tab. 2) were all designed to be used at an
annealing temperature of 60°C and 45 cycles were performed. According to the MIQE
Guidelines (Bustin et al., 2009) the RT-PCR was performed with triplets in 3 different
experiments. Furthermore, 2 reference genes were used to calculate the AAC; and the fold

-AACT

change (2 ). The analysis was performed using Microsoft Excel and GraphPad Prism 6.
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Table 2 | RT-PCR primer and their sequences.

Oligo Name Sequence (5’-3’)
RT-CD4 for aga act ggt tcg gca tga ca
RT-CD4 rev aag gag aac tcc gct gac

RT-CD4Gtf2h4 fwd
RT-CD4Gtf2h4 rev
RT-CDS8 for
RT-CD8 rev
RT-Cnot6 for
RT-Cnot6 rev
RT-Cxxcl for
RT-Cxxc1 rev
RT-E2F2 for
RT-E2F2 rev
RT-E2F7 for
RT-E2F7 rev
RT-E2F8 for
RT-E2F8 rev
RT-Gtf2h4 for
RT-Gtf2h4 rev
RT-Gtf2ird1 for
RT-Gtf2ird1 rev
RT-Lztfl1 for
RT-Lztfl1 rev
RT-Nr1h2 for
RT-Nr1h2 rev
RT-Pou6f1 for
RT-Pou6bfl rev
RT-Tcf12 for
RT-Tcf12 rev
RT-Ywhaz for
RT-Ywhaz rev
RT-Zfp703 for
RT-Zfp703 rev

aga agc aga gtg aag gaa gg

cat tgt agg tgt gct cgg t

cgt gec agt cct tca gaa

tcc cct tea ctg age cac

gga gtt gca gta ctg cta gaactt cga a
tgc ata tga gca tta gcc acg aga ata
ggt tgt tgc acg ggg tcc ag

ccc cat tct cag act tge tgt cg

gag cag aca gtg att gcg gtc aag
tgg ggc ctt ggg tac tct tta gat aaa
ccg gag aga ccc tcc atc

gca tct tca atg gca aaa tct
tcagcccaaacaacagtgg

gca gac tgc tca gec tct aag

ctg ggg tgc tgg acc gat tgt a

cca gaa aga gca tcc tca tga ccc

tgc ctg age ccc atg tec ¢

ttc tgg atg aga ggcccageag

aac aag ttg ctg aat ttg aaa agg cag
tgt tta gga gct ctg tag ttc cac ctt ca
ctt gca gtt ggg ccg gga

acg tga tgc att ctg tct cgt ggt

tca gct gca act ccc atc cca

tcc cgt cct cat cca gacttg g

cca gta gtt atg gca gec t

cgg tgg aag ctg gac att

gtt act tgg ccg agg ttg ctg ct

ggt gtg tcg get gea tet et t

tcc aca ccc gte age cca att

ttg agc ttg gat gag ggc gg



2.3 Animal models

2.3.1 Vector cloning

2.3.1.1 Specific cloning material

Table 3 | Cloning enzyme list.

Enzyme Supplier
Aval NEB
Bbsl NEB
Notl NEB
Pstl NEB
Sall Promega
Xbal NEB

Table 4 | Cloning vector list.

Plasmid name

‘ Origin/Supplier
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pGEM-T Easy

CD4 Depe
px330

2.3.1.2 px330 (gRNA Gtf2h4) vector design and cloning

Promega
gift from Marc Schmidt-Supprian

gift from Feng Zhang (Addgene # 42230) (Cong et al., 2013)

The Crispr design tool at crispr.mit.edu was used to identify the protospacer specific for

Gtf2h4. The gRNA was cloned into the pX330-U6-Chimeric_BB-CBh-hSpCas9 (px330) (a gift

from Feng Zhang (Addgene plasmid # 42230)) (Cong et al., 2013) or px330 ccdB (see 2.3.1.3)

(Fig. 6) and the resulting clones were verified for correct cloning. Finally, the plasmids were

injected as circular plasmids into the pronucleus of fertilized oocytes.

2.3.1.3 px330 ccdB vector cloning

The CmR/ccdB cassette was amplified by PCR using primers suitable for Gibson cloning

(Gibson et al., 2009). The px330 vector was digested and gel-purified. The PCR amplified

CmR/ccdB cassette was then cloned into the px330 vector (Fig. 6). Finally, the colonies were

verified for correct cloning.
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Figure 6 | Schematic illustration of the constructed vector px330, px330 ccdB and
px330(gRNA Gtf2h4).

px330: U6 propmoter (green arrow), two Bbsl recognition sites, chimeric guide RNA
(solid red bar), chicken beta actin (CBh) promoter (yellow arrow), humanized (h)
Cas9 flanked by two NLS (nuclear localization sequence) (grey rectangle), pA (poly
A), AmpR (ampicillin resistance); px330 ccdB: px330 + chloramphenicol resistance
and cytotoxic protein ccdB (CmR/ccdB, blue box); px330(gRNA Gtf2h4): px330 + 20
bp protospacer specific for exon 2 of Gtf2h4 (solid green bar).

2.3.1.4 CDA4Gtf2h4 vector cloning
Total thymic wildtype C57BI/6JOla RNA was transcribed into cDNA and the cDNA of Gtf2h4

was amplified using primers, which contain the Kozak sequence (Kozak, 1984) and two
additional Sall digestion sites, one at each end. The PCR product was cloned into the pGEM-T
Easy vector and verified by sequencing. The cDNA was then amplified from the pGEM-T Easy
Gtf2h4 with primers suitable for Gibson cloning to clone the Gf2h4 PCR product into the CD4
Depe vector (gift from Marc Schmidt-Supprian). This vector consists of the CD4 promoter,
the distal and the proximal enhancer, exon 1 and parts of exon 2 but lacking the intronic
silencer (Sawada et al., 1994). After amplification, the appropriate band was gel-purified and
cloned into the digested CD4 Depe vector (Fig. 7). The CD4Gtf2h4 plasmids were isolated
from the colonies and verified by restriction digest and sequencing. To perform the

pronuclear injection (PNI) the CD4Gtf2h4 vector had to be linearized.
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CDA4Gtf2h4

ATG
Dist. Enhancer [Prox. Enhancer| CD4 Promoter [E1|HE2]|
'| AmpR '|

Figure 7 | Schematic illustration of the CD4Gtf2h4 vector.

The vector contains the distal and the proximal enhancer, the CD4 promoter (red),
exon 1 (E1), parts of exon 2 (E2) and Gtf2h4 (yellow). AmpR (ampicillin resistance),
pA (poly A), ATG = start codon

2.3.2 Transformation of competent cells

DNA was added to chemically competent DH5a or Top10 E. coli cells. The cells were then
incubated on ice for 15 min followed by a 90 sec heat shock at 42°C and subsequent
incubation on ice for 90 sec. Afterwards, 300 ul LB medium (lysogeny broth (Bertani, 1951))
were added to the cells and incubated on a shaker at 37°C for 1 h. The cells were pelleted by
centrifugation at 300 g for 3 min and 200 pl supernatant were discarded. The remaining 100
pul were resuspended and plated on LB agar plates containing the appropriate selection

antibiotics and incubated overnight at 37°C.

2.3.3 Plasmid preparations

For plasmid preparations 5 ml (mini) or 200 ml (midi) of LB medium containing the selecting
antibiotic was inoculated with one clone or approx. 100 ul of a pre-culture. The plasmid
purification was performed with the PureYield™ Plasmid Mini/Midiprep System (Promega)

according to the manufacturer's instructions.

2.3.4 Restriction digest
Restriction digests were performed with 1 unit of enzyme per 1 pg of DNA in the
corresponding buffer and a total volume of 20-100 ul. The digestion was performed at

required temperature for 1 h — overnight, depending on the amount of DNA.
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2.3.5 Agarose gel electrophoresis

The size of the DNA fragments was analyzed by agarose gel electrophoresis. Agarose was
dissolved in 1x TAE buffer (40 mM Tris acetate, 0.05 M EDTA, pH 8.2-8.4) by heating in a
microwave. 0.01 % GelRed (Biotium) or Roti-Safe (CarlRoth) were added. Were necessary 6x
DNA loading buffer (Promega, Fermentas) was added to samples prior the loading. Gels
were run for 1-2 hours at 60-100 mV. Gel images were taken with the Eagle Eye imaging
system (BioRad) using the Quantity One Software (Version 4.6.1) or EXview CCD camera

(Intas) and Intas GelDoc. 1kb ladder (Promega, Fermentas) was used as a size marker.

2.3.6 Pronuclear injection

The pronuclear injection (PNI) was performed by the transgenic core facility of the Institute
of Medical Microbiology, Immunology and Hygiene, Technische Universitdt Miinchen. After
superovulation of FVB/N mice with PMSG (51U, i.p.) at 01:00 pm and HCG (5IU, i.p.) 47 h
later the animals were mated. Next day the oviducts were dissected and zygotes were
removed. For the generation of transgenic mice 1-2 pg/ml of the appropriate linearized
plasmid were injected into the pronucleus of the fertilized oocytes. To obtain knockout (KO)
mice with the CRISPR/Cas9 technique 5 ng/ul of each circular plasmid were injected into the
pronucleus. The plasmids were purified with Qiaex Il Gel Extraction Kit (Qiagen) or
precipitated with ethanol before use and diluted in injection buffer (0.5 M EDTA, 1M HCL,

1M Tris-HCL) for injection. Afterwards, the founders were screened by PCR.

2.3.7 Mouse maintenance

Animals were housed in a barrier-SPF or S1 level animal facilities at the Institute of Medical
Microbiology, Immunology and Hygiene, Technische Universitat Miinchen and the Institute
for Laboratory Animal Sciences, University of Zurich according to German and Swiss Animal
Protection laws. Animal experiments were performed under the license number 55.2-1-54-

2532-2-12 (Germany) and ZH141/15 (Switzerland).
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2.3.8 Genotyping

For genotyping tail biopsies or toes were lysed in 200 ul DirectPCR Lysis Reagent Tail
(Peqlab) substituted with 0.2 — 0.4 mg/ml proteinase K. The following tables show the
primer sequences (Tab. 5), the components of the PCR mix (Tab. 6) and the expected PCR
product sizes (Tab. 7) for all genotyping protocols. The PCRs were performed on the C1000
Touch and S1000 Thermal Cycler (BioRad).

Table 5 | Genotyping primer list with corresponding sequences and applied PCR mixes.

Oligo Name Sequence (5’-3’) Mix
CD4-cre fwd CCCaaccaacaagagctcaagg B
CD4-cre rev CCc aga aat gcc aga ttacg B
E2F7 fwd cag tac ttt tgg gac aga gg A
E2F7 rev gtg ttt aca gct gtg caa gg A
E2F8 fwd aat tgg tga gcc cca ggt cc A
E2F8 rev gca gga aag gag gct agc ag A
Ick-cre fwd cct cct gtg aac ttg gtgcttgag B
Ick-cre rev tgc atc gac cgg taa tgc ag B

Table 6 | PCR mix A and B and the corresponding master mix components.

Mix A (in pl)  Mix B (in pl)

GoTaq®Green Master Mix (Promega) 12.5 12.5
Primer fwd (10 mM) 0.25 0.5
Primer rev (10 mM) 0.25 0.5
H,O 119 10.5
Template DNA 0.1 1

Table 7 | Expected PCR product sizes of WT and KO or TG and the corresponding PCR primer name.

PCR Primer fwd Primer rev Product size WT Product size KO/TG
E2F7 E2F7 fwd E2F7 rev 318 bp 362 bp
E2F8 E2F8 fwd E2F8 rev 189 bp 226 bp
Lck-cre Ick-cre fwd Ick-cre rev - 170 bp

CD4-cre CD4-cre fwd CD4-cre rev - 600 bp
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2.3.8.1 Lck-cre/CDA4-cre E2F7"" and E2F8™/*
To perform the genotyping of the Lck-cre/CD4-cre E2F7"" and E2F8"" mouse strain four

different PCR had to be performed (see primer sequences, master mixes and band sizes

above). The following tables show the applied temperature protocols.

Table 8 | Temperature protocol of the genotyping PCR Lck-cre.

Lck-cre

Step  Temp.(°C) Time (mm:ss)

1 94 04:00

2 94 00:30

3 57 00:40

4 72 00:40
2-4 35 cycles

5 72 10:00

6 12 oo

Table 9 | Temperature protocol of the genotyping PCR CD4-cre.

CDA4-cre

Step  Temp. (°C) Time (mm:ss)

1 95 03:00

2 94 00:45

3 62 00:45

4 72 01:00
2-4 35 cycles

5 72 05:00

6 12 oo
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Table 10 | Temperature protocol of the genotyping PCR E2F7.

E2F7

Step Temp. (°C) Time (mm:ss)

1 95 04:00

2 95 00:30

3 56.5 00:30

4 72 00:30
2-4 35 cycles

5 72 07:00

6 12 oo

Table 11 | Temperature protocol of the genotyping PCR E2F8.

E2F8

Step Temp. (°C) Time (mm:ss)

1 95 04:00

2 95 00:20

3 56.4 00:30

4 72 00:30
2-4 35 cycles

5 72 07:00

6 12 oo

2.4 Lymphocyte isolation

2.4.1 Lymphocyte isolation from lymphatic organs
Spleen, lymph nodes (LN) and thymi were removed from dead mice and transferred into ice-

cold 1x PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPQO,4, 2 mM KH,P0Q,4). The organ was
crushed with the plunger of a syringe and filtered through a 70 um cell strainer (Falcon). This
was followed by a centrifugation step for 5 min at 300 g. Afterwards, the supernatant was
discarded. In case of the spleen, the erythrocytes of the pellet were lysed with 1 ml 1x RBC
lysis solution (4.15 g NH4Cl, 0.55 g KHCO3, 0.185 g EDTA filled up to 500 ml H,0, pH 7.4) per
spleen for 3 min at room temperature. Subsequently, the tube was filled up with PBS,
filtered again through a 70 um cell strainer and centrifuged with the same conditions as
described above. Finally, the pellet was resuspended in PBS or FACS buffer (PBS with 2% FCS

and 0.01% NaN3), depending on the following application.
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2.4.2 Cell counting

Cell counting was conducted with either a Neubauer counting chamber or the Cellometer
Auto1000 (Nexcelom Bioscience). For the former, 90 ul of the cell suspension were mixed
with 10 pl trypan blue. Approximately 10 pl of the solution was pipetted under the coverslip
of the counting chamber and the viable cells of four big quadrants or at least 100 cells were
counted. The total cell number was calculated according to following formula: (counted cell
number/numbers of big quadrant) x dilution factor x 1074 = numbers of cells in ml. The
automatic cell counting is performed with 20 pl cell solution (1 in 2 in trypan blue) loaded

into the Cellometer Disposable Chambers (Nexcelom Bioscience).

2.5 Flow cytometry

2.5.1 Antibody surface staining

The pelleted cells were resuspended in 20-30 pl of the respective antibody (Tab. 12) diluted
in FACS buffer and incubated for at least 20 min at 4°C in the dark. Incubation was followed
by a washing step with PBS and subsequently the cells were centrifuged for 5 min at 300 g
and 4°C. The supernatant was discarded and the cells were resuspended in FACS buffer. The
measurement was carried out on a CANTO Il (BD Biosciences) or LSR Fortessa (BD
Biosciences) flow cytometer using the FACSDiva (BD Biosciences) software. Live/Dead
discrimination was performed by propidium iodide (Pl) or Live Dead Fixable Aqua Dead Cell
Stain Kit (Life Technologies). For the analysis FlowJo 9.4 and 10.0.8 software (TreeStar) were

used.
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Table 12 | Flow cytometric staining antibodies, their color, clone and corresponding supplier.

Marker Color Clone Supplier
B220 APC/Cy7 RA3-6B2 BioLegend
CD11b PB M1/70 BioLegend
CD11b PB M1/70 BioLegend
CD11c PE/Cy7 N418 BioLegend
CD19 BP 6D5 BiolLegend
CD19 FITC 6D5 BiolLegend
CD19 APC/Cy7 6D5 BioLegend
CD21 APC 7E9 BiolLegend
CD23 FITC B3B4 BiolLegend
CD24 PB M1/69 BioLegend
CD25 APC/Cy7 PC61 BioLegend
CD25 PerCP PC61 BiolLegend
CD4 PE/Cy7 GK1.5 BioLegend
Cb4 PerCP GK1.5 BiolLegend
Cb4 PB GK1.5 BiolLegend
CD4 APC/Cy7 GK1.5 BD Biosciences
CD4 APC GK1.5 BioLegend
CD44 FITC IM7 BioLegend
CD62L APC/Cy7 MEL-14 BioLegend
CD69 PE/Cy7 H1.2F3 BioLegend
CD69 FITC H1.2F3 BioLegend
CD8 PerCP 53-6.7 BiolLegend
CD8 PE/Cy7 53-6.7 BioLegend
CD8 APC 53-6.7 BiolLegend
CD8 PE 53-6.7 BD Biosciences
Foxp3 Alexa Fluor 488 MF-14 BiolLegend
IgM PE RMM-1 BiolLegend
Nk1.1 PE/Cy7 PKI36 BioLegend
TCRB APC/Cy7 H57-597 BioLegend
TCRB PE H57-597 BioLegend
TCRyb PerCP GL3 eBioscience
TCRy6 PE/Cy7 GL3 BioLegend
TCRy& FITC UC7-13D5 Biolegend
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2.5.2 Intracellular antibody staining
After the antibody surface staining the intracellular Foxp3 antibody staining was performed
using Foxp3/Transcription Factor Staining Buffer Set (eBioscience) according to

manufacturer's instructions.

2.5.3 Cell cycle analysis

The isolated cells were resuspended thoroughly in 0.5 ml PBS, added to 4.5 ml of 70 % EtOH
in 15 ml Falcon tubes and placed on a rotation table overnight at 4°C in the dark. Afterwards,
the cells were centrifuged for 5 min at 1000 g, the ethanol was decanted completely and the
cells were resuspended in 5 ml PBS. After 1 h incubation at room temperature the cells were
centrifuged for 5 min at 1000 g again and the supernatant was discarded. The pellet was
resuspended in 1 ml Pl staining solution (100 ml PBS containing 0,1% Triton X-100, 20 mg
DNAse-free RNAse A and 2 mg PI) and the cells were incubated for 2 h at room temperature
on a rotation table before acquisition. The measurement of Pl had to be performed in linear
acquisition of the PE-channel. The measurement was carried out on the Calibur or CANTO Il
(BD Biosciences) flow cytometer using CellQuest Pro or FACSDiva (BD Biosciences) software.

For the analysis FlowJo 9.4 and 10.0.8 software (TreeStar) were used.

2.5.4 Cell sorting

For cell sorting, total thymus or spleen of three to five wildtype (WT) C57BI/6JOla mice
between six to nine weeks old were pooled and antibody-stained with different cocktails
containing anti-CD44 FITC, anti-CD69 FITC, anti-TCRB PE, anti-CD8 PerCP, anti-CD25 PE-Cy7,
anti-CD4 APC or anit-CD24 PB (all BioLegend). Pl was used to exclude dead cells. The
following table shows which population of which organ was sorted using MoFlo Cell Sorter

(Beckman Coulter).
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Table 13 | Sorting strategy of twenty thymocyte maturation stages in thymus and spleen and the
corresponding surface marker.

CD25 CD44 CD4 CD8 TCRB CD24

Thymus
DN1 - + - - - hi
DN2 + + - - - hi
DN3 + low - - - hi
DN4 - - - - - hi
CD25 CD69 CD4 CD8 TCRP CD24
DP1 - - + + - hi
DP1 CD 69+ - + + + - hi
DP2 - - + + hi
DP2 CD 69+ - + + + + hi
SP immature CD4 - - + hi
SP immature CD4 CD 69+ - + + - + hi
SP immature CD8 - - - + + hi
SP immature CD8 CD 69+ - + - + + hi
SP mature CD 4 - - + - + lo
SP matureCD4 CD 69+ - + + - + lo
SP mature CD 8 - - - + + lo
SP mature CD 8 CD 69+ - + - + + lo
Spleen
CD4 - - + - +
CD4 CD 69+ - + + - +
CD8 - - - + +
CD8 CD 69+ - + - +

2.6 Histology

The immunohistochemistry was performed by the group of Prof. Mathias Heikenwalder,
Institute of Virology, Technische Universitat Minchen. The formalin-fixed paraffin-
embedded (FFPE) thymi, spleens and lymph nodes were cut in sections of 4 um,
deparaffinized in xylene and hydrated in a descending grade of alcohol. The anti-CD3 (Clone
SP7, ThermoFisher Scientific) staining was performed with Bond Primary antibody diluent
(Leica) and the automatic BOND-MAX stainer (Leica) using BOND polymer refine detection

solution for DAB (Leica). The staining for hematoxylin and eosin (H&E) were performed after
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Harris. The data was analyzed using Imagel (Schneider et al., 2012). The total and stained
areas were calculated by adjusting the color threshold in a way that the appropriate area
was marked. This area was then measured and the ratio (stained to total area) was
calculated. In addition, the width and height of the T cell-rich areas were measured.
Therefore, the following steps had to be performed: 1. Converting the picture into an 8-bit
picture 2. Measuring the scale bar of the histology picture in pixel and set the scale to one
millimeter 3. Adjusting the color threshold to the T cell-rich areas 4. Analyzing the particles
with a set threshold bigger than 100 pixels (to exclude false positive areas) 5. Measuring the
width and height and combining data points. The final analysis was performed using

Microsoft Excel and Graphpad Prism 6 (GraphPad Software).

2.7 Statistical data analysis

Statistical analyses were performed when n>5 using unpaired students t test of Graphpad Prims 6

(GraphPad Software).

2.8 Software

FlowJo 9.4 was used on Macintosh. All other data analysis and processing was performed on

Windows computers using the following software.

Table 14 | Data analysis and processing software as well as the corresponding supplier.

Software Supplier

BD FACSDiva BD

BioRad CFX Manager 3.1 BioRad

CELLQuest Pro BD

CLC Main Workbench 7.6 Qiagen

FlowJo 9.4 and 10 TreeStar

Graphpad Prism 6 GraphPad Software
Imagel) 1.51a open source, NIH

Microsoft Office 2010 +2013 Microsoft
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3 Results

3.1 Immgen database analysis — 26 potential candidates

To examine the role of one or several transcription factors (TFs) that are responsible to set
the molecular machinery towards connecting the TCR signaling with the apoptotic process
during thymocyte development we hypothesized that this TF is highly expressed in the DP
stages compared to DN and SP stages. Therefore, we screened the Immgen database and
selected significantly expressed genes by using a cut-off false discovery rate of 0 calculated
by the significance analysis of microarrays (Tusher et al., 2001). This cluster analysis revealed
in one cluster of genes showing an up-regulation in the DP stages and a down-regulation in
DN2, DN3, 4SP24, 85P24, 4nve, and 8nve. This gene cluster contained 3325 genes with 26
TFs (Tab. 15) that were selected. The expression profiles of those TFs were re-checked on
the heatmap (Fig. 8). Some factors did not show the expected profile of a higher expression
(red) in DP, DPbl and DPsm compared to a low expression (green) of the other stages and
were not selected. In summary, this analysis confirmed nine TFs according to our hypothesis

(red marked, Fig. 8) which were subsequently verified by RT-PCR.
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Table 15 | List of transcription factors included in the selected Immgen cluster of total 3325 genes.

Transcription Factors

MM AT-hook transcription factor (Akna)

MM CCR4-NOT transcription complex, subunit 6 (Cnot6)

MM E2F transcription factor 1 (E2f1)

MM E2F transcription factor 2 (E2f2)

MM E2F transcription factor 3 (E2f3)

MM E2F transcription factor 6 (E2f6), transcript variant 1

MM E2F transcription factor 7 (E2f7)

MM E2F transcription factor 8 (E2f8)

MM general transcription factor Il H, polypeptide 4 (Gtf2h4)

MM general transcription factor Il | repeat domain-containing 1 (Gtf2ird1), transcript variant 2
MM leucine zipper transcription factor-like 1 (Lztfl1)

MM metal response element binding transcription factor 2 (Mtf2)
MM POU domain, class 6, transcription factor 1 (Pou6f1)

MM runt related transcription factor 1 (Runx1), transcript variant 3
MM runt related transcription factor 3 (Runx3)

MM signal transducer and activator of transcription 1 (Statl)

MM signal transducer and activator of transcription 4 (Stat4)

MM transcription elongation factor B (Slll), polypeptide 1 (Tcebl)
MM transcription factor 12 (Tcf12)

MM transcription factor 19 (Tcf19), transcript variant 1

MM transcription factor 4 (Tcf4), transcript variant 1

MM transcription factor AP4 (Tcfap4)

MM transcription factor Dp 1 (Tfdp1)

MM transcription factor Dp 2 (Tfdp2)

MM transcription termination factor, RNA polymerase Il (Ttf2)
MM transcriptional adaptor 2A (Tada2a)
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Figure 8 | Heatmap of 26 transcription factors in nine different T cell developmental stages.
The expression of 26 different transcription factor were compared using Immgen database
regarding nine different stages of T cell development (DN2, DN3, DP, DPbl, DPsm, CD4SP,
CD8SP, CD4nve and CD8nve). The red marked transcription factors were used for further
analysis.

3.2 RT-PCR -The mRNA expression of eleven selected candidates

The cluster analysis resulted in nine potential candidates for our hypothesis, i.e. a TF
important for negative selection should be upregulated in the DP stages compared to DN
and SP stages. To verify the expression profile of these nine candidate TFs (Cnot6, Pou6f1,
Gtf2h4, Lztfl1, Gtf2ird1, E2F2, E2F7, E2F8 and Tcf12) the mRNA expression where measured
by RT-PCR in 20 sorted stages of T cell development (for sorting strategy see 2.5.4). More
specifically, this included four DN stages, four DP stages and eight SP stages in the thymus as
well as four splenic stages. Furthermore, preliminary data of our group showed two
additional interesting potential candidates, Nr1h2 and Zfp703, which were included into the
analysis.

In the interest of correct sorting the mRNA level of CD4 and CD8 were also measured. CD4
and CD8 were already slightly expressed in the DN4 stage and had an expression peak at the
DP stage (Fig. 9). In addition, CD4 was contrary expressed to CD8 at the SP CD4" stages (Fig.
9A). CD8, however, was expressed at the SP CD8" stages (Fig. 9B), indicating a correct sorting

in terms of the major thymocyte subclasses.



46

Results

The expression of Cnot6 was very constant in all stages (Fig. 10A), and thus Cnot6 was not
included into the further analysis. E2F2 and E2F7, however, showed a peak in stage DP1 (Fig.
10B and 10C). The expression of E2F7 reduced drastically after DP1, yet in further maturated
stages E2F2 was still slightly expressed. Nevertheless, this classified both TFs as candidates
supporting the hypothesis. E2F8 was expressed in all stages and did not show an expression
peak (Fig. 11A). The expression of Gtf2h4 increased continuously until stage DP1 CD69" and
decreased drastically afterwards. Though, Gtf2h4 was weakly expressed in the mature SP
stages (Fig. 11B). Although, the expression profile of Gtf2h4 did not fit exactly the criteria
associated with the hypothesis, it still might be an interesting candidate because of the
decimation of its expression after the DP stages. The expression of Gtf2ird1 started in DN1
and showed a peak during stage DP2 but it was also expressed in the immature SP stages of
the thymus as well as splenic SP stages (Fig. 11C) assuming another role than having
influence on negative selection. Moreover, Lztfl1 showed a continuous increasing expression
until stage DP2 CD69" and decreased continuously afterwards (Fig. 12A), showing the perfect
hypothesized expression profile, yet slightly shifted towards the further maturated DP cells.
In contrast, Nr1h2 did not show any expression during the DP stages and its expression
started only in mature thymic stages. In addition, it was expressed in the splenic SP stages
(Fig. 12B), suggesting a different function and excluding it for further analysis. The
expression of Pou6fl started in DN1 and had a peak in DP1 CD69". Afterwards the
expression was decreased in immature stages but increased in mature stages again (Fig.
12C). Like Gtf2h4, Poubfl did not exactly demonstrate the proposed expression profile, but
it still might be an interesting TF. The expression of Tcf12 started in DN1 and had a peak in
the stages from DN3 until DP1. Afterwards the expression was decreasing and almost lacking
from the SP stages onwards (Fig. 13A), indicating a well matching expression profile. Finally,
Zfp703 was expressed in most stages except for SP immature CD8 CD69" as well as the
mature SP stages in the thymus (Fig. 13B), which led to the exclusion for further analysis.

In summary, the mRNA expression profile of Tcfl2, E2F2, E2F7 and Ltzfll matched our
hypothesis. Nevertheless, because Pou6fl and Gtf2h4 were extremely downregulated after
the DP stages they were still interesting candidates. A closer look into the literature led to
the selection of E2F7, E2F8 and Gtf2h4 for further detailed analysis regarding their role in T

cell development and negative selection.
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T cell development.
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Figure 10 | mRNA expression profile of Cnot6, E2F2 and E2F7 in 20 different
stages of T cell development.

Shown are the single values and means of the calculated fold change of
three independent sorts per stage, normalized to two reference genes
(Ywhaz and Cxxc1) and stage DP2, of Cnot6 (A), E2F2 (B) and E2F7 (C).
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Figure 11 | mRNA expression profile of E2F8, Gtf2h4 and Gtf2irdl in 20
different stages of T cell development.

Shown are the single values and means of the calculated fold change of
three independent sorts per stage, normalized to two reference genes
(Ywhaz and Cxxc1) and stage DP2, of E2F8 (A), Gtf2h4 (B) and Gtf2ird1 (C).
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Figure 12 | mRNA expression profile of Lztfll, Nrlh2 and Pou6fl in 20
different stages of T cell development.

Shown are the single values and means of the calculated fold change of
three independent sorts per stage, normalized to two reference genes
(Ywhaz and Cxxc1) and stage DP2, of Lztfl1 (A), Nr1h2 (B) and Pou6fl (C).
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Figure 13 | mRNA expression profile of Tcf12 and Zfp703 in 20 different
stages of T cell development.

Shown are the single values and means of the calculated fold change of
three independent sorts per stage, normalized to two reference genes
(Ywhaz and Cxxc1) and stage DP2, of Tcf12 (A) and Zfp703 (B).

3.3 Thymocyte-specific E2F7 and E2F8 deficiencies do not lead to altered T

cell development or cell cycle
To investigate the influence of E2F7 and E2F8 in T cell development and negative selection
E2F7"" and E2F8"" mice (Li et al., 2008) were crossed with Lck-cre and CD4-cre mice (Lee et
al., 2001; Zhang et al., 2005) to achieve thymocyte-specific KO mice beginning at stage DN3
(Lck-cre) and DP (CD4-cre). Different thymocyte, T cell as well as B cell population of thymus
(Fig. 14A+B) and spleen (Fig. 14C-E) were analyzed by flow cytometry. If not otherwise
stated, all cell populations are pre-gated on lymphocytes, single cells and live cells (Fig. 14A).

Preliminary data showed no differences between the different genotypes of all control mice.
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Therefore, the control mice could have one of the following genotypes: E2F7"" E2F8"1 Lck-
cre/CD4-cre E2F7"" E2F8™*, Lck-cre/CD4-cre E2F7"" E2F8"*, Lck-cre/CD4-cre E2F7*
E2F8"" Lck-cre/CD4-cre E2F7** E2F8™" Lck-cre/CD4-cre E2F7™* E2F8™).

The analysis of the Lck-cre E2F7"" E2F8" mice was performed with one KO (Lck-cre E2F7"f
E2F8ﬂ/ﬂ) mouse and three control mice, except for CD4" and CD8" cells of the spleen were
two KO mice and six control mice were investigated. In the thymus DN, SP CD4", SP CD8" and
DP as well as all four DN stages (DN1-4) did not show any difference in the KO mouse
compared to the control mice. The same was true for the different cell populations of the
spleen. No differences in the relative cell number of CD4", CD8", TCRB", CD19", TCRy&", Treg
as well as Tem, Tcm, and TNaive cells of CD4" and CD8" pre-gated T cells could be detected
(Fig. 15).

The analysis of the thymus of CD4-cre E2F7"" E2F8" mice was performed on nine KO and
nine control mice. Equally to the analysis of Lck-cre E2F7"" E2F8" o differences between
the relative cell number of KO and control mice could be found. For the analysis of the
spleen three to five KO and six to eleven control mice were used. Additionally to the cell
subsets analyzed for the Lck-cre strain, CD4* CD69* and CD8* CD69" cells were investigated.
However, none of the cell subsets showed any differences in the relative cell number of KO
and control mice (Fig. 16).

Furthermore, by the use of propidium iodide the three different phases of the cell cycle,
which can be distinguished into Go/Gy, S and G,/M phase, were analyzed by flow cytometry.
The thymi of two KO mice and six control mice were compared regarding their cell cycle
phases but no difference could be observed in both Lck-cre E2F7"" E2F8"™ and CD4-cre
E2F7"" E2F8" mice compared to the controls (Fig. 17). In summary, conditional E2F7 and

E2F8 double deficiency in thymocytes does not influence the T cell development.
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Figure 14 | Gating strategy of the analyzed cell populations.

One representative sample of thymus and spleen are shown. (A) lymphocyte,
singlet and live/dead gating (from left to right) of one thymus sample. (B) CD4 CD8
(DN), CD4" CD8" (DP) as well as CD4" CD8 and CD8" CD4 (left), CD24™ TCRP (pre-
gated on DN) (middle), CD44" CD25 (DN1), CD44" CD25" (DN2), CD44 CD25" (DN3)
and CD44 CD25 (DN4) (all pre-gated on DN and cD24" TCRB') (right) of one
thymus sample. (C) CD4" and CD8" (left), TCRR" and TCRy&" (middle) as well as
CD19" (right) of one spleen sample. (D) CD4" and CD8" (left) as well as CD44" CD62L
(Tem), CD44" CD62L" (Tcm) and CD44” CD62L" (TNaive) on CD4" (middle) and CD8"
(right) pre-gated cells, shown on one spleen sample. (E) Foxp3" CD25" cells of TCRB"
and CD4" pre-gated cells of one spleen sample. All populations are pre-gated on
lymphocytes, singlets and live cells (except for A).
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Figure 15 | Relative cell numbers of different cell populations of T cell development of Lck-cre g2F7""

£2F8"™ and control mice.

Shown are the relative cell numbers of different cell populations (top) DN, CD4", CD8" and DP as well as
DN1, DN2, DN3 and DN4 in the thymus of one experiment with Lck-cre E2F7"" g2rg"M (E2F7/8 fl/fl)
(n=1) and control mice (n=3). (middle) CD4", CD8", TCRB", CD19", TCRyS" and Treg cells in the spleen of
one to two independent experiments with Lck-cre E2F7"" g2Fg"" (E2F7/8 fI/fl) (n=1) and control mice
(n=3). (bottom) Tem, Tcm and TNaive on CD4" (left) and CD8" (right) pre-gated cells in the spleen of one
experiment with Lck-cre E2F7"" E2Fg™" (E2F7/8 fl/fl) (n=1) and control mice (n=3). Bars indicate the
mean of each group.
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Figure 16 | Relative cell numbers of different cell populations of T cell development of CD4-cre g2r7""

£2F8"™ and control mice.

Shown are the relative cell numbers of different cell populations (top) DN, CD4", CD8" and DP as well as
DN1, DN2, DN3 and DN4 in the thymus of four independent experiments with CD4-cre E2F7"" g2Fg""
(E2F7/8 fl/fl) (n=9) and control mice (n=9). (middle) CD4", CD8*, TCRB* CD19", TCRyS" Treg cells in the
spleen of two to four independent experiments with CD4-cre £2F7"" 2Fg"" (E2F7/8 fI/fl) (n=3-5) and
control mice (n=6-11). (bottom) Tem, Tcm and TNaive on CD4" (left) and CD8" (right) pre-gated cells in
the spleen of three independent experiments with CD4-cre E2F7"" £2Fg"" (E2F7/8 fl/fl) (n=3) and
control mice (n=8). Bars indicate the mean of each group.
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Figure 17 | Relative cell numbers of different stages during the cell cycle of Lck-cre E2F7"/"

£2F8"" and cD4-cre E2F7"" E2F8"" as well as control mice.

The relative cell numbers and the corresponding mean of Gy/G,, S and G,/M stages of the cell
cycle analysis of two independent experiments of Lck-cre E2F7"" g2Fg"/® (left) (n=2) and CD4-cre
E2F7"" E2r8"" (right) (n=2) as well as control mice (n=6 each).

3.4 Generation of Gtf2h4 deficient mice with CRISPR/Cas9

3.4.1 Insilico design for px330(gRNA Gtf2h4)

The KO mouse strain of Gtf2h4 was generated by use of the CRISPR/Cas9 system from S.
pyogenes. The protospacer was designed using Crispr design tool at crispr.mit.edu. Exon 2 of
Gtf2h4 was selected for targeting to ideally target all of the different transcripts. Gtf2h4 has
twelve splice variants of which five are protein-coding. The following sequence was used for
the in silico analysis:

5°-gtg atg gag atc acc ccg gcg agg ggt gga ctg aac cga gca cac cta caa tgc agg aat ctc cag gag

ttc tta gga ggc ctg agc cct ggg gtg ctg gac cga ttg tat ggg cac cct gec act tgt ctg get gte ttc ag-3°

27 gRNAs with scores from 95-40 were suggested by the program. The score is calculated
with an assumption of 100% on target affinity subtracted by the number and affinity to off-
targets. Only gRNAs with a score above 50 are recommended to be considered by
crispr.mit.edu (Hsu et al., 2013). Two gRNAs were chosen to target exon 2 of Gtf2h4, namely
gRNA Gtf2h4 fwd (5°-ggg gtg ctg gac cga ttg ta-3°) with a score of 91 and gRNA Gtf2h4 rev
(5°-ggt cca gca ccc cag ggc tc-37) with a score of 51. The gRNAs were named after the forward
and reverse strand that they target. Those two gRNAs were chosen because of the score
above 50 and the 5-GG-N13-NGG-3" sequence which was suggested at the time when the

mice were generated (Gagnon et al., 2014).
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3.4.2 Cloning of the px330(gRNA Gtf2h4 fwd/rev) vector

After the protospacer identification for Gtf2h4 the cloning into the px330 vector was
performed according to the protocol provided by the Zhang Lab (Cong et al., 2013) with
some adaptations. 1 pl of each specific oligonucleotide (100 uM each) was mixed with 1 pl
10x T4 PNK Buffer (NEB) and 7 ul H,0 and annealed with following temperature protocol: 30
minutes at 37°C followed by 95°C ramped down to 25°C at -1.5 °C/min. Afterwards, the
annealed oligonucleotides were diluted 1:250 in nuclease free water. Subsequently, the
digestion ligation reaction was set up as followed: 4 pl px330 (25 ng/ul), 2 pl annealed
oligonucleotides (1:250 dilution), 2 pl 10x NEB 2.1 Buffer, 1 pl DTT (500 mM) (Fermentas), 1
pl ATP (10 mM) (Fermentas), Bbsl 1 pl (NEB), 0.5 ul T7 ligase (NEB), 8.5 ul H,0. The reaction
was incubated in the C1000 Touch or S1000 Thermal Cycler (BioRad) using following
program: 10 min at 37°C followed by 5 min at 23°C; both steps were repeated for 6 cycles.
Finally, 2 pl of the digestion ligation product were used for transformation of E. coli DH5a
cells. To verify the colonies for correct cloning, a colony screening PCR with subsequent
restriction digest was designed and established. The PCR was performed using Tag PCR
Master Mix (Qiagen) and the px330 screen fwd (5°-ggc cta ttt ccc atg att-3") and rev (5-ata
caa aat tgg ggg tgg-3°) primer pair. 3 ul of this cell lysate (one picked colony mixed in 50 ul
H,0) was added to the PCR mixture, which contained 12.5 pl Tag PCR Master Mix (Qiagen), 1
ul of each primer (10 uM) and 8.5 ul H,0. The following temperature protocol was used: 1.
initial denaturation: 95°C for 3 min, 2. denaturation 95°C for 30 sec, 3. annealing 58°C for 30
sec, 4. elongation 72°C for 50 sec (2-4: 35 cycles), 5. final elongation 72°C 5 min. After PCR
amplification 15 ul of the amplified mix were digested by adding 0.2 pl Avall (NEB) and 4.8 pl
H,0 and incubated at 37°C for 1 h. Finally, the digestion products were analyzed on a 1%
agarose gel. This protocol was used to construct px330 (gRNAGtf2h4 fwd) that results in a
PCR band of 793 bp, subsequently digested into a 255 bp and 538 bp product (Fig. 18). Only
digested PCR products resulted from the correct cloning. The cloning of px330(gRNA Gtf2h4
rev) was performed with px330 ccdB (see 3.4.3) without necessity of verification. Both

circular plasmids were injected in parallel into fertilized oocytes.
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Figure 18 | Clone verification of px330(gRNA Gtf2h4 fwd).

Agarose gel picture of the colony PCR with the px330 screen fwd and rev
primer pair after the digestion with Avall. Lane 1 shows an undigested PCR
product of 793 bp. Lane 2-5 show the digested PCR products with two
bands, one with 255 bp and the other with 538 bp. 1kb ladder, assigned in
bp (right end)

3.4.3 Increasing the cloning efficiency of the px330 vector

The cloning strategy with the px330 vector provided by Cong et al. (Cong et al., 2013) with
some adaptions worked quite efficiently (Fig. 19). Nevertheless, to ensure the right cloning,
colonies should be verified. To simplify this, the chloramphenicol (CmR)/ccdB cassette was
amplified by PCR from an available Gateway destination vector in our plasmid stock using
following primer Gibson CmR/ccdB fwd (5°- tgt gga aag gac gaa aca ccg ggt ctt ccg gcc gea tta
ggc acc cca g-37) and rev (5°- gct att tct age tct aaa aca ggt ctt cgt cga cct gca gac tgg ctg t-37).
An overhang of 20 bp to each primer was added to perform Gibson Assembly Cloning.
Additionally, restriction sites for Bbsl were added on both sites with the intention of using
the same established cloning protocol as in 3.4.2. The PCR was performed using Herculase Il
Fusion Enzyme with dNTPs Combo (Agilent). The px330 was digested with Bbsl and gel-
purified with QIAEX Il Gel Extraction Kit (Qiagen). The PCR amplified CmR/ccdB cassette was
then cloned into the vector between of the U6 promoter and the chimeric guide RNA using
the Gibson assembly cloning kit (NEB) according to manufacturer's instructions. The ccdB
resistant strain E. coli ccdB Survival™ 2 T1R (ThermoFisher Scientific) was transformed by
electroporation (1700 V, 5 ms, 1 mm cuvette), subsequently plated onto LB plates containing
chloramphenicol and ampicillin and incubated overnight at 37°C. The plasmids of single
colonies were purified with PureYield™ Plasmid Miniprep System (Promega) and a restriction
digest with Bbsl (NEB) was performed. Plasmids carrying the CmR/ccdB cassette should show

a band at 8488 bp and 1478 bp. One positive clone was purified using PureYield™ Plasmid
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Midiprep System (Promega) and as a negative control the same plasmid was used to
transform E. coli DH5a cells and plated on a LB plate with ampicillin resistance. With this
newly generated vector px330 ccdB only colonies that had inserted the 20 bp protospacer
successfully could survive in the DH5a or Top10 E. coli strains which led to an increase of the
cloning efficiency to 100% compared to 83% positive clones with the former vector px330

(Fig. 19).
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Figure 19 | Higher cloning efficiency by the use of the px330 ccdB vector.

(A) Agarose gel picture after Bbsl digestion of a PCR product (750 bp) spanning the
cloning site after the cloning of the protospacer into the conventional px330 vector.
Lane 5, 14 and 19 showed digested PCR products (250 bp and 500 bp); px330+ =
positive control, vector with correctly inserted gRNA; px330- = negative control, empty
px330 vector; 1 kb ladder, assigned in bp (right end). (B) Agarose gel picture after Bbsl
digestion of a PCR product spanning the cloning site after the cloning of the
protospacer into the px330 ccdB vector. No digested PCR products are visible; 1 kb
ladder, assigned in bp (right end). (C) Summary of all screened colonies depicted in
percentage; positive = correct gRNA insertion, no digest; negative = no gRNA insertion,
PCR product digested.
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3.4.4 Genotyping of the Gtf2h4 deficient mice

After PNI of the circular px330(gRNA Gtf2h4 fwd/rev) plasmids twelve founder mice were
born. To verify their genotype the below-mentioned PCR was performed (Tab. 16+17) and
the PCR product was purified using Wizard® SV Gel and PCR Clean-Up System (Promega) and
sent for sequencing using the primer Gtf2h4 KO fwd (5'- gag ggg ttt ggg agg aat ag-37). One
heterozygous mouse could be detected with a 7 bp deletion in exon 2 (Fig. 20A) that leads to
a stop codon in exon 3 of Gtf2h4. This mutation introduced a recognition site for the
restriction enzyme Mwol which was used for genotyping. The genotyping PCR was
established with the primer pair Gtf2h4 KO fwd (5°- gag ggg ttt ggg agg aat ag-3’) and rev (5'-
acg gtt gac att agc cct tg-3°) and the Taq PCR Master Mix (Qiagen) using following mix and

temperature protocol.

Table 16 | PCR Mix for the genotyping of the Gtf2h4 deficient mouse strain.

Mix components pul
Tag PCR Master Mix (Qiagen) | 12.5

Primer fwd (10 mM) 0.5
Primer rev (10 mM) 0.5
H,0 10.5
Template DNA 1

Table 17 | Temperature protocol for the PCR of the Gtf2h4 deficient mouse strain.

Step Temp.(°C) Time (mm:ss)

1 94 03:00

2 94 00:30

3 57 00:30

4 72 01:00
2-4 35 cycles

5 72 10:00

6 12 oo

The PCR led to a 602 bp (WT) or 595 bp (KO) product which was subsequently digested with
Mwol. The mix of 3 pl CutSmart Buffer (NEB), 0.5 pul Mwol (Neb) and 1.5 ul H,0 was added
directly to each 25 ul PCR reaction. After incubation at 37°C for 1 hour the digestion product

was analyzed on a 2% agarose gel. In case of a mutated allele the product was digested by
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Mwol into three bands of 318 bp, 213 bp and 64 bp in which the latter band was not visible
on the gel. In contrast, the digestion of the WT PCR product led to two bands with 284 bp
and 318 bp (Fig. 20B). Interestingly, heterozygous breeding resulted in 27% WT, 73% HET

and no KO mice (Fig. 20C), indicating a non-mendalian ratio that implies a lethality of Gtf2h4

KO mice. The newly generated mouse strain is named B6FVBN-Gtf2h4 37 Thgy.

WT 5°AGTTCTTAGGAGGCCTGAGCCCTGGGGTGCTGGACCGATTGTATGG 3
KO 5 AGTTCTTAGGAGGCCTG-—————- GGGTGCTGGACCGATTGTATGG "3

1000
750

123 4 56 7.8 500

250

801 807

601

absolute number

40 R 40
204 201
0 0-
A
Y & © & & ©

Figure 20 | Sequence of Gtf2h4 mutation generated by CRISPR/Cas9, agarose gel picture
of the genotyping and distribution of genotypes.

(A) Sequence section of Gtf2h4 exon 2 of the WT sequence and KO sequence with 7 bp
deletion. (B) Agarose gel of Mwol digested PCR products; lane 1,5,6,7 and 9 showed WT
bands of 284 bp and 318 bp; lane 2, 3 and 8 showed heterozygous bands of 318 bp and
213 bp (64 bp was not detected); in lane 4 no PCR product was amplified; positive control
= WT, negative control = H,0, ladder = 1 kb, assigned in bp. (C) Absolut number of
genotyped mice and the percentage sorted into WT, HET and KO.

3.5 Embryonic lethality in mice homozygous for Gtf2h4 deficiency

To analyze the time point of lethality of the embryos, the embryos of heterozygous breeding
pairs were removed at day E12.5. Out of 46 embryos eleven were WT (24%) and 35 HET
(76%) (Fig. 21A+B), which was almost equal to the number of pups of heterozygous breeding

pairs. Furthermore, the morphology of the embryos was investigated with a stereo
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microscope (Wild M3, Heerbrugg) without obvious differences (Fig. 21C). Additionally, one
experiment was conducted at an earlier time point at day E8.5. Among the eight isolated
embryos none of them had a homozygous genotype. Furthermore, fertilized oocytes were
extracted and intended to be cultured to the blastocyst stage. Astonishingly, in two
experiments only two oocytes each developed into blastocysts, which did not allow any

conclusion.

A
Number of Embryos %
WT 11 WT 23,9
HET 35 HET 76,1
KO 0 KO 0
B
40,
8
301
§
s 201 ®
E 101
0-
wr HET wr HET KO
C
HET

Figure 21 | Analysis of E12.5 embryos from Gtf2h4 HET breeding pairs.

Absolut number of genotyped embryos and the percentage sorted into WT, HET
and KO depicted in a table (A) and as bar graphs (B). (C) Stereo microscopic
picture of one embryo of WT and HET each. Scale bar = 1mm.
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3.6 Gtf2h4 heterozygous deficient mice showed a reduced number of cells in

the spleen and LN and an increased number in the thymus

Subsequent to the generation of the Gtf2h4 KO mouse we investigated the influence of
Gtf2h4 on T cell development and negative selection. Therefore, Gtf2h4 HET mice were
analyzed by flow cytometry and compared to WT littermates. First, the total cell numbers of
spleen, LN and thymus of Gtf2h4 HET (n=3) mice and WT littermates (n=4) were compared.
We observed a tendency for a decreased number of cells in the spleen and LN as well as an
increased number in the thymus of HET mice (Fig. 22). Furthermore, the different cell
population of spleen, LN and thymus were analyzed by flow cytometry. In addition, to the
already mentioned cell populations in 3.3 B cells were further analyzed as followed: B220°,
B220* €D23" €D21" (follicular B cells (FO)), B220" IgM* CD21 (transitional T1 B cells (T1)),
B220" IgM* CD21" (transitional T2 — marginal zone B cells (T2-MZ)), B220* ¢D23'" cD21"
(marginal zone B cells (MZ)) and B220" IgM"™ CcD21™ (follicular mature B cells (FM)).
Moreover, CD11b*, CD11c* and Nk1.1* cells were investigated (Fig. 23). Flow cytometry
analysis of the thymus revealed a tendency of an increased cell number of especially DN37,
DN4*, CD4", DP as well as Treg cells. However, the number of CD19" seemed to be slightly
downregulated (Fig. 24). In contrast, CD4", CD8", TCRB* and CD19" cell numbers in the lymph
nodes decreased, which was not observed in the spleen (Fig. 25A). Comparison of TCRyS" as
well as CD11b* and CD11c" of spleen and lymph nodes of HET and WT mice resulted in no
differences. Nevertheless, Treg cells and Nk1.1" cells are less present in both peripheral
organs of HET mice (Fig. 25B). The same was true for CD4" Tcm. For CD4" TNaive as well as
CD8" Tcm and CD8" TNaive this lower abundance was only observed in lymph nodes but not
in spleen (Fig. 25C+D). With regard to B cells, a reduction in the cell numbers was detected,
especially in B220", FO, MZ and FM of lymph nodes, whereas in the spleen no differences of
the B cell populations were found (Fig. 25E). In summary, several cell populations in the
Gtf2h4 HET mice were downregulated in the peripheral lymphoid organs but upregulated in

the thymus.
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Figure 22 | Comparison of cell numbers of various organs of WT and Gtf2h4 HET mice.
Depicted are the cell numbers of spleen, LN and thymus of WT (n=4) and Gtf2h4 HET (n=3) mice.
Bars indicate the mean of each group.
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Figure 23 | Gating strategy of additionally analyzed cell population shown on one representative
sample of the spleen.

(A) B220", B220" cD23" cD21° (FO), B220" IgM* CD21™ (T1), B220" IgM* CD21" (T2-MZ), B220"
cD23"" cD21" (M2) and B220" IgM" CD21™ (FM) of one spleen sample. (B) CD11b*, CD11c* and
Nk1.1" of one spleen sample. All populations are pre-gated on lymphocytes, singlets and live cells.
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Figure 24 | Cell numbers of different cell populations in the thymus of Gtf2h4 HET and control
mice.

Shown are the cell numbers of different cell populations (A) DN, CD4*, CD8" and DP (left) as well as
DN1, DN2, DN3 and DN4 (right) in the thymus of two independent experiments with Gtf2h4 HET
(n=3) and control WT mice (n=4). (B) CD19%, Nk1.1" and Treg cells in the thymus of two
independent experiments with Gtf2h4 HET (n=3) and control WT mice (n=4). Bars indicate the
mean of each group.
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Figure 25 | Cell numbers of different cell populations in the spleen and LN of Gtf2h4 HET and control
mice.

Shown are the cell numbers of different cell populations (A) CD4", CD8, TCRB" and CD19" in the spleen
(left) and LN (right) of two independent experiments with Gtf2h4 HET (n=3) and control WT mice (n=3-
4). (B) TCRyS8", Treg, Nk1.1%, CD11b" and CD11c" in the spleen (left) and LN (right) of two independent
experiments with Gtf2h4 HET (n=3) and control WT mice (n=3-4). Tem, Tcm and TNaive of CD4" (C) and
CD8" (D) pre-gated cells in the spleen (left) and LN (right) of two independent experiments with Gtf2h4
HET (n=3) and control WT mice (n=3-4). (E) B220", FO, T1, T2-MZ, MZ and FM B cells in the spleen (left)
and LN (right) of two independent experiments with Gtf2h4 HET (n=3) and control WT mice (n=3-4). Bars
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3.7 The generation of the transgenic mouse model overexpressing Gtf2h4

under the CD4 promoter

3.7.1 Cloning of the CD4Gtf2h4 vector

To investigate the influence of a TF it is a standard approach to consider KO as well as
overexpression mouse models. To broaden the knowledge about the role of Gtf2h4 in T cell
development and negative selection we therefore overexpressed Gtf2h4 in T cells and
generated a transgenic mouse model which expressed Gtf2h4 under the CD4 promoter.
Total thymic wildtype C57BI/6JOla RNA was transcribed into cDNA with iScript cDNA
Synthesis Kit (BioRad). cDNA of the transcript variant Gtf2h4-001 was amplified with USB
Fideli Tag PCR Master Mix (Affymetrix) and primer ORF gtf2h4 fwd (5'-agg tcg acg cca cca
tgg aga tca ccc cgg cga-37) and rev (5°- ctg tcg act cag gag ctg tgc ttc tge cge tte-3°), which
contained the Kozak sequence (Kozak, 1984) and two additional Sall digestion sites, one at
each end. The PCR product was cloned into the pGEM-T Easy vector using the pGEM-T Easy
Vector System (Promega) and verified by sequencing. To clone the Gtf2h4 PCR product into a
construct consisting of the CD4 promoter the cDNA was amplified from the pGEM-T Easy
Gtf2h4 with USB Fideli Tag PCR Master Mix (Affymetrix) and the primer Gibson Gtf2h4 fwd
(5°- acc aac aag agc tca agg agt cga cgc cac cat gga gat c-3°) and rev (5°- atg atc cat gga atc gtc
gac tca gga gct gtg ctt ctg ¢ -37) containing a 20 bp overhang suitable for Gibson cloning. The
Gibson cloning simplifies the cloning procedure and ensures correct orientation of the insert.
After amplification, the 1444 bp band was gel-purified using QIAEX Il Gel Extraction Kit
(Qiagen) and cloned into the Sall digested CD4 Depe vector by Gibson Assembly Cloning Kit
(NEB). Transformed E. coli, provided by the kit, were plated on LB Amp plates and next day
single colonies were inoculated in 5 ml LB Amp media. The CD4Gtf2h4 plasmids were
isolated by PureYield™ Plasmid Miniprep System (Promega) according to manufacturer's
instructions. Subsequently, colonies were picked and verified by enzymatic digestions. The
digestion with Sall resulted into two bands, one with 1408 bp and the other with 7529 bp
(Fig. 26A). Furthermore, three more enzymatic digestions were set up to confirm the correct
cloning. The digestion with Xbal yields two bands (1812 bp and 7125 bp), Pstl to six bands
(13 bp, 313 bp, 651 bp, 852 bp, 3064 bp and 4060 bp) and Aval to four bands (619 bp, 964
bp, 2734 bp and 4628 bp) (Fig. 26B).


http://www.qiagen.com/products/catalog/sample-technologies/dna-sample-technologies/dna-cleanup/qiaex-ii-gel-extraction-kit
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Figure 26 | Agarose gel picture of the verification digest of CD4Gtf2h4.

After cloning the cDNA of Gtf2h4 into the CD4 Depe vector the correct cloning was
verified by four different digestions: (A) Sall (1408 bp and 7529 bp), (B) Xbal (1812
bp and 7125 bp) (lane 1 and 4), Pstl (13 bp, 313 bp, 651 bp, 852 bp, 3064 bp and
4060 bp) (lane 2 and 5) and Aval (619 bp, 964 bp, 2734 bp and 4628 bp) (lane 3 and
6). For Pstl the 313 bp band was very thin. Shown are two representative colonies
for A and B. Additionally, lane 1 of picture A showed the undigested vector. 1kb
ladder, assigned in bp, was used for both gels (right end each).

Finally, to exclude mutations caused by the PCR, the insert was fully sequenced using the
primer Gtf2h4 1a (5'-tct ctg tca tgc act gct-3°), Gtf2h4 1b (5-aac tcc ttc ttc acc cac-3)),
Gtf2h4 2a (5'-gga ctt tga act gct gct-3°) and Gtf2h4 2b (5 -acg gtg aaa acc tct gac-37). One
positive clone was inoculated overnight in 200 ml LB media and PureYield™ Plasmid
Midiprep System (Promega) was performed the following day. For PNI, 10 pg of the
CD4Gtf2h4 vector was digested overnight with Notl (NEB). The 6284 bp band was gel-
purified with QIAEX Il Gel Extraction Kit (Qiagen) and used for injection (Fig. 27).
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Figure 27 | Schematic illustration of the generation of CD4Gtf2h4 transgenic mice.

Total thymic wildtype C57BI/6JOla RNA were used to transcribe thymic cDNA. Subsequently, the
Gtf2h4 transcript (yellow) was amplified using a primer pair (green) that contains the Kozak
sequence and two additional Sall digestion sites, one at each end. The PCR product was cloned
into the pGEM-T Easy vector. Then the cDNA was amplified from the pGEM-T Easy Gtf2h4 with
primers suitable for Gibson cloning and cloned into the linearized CD4 Depe vector containing the
distal and the proximal enhancer, the CD4 promoter (red), exon 1 (E1) and parts of exon 2 (E2)
but lacking the intronic silencer. CD4Gtf2h4 vector was digested with Notl. Next, the 6284 bp
band was gel-purified and used for injection into the pronucleus of fertilized oocytes. Finally, the
offspring were screened by PCR. F1 ori = phaged derived origin of replication, AmpR (ampicillin
resistance), pA (poly A), ATG = start codon
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3.7.2 Genotyping of CD4Gtf2h4 transgenic mice

After injection of the CD4Gtf2h4 vector into fertilized FVB/N oocytes the founder were
genotyped for transgenesis by PCR using the primer pair Gtf2h4 TG fwd (5'-tgg tgg aga ttc tct
cct tec t-37) and rev (5°-cag gcg tgt ggg gta gta ac-3°) and the following PCR mix as well as the

temperature protocol.

Table 18 | PCR Mix for the genotyping of the CD4Gtf2h4 transgenic mouse strain.

Mix components pul
GoTaq®Green Master Mix (Promega) | 12.5
Primer fwd (10 mM) 0.5
Primer rev (10 mM) 0.5
H20 10.5
Template DNA 1

Table 19 | Temperature protocol for the PCR of the CD4Gtf2h4 transgenic mouse strain.

Step Temp. (°C) Time (mm:ss)

1 95 04:00

2 95 00:30

3 63 00:30

4 72 00:40
2-4 35 cycles

5 72 07:00

6 12 oo

The transgenic PCR product has a length of 170 bp compared to WT PCR product of 514 bp
(Fig. 28). Five transgenic founders could be identified by PCR which were subsequently bred
for further analysis. The newly generated mouse strain expressing Gtf2h4 under the CD4

promoter was named B6FVBN-Tg(CD4-Gtf2h4)ThBu or CD4Gtf2h4 Tg.
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Figure 28 | Agarose gel picture of the CD4Gtf2h4 TG genotyping.

The PCR product of the TG with 170 bp was depicted in lane 2, 3, 6, 7, 8,9, 12 and 17. The
WT band with a size of 514 bp was shown in lane 1, 4, 5, 10, 11, 13, 14, 15, 16, 18 and 19.
positive control = WT, negative control = H,0, ladder = 1kb, assigned in bp

3.8 Two transgenic CD4Gtf2h4 mouse strains with different expression

profile

The five transgenic founders that had a TG genotype were subsequently bred for further
analysis to verify the amount of the CD4Gtf2h4 mRNA expression. To ensure that CD4Gtf2h4
is specifically expressed in T cell containing organs nine different organs, namely, thymus,
spleen, lymph nodes, liver, lung, heart, kidney, stomach and intestine were compared. As a
control CD4 and CD8 mRNA expression was also assessed (Fig. 29A+B). The pups of two
founders showed a moderate expression of CD4Gtf2h4 (Fig. 29C). CD4Gtf2h4 is highly
expressed in spleen and LN of mice of the transgenic line 2 (TG 2) and lower expressed in the
thymus. In contrast, CD4Gtf2h4 is less expressed in spleen and LN and it is slightly more
expressed in the thymus of mice of the transgenic line 3 (TG 3). The other three lines did not
show any CD4Gtf2h4 mRNA expression. Comparing the WT/TG genotype ratio of the pups of
TG 2 and TG 3, TG 3 has a higher ratio than TG 2 (Fig. 30), indicating an unequal distribution
of WT and TG 3 mice and assuming an advantage of WT mice over TG mice. In conclusion,
out of five transgenic founders two were expressing CD4Gtf2h4, yet with a different

expression profile.
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Figure 29 | mRNA expression profile of CD4, CD8 and CD4Gtf2h4 in nine different
organs of two different transgenic lines.

Shown is the calculated fold change and mean of three independent experiments
per organ, normalized to two reference genes (Ywhaz and Cxxcl) and WT
littermates, of CD4 (A), CD8 (B) and CD4Gtf2h4 (C). Nine different organs were
compared (thymus, spleen, lymph nodes (LN), liver, lung, heart, kidney stomach
and intestine) in two different CD4Gtf2h4 transgenic line (TG 2 and TG 3).
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Figure 30 | Number of mice per genotype of both TG mouse strains

Number of mice per genotype and the percentage of both transgenic lines and control mice. The absolut
number (left) of mice and the percentage (right) of both transgenic lines (TG2 and TG 3) compared to wildtype
littermates is depicted in bar graphs.

3.9 Reverse cell numbers of CD4Gtf2h4 TG mice compared to Gtf2h4 HET

deficient mice

To investigate the influence of the overexpression of Gtf2h4 in T cells regarding their
development the number of cells in thymus, spleen and LN were counted first. The total cell
number of spleen and LN did not differ among both transgenic lines. In contrast, the thymus
of TG 2 showed a tendency of a higher number of cells compared to wild type littermates,
whereas the opposite is the case for TG 3 (Fig. 31). To subdivide the cells further, spleen, LN
and thymus of TG 2 and TG 3 were analyzed by flow cytometry with the same strategy as in
3.3 and 3.6. When analyzing the spleen of TG 2 and TG 3 none of the populations were
found to be altered compared to wildtype littermates except for Nk1.1" and CD11b" cells in
TG 3 (Fig. 32). Those two populations showed a slight decrease in the cell numbers
compared to the cell populations of wildtype mice (Fig. 32A). In lymph nodes of TG 2 no
change in the cell number of any cell population was observed (Fig. 33). However, in the LN
of TG 3 CD4", CD8", TCRB", CD19", Tregs and Nk1.1" were slightly upregulated (Fig. 33A+B). In
addition, the cell number of CD4" TNaive as well as CD8" TNaive was upregulated (Fig.
33C+D). With regard to the B cell numbers, a higher number of B220", FO, T1 and FM cells
were detected (Fig. 33E). In the thymus, the absolute cell number of all populations of TG 2
was not altered compared to the wildtype except for CD4" cells, which are slightly more in
the transgene (Fig. 34A). In the TG 3 mice DN, CD4", CD8", DP, DN4 as well as CD19*, Nk1.1*

and Treg cells are less present compared to the wildtype (Fig. 34).
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In conclusion, several cell populations in the LN showed an upregulation in the TG 3 mice
compared to the WT mice. In contrast, most of the investigated populations in the thymus
were downregulated in terms of numbers. These alterations are reverse to those found in

the Gtf2h4 HET mice.
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Figure 31 | Comparison of the cell numbers of various organs of WT and TG mice.

Depicted are the cell numbers, the calculated mean and SD of spleen, LN and thymus of TG 2
(left) and TG 3 (right) compared to wildtype control mice. TG 2: two to four independent
experiments with WT (n=5-12) and TG (n=5-10) mice. TG 3: two independent experiments with
WT (n=5) and TG (n=5).
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Figure 32 | Cell numbers of different cell populations in the spleen of CD4Gtf2h4 TG 2 and TG 3 as well as
wildtype control mice.

Shown are the cell numbers of different cell populations (A) CD4*, CD8", TCRR* and CD19" in the spleen of TG 2
(left) and TG 3 (right) as well as wildtype control mice. TG 2: two independent experiments with WT (n=5) and
TG (n=5) mice. TG 3: four independent experiments with WT (n=12) and TG (n=10) mice. (B) TCRyS", Tregs (only
TG 3), Nk1.1%, CD11b" and CD11c" in the spleen of TG 2 (left) and TG 3 (right) as well as wildtype control mice.
TG 2: two independent experiments with WT (n=5) and TG (n=5) mice. TG 3: two independent experiments
with WT (n=6) and TG (n=4) mice. Tem, Tcm and TNaive of CD4" (C) and CD8" (D) pre-gated cells in the spleen
of TG 2 (left) and TG 3 (right) as well as wildtype control mice. TG 2: two independent experiments with WT
(n=5) and TG (n=5) mice. TG 3: four independent experiments with WT (n=12) and TG (n=10) mice. (E) B220",
FO, T1, T2-MZ, MZ and FM B cells in the spleen of TG 2 (left) and TG 3 (right) as well as wildtype control mice.
TG 2: two independent experiments with WT (n=5) and TG (n=5) mice. TG 3: two to three independent
experiments with WT (n=7-9) and TG (n=5-8) mice. Bars indicate the mean of each group, in case of n>5 SD is
depicted.
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Figure 33 | Cell numbers of different cell populations in the lymph nodes of CD4Gtf2h4 TG 2 and TG 3 as well
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as wildtype control mice.

Shown are the cell numbers of different cell populations (A) CD4*, CD8", TCRB" and CD19" in the LN of TG 2
(left) and TG 3 (right) as well as wildtype control mice. TG 2: two independent experiments with WT (n=4) and
TG (n=4) mice. TG 3: two independent experiments with WT (n=5) and TG (n=5) mice. (B) TCRy8" Tregs (only TG
3), Nk1.1%, cD11b" and €D11c" in the LN of TG 2 (left) and TG 3 (right) as well as wildtype control mice. TG 2:
two independent experiments with WT (n=4) and TG (n=4) mice. TG 3: one experiments with WT (n=3) and TG
(n=2) mice. Tem, Tcm and TNaive of CD4" (C) and CD8" (D) pre-gated cells in the LN of TG 2 (left) and TG 3
(right) as well as wildtype control mice. TG 2: two independent experiments with WT (n=4) and TG (n=4) mice.
TG 3: two independent experiments with WT (n=5) and TG (n=5) mice. (E) B220", FO, T1, T2-MZ, MZ and FM B
cells in the LN of TG 2 (left) and TG 3 (right) as well as wildtype control mice. TG 2: two independent
experiments with WT (n=4) and TG (n=4) mice. TG 3: one experiments with WT (n=3) and TG (n=2) mice. Bars
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Figure 34 | Cell numbers of different cell populations in the thymus of CD4Gtf2h4 TG 2 and TG 3 as well as
wildtype control mice.

Shown are the cell numbers of different cell populations (A) DN, CD4%, CD8" and DP in the thymus of TG 2 (left)
and TG 3 (right) as well as wildtype control mice. TG 2: one experiment with WT (n=2) and TG (n=3) mice. TG 3:
three independent experiments with WT (n=10) and TG (n=7) mice. (B) DN1, DN2, DN3 and DN4 in the thymus
of TG 2 (left) and TG 3 (right) as well as wildtype control mice. TG 2: one experiment with WT (n=2) and TG
(n=3) mice. TG 3: three independent experiments with WT (n=10) and TG (n=7) mice. (C) CD19", Nk1.1", Tregs
(only TG 3) in the thymus of TG 2 (left) and TG 3 (right) as well as wildtype control mice. TG 2: one experiment
with WT (n=2) and TG (n=3) mice. TG 3: one to three independent experiment with WT (n=3-9) and TG (n=2-8)
mice. Bars indicate the mean of each group, in case of n>5 SD is depicted.

3.10 Reduced T cell-rich areas in the histology of spleen and LN of CD4Gtf2h4

TG mice
To confirm the flow cytometric data and to get a closer look into the organ structure
histology was performed. Thymus, spleen and lymph nodes of TG 2 and TG 3 as well as WT
littermates were collected for histology and stained with H&E (blue) and anti-CD3 (brown)
(Fig. 35+36). The experiment was repeated three times with one mouse each and one
representative picture is shown for each TG line and control mice. For both transgenes a
reduction of anti-CD3-stained area in the spleen and LN of the TG was observed compared

to the WT littermate, which was not apparent in the thymus. By measuring the stained areas
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and total area with ImageJ and calculating their ratio it was shown that for both transgenic
lines the ratio of stained vs total area was lower in spleen and lymph nodes compared to the
wildtype, indicating a reduced T cell number in the TG mice. In the thymus the ratio was
lower in TG 2 but higher in TG 3 (Fig. 37). Analyzing the spleen in more detail it was observed
that the T cell-rich areas in the transgenic mice were smaller than in wildtype littermates.
Therefore, the diameter of these areas was measured using ImageJ) and compared. Smaller T
cell regions with regard to the diameter in the spleen of both transgenic lines compared to
wildtype mice were found (Fig. 38). This observation was expressed as mean value of the
diameter (n=3) and was smaller in both transgenic lines compared to control mice (Fig. 38B).
In summary, overexpression of Gtf2h4 in T cells led in both TG lines to a decreased number
of cells in spleen and lymph nodes and to a reduced diameter of T cell-rich areas in the
spleen. However, the outcome in the thymus is different. In TG 2 it resulted in a lower

number of cells compared to a higher number in the TG 3 line.
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Figure 35 | Histology of thymus, spleen and LN of WT and TG 2 mice.

Thymus, spleen and LN of WT and TG 2 mice are stained with H&E (blue) and anti-CD3 (brown). Shown
is one representative of two to three independent experiments each with n=1. The length of scale bare
is depicted in each individual picture.
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Figure 36 | Histology of thymus, spleen and LN of WT and TG 3 mice.

Thymus, spleen and LN of WT and TG 3 mice are stained with H&E (blue) and anti-CD3 (brown). Shown
is one representative of two to three independent experiments each with n=1. The length of scale bare
is depicted in each individual picture.
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Figure 37 | Ratio of anti-CD3 stained vs total area of the TG mice compared to WT littermates.

Shown is the ratio of anti-CD3 stained area versus total area calculated with Image) of the single
organ histology of TG 2 (left) and TG 3 (right) compared to WT littermates of spleen, LN and thymus.
Two to three indepent experiments with n=1 each are depicted. Bars indicate the mean of each

group.
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Figure 38 | Analysis of the diameter of the T cell-rich areas in the spleen of TG mice compared to
WT littermates.

(A) The diameter of TG 2 (top) and TG 3 (bottom) as well as littermates WT mice were measured
using Imagel). Each mouse is depicted individually. Bars indicate the mean of each group. (B)
Calculated mean and the min. and max. value of the diamter of TG 2 (top) and TG 3 (botton) as well
as littermates WT mice is shown as a summary over all three experiments.
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4 Discussion

4.1 Three promising candidates that could be involved in negative selection

To identify the transcription factor (TF) that is necessary to put the TCR signaling machine of
DP thymocytes towards negative selection instead of proliferation that is induced in
peripheral T cells, the Immgen database was screened. We hypothesized that this particular
TF is highly expressed in the DP stage compared to the DN and SP immature and mature
stages. The analysis revealed nine TF meeting the criteria, to which we added another two
identified in a previous study of our group. All of them were subsequently verified by RT-
PCR. With the purpose of selecting a TF for further analysis of it potential function in T cell
development and negative selection a careful literature search for all eleven TFs was
performed. Despite the finding that many of the initially selected TFs were not related to T
cells, some single nucleotide polymorphism (SNP) analysis studies revealed their association
to autoimmune diseases.

Nrlh2 also known as LXRP for example is associated with late onset Alzheimer’s disease
(Adighibe et al., 2006) and connected to impaired insulin secretion which may lead to type 2
diabetes (Ketterer et al., 2011). In addition, SNPs in the human Nrlh2 may predispose to
preeclampsia (Mouzat et al.,, 2011). Furthermore, hypergylcemia in mice suppressed
macrophage activity and aneurysmal degeneration by the activation of Nr1h2 (Tanaka et al.,
2016). Nevertheless, since in our analysis the mRNA expression was not upregulated in the
DP stages we decided to omit Nr1h2 from further analysis.

Another TF, Zfp703, has a function in promoting metastasis by the repression of E-cadherin
expression (Slorach et al.,, 2011) and inhibits the Wnt/B-catenin activity. Therefore it
prevents the mesoderm differentiation of embryonic stem cells (Kumar et al., 2016). Since
Zfp703 was expressed in the DP and immature SP stages the expression profile did not
correspond to the predicted profile and consequently it was not selected for further analysis.
Cnot6 (CCR4-NOT 6), a less studied TF, belongs to a huge transcriptional regulatory complex
(Dupressoir et al., 2001) and may play a role in the differentiation of neuronal stem cells
(Chen et al., 2011). However, its expression remained elevated throughout all stages and
was not selected for deeper analysis.

Another potential TF that could influence the outcome of the TCR signaling was Gtf2ird1.

Mice deficient in Gtf2ird1 show decreased fear and aggression potential and increased social
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behaviour that was associated with the Williams-Beuren syndrom as a result of enhanced
serotonin levels in several regions of the brain (Young et al., 2008). Nevertheless, no in vivo
neuronal targets of Gtf2irdl have been identified (O'Leary and Osborne, 2011).
Furthermore, Gtf2irdl expression regulates normal retinal function by binding to the
promoter region of rhodopsin, M- and S-opsin genes in the mouse (Masuda et al., 2014).
SNP analysis of a Chinese Han population showed a correlation to systemic lupus
erythematosus (SLE) (Li et al., 2015). Although there might be a connection to SLE, Gtf2ird1,
when verified by RT-PCR, Gtf2ird1l did not show the hypotesized mRNA expression profile
since it was also expressed in some SP immature thymocyte stages.

In summary, four out of eleven TF (Nr1h2, Zfp703, Cnot6 and Gtf2ird1) that were initially
selected based on the Immgen database screening could not be verified by RT-PCR.
Supported by the absence of literature indicating a potential role of these TF in T cell
development they were ommitted from further analysis.

The mRNA expression profile of the remaining selected eleven TFs showed a peak expression
in the DP stages compared to less expression in DN and SP stages, some more distinctly than
the other and were therfore in line with our hypothesis.

Leucine zipper transcription factor-like 1 (Lztfl1), was suggested as a prognostic marker for
gastric cancer. It is higly expressed in epithelial cells of normal tissue, but downregulated in
gastric cancer, with expression levels correlated to survival (Wei et al., 2010). In addition,
Lztfl1 can bind to B-catenin in the cytoplasm, inhibiting its nuclear translocation in gastric
cancer cells, and leading to supression of cell migration (Wang et al., 2014). Interestingly, in
human CD4 T cells treated with all-trans retinoic acids Lztfl1 is upregulated and concentrated
on the APC contact site while immunological synapse formation takes place. Furthermore, its
overexpression enhanced the NFAT signaling induced by the TCR (Jiang et al., 2016). Lztfl1
showed the hypotesized expression profile of a high expression in the DP stage compared to
a less expression in the DN and SP stages, however we excluded Lztfl1 from further analysis
since a collegue was already studying the involment of Lztfl1 in T cell development.

Another TF is Tcf12, which is also known as HEB and has several known functions in T and B
cell development and is mostly functional as a hetero- or homodimer. HEB, together with E2-
2, is necessary for normal pro-B cell development (Zhuang et al., 1996), while together with
E12 it is able to block the CD4 enhancer activity of the CD4 promoter (Sawada and Littman,

1993). Experiments with T cell-specific transgenic mice expressing Id1, the inhibitor for HEB
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and other E-proteins, showed an enhanced apoptosis of differentiated thymocytes with
rearranged TCRs (Kim et al., 1999). Furthermore, two E-box elements were found in the pTa
promoter allowing the HEB and E2A heterodimer binding resulting in the activation of the
promoter (Takeuchi et al., 2001; Tremblay et al., 2003). Moreover, HEB is necessary for the
rearrangement of the TCRA, TCRD and TCRG but not TCRB locus (D'Cruz et al., 2010;
Langerak et al., 2001). Thymocytes deficient for HEB presented an impaired survival and
development of the invariant NKT cells, as well as a block in the TCRa rearrangement (Barndt
et al., 1999; D'Cruz et al., 2010). In conclusion, although a large body of evidence exists for
the role of Tcfl2 (HEB) in B and T cell development, no fundamental role in negative
selection was shown. Consequently, Tcf12 was not selected for further investigations.
Poub6fl, also known as Brn-5 or TCFB4, has a role in the developing and adult central nervous
system (CNS) of the mouse (Cui and Bulleit, 1998; Okamoto et al., 1993). Furthermore, it is
able to bind the TCRB enhancer (Messier et al., 1993) and can be phosphorylated by JNK
(Kasibhatla et al., 1999). Poubfl showed a high mRNA expression at the DP stages and was
subsequently downregulated, but expressed again in mature SP stages. Because of the
drastic reduction it was chosen for further investigation regarding its function in T cell
development and negative selection. However, the group of Chance J. Luckey, Harvard
Medical School, studied the role of Pou6fl due to its high expression in DP thymocytes.
Contrary to the expectations, Pou6fl had no fundamental role in T cell development nor
negative selection (Carrasco-Alfonso et al., 2013).

E2F2 that belongs together with E2F7 and E2F8 to the E2F gene family, plays a fundamental
role in a normal T cell development. E2F27 mice developed late onset autoimmune disease
because of an increased proliferation triggered through a TCR signaling with a lower
activation threshold (Murga et al., 2001). Our data support the role of E2F2, as the mRNA
expression was high in the DP stage and low in the other stages. E2F2 was not selected
because of its known function.

In conclusion, Cnot6, Gtf2ird1l, Nr1h2 and Zfp703 did not show the mRNA expression profile
corresponding to our hypothesis i.e. a low expression in the DN stages, an expression peak in
the DP stages and a transiently reduction in the SP stages of the thymus and spleen and
therefore were not selected. E2F2, Lztfl1, Pou6fl and Tcf12 showed the hypothesized mRNA

expression profile, but were excluded from further studies because of their already



85 | Discussion

discussed function in T cell development. Therefore E27, E2F8 and Gtf2h4 were chosen for

further studies.

4.2 E2F7 and E2F8 do not play arole in T cell development and negative

selection

Because of the fundamental role of the E2F family of transcription factors in apoptosis,
proliferation and cell differentiation, E2F7 and E2F8 were two encouraging candidates for
being involved in the modification of the apoptotic pathway in DP thymocytes, initiated by
the TCR signal leading to negative selection instead of proliferation and differentiation in
mature T cells. Other members of this gene family even have already been described for
their function in T cell development. For example, E2F17" mice developed normally, but
showed an expansion of mature CD4" and CD8" thymocytes as well as peripheral T cells
resulting from a thymic hyperproliferation that takes place mainly in the cortex. These
findings led to the assumption of an important role of E2F1 in promoting apoptosis and
suppressing proliferation (Field et al., 1996) as well as an involvement in the p53 pathway
(Pan et al.,, 1998). Investigating the role of E2F1 in negative selection showed that
thymocytes of E2F17 mice had a defect in the TCR-mediated negative selection (Garcia et
al., 2000). As already mentioned, E2F2 also plays a role in the maintenance of normal T cell
proliferation through the influence of the TCR activation threshold (Murga et al., 2001). The
effect of E2F1 and E2F2 on the TCR activation threshold in single KO mice could be even
increased as shown in the double KO mice (Zhu et al., 2001).

However, E2F7 and E2F8, two other E2F family members, have not been shown to have a
role in T cell development. Nevertheless, they have a critical function in cell survival and
embryonic development as it was shown in the corresponding KO mice. The deficiency of
E2F7 and E2F8 led to an increased expression of E2F1 and p53 resulting in major apoptosis
(Li et al., 2008; Zalmas et al., 2008). Those findings suggest that E2F7 and E2F8 are important
for T cell development and negative selection and both were potential candidates resulting
from our Immgen database screen. The RT-PCR analysis revealed that these two E2F gene
family members were differently expressed. While E2F7 showed an expression peak in the
DP1 stages, the mRNA expression of E2F8 remained elevated to some extent throughout all
stages. These results suggest E2F7 to be a perfect candidate for further analysis in line with

our hypothesis that a TF that is important for negative selection should be highly expressed
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in DP thymocytes and less expressed in the DN stages as well SP immature and mature
stages of the thymus and peripheral secondary organs. The mRNA E2F8 expression profile
did not perfectly correspond to our hypothesis because it was expressed in all stages and did
not show an expression peak. Nevertheless, because of its unknown role regarding T cell
development we decided to include both TF for further analysis.

Astonishingly, neither Lck-cre E2F7"" E2F8"M nor CD4-cre E2F7"" E2F8™" had a differentially
regulated T cell population in thymus or spleen compared to control mice. In addition, also
the cell cycle analysis revealed no differences. Therefore, it can be concluded that E2F7 and

E2F8 do not play a fundamental role in T cell development and negative selection.

4.3 Gtf2h4 — a small but important switch downstream of the TCR signaling
Another promising candidate according to our hypothesis that a TF which is important for
negative selection in thymocytes should be highly expressed in the DP stages but less
expressed in the DN and SP stages was Gtf2h4 (p52). It belongs to the TFIIH complex that is
involved in NER (Drapkin et al., 1994; Seroz et al., 1995), promoter escape (Kugel and
Goodrich, 1998; Spangler et al., 2001) and cell cycle regulation (Dynlacht, 1997; Matsuno et
al., 2007). So far nothing is known about the influence of Gtf2h4 on the T cell development.
Interestingly, human SNP analyses of 1343 Multiple Sclerosis (MS) cases and 1379 healthy
volunteers resulted in a significant association of one SNP of Gtf2h4, located in intron 11,
with MS susceptibility (Briggs et al., 2010).

Our mRNA expression analysis of Gtf2h4 throughout all stages of T cell development
resulted in a peak expression at the DP stage that was drastically reduced thereafter.
However, Gtf2h4 was expressed again in more mature SP thymocytes as well as peripheral T
cells. Similarly to Pou6fl, it was included for further analysis because of its drop in
expression after the DP stages.

To analyze the influence of Gtf2h4 on T cell development and especially negative selection,
two mouse models were generated, i.e. one deficient for Gtf2h4 and one overexpressing it
under the control of the CD4 promoter. We hypothesized that a transcription factor, which is
highly expressed in the DP stage of thymocytes, could be necessary to modify the apoptotic
pathway in double positive thymocytes such that the TCR signal leads to negative selection
instead of proliferation and differentiation as it does in mature T cells. In theory that means

that the KO mouse for this particular TF (TF'/') should show less negative selection
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(apoptosis) in thymocytes that leads to more DP thymocytes and a higher total number of
cells in the thymus. In contrast, mature peripheral T cells of the theoretical TF mouse
model, engaged with the same TCR signaling, should induce more apoptosis and should have
a lower proliferation rate leading to a lower number of total cells in the secondary lymphoid
organs. In case of the overexpression of the TF under the control of the CD4 promoter one
would expect the opposite effect with enhanced negative selection in the thymus and
therefore less DP thymocytes and less total number of cells. Furthermore, the TCR signal of
peripheral T cells would then lead to a reduction of apoptosis and an increase in

proliferation and total cell number (Tab. 20).

Table 20 | The theoretical outcome of the TCR signal in thymocytes and peripheral T cells in the KO
and overexpression mouse model. I upregulation {, downregulation

T CDA4-TF
negative selection N ™
DP cells ™ N2
Thymocytes
y Y total cell number T Np
apoptosis ™ J
mature proliferation N} T
peripheral T cells  total cell number N ™

Mice deficient for Gtf2h4 showed a reduction of the total cell number in spleen and LN as
well as an increase in the thymus, matching our hypothesis that negative selection is
reduced and apoptosis of peripheral T cells is increased. The investigation of the DN
subpopulations revealed that the number of cells of DN3 and DN4 were higher in the KO
compared to WT, whereas the cell numbers of DN1 and DN2 were equal in the KO and WT
controls. This finding could be due to the impaired start of negative selection in these stages
in the KO mouse model. Furthermore, the DP and SP CD4" populations were slightly
increased which is a further indication of less negative selection matching the hypothesis.
Interestingly, also the Treg population appeared to be marginally upregulated. This might be
explained by two different events implemented in the main process of negative selection,
first the clonal deletion and second the upregulation of Foxp3 in self-reactive T cells (Hu et

al., 2016). If in Gtf2h4-deficient mice negative selection occurs less efficiently, the number of
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self-reactive thymocytes would increase that may lead to more thymocytes converting into
Treg cells.

In contrast to the increasing number of DN3, DN4, DP and SP CD4" cells, the CD19"
population slightly decreased. However, it was shown before that there might be a reverse
effect of thymic B cells influencing thymocytes and negative selection (Fujihara et al., 2014;
Tokoro et al., 1998).

Comparing the absolute cell number of several investigated T cell populations of the thymus
with those of spleen and LN the data showed reciprocal cell counts in the lymph nodes while
being unaffected in the spleen. This could be due to the priming of naive T cells. During the
development of autoimmune diseases it was shown that the priming of naive T cells takes
place in the lymph nodes but not spleen (Gagnerault et al., 2002; Phillips et al., 1997).

In addition to the Gtf2h4-deficient mouse model, we also overexpressed Gtf2h4 under the
control of the CD4 promoter. Two transgenic lines were obtained (TG 2 and TG 3) which
showed different amounts of CD4Gtf2h4 mRNA expressed in various organs. Due to the
random integration of the transgene altered levels of expression of the transgene are
known. Therefore, it is not surprising that the analysis of the cell populations in two Gtf2h4
overexpressing mouse strains resulted in different outcomes. While the total amount of
some populations of LN and thymus of TG 3 had altered numbers compared to WT
littermates, the cell numbers of various investigated cell population of TG 2 did not show
differences. The cell counts of subpopulations in the thymus DN1-DN3 of TG 3 were not
affected. However, those of DN4 showed a trend towards reduction in the thymus of the
overexpression model compared to the WT control mice. DN4 is the stage were the CD4
MRNA expression started as it could be shown with the sorting experiment comparing 20
stages of T cell development. Furthermore, the number of cells of DP, SP CD4" and CD8" was
reduced as well which might be due to enhanced negative selection. Surprisingly, the total
cell count of CD19" cell was also decreased.

Furthermore, most of the T and B cell populations in the LN of TG 3 showed a slightly
increased cell count, providing evidence for the presence of mature T cells with a reduced
apoptotic capability. This should be associated with a higher number of total cells, however
it was not the case in either spleen or LN. In addition, the total number of cells in the
thymus, which should be reduced according to the hypothesis, remained unaltered.

However, the immunohistochemistry showed a reduction of the ratio of stained T cell area
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versus total area in spleen and LN and an increase in the thymus which contradicts the flow
cytometric data. Furthermore, also the size of the T cell-rich areas in the spleen decreased in
the transgenic mouse models compared to WT littermates.

In summary, although preliminary, the data indicate that Gtf2h4 may play a role in the
outcome of the TCR signaling. Most of the results support the original hypothesis that
Gtf2h4 modifies the apoptotic pathway in double positive thymocytes such that the TCR
signal leads to negative selection instead of proliferation and differentiation in mature T
cells. The most obvious indication is the opposite outcome within one particular mouse
model comparing thymus and peripheral lymphoid organs. Nevertheless, further
experiments have to be performed to obtain detailed information about the influence of
Gtf2h4 on the outcome of the TCR signaling in thymocytes and mature T cells. To investigate
the negative selection in more detail, flow cytometric analysis of the DN and DP thymocytes
has been developed to discriminate the state of the cells by the use of antibodies against
CD69, PD-1, Helios and CCR7 (Baldwin and Hogquist, 2007; Daley et al., 2013; Hu et al,,
2016). Moreover, both mouse models should be crossed to mouse models where changes in
negative selection are easily detectable. For instance, the TCR transgenic HY mouse model
could be used, in which T cells-specific for the male antigen (H-Y) are deleted in males
(Kisielow et al., 1988). In addition, apoptosis and proliferation assays of thymocytes and
peripheral T cells should be performed. Since the Gtf2h4 KO mice are lethal it would be
useful to study the loss of Gtf2h4 in a cell type-specific manner. Finally, a reporter luciferase
assay should be considered to investigate if Ap-1 can regulate Gtf2h4 in thymocytes and
peripheral T cells in mice. AP-1 is expressed in DP thymocytes and plays a role in thymic
selection processes (Rincon and Flavell, 1996). It was shown that in human and zebrafish Ap-
1 is one of the factors which have the highest binding site frequency in the sequence of

Gtf2h4 (Silva et al., 2014).

4.4 Conditional gene targeting - CRISPR/Cas9 the all-round solution?

Over the last decades the method of choice with regard to conditional gene targeting was
the Cre/loxP recombination system. Cre, when expressed by a specific promoter, leads to a
cell type- or tissue-specific deletion or inversion of the allele flanked by loxP sites (Hoess et
al., 1982; Schwenk et al., 1998; Sternberg and Hamilton, 1981). Flanking the gene of interest

with two loxP sites can be achieved through transfection of a targeting vector into ES cells
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that is very time consuming. Furthermore, a high number of mice is necessary because of
the back crossing into the background strain of interest as well as crossing with the
particular Cre mouse strain. In the case of Gtf2h4, which is embryonic lethal in homozygous
mice, it would be of great interest to investigate its function in a T cell-specific manner. In
this case Lck-cre and CD4-cre mice (Lee et al., 2001; Zhang et al., 2005) would have to be
crossed with mice having one or several exons of Gtf2h4 flanked with loxP. This would result
in T cell-specific KO mice beginning at stage DN3 (Lck-cre) and DP (CD4-cre). To finally obtain
the cell type-specific mouse of interest a lot of mice are only used for breeding purpose.
According to the 3Rs principles (replace, reduce and refine) (Russell and Burch, 1959) it
should be, among other things, the responsibility of the researchers to minimize the mouse
numbers. Therefore, we modified the available CRISPR/Cas9 system (Cong et al., 2013; Jinek
et al., 2013; Mali et al., 2013) to obtain T cell-specific KO mice.

To prove this concept, Cas9 was cloned under the control of the CD4 promoter and the
gRNA, under the expression of U6, was designed to target exon 2 of CD2. CD2 was selected
because it was already known that mutations in this gene do not influence cell viability
(Killeen et al., 1992). Furthermore, CD2 is easy to detect by flow cytometry. Surprisingly, this
conditional Cas9 approach targeting CD2 resulted in only 1% loss of CD2 in CD4" cells and
0.6% in CD8" cells of spleen and LN that could be verified by sequencing (Beil-Wagner et al.,
2016). However, by targeting one or several genes in drosophila and zebrafish others have
shown that a mutation rate of up to 90% can be achieved (Xue et al., 2014; Yin et al., 2015).
Furthermore, just recently it has been shown that oocyte-specific expression of Cas9 under
the Zp3 promoter works efficiently (Zhang et al., 2016).

In the experiments presented here, we showed Cas9 expression on mRNA level but we were
not able to detect Cas9 protein by western blot. Therefore, this might be the explanation for
the low mutation efficiency of CD2 in CD4 positive T cells. To improve the T cell-specific
CRISPR/Cas9 system we devised a two-step plan. Firstly, screen thoroughly by RT-PCR and
western blot the founder mice immediately after injection of only CD4Cas9, to choose the
founder with the highest CD4Cas9 expression on protein level. Furthermore, a GFP will be
fused to Cas9 with the purpose of simplifying the possibility to track the cells with flow
cytometry and to measure their mutation rate easier. Secondly, instead of using one gRNA
to target CD2 three different gRNAs, targeting the same exon, will be cloned on one plasmid

to increase the mutation potential (Beil-Wagner et al., 2016). Most likely, this will optimize
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the system that it can be used for cell type-specific targeting of the gene of interest which
saves time and reduces mouse numbers because of the direct injection of the targeting
vector into fertilized oocytes of the strain of interest. Even if the system cannot be improved
to achieve efficiencies like those of the Cre/loxP system, it could be applied to address
specific questions in, for instance, cancer research, where a conditional KO with a minor
efficiency represents a much more physiological model.

Importantly, when working with the CRISPR/Cas9 system the off-target activity should not
be disregarded since off-targets with up to five mismatches compared to the on-target are
tolerated (Fu et al., 2013; Lin et al., 2014). While using the system to target a gene of interest
in the complete mouse any potentially off-target is most likely crossed out in the F1
generation. In the transgenic conditional approach off-targets should be considered in
theory. Nevertheless, in the presented T cell-specific CRISPR/Cas9 system off-target effects
were not considered since the mutation efficiency in our system was very low. In case the
system can be optimized off-targets should be taken into account. But, it was shown that by
the use of the inactive form of Cas9 (dCas9) (Shen et al., 2014) or by a high-fidelity variant of
Cas9 (SpCas9-HF1) (Kleinstiver et al., 2016) they can be minimized.

Taken together, the CRISPR/Cas9 system revolutionized the way of generating genetically
modified mice and made their generation much easier and faster. Furthermore, it appears
that the CRIPSR/Cas9 system is very easy to modify to address specific research questions as
it was shown by our conditional approach targeting CD2 in CD4 positive T cells. Moreover,
using the CRIPSR/Cas9 system supports the reduction of mouse numbers to obtain the

genetically modified mouse of interest.
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6 Appendix

6.1 Plasmid map of px330(gRNA Gtf2h4 fwd)
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6.2 Plasmid map of px330(gRNA Gtf2h4 rev)
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THEI (pRMA SEIhA reY, OCADCACATCOACCETCOCAGACC TOLACOCL AT TOTOOCOC GO L AGLAAGAT T TTTACLCAT TRC TCARGCALAAC COGOAAAACAT CCADAACATCCTCACS TTCCGEATOCLCTACTALC T OOCO0S

hEpCsn”

DN iE A R TR | D GO AGERGA A ADAGIAEL L | GEALGBAGLAEARABABLEABRARALEA | DAL GUAAL | IGHAGEALG L EGE  BEALAAGEGE ARG DA

h3pCan-

SXID (g A FZha o)

TTCGATAAGALD

T TGTACGAGTACT LACCGTOTATAACGAGC TGACCAAASTEAMATA

ATGARAALGOCCED
hspcan®

SXI (g AMA G rey) GOGGLEAGCAGAAARACGLCATCE GEACCTIECTE TCAAGACCAACCEEARAGTGACCETEAAGCAGCTGARAGAGBACTAC TCAAGAAMATCGEABTGE  TCCACTCOOTEGAAATC COGELGTIZEA

hEpcn” bty

THEI0gIMA Drlhd ey, ACATCOCT ToAACCCLTL o T L CA AT AL AL AT LT O U TOA A AAT TAT CAA AR ACCACT TOC T SOACAAT CACCAAAALCACCACATTCTCCAACATATCOTCCTCACCOTOACACTOTTTOAS
ih&0Cn*

SR g 2 TN e

S0

CHAGHEAAGEES | GAAMAGE | Gl GGAGGAGAAAE | GGA G0

PG AL
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AIIT g INA G e

UMD (g A A e

1ig A 5N Ty

SX320 (g AMA BTN ey,

“HEM g THA DO rey)

SR (g 2 AN e

UMD (g M A rew)

SXI (g A GIZhd o)

X320 g A GEZRA rey;

“HEM g THA DO rey)

30 (A T2 rev)

A0 i e (A T

X330 ig THA G rey;

I (T DO 1y

~HEH g THA DO re)

A (g A N e

2330 ig T4 BTN rey;

“HEM (g TN D2 rew)

30 (A DO ey

SXIN [ A G 2ha )

SHIIT g INA G ey

330 (g T S0 rev)

3 T TEIN rev)

I (A DN ey

g3 GEI rey;

=53

7 ig TMA GE2 rey)

I (A TN ey

AN g THA SO re)

AUEAALE AT

CAGCTTTOTGAACCASCACTCCATCOACAACARSC T OO TUACCACAASECALAALAACCOCOOCARCACCOACAACLTCCL STCUCARSACETCOTCAASAASATGAAGAALTASTCGLCOSEACCTCLTS

hZCan”
g s i

LI

hspCan®

AETAOECGAGATOARML AL TACTAGCAG GO OGATEACGGLTACCTEAAIECNE COTGRGAAIGEELGT GATOAAAAAS TALOCTAAGE TEAAAAGLGAGT T CATATAGGE0GAL TACAAGGTOTAGGAS

hspcan®

GTECBEAACATEA  COOCAABAGCEAGCAGEARATCERCAACECTACCGCCAABTAS TCT CTACAGCARCATCATGAACT T TTCAAGACCGAGA TACCCTEGECCAACEECAAGATCOGEARBCEET

ELEGEE

AL IEAAAE A CADCE | GAAE CRAASDEIGH16E]

SOEAAEEA L LA

1 IACAR

SR T

CTCTCATSCADACAMACLOCCAAACCOCCOACATCOTOTCOCAT AACL OO COCOAT T ToOCACCOTCO SuAAACT SO TOACCATCOCLCAADTOAAT ATCOTCAARAADACCOACCTCCACAC ALCLDT

hEpCan*

STTCACCAAAGACTCTATICT

hEpCsn”

AAAL I EEAAAAGEGIAAS | ZEAAGAARD BAALAE G 1EARAGALE VEGEEA T DALEA DA GHAAALAN CHAGEMAEAN | CREAAGEIAAGREE LAGARAEAAE 154

CLAACACCARTAGEOAT AACCTCATLOLUAGARACAACGACTOOCACLCTAAGAAC TALCCUCGL T TCLACASLCLLALCOTGOOAT AT CTETLe TRO TGO TCGLS

hSpCen’ F=

AAARGER T OATCATCAAGCTOCCTAAGTACT COCTAT T CEAGS THGAAAACEELOGEAAGACARTECTOECO TCTGOCOG0GAACT GCAGAAGGEARACEAAGTGECCCTACOCTLCARATATATISAL

hntzEn’

ST CCTSTACCTCGCLAGICACTA CACAACCTOAADGCCTC O LOGASCATAAT OAGCACAAACACT CTT CTGDAACACCALAAGTACTACCTCGALCAGATCATCOACCADA CAGCOAGT TCTCT

hEpCan”

A AT AT O T Ll A L TAA T T A A A AT OO T T SO TACAAC A A LA SO GO AT AACC U CATCASACA S CACLCC CACAATAT CATCLACCTC T TTACCO TCACCAATCTCODACLCD
ihZCen*

JETE CRAGIATT TG x 3 30 COAAAGALE TGE | EGA

haptan® hLs

GUTHBEAGECEACAMAAGBOCEGCEE0CALEARAAAGGCCOECOAGIECAAANAAGASALAGTAAL

Gk poy

ATTCCTAGABCTCRCTEATCABLCTLGACTETB0CTTLTAGT TGLCABLCATC BT TATTTECS

EESH polys,

Tcooc

S Bl A"
o E [st c

CAADGOOCAGDAT  GUCAACAGAAT ACCALCCATCCTOCCOACTGOCCOCADCAMICCCTAGTCATOCAST TGGCCAT TCCUTCTC T S CACTCAGGLCGSOCGACC ALAGGTCGLD

TOLCTTECTTCACLGTHOA A

ACTCOCACTOTOLT T LG AR TARAATGAGLAAST TCCAT

ATTOTOTCAGTAGHTC

T4 LS %) L
I | v 1

CERCITOAG T i GEGGGRC I TEATECEE AT T TETON TTACECATG GTRLGET AT T CAGARCGLATACE TCAMAGLALCS

 igin

ATAGTACGCGCCC T BTAGCEBLOCAT TAAGCGCGECEoE T ETEETE BT TACGCECACCETEACCECTACALT T GoCAGCEC LT AGCEOCCECTCOT T TORCTTTCTTCCOTTCOT T TCTCOCCADETTS

it Cngn

COCOOCT TTOC GO T AR T CTAAR TGO OGS TOC L T TAGGS T T oL CAT T ASTOE TTTACGECACCTOGACCCLAARAAAL TTOAT T TOCGTCATOC T TRACOTAGTCONICATOGLCCTCATAGA

1 Crigin

i
COTTTTTCGCEC T TCALC TOCAGTCCACGT TC T TAATAGT GCACTC TC TLCAART T OCAALASCAC T LAACTC ATC T LCGGETATTC TT CAT TATAACGEAT T TTCCCCATTTCOGECTA

a0 LR s o
| | N I ] '
CTCATGCCOCATAC T TAAGCCAGUCCCOACAT

i pos ran
| |
"CI;C"A.B"QCD"CCTGACGCI;C"C_JAC\:GCCTTC CTCCTGCCGCC.BTCCGC O ABACAARETATBADCHTTE CEBEAGCTEATE BTCAGABET T-T EACCE—C AT CASCHAAACGCEEBABAS

aa e e wem i G i
T [ v I

I
GAARGEGCC COTEATACGCCTAT TTTATAGGTTAATE CA GATAATAATEITTTCT TABAGETCABGTEGCACTTT EGCFGAHATC GLECGEARCCCCTATTTGTTTATTIT TCTARAT ACATTS

Al
2160 e o »

1 i 1
AAATATGTAT CCCETEATCAGACAAT AACEC T CATARATGLT TCAATAATAT TOAAAAMAGCAACASTAT GACT AT CAACAT T CCGTSTCOCCETTATTCECTT 1175

CCCCAT-TTGCCT COToTT

e pR

TT oL TCACCCACAR AU TOLTCARAC T AAALIAT LU TCAACATCACTTGOC T SUACTA

LT TACATLGAACTSCAT U TCAACACTOLTAACAT CUTTCACALTTTTLCCLLCDAALAACLTTTTL
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(A pR

SXAT (g IMA BT rev; CAATGATGABCACTTTTAAAGT TCTGCTATE  GGCACGETAT T ATCCCGTAT THACGOLGERCAAGAGCAACTCEATLECLOCATACACTATTC T CAGRATSAC T GETTGAGT ACTLACCAGTCACAGA

SHIA0(gIMA OrIhArer) AAACLATCT ALCGATCOUA CACAGTAAGAGRAT ATCCACTCLUTGCLA  AACCATGROTCATAACACTOCGOCCART  TAC TC GACAALCATCOOACGALCGAAGDACCTAACCCCTTT TTCCAD

30 (A SN rev)

SHAI (g N IR ey

SXIN (G TMA FIZha 1oy, TERGARE

FETATCAT TECAGCALTERGECCAGATGE AARCIG COOGRTA CATARTTATC ATACGACEGERA

@

TCAGECAACT ATRFATGRAACGARAT A,

CARATCRCTEARA AGE

A pR

i co fray s oo
T i | ) I |
gIMA GEh rey; CTHATTAAGCATTEETAACTGT CABACCAAG T TTACT CATATATACT TTABAT GAT TAAAACT TLATTT T A4 TTAALAGEATCT AGETGAAGATCOTTTTTEATARTC TCATSACCAAAATOOCTT

P 61

i
AACGTEAGT TTOBTTOLACT GAGCSTCAGACCOOGTACAAAAGATCAAAGEATCTTCTTCAGATCOT TTT TOTG0GCGTAATO TGETHC TTELAAADAARAAARCCACOALTACCAGCGETGAT TS

PG o1

X3 (gIMA Or2ndrer) TT GLCGUA CRAGAGCTACCAAC CTT TTCCUAAGOTAAL OOC TUAGLAGAGCGCACATACCAAAT AL OTCCT TCTAC GTAGICGTAC TAGGLCACCACT TCARCARTTCTC AGCACLCCCT

]

AATGEIE | AGUAE GBD H01GE

=53

0 g T4 G2 1

SR M N4 ey

SXIZ (6N FIZha ey

Y

SAIDIgINA GIRR rev; AGIGAGASCECATEAGSEAGCT T oCAGGEGRAAM CECCTERTATCT T ATAGTCCTOTCEeE T TTC G CACCTCTEACT TGAGCETCEAT T TTETGAT BLTCGTCAGEGEGECERAGLCTATEEAAAALD
o

=XA20 (g INA G2 rey; BUCAGCAACECOECCTTTTTALGE T TOGTGGCLT T TO0TOECCTT TGO CACAT
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6.3 Plasmid map of px330 ccdB

350 screen fiud
H.rz- US Promotst

M350 cedB S0ACGUCETAT T T OO ATCAT TCL T TR ATAT T TOCATATACGATAC AACOL TOT TAGACACAT AR T TGOAATTAAT T TGAL TOTAAACACARRGRATAT TAC T ALASRAT ALCTOACGT ACAMAGT AATAAT T TOT o

 urrin LIS Foorioler bsun Crie
__

Y

)
PAAICcedB GTAGTT GLAGTTT AAAATTATGT TTAAMATGEACTATCATAT G TTACCGTAACT TEAAASTATTTCEAT T CT T GGC  TTATATATCT  GTEEAAAGGACEAANACCEGETCTTCCEECCECAT TASGCALS

etz Sl rhiorairphenical 1 ecdl !

B

TLOGTOGAGATTTTCAGGASL T AAGEA,

211
i
CoAGGLTTTACAST T TATGLT T COEGCTORTATAATGTGTGGAT TTEAGT A

[ERELE

chlersmprenios - podls

chls-amp-anice - codB

PAII ¢ EECGTRTTACGE GAAARLG G5

BAATAGCACEALGAT TTGUGELAGT TOTACACATA AT TCRRAAGATRT

hie = mprenios - codb

PXAZC codB 2TT

bl g e = uedB

MX3S0 codB

TLCATC T COCCAAATOC T TAATOAAT TACRACAGTACTCOGA THAS TGO A

ehlezamnpe snics =~ codB

PATEAG TG0 CAAGEEA ALAIGA BISARLA 0] COEE

AAGAGEG A LG A GARGE

AUA ATAGIGATATELA LA SAAGTA TE]EARA

chiz-emprsnics - codB

PAIM GudE CAAGLATGLAGAATGAASCIOGTE GEAAAST CATGAAGEGAT G0 T GAEGT COCLGGETT AT TEARAT BAAGGECT ST TTOCTEACSAGAACAGEEA TGATEARATGOA

ERIEEMpREnIs 3

M3 cedE ST T AAC ST T A ACCTA T AAA R A A A LT TAT L TCT o T T T T AT CTACACACT CAT AT AT TCACAC SO CCCOACDOAT SO T OATCCCOCTOCOCACTOCACOTOTOO TOTCACAT AAACTOTCOS

ehle g enico = wrdB

IMAAS | EALA GAAAA,

IR 1 AGLE AAGC I EGLGEA |G | BAGGAL I I GEGEGARGARE GUG GA 1 G

@ oeen CrrRioodB
ehlesampe anize ezl " ERIFE 1 Uil 2R Geatald

e
]

PXIICcedB ATTAACCTGA STTCTGEEGAATATARATETCAGEC COC TATACACABCCAGTC TGN

(CB-
e e i
TAGA AT A ARG T T AAAAT ARG T AGT O TT T AGLRCGTEOGRCCAAT T TGCARACAAATERCT)

PRI ¢ B T AGAGRTACLOGTTACATAACT TACGGTAAATGECOG

PXI3L codB

P30 o2e3 CTACGCCCUC AT TGALC CAATCACOGTARATOOCCLOCCTOCCATTOTCCCCAGTACATOACE T ATCOOAT TTCCTACT TCGLAC T ALATLTACSTAT TAGTCATLCCTAT  ALCATCOTCCADGTGRAGCCLIT

el 230 501

FX330 5203 ACETTGTBCTTCACTCTCCCCATOTOLCGOECOTOOCOACCLLGARTTTTE T ATT AT T AT T TT T AAT AT T TG GLAGLGAT GRCEAGLEE0E5G6EG50CG6E500CH0GCCAGECEEEG0EGE0CG5ACCE4

GOUCOCOT ATAARAAGLCAASCGCOCGOCLOOTGOoACTLCCT

PX330 52e3 GOCGECCOOCOGOCCOACCGLCOACAGETCCOOCOLCAGECAATCACACCOCCOICCTUCCARAGT T CET T TA” GOCLACCLOCLSOCGD

I}

ARG BAGLAMGEATR

LAG TGGTAGAGE 001 GOGEEE |G

PRI fac L 31 AAGE EHEA RG] EE G G VGAARIDAG L L1 L

3 UATLARIE | LAAL | AL

NLE

FLAC

PR30 a2 T A AGAAGTACARCATCGRIC T BRACATORGCACAACTCTGTGRGL T RGECIE

-Spesnt

AT AT T RAT T ALAAAGAC AT RACGATAARATRGOCCIAAAGAARAAGIGGAAGRTDERTA
FX330 o203 TOATCACCOACGAGTALAAGE TGLOCAGCARGALAT  CAAGGTECTGEGLAACACCEACCABCACABCATCAAGARGAALCT BATCOGAGLCTGCTGT TCEACAGCGELCARACAGLCEAGECACCOGELTEAAR

GHA AN

~SpCsn

GAAGLACOARCASGACIGOATCT TOGaIAACATCGTGRAGEAGE T BG00TACCAGGAGAAGTACIGOANGATOTACTACE TOAGAAAGAAAL T GG TEGAGAGIAGCEACAAGELGRALG TO0EAOTGATGTATST

-Sptact

FX330 ooed COC GECLCACATEATCAAGT COBEEACCACTTCC GATCEAGEECEACS  GAACCCCBACAACABCGACETEEATAMGS BT TCATCCAGCTGE T GLAGACC ACARCCAGE THT TCEAGEARAALCCCATCAAS



115 | Appendix

FX330 5263 GLCAGCEECET GOACGLCAREECEATCCTETLTGCCAGACT GAGCAACAGCAGACIEGL THOAAAATCTGATLOCCCAGLTELOLEELoAGRAGAACARTESCCTSTTCGOAAADGTGAT T GOCOTEAGLCT BGECET

BRI G

PA330 & 7z GACGOLATRGTOLTGAGGGEAL

COTGAGGRON T CTATGATCAAGAGAT ADEACGAGCACCAGCAGEACE TGALCCTECTSAAAGG T CTOGTE

PX330 0o03 COECAGCAGC GO0 BAGARE ACAAABABATTTTC TCEACTAGAGCAACAACGECTACGICGEC ATA  TRACGEECERABCCAGBLCABEAABAC TCTACRAABT TCATCAAGCCOATCCTERAAAMAGS BRACGE

e

M350 oed CACCCAGSAACTOO TCATGAAGE TCARSAGASASCACCTCOT SCGoAAS S AL OCAL ST T CaACAACOOC AL AT C SO CUACC ACAT SOACL TOOCACACCTOCACCOL AT TE TCOOOC COCADSAAGAT T TTTASS

PXEI Lo L G GOEARAAGA

EEEIE

G GA G LA A A AR GG AT CaTERACC TGO T BT T CAAGALCAL O RAALGTGALCGTRAAGCAGL TGAAAGAGE

CRAGLTGATCAR, AZT

-5pCen1

FX330 0203 ACT CAAGAAAATOGAGTEL T COACT COBTOEAAAT CTOLGGCGTOEAACATCEBTTCARLACETCLOTEOGCACATACCACGATCTECTOARAATTATCAACSACALGEACTTCOTERACAATCAGOARRACGAS

GAAATACGTEACIGAGGEAATGAGAAAGLCCGLCTTOCTGEA

BRI cen LG

PA330 & TOLTAGATTTGOTGAAGTEOGAGEGGT TOECOAAGATARA! 50

PX330 03 AACAGCACATCCACARACCICA

Sr0s1

PXEI Lo GAEAATA GLEAL AR A

GOGA GGARGAGE

1 CAAAGAGE |G

PXI30 ool GAAAGAACACCCOE T GOAAAACADCCAGS BLAGAAC BACAAGE T BTACCTETACT AL GoAEAA T GOECEOCATAT BTACGTEGACCAGGAACTEEACAT CAACCEECTETCCGACTACCATGTERACCATATL

PR30 o263 TOCOTCAGACCT T TOTGAACCACCACT CCATLCACAACAAGSTCCTOACCACAACLOACARSAALS OGO CAACADLGALAACSTGL LG T COCAACALSTOOTCARCARCATLAAGRAC TACTLOCOOLAGCTCOTC

PRS0 ozed AASGLCARSCTGAT ACCLACAGAARGT TCOACAATETOACC AAGECCOAC ADACGLSCCE THAGT ARG TOATAAGDLSGEE TTCATCAAGASAS & SCAGATCATARACCALCTGOCACA
rsecant
BAl e b WAL 1303 DA EANEA AN ACIEACGAGEAN [EAIAN [RELNRS e Pt WAAAG I EAL e LE EooEn | FEMAEEA LD NCEAR | ACAARG L ECEEEAGA D0

“seCant

PX330 & ADAALTACCACCAGGCIGANEACGOOTAGCTSAALECD: TEGGAACLIEECO TEATGARAARGT AGLGTAAGCTA0AAAGOGAGT THOTGT ALEG0GACTACAREGT GTACGAGS

-SpCsn1

PX330 5203 AGCIEACCAGEAALTCEGCAREEC TACCACCARGTACT TOT CTACAGCAACATCA GAACTT TTCARGACEGAGAT ACCCTOECCAACEBACEACATCCEGAAGCEECCTCTGA COABATARLCEEOGARACCOE

AHROENT

PX330 02e3 GOAGATCOTC GOCATAAGOCCCOCCAT T TOCCACCOTCOOGAARADTOTCAGCATOCCCEAACTORATATCC SAARAAGATTGAGE CUADACAGDICGOLT CAGCAAADAC CTA LT GUCCARCAGGAATA

GEAAGATEATCENGAAS

=t

OO AAGAAE AL

FX330 vor

Pi330 23

[EEETE AGRARTAGCIE | 1B GEARDAG CHAGLAL

-SpCen

PR30 pon2 GATAAGC ADAGAGCAGGCDGEA AT AT A T AT T AL G TEAC S AAT S TRRGA G OCCTECCGOCT TCAARTAS T T TGACALCATCATIGACT

W

21

CAGECAAAAAAGARAAAGTAMBATTOCTAGASS

FX330 5263 COGCAGCCTEATOOACCAGAGCATOACCEBLL TATACGACACACGEATCOACCTETCTCAGE T GOCAGGCEACAARMAGEE ACDAARABGEICE
Gl powh
PX330ome3 TOCCTCATCAGCETCOAC T GTGCCT CTAGTTCCCAGCLATCTC TOTTTCCCL TGUCTTOC T TOACCL GOAADCTGCUACTUCCAC  OTCCTTTCCTAATAAAR TGACCARAT TGCATLC

B FeITR

GAGEA | GEEAREALAL AT

PXEM G b I GAGIAGEIGE Gl G1A
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PR320 5263 GO TOOGT O TCACTOACGLCHGOOGALCARACOTLGLECGALCOCOR oS TTTCOD

11 Oriin
e T i 2
| | |
PXRESN o b GGEE AL AL SRR
i Qigin
CTTOLG TR0 TTS CGGCATET TOGCIERCT TTLO00GTCARGCT O TAAA COEREE0 COGT TTAGGE TOOGAT TCACGTAGT
i Cigin

o
V
PX330 0oc3 BGCCATCECCCTRATAGACEE TTT CACCCTTTGACET THBAG COACGT CTT AATAGTEEAC CTTATTOCARAC TEEAACAACACTCARCCCTATCTCGEEC ATTCTTT GAT TATAREEEAT TTECIE
sa1 “ue ume cdu v e

I T i

I
GOTEATTTAACAALALT TTAAD ATT TAACAAAATATTAACSTTTAZAAT T TATGATEC,

SGTTAARSAMLTE, CTCTOASTACAATCTECTATEATECCACATAGT TAAS:

iz wh e
|

s ) @
]
TEOGRCTTACAGATAAGE TRTGAGLG CTOCRGEAGE TRCA BTG CAGARGT TTCALCRT LA CAGCRARAL

I |
ATACGIGGCIAACATCCGG GADED

arn w1 o wan vz
] ]

T BT RATAC ARG AT T TTATAGGT TARTE T CATEATAATAAT 32T TTO T TAGACS T CABGTAECAT T T TORGERAAAT RTECHD SATT BT TAT TTTCTAAATACATTCAALT ATETAT

AnpR

PR30 v

e

I
CoBCTOATGAGACAAT AACLC T SATARATGOTTCAAT AATAT TEASAANG

AGAGTATEAG AT TCAACAT T TCOG T ATOGEOC T TAT T CRCTTT T TECAGCAT T TGOCTTGCTAT TT S0 TCATGCAGARAD

gt

PX330 o203 GUTIEGTGAAAGT AAAAGS G0 GAAGATCAGT TEGE GLACGAG GOETTACATCERAAC GRATCTCARCAGCEETAABATCOTTBARAGT T TCECCoTRAAGARCETTT COAATGA BABCAT TTTARAG TC

g

PX330 o3 TGO ATCTOCCOUCGTAT ATCCUC ATTGALCCLCGOTAADACCAACTCOGT COCOOCATACAT TATTC T CACARTGACT CUT GAC AL CACCACTCATAGAAARGCATC T AUCCGATGOLA T CACAGTARGA

AR

CIGATSE ] | EEEA

SAAGEAGED | A AL

3MTGAIE ARG

PXEI fac L BAA LA

TYERRES

BAL QA ARDALIE

LA Ge

PHAI0 cosd AGCGGARCTEAATBAAGCCATACAAALBALGARTE BACACTACGAT I T ATARCAA T BECAAGAACE TROGLAAACTATTAACTRECAAACTACT TACTS AGCTTOCOGRCAATAAT TAATARAL T B5A 53
ampR

FX330 0203 AGGCGEATAAAGT THCAGGACCAL T CTECECTLGECOS T COEGCTEGLTHET T ATTACTEATAAATC T BGAGE CGETEABLET GOAAGLCELERTATCAT TECAGLACT GGEGCCAGATEETAAGICCTICCAT

gt
w10
MH3E0 ozes ATCOGTAGTTA CTACACCALCOOGAGT CAGECAAL TATOCATOAACGARATALACAGATCOL GACATACCTOCCT EACTCAT TAAGLA TOGTAACTOTCASACCAAST T ACTCATA T ATACT T ACATTSATTT

DG ai
4 e e i e S
1 | |
PXIMcan b AAAAT L GAL LLTAML L AARAT ALBAGGAAAA LGOT ] A

GG GUE AGAARAGA | TARNGEEN

AL IAGE [ GAAGATSGL LT 1GA 1AL (IS

aliS ari

CTT TT TCTGLGEETAA CTRCTECT TECAAACARARLLACIACCGOT AGCAGORRTERTT BT T GR0RGATGAAGAGT AL CAALTOT T TTOORRAAGRTAACTGRE T CAGCAGAGCEUAGA ATCARATALT

ol ari

PXI30oces GTCCTTCTAC T GTAGE e AC T TACGL CACCACT T CAAGAAC T BTAGCACCGCCTACATACCTCGC T T BLTAATCCTE T TACCAGTGEL T GCTECCAGTGECOAT AACTCOTETO T ACCEOE T TOGACTCAAR

alic: on

FX330 0203 ACGATAGTTACCOEATAAGGCECAGCEGTOOGELTEAAEEGGEET TOGTECACACAGCCLAGDT THGEAGCEAACEACCTACASCHAACTSAGATACCTACAGCETEAGL TATGAGAAAGLECCACGLTTCOOGAAG

oIS i

PX330 5263 GOAGAAAGOCCGACAGOTATCCOOTARGCGELAGGC  COCAALAGDACASTGLACGRAOCCASCT TCCACCOOOAARTGCETCOTA LT T ATAGTCCTOTCOOC TTCOLCACE TCTOACT TGASTGTCCATTT T

llG i

1330 4 AGALGEE

00 1 GAL ANEGEAANNA
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6.4 Plasmid map of CD4Gtf2h4

2 7 1

1AL A AR AGEECD G LEA L ACGBRC A | DHHEEAAL IGEE

A piR
1 L A _
I 1

AL L GTEG LA L GAGATAN A PLGATAARTEG | IDAA TARTAL TEAAAAAGEAAEAGIATGAG LA LIAATA L IGOG 61 DEGES 1A 1Eea] 1 FEANEE e GG

AmEiR]

RO TRETEARAGTAARACATEOT BAAG GTTEEGTECAGREAL TTACATCRAACTEGATCT CAATAGLGRTAAGATOLT TRAGART T TOGLOGLGAAGAACGTT TTGLAATGATGAGLACTTT &

AMpiR)

CDMGI2 e AAGTTOT RO AT G T GG RTAT TAT Lo RTAT TEAC GO Ga G AR GAG AL LT oG T oG e IR ATACACTATT ZTCAGAL TEACT T GGT T RAGTAC T CACCAGT ZACAGAAAAGRLATCT TALGEGATRRIATGACA

AmpR]

COMGIZre GTAAGAGAATTATGLAGTECTROCATAALCATEAGTEATALCACTGCAGCOCAACT TACT TCTGACAAC GA T CHGEAS GEAGCTAACLECT T TTTRCACAACATEGGEEA CTTGATCS

AmpiR)
S

CO4GIZee TTGESA SAGCTEAATOAAGCN AT ALGARACGACGACCGTOALACTACOATGLOTGTAGLAATEGCAAGAACST TGLGCAAACTAT TAAL TAGRGAAGTACT TAGTCTAGR TTAGLEE0 ATAGAGT

SEEA AL

CUA LIGELIATL D IETARMIAGA L TGARAL

CL4G I27¢

CL4G 27 AAGT GLAGE o CTGOACTORGECOT CREGCTRF0TAGT TA T30 B4 ARAATCTGRAGCE

COAGATGRTAMGOGT

e

SO TOCCETATCETAGT TAT CTACAC BACEEGEAGTCAGECAACTAT GOATOAACCALATAGACAGAT CECTEAGATAGE T GLCTCACTEAT TAAGCAT TEETAACTTCAGACCAACGTTTACTCATATATACT TTACAT

T Tz 1 (B w0 a iz

I I | I
GOMG 2 ¢ TEATTTAAAACT T CAT T TT T AATT TAAAAGEATCTAGGTCRAAGATACTTT T TEATAAT S TCATGASGARAATOGOT TAANGTGART T ToE T TGGAN T GAGCATCAGAGIGOATARAAAASAT ARAGGATGTTSTT

rn LE I -
|

IMIFLAL GEAGA |

A GAREAL
n e
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OPEN T cell-specific inactivation of mouse
'CD2 by CRISPR/Cas9

Jane Beil-Wagner:?, Georg Didssinger?, Kilian Schober?, Johannes vom Berg?, Achim Tresch®*,
. Martina Grandl*, Pushpalatha Palle?, Florian Mair®, Markus Gerhard®, Burkhard Becher®,
Raceived: 16 February 2005 Dirk H. Busch® & Thorsten Buch®*

Actepted: 22 January 2018 The CRISPR/Cas? system can be used to mutate target sequences by introduction of double-strand
Published: 23 February 2016 breaks followed by impracise repair. To test its use for conditional gene editing we generated mice
: transgenic for (D4 promoter-driven CasS combined with guide RNA targeting CD2. We found that
. within CD&4* and CO8* lymphocytes from lymph nodes and spleen 1% and 06% were not expressing
. (D2, respectively. T cells lacking CD2 carryied mutations, which confirmed that CasS driven by cell-type
. spedific promaoters can edit genes in the mouse and may thus allow targeted studies of gene function in
Lovivio.

| Genome modification in the mouse has become an essential research tool for addrcssmigcne function i vivo.
: Since 1987, targeted mutagenesis in the mouse has been performed by manipulating embryonic stem (ES) cells
¢ im vitro'. Chimeric mice that were partially derived from these ES cells were used to find new, manipulated mouse
. lines. As an extension to this technology, recombinases such as Cre are used to avoid the use of resistance genes,
¢ to allow embryonic-lethal mutations and to make inducible, cell-type specific knockouts and knock-ins™. While,
{ recombinase-medisted conditional gene targeting has drastically widened the scope of the technology, it still
¢ relies on ES cells for introduction of the recombinase targets such as loxP sites. Further, mouse lines carrying a
¢ loxP-containing allele need to be intercrossed with a Cre transgene to address target gene function. Altogether,
¢ the minimal time for generation of such conditional mutants is more than a year. Recently, a paradigm shift
. in germline mutagenesis has taken place through DMNA editing by designer nucleases. Zinc finger nucleases,
¢ Tal effector nucleases, and the CRISPR/Cas9 system have facilitated the generation of gene-modified animals
¢ without the use of ES cells**?. These designer nucleases can be tailored to introduce single- or double-strand
. breaks into target genes, which are repaired through cell-intrinsic repair mechanizms. Non-homologous end
¢ joining-mediated repair leads to insertions or deletions' and homologous recombination in the presence of
¢ a donor fragment facilitates introduction of defined mutations'!. In the mouse, designer nuclease-mediated
. mutagenesis is achieved through injection of nuclease-encoding plasmids, BMNA or protein into rygotes followed
¢ by screening of the founder animals™. Recently, the Clustered Regularly Interspaced Short Palindromic Repeats
¢ (CRISPR) in combination with CRISPR associated gene 9 (Cas9) system has surpassed the other designer nucle-
. ases in terms of efficiency and flexibility. It has proven to allow both insertions/deletions and specific targeted
: mutagenesis in the germline of the mouse®'* " and in human cells'"*. The original CRISPR/Cas9 system from
¢ Streptococcus pyogenes' was modified for application in molecular biology and now relies on a single 102 bp long
¢ guide BNA (gRMNA), of which 20 bp determine the target sequence'”. Since, the exact choice of gRMNA is subject to
¢ further restrictions, such as presence of the Profospacer Adfacent Motif (PAM) sequence (MGG) and unigueness
. within the target genome, online tools have been developed for designing functionally competent gRNAs!%,
i The CRSIPR/Cas® system has been used to modify genes in the germline by transient expression in the zygote
¢ and was found to facilitate somatic mutations in the mouwse when expression of the system was under control of
¢ the Cre/loxP system and gRMA was delivered through viruses or transfection®”. Only recently, it was shown in
© mice that doxcycycline-induced Cas? allows conditional in vivo gene editing®. In Drosophila melanogaster, Cas9
¢ was shown to ensble efficient cell-specific gene editing after its placement under a tissue-specific promoter™.
¢ However, direct gRNA/Cas8-mediated conditional gene editing using cell-type specific promoters similar to con-
. ditional mutagenesis by Cre has been so far not reported for the mouse (Fig. 1a). Such an approach would allow

o Unstitute for Medical Microbiclogy, Immunobogy and Hygiene, Technische Universitat Monchen, Germany. “Institute
. ofLaboratory Animal Science, University of Zurich, Schlizren, Switzerland. ‘Max-Planck-Institute for Plant Breeding
. Research, Cologne, Germany. *Department of Biclogy, Albertus-Magnus University, Cologne, Germany. *Institute
. of Experimental immunalegy, University of Zurich, Zurich, Switzerland. Correspondence and requests for materials
. should e addressed to T.B. (email: thorsten buchi@uzh.ch)
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Figure 1. Conditional gene editing. (a) Scheme of the concept of conditional gene editing. In the Cas9 driver
strain, the nuclease is placed under control of a cell type or lineage specific promoter. The gRNA construct

is driven by the ubiquitous Ué promoter. Both transgenes are co-injected into oocytes. In double-transgenic
animals, cell-type specific gene deletions are induced. (b) Scheme of constructs used for the CD4dsCas9/
UagRMA(CD2) mouse strain. The two used linearized plasmids are shown. First, distal and proximal enhancer,
34 promoter followed by exon 1, part of exon 2 and Cas9 with a PolyA at the end. Second, the Us promaoter
driven gRNA specific for CD2 followed by the U6 terminator (U6 T). (c) PCR analysis of tail biopsies for
presence of CD4dsCas9 (835 bp amplicon) (lanes 1 and 5) and UsgRMA(CD2.0) (407 bp amplicon) (lanes 1
and 5) by PCE. DNA from a wildtype (WT) mouse as well as H,0 were run as a negative control. 2, 3 and 4 were
non-transgenic litter mates.

single-step analysis of gene function within a cell lineage circumventing tedious gene targeting and crossing
necessary for Cre/loxP-mediated conditional gene ablation.

To test whether gRMA/Cas? could drive cell-type specific mutagenesis in the mouse, we placed Cas® under
control of a CI4 promoter (CD4dsCas9), thus initiating the expression in T lymphocytes during their matura-
tion in the thymus (Fig. 1b)™. In a second construct, we placed a gRNA expression cassette under control of a
Ut promoter (UsgRMA(CD2)). The gRMNA was directed against a target sequence in exon 2 of CD2 (Fig. 1b),
an easily detectable surface marker found on all T cells. In addition, we chose this target because its deficiency
does not influence cell viability™ and does not lead to changes in the cell’s phenotype, that could impair this
proof of concept study. The two constructs were co-injected into the pronuclei of oocytes of FVB/N mice and
aoffspring were screened for presence of the transgenes. Two transgenic founders carrying both constructs were
identified (Fig. 1c). We also obtained two founders carr}'ing solely the Cas? and two carr:,-'lrcllg solely the gRMNA
construct (data not shown). Further analysis of peripheral blood by flow cytometry revealed that in one of the
double-transgenic founders a fraction of CD4+ (0.4%) and CDE+ (0.5%) cells lacked expression of CDZ (Fig. Z).
Mo such ulations were found in wildtype controls (data not shown), the other double-transgenic {Suppl. Fig. 1)
or Cas? and gRMA single- transgenic founders (Fig. 2). Furthermore, we analyzed pooled lymph nodes and spleen
cells of two double transgenic FI mice as well as of two wildtype littermates to verify the initial blood analysis.
Here we observed that 1% of CD4° and 0.6% of CDE* T cells were not expressing CID2 anymore (Fig. 3). A
transgene copy number analysis by real-time PCR was performed for this transgenic line and mdj:ateﬁ num-
bers of integrated Cas® being 26 and 41 and of the gRMA of 12 and &/7 (Fig. 4a). In addition, CD4-Cas? mENA
expression was found solely in T cells and thymaocytes but not B cells of double transgenic (dTG) mice or wildtype
thymocytes (Fig. 4b). Us-driven gRNA(CD2.0) expression was detected in total spleen and thymus of dTGs but
not in WT controls (Fig. 4c). To confirm that the CD2 locus was edited by gRMNA/Cas9, we single cell-sorted T
cells lacking CD2 and sequenced a fragment around the target site after single cell PCR amplification and cloning
{Fig, 5a). We observed that eight out of the nine sequenced CDZ-CD4+ T cells carried a mutation in the amplicon
(Fig. 5b). In CD2-CDE&* T cells two of the three amplicons were wildtype and one mutated (Fig. 5b). In all ampli-
cons, we only found a single sequence, either mutated or wildtype. This may be either result of a technical bizs
leading to amplification of only one allele or alternatively an outcome of repair of the second allele by homologous

SCIEMTIFIC REPORTS | 6:21377 | DOk 10.1038/5rep21377
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Figure 2. Abrogation of CD2 expression on a small population of peripheral blood T cells. Analysis of
blood lymphocytes of the indicated transgenic mice by flow cytometry. Shown are live cells within al}'mphucﬁe
gate. CD4 and CD8 cells are additionally gated on TCRA. The percentages of cells found within the marked pates
of the dot plot analysis are shown.
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Figure 3. Abrogation of CD2 expression on a small lation of lymph node/splenic T cells. Flow
cytometric analysis of pooled lymphocytes from ]}rmpﬁ nodes and spleens of two double transgenic and
wildtype mice. Shown are live cells within a lymphocyte gate. The four plots on the right are additionally gated
on TCRE™ cells. The percentages of cells found within the marked gates of the dot plot analysis are indicated.

recombination using an already mutated donor allele. In all 17 amplicons from CD2+ T cells as well as nine
amplicons from CD19* B cells, we obtained solely unmutated sequences (Fig. 5b). As an additional control, we
performed single cell PCR on FYE/N wildtype CI04* and CD8* T cells and sequenced the PCR products, agai

vielding solely wildtype sequences (Fig. 5h). Sequence analysis of the mutations found within the amplicons ﬁ

SCIENTIFIC REPORTS | 6:21377 | DOk 10.1038/5rep21377 3
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Figure 4. Analysis of transgene copy numbers and mRNA expression levels. (a) Serial dilutions of genomic
DMA from three F1 offspring of founder #5 (Fig. 1c) were analyzed by real-time PCR specific for sequences
within the indicated (trans}genes. A regression analysis was performed to calculate the copy number of the
transgenes in each individual mouse, as indicated in the table. (b} Relative expression of C114-Cas? transgenic
and en ous CD4 mBMA. Transgenic splenic B cells, T cells and 5 a5 well as wi

were magneudm'cnllf enriched and maﬁfmd bjfp'lel]'ll'EPCR_ The Cm-&ﬂmmpmductis spanning mhmmﬁ
D4 Exon 1 and Cas% ORE Cixcl and Ywhaz served as housekeeping gene. ['ata was normalized to “dTG

T cells Spleen”. (c) Relative expression of gRMA{CD2.0). Splenocytes and of three different dTG
offspring as well as of a wildtype control were analyzed by RT-PCR. Cxxcl and Ywhaz served as housekeeping
gene. Data was normalized to “dTG Thymues™ of the third offspring.

CD2 T cells revealed deletions spanning up to 19 bp and insertions of one to four base pairs, five were found as
out of frame and one in frame (Fig. 5c). Two mutations were repeatedly found (Fig. 5c).

Even though we observed CD2- T cells in a gRNACas9 double-transgenic situation, we were surprised that
the number of these cells was extremely low. This may have been a specific result of this particular founder due
to expression variegation or may constitute a general problem of the approach. We therefore analyzed the T cell
compartments in our different transgenic mice in greater detail. The ratio of CD4+ TCRE+ and CDE+ TCRES
T to CIM%* B cells was found to be slightly increased in double-transgenic (8 (CD4* TCRA*) and 2.2 (CD&*
TCRE")) versus Cas9 single (4.8 (CD4* TCRE*) and 1.4 (CD8" TCRA™)) and gRMNA transgenic animals (4.9
(CD4+ TCRF) and 1.8 (CDE& TCRED), thus ruling out a general counter-selection of CD4+ and CD8+ T cells.
Since expression of nucleases such as Cre recombinase were reported to lead to apoptosis in situations of high

iferative activity™ and also for Cas8 toxic in vivo effects were described™, we analyzed CD4* and CD8* T cells

cell death (Suppl. Fig. 2a,b). We obtained no evidence of an increased number of dead cells in lymphocytes of
the gRMA/Cas? double-transgenic situation compared to Cas® or gRNA single transgenic mice as well as wildtype
mice. Thus, in our model we cannot find evidence for genotoxicity of gRMA and Cas9. Another important point
regarding the use of CRISPR/Cas? for in vivo and ex vive use are off-target effects. Whereas some groups report
high specificity of CRISPR/Cas9**"" others show high frequency of off-target effects™ . Several groups found
that off-target effects can be reduced by the use of optimized gRNAs"™"*". In our case off-target effects were not
analyzed because our on-target frequency of modification was already low™2,

Taken together, our data indicate that gRIMA/Cas9 can be used to mutate target genes in specific cell lineages
in the mouse. The frequency of such mutations in our system was low. We excluded that this was result of the
actual gene deficiency by using a target whose absence was shown to have no effect over T cell survival®. Also,
we did not find evidence that nuclease activity would increase cell death and thereby remove the edited cells
from the iom, which could explain the low of mutations. One reason for inefficient tiom
of CD2 apmw.nfcm,ﬁa feature uf'&'li;q;fmchJar transgenic founder. Defined and chm:md
Cas¥-driver lines that are crossed to gRMA lines may overcome such problems in the future. To address this point
we analyzed gRMNA expression and Cas9 expression on mRNA and protein level. gRMA was expressed in both
spleen and thymus. However, while we dearly detected Cas® mBNA, we failed to see expression of the protein
(025 ng Cas9 protein detection limit, data not shown). Thus, low protein expression levels in our particular
founder line may contribute to the low efficiency of the system. To further address whether or not the efficiency
of the used gRMA contributed to the observed low mutation frequencies we compared by in vitro digestion of
a PCR product the used gRMA (gRNA(CD2.0) to three other gRMAs (gRNA(CD2.1,CD2.2,CD2.3)) targeting
the same region (Fig. 6). We found that gRMA(CD2.1) showed almost no cutting and A(CD2.2) complete

digest. The gRMA{CID2.0) used for generating the transgenic mice presented with good but not complete cutting

SCIENTIFIC REPORTS | 6:21377 | DOk 10.1038/5rep21377 &



125 | Original Publication

www._nature com/fscientificreports/

a b
Ganstyzea Papralatian N FCR Produsts Sesquence
I.:JDI‘:::DED] ooaonIT 12 siwT
5 P
¥ wwT
-] WD WT
L] 1m0 W
T i
T alwr
c Origin  Frame
WT 5 '-GGGEATGACTAGECTEGAGAAGG-——-ACCTGGACGTGAGGATTC TGOS TRAAGTCTCC-3  WT
3 5 1 - GEEATGACTAGECTEEAGRAGE -~ GEACCTEFEACETEAGERATTCTBGETARGTCTCC-3" (DY OF
ix 5 ' =GEEATGACTAGGUTGGAGAAGG -~ ===~ e e e = == GGGFTARGTCTCC=-3" (D4 OF
B LSS ATGA TSSO T G AR AG - — - AR T ESACGTEASGATTOTGGSTARGTOTOO-3Y &4 OF
1x 5 = GEGATGACTAGECTEFEAGRAGEGTCGAC CTEOACOTGAGEATTCTOGETARGTCTCC-3" (D4 0OF
1% 5'-GEGATGACTASECTEGAGA - ————mm—mmmm e mmmm e GGATTCTGGATRAGTCTCC-3 D4 IF
1x 5 ' —-GEEATGACTAGGCTEEAGAAGE——-GACCTEEACGTEAGEATTC TGGETAAGTCTCC-3 0 oF

Figure 5. Single cell PCR analysis of the target region within the CD2 locus. Peripheral blood lymphocytes
were surface stained for CD2, CD4, CDE, TCRE and C119 and the following popul ations within live cell and
lymphocyte gates single cell-sorted by flow cytometry: TCRA* CIM* CD27, TCRE' CDET CD2%, TCREY
CD4* CD2-, TCRA+ CDE* CD2-, CDM9+. A 253 bp long region incduding the gRNA target was amplified by
two rounds ufnen.ed PCR. Products were cloned in pGEM-T and pGEM- Teasy and sequenced. For wildtype
controls the ﬁn?e cell PCR products were column-purified and sequenced directly. (a) Agarose gel showin
PCR products of single cell amplicons of the target region within the CD2 gene locus from sorted periphe
blood single cells. Lanes & and 12 on both sides of the marker are H,0 negative controls. (b) Table showing

the number of obtained mutations in amplicons of double-transgenic and wildtype cells. (<) Al tﬁ;nmem of the
obtained sequences from the CD2 gene amplicon. Indicated is the number (left side) and the cell type as well as
the outcome of the mutation (OF: out of frame, IF: in frame) (right side) of the respective sequence. - indicates a
deletion and red bases insertions.

efficiency, along with gRMNA(CD2.3) (Fig. 6). It thus appears unlikely that the low in vive efficiency of CD4- Cas9/
gRMA(CDZ0) is sole result of suboptimal gRMA performance. Methylation of target loci as factor contributing
to efficiency of Cas?-mediated genome editing has been also discussed and assessed, though with contradictory
results'**, but chromatin structure in general appears to influence Cas? binding™". Interestingly, Cre-induced
(259 expression from within the gt{ROSA)2650r locus combined with viral gRNA expression also resulted
in only infrequent gene editing in 0.1% to 1.8% of lung cells® while a recent report nefyﬁaxycyd'ine-regulaud
Cas9-mediated gene editing showed significantly higher frequencies of mutated cells. gRMA library transduc-
tion experiments in EL4 cells, a mouse thymic cell line, was found to also lead to only 0.94-3.60% mutant cells
when analyring different surface markers™. Furthermore, we were not able to efficiently mutate CD2 in T cell
transfection experiments (data not shown). While certainly the evidence is still anecdotal, T cells may be difficult
to modify by CRISPR/Cas9. One way to increase the frequency of gene editing events leading to inactivation
of gene functionality may be the use of multiple gBMNAs towards the same target. Yet, even in such an approach
only 273 of alleles will carry an out-of-frame mutation. CRISPR/Cas?-mediated in vivo targeted mutagenesis
may thus work best when a critical region, such as an enzymatic site, is functionally compromised even thro
in-frame in/del mutations. Mevertheless, also in the here-described simple version conditional DMA editing is
extremely useful_ It allows rapid assessment of cell-type specific phenotypic changes in a time frame incomparable
to classical conditional mutagenesis, especially when mutant cells can be easily identified for phenotypic analysis.
Additionally, for the investigation of onco- and tumor suppressor genes the observed low editing frequency may
prove to be advantageous. Taken together, this proof of concept study shows that direct conditional gene editing
by gRNA/Cas® transgenesis may extend the toolbox for genetic studies in the mouse,

Methods
Methods were carried out in accordance with the approved guidelines.

Animal Models. hCas9 (a gift from George Church (Addgene plasmid # 41815))" was PCR-amplified
and placed into the second exon of CD4 in a construct (CD4-DEPE, gift from Marc Schmidt-Supprian) con-
sisting of the CID4 promoter, the distal and the proximal enhancer, exon 1 and parts of exon 2 but lacking the
intronic silencer, thus supporting expression in all o3 T cells. Subsequently, the plasmid was digested with
Motl. The Crispr design tool at crispr.mit edu was used to identify the protospacer specific for CD2 Exon 2
(5" -GACTAGGCTGGAGAAGGACC-3'), which was cloned via Bbsl into a modified px330 vector (px330cod-
BChR), thus replacing a ccdB/chloramphenicol cassette. The transgene was cut out by BeiVI and Xbal. Both
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Figure 6. Functional analysis (a) In vitro test of gRNA efficiency. gRMA{CD2.0) as well as three controls
(CD2.1,CD2.2, CD2.3) were incubated with a PCR product for the indicated period of time. Digests were
separated on an agarose gel (b) ina.h sis of the gRMA efficiency. The intensities of the bands resulting from
gRNA/Casd-digested PCR product of three different experiments were analyzed using Image]. Shown is the
mean and standard error of the mean.

constructs were injected into FVE/N oocytes. The founders were screened by PCR using the following primers:
CD4 Cas? typ fwd: 5'- tge tea caa coc it agt #-3, CD4 Cas? typ rev: 5" ctt tht ate cic cic cac -3 (product length:
835bp); Us fwd: 5 -gag gec cta tit coc aty att cc-3', T7 gRNA rev: 5 -gea cge got aaa aac gga-3 (product length:
407bp). Animals were kept in barrier-5PF level animal facilities at Technische Universitit Miinchen according to
German Animal Protection Law. Experiments were conducted under the license number 55.2-1-54-2532-2-12
and approved by the Regierung von Oberbayern.

Transgene copy number determination.  We estimated genomic transgene abundance by performing
a RT-PCR using SsoFast EvaGreen (BioRad) with following primers: Cas9F2: 5" -aag aga acc cga tca acg a-3',
CasOR2: 5" -aga tia cca aac agyg ocp t-3"; Cas9F3: 5'-geg cta goc tpt oca aat-3', CasOR3: 5'-att taa agt tgy oop tea goc-
3 ; gRMA(CD2.0)F2: 5 -tgg aaa gga cga aac acc ga-3, gRNA(CD2.0)R2: 5' -cac gog cta aaa acg gac-3'; CDBaFh:
5 -caa apc aag g tat gaa-3', CD8aRb: 5' -t cca gat tta oo tac op-3'; TCRaF: 5 -toc caa acc atc tyt-3" and
Ti'_ZRa]iﬂ:g; ;5;: teg %agga tga ctat-3'. A linear m__m'%ssinn waEs performed, in which mﬁcependﬂnt ?m%bh:. the
{decadic) logarithm of the amount of DMNA used in each PCR experiment was explained by the mean Ct-value
{number of PCR cycles until detection level} in replicate experiments and gene -specific primer pairs were used.

1. log, (Quantity of genomic DNA) - Ct,,. + Gene

Here, “Ct valee” is a continuwous varizble, and “Gene” is a nominal variable with 5 distinct values coding for
the 5 primer pairs used (“CDEa"“TCRa" gRMNA CD2.07Cas® 27 Cas® 3"). As a result, we obtain one coefficient
for "'::1."}“1 l‘i(:“hgp and 5 coefficients for “G I:‘I'IE'“., 3::[@.; ﬁ“::".. I:iﬂRNM'::”!-I' ¥ ﬁ(:“u] ) 3('_‘9 1 (one of the latter 5 is
redundant and set to zero. For our purpose, it is irrelevant which one is chosen). As a result, we obtain a regres-
sion line for each primer pair (see plots Fig. 1d). The difference in the coefficients for each factor level of “Gene”
is the log 10 of the fold difference in genomic abundance of the corresponding amplicons (genes). We chose, the
mean 2.y ={ Bpe, + Propa)i2 of the i:c»cdﬁ.cmnrsﬁi e 0 P, a5 reference valuc,cun‘c-spcnn.dms:b: WO SETIOMIC
copies of an amplicon. The genomic abundance of gRNA CD2.0 was then estimated as 3. 2*10%(~ Hl” o) (the
factor 2 accounts for the two copies of the reference genes), and the genomic abundance of Cas? was estimated
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as 4. 21000 - (Birps 2+ Pows 20720 In the latter case, we averaged the two abundance measurements for Cas9.
Calculations were carried out in R (Version 3.2.0)%.

RT-PCR. The determination of CIM-Cas9 expression was performed on MACS-isolated B and T cells using
mouse CD19 microbeads and mouse Pan T Cell Isolation Kit [1 according to manufacturer's instrection {Miltenyi
Bintec). RNMA was isolated using RMNeasy Mini Kit (Qiagen) and transcribed with iScript cIVNA Synthesis Kit
{BioRad). KT-PCR was performed with SsoFast EvaGreen Supermix { BioRad) and template-free negative controls
were included. For the quantification of Us-gRNA(CD2.0) the total RNA of thymus and spleen was isolated using
RMeasy Mini Kit (Qiagen) and reverse-transcribed with Moloney Murine Leukemia Virus Reverse Trmsmc'lptnsz
RMase H— Point Mutant (Promega) according to the manufacturer’s instructions. RT-PCR was performed with
KAPA SYBR FAST gP'CR Universal Master Mix (Peglab) and template-free and reverse transcriptase-free neg-
ative controls were included. Both transcript abundances were assessed using the Bio-Rad CFX384 systems and
following primers were used: CI04-Cas® F: 5 -age oct cat ata cac aca oct-3, CD4-Cas® R- 57 -acg oty tt gta cog
ata-3'; CI F:5'- aga act gt tog pea tga ca-3', CD4 R: 5'-aaf gag aac toc get gac-3'; CD2 F- 5'-coc atg att oct tea tat
tty ca-3 and CD2 R: 5 -ppt oot bot cca goe tag £-3'; Cxxc | F: 5'-gpt tgt tpe acg gpg toc ag-3, Caxel B 5" -coc cat bt
cag act tge l.gl.cE-l-';YwhazF: 5'-git act tgg cog agp ttg otp ot-3', B-5'-gpt gty tcg pet goa tet oct £-37. Caoecl
and Ywhaz were used as reference genes. The A ACq Analysis was performed with BioRad CFX Manager 3.1.

Flow cytometry. Blood samples and splenocytes were treated with red blood cell lysis buffer and along with
lymph node cells and thymocytes were washed with phosphate buffered saline (PBS). They were stained in FACS
butter (PBS, 10% FCS, 0.01% NaM;) with anti-CID2 FITC, anti-TCR} PE, anti-CDE PerCP anti-CD19 APC and
anti-CI4 PB (all Biolegend). Live/Dead discrimination was performed by propidium iodide or Live Dead Fixable
Aqua Dead Cell Stain Kit (Life Technologies). Single cells were sorted (BD, MoFow) ontoe AmpliGrid slides and
processed immediately. For FACS analysis, cells were acquired at BD) Canto 1T and Aria 5. Anabysis was

with Flowlo @.4 and 10,

Molecular Biclogy.  Single cell PCR was performed as a nested PCR. The outer PCR was performed with
Advantage? (Clontech) directly on the AmpliGrid slide. For the inner PCR, Herculase I1 Fusion Enzyme with
dNTT combos { Agilent) was used. PCRs were performed with the following primers: out fwd: 5'-atc acc ctg aac
atc ccc aac-3°, out rev: 5 -act gga gtc te tt -3 (product : 382bp); in fwd: 5 -ct ttt aaa
apg-3', in rev: 5 -grt grt coc anlEctlE:gl ac—3'g{l|§u£?icucl length 253bp). One Anfp]iﬁrjd slide mﬁggsggfa&nﬁeﬂs. af
which every sixth sample was not loaded with a cell and served as negative control.

The Cas?-gRNA efficiency test of four different gRMAs targeting CD2 was performed in vitre on
column-purified 839 bp CD2 PCR products (Wizard 5V Gel and PCR Clean-UP System, Promega) which were
amplified using Tag PCR Master Mix Kit (Qiagen) and following primers: CD2 cut F: 5'-cct gac aga aag aac
tc-3', CDZ cut R: 5 -ctc act gt oct agg ca-3'. Either PCR product or annealed oligos (PCR primer: T7 CDZ.0 F
5'-taa tac gac tca cta tag gEg act agg cig gag aag gac c-3, T7 CDZ.0 R: 5'-gca gog pot aaa aac gEa-3'; oligos: T7
promoter F: 5'-taa tac gac tca cia tag gg-3', CD2.1 R: 5'-aaa ape acc gac tcg gy cca ctt tit caa git gat aac gpa cta
goc tta tht taa it got att tot apc ot asa aca aga cac coc aga tgg tot ooc cta tag tga gic gta tta-3', CD2.Z R: 5'-aaa agc
arc gac tog ghy coa ctt tht caa git gat aac gga cta goc tia ttt taa ctt ot att tot apc tot 388 acg aac atc ooc aac kit caa
acc cta tag tga gic gta tta-3', CD2.3 R- 5'- aaa age acc gac tog giy oca ctt tht caa gtt gat aac gpa cta goc ta tit taa
ctt gt att tct age tot aaa act cgc acc toa tea ata toa toc cta Laglg:al:c gta tta-3') were used to transcribe RMA with
MEG Ashortscript T7 Transcription Kit {ThermoFisher Scientific) and purified with MEGAclear Transcription
Clean-Up Kit (ThermoFisher Scientific). gRNA and Cas9 Muclease, § pyogenes (WEB) were preincubated for
10'min at room temperature. After adding the CD2 PCR product the mix was incubated for either 1hor 1.5h at
37°C and finally analyzed on an agarose gel. The following fragment sizes are expected: gRMA(CDZ.0): 499 bp
and 340 bp, gRNA(CD2.1): 251 bp and 588 bp, gRNA{CD2.2): 269 bp and 570 bp, gRNA(CD2.3): 312 bp and 527

bp. The signal quantification was performed using Image] 1.50a.

References

1. Hooper, M., Hardy, K., Handyside, A, Hunter, 5. & Monk, M. HPRT-deficient (Lesch-Nyhan) mooss embryos derived from
Fmﬁnecdmmﬁnnhmlmedcdkmmm,EZ{iﬂﬂ.

2 Orban, B, Chud, D & Marth, ]. [X Tissuwe- and site-specific DMA recombination in transgenic mice. Proc NaH Aced 56 USA 89,
686 | -GBS (19920,

3 G, H, Marth, |. D, Orbam, P, Mossmanm, H. & Rajewsky, K. Deletion of 2 DMA polymerase beta gene segment in T cells wsing
cell type-specific gene targeting [see comments). Scence 265, 103-106 (15984).

4 Kithn, K., Schwenk, E, Aguet, M. & Rajewsky, . Inducible gene targeting in mice. Science 269, 1427-1429 {1955).

5 Meyer, M., d= Angelis, M. H., Wurst, W. & Eohn, E. Gene targeting by homalogous recombination in mouse rygotes mediated by
zinc-finger nucleases. Proceedings of the National Academy of Sciences of the United States of America 107, 15022-15026, doi:
101073 pras 1008424107 (2010).

& Hermann, M. et al. Evaluation of OPEN rinc finger nucleases for direct gene targeting of the ROSA 26 locus in mouse embryos. PLoS
Ome 7, ed1796, do 10.1371/journal pone 0041796 (2012).

7. Sung, ¥. H. et al. Knockout mice created by TALEN-mediated gene targeting. Nat Biatechnol 31, 23_24, doi: 10.1038/nbt 2477
(2013).

& Wang, H. ef @l One-step generation of mice carrying mutations in multiple genes by CRISPI/Cas-mediated genome engineering.
Cell 153, 910-918, dai: 1001016/1.cell 200304025 (20130

9. Peng, ¥t al. Making designer mutams in mode arganisms. Developmert 141, 4042-4054, dai: 10,1242 /dev 102186 (2004).

10 Behikova, M., Galic, M., Galic, K. G. &(hnnllD.T::gdﬂddﬂmﬂdﬂn@:mﬂmmmin D'msnp]'lﬂ:u.ingnn:-ﬁngp’
nucleases. Genetics 161, 1169-1175 {2002).

1L Bihikowa, M_, Beumer, K., Trautman, . K. & Carroll, D). Enhancing gene targeting with designed rinc finger nucleases. Science 300,
Teod, iz 10, 1 126/ science. 1079512 (2003).

IZ Ran,E A. et al. Double nicking by RMA-guided CRISPR, Cas? for enhanced genome editing specificity. Cell 154, 13801389, dod:
1010 el L 201 308,021 (20030

SCIENTIFIC REPORTS | 6:21377 | DOk 10.1038/srep21377 7



128 ‘ Original Publication

www_nature_com/scientificreportsf

13 Mashikp, DL of al. Generation of mutant mice by pronuclear injection of circular plismid expressng Cas? and single guided BMA.
Sci Rep 3, 3355, doi: 10,1038/ srepl03355 (2013).

14 Cong, L. ef al. Multiplex genome engineering using CRISPE/Cas systems. Science 339, 819-823, dai: 10,1126 science 1231143
{2013).

15 Mali, P &t al. ENA-guided human genome engineering via Cas9. Sciemce 339, 23826, doi: 1001 126/ science. 1232033 (2013).

16 Wiedenheft, B., Sternberg, 5. H_ & Doudna, | A. ENA-guided genstic silencing systems in bacteria and archasa. Nature 482,
331-338, doi: 10,1038/ natur= 10886 (2012).

17. linek, M. &t af. A programmable dual-BMA-gaided DNA endonwdease in adaptive bacterial immunity. Scismce 337, 816821, doi:
101126/ science 1225829 (2012

I8 Hsu, P [0 ef al DNA targeting specificity of ENA-guided Cas® nucleases. Nat Biotechnd 31, 827832, dai: 10 1038/nbt 2647 (20013).

19. Heigwer, F, Kerr, G. & Boutros, M. E-CRISP: fast CRISPE target site identification. Nat Methods 11, 122-123, doi: 10,1038/
nmeth 2812 (2004}

. Matt, B. [ =t al CRISPR-Cas® knockin mice for Benome edi.ting_ and cancer nm-d.eling. Cefl 159, 440455, daoi- 1010064,
cell 200409004 (2014}

11 Dow, L. E_ et al Inducible in vive genome editing with CRISPR-Cas8. Mat Biotecfmol 33, 330-384, doi: 1001038/ nbe. 3155 (20150

12 Port, E, Chen, H. M., Lee, T. & Bullock, 5 L. Optimized CRISPR/Cas to-als for efficient germline and somatic genome engineering
in Drosophila Proc Natf Acad Sci USA 111, E2967-2976, doi: 10.1073/pnas 1405500111 {2014).

13 Sawada, §., Scarborough, | [, Killeen, N. & Littman, 1. B_ A lineage specific transcriptional silencer regulates CDM gene expression
during T lymphocyte development. Cell 77, 917-928 {1654),

24 Killeen, M., Stwmart, 5. (. & Littrnan, I K. D-Eur_'lnpmmia.nd function of T cells in m.inewirh:.d.imwdcﬂlgm EMBOJ1L,
43284336 (1992).

15 Schmidt-Supprian, M. & Rajewsky, K. Yagaries of conditional gene targeting. Nat Imemunc| 8, 665668, doi: 1001038/ nil 707 -665
(2007,

26 Veres, A. of al. Low incidence of off-target muttions in individual CRISPR-Cas® and TALEN targeted human stem cell dones
detected by whole-genormes sequencing, Cell Stem Cell 15, 27-30, doi: 101016/ stem. 201 404,020 (2014).

17. Gilbert, L. A et al. CRISPE-Mediated Modular BNA-Guided Fq!ﬂ].l].lbun d’Tﬂmcr.iFl.inn in :Ellk,a.rrotcl Cell 154, 442451, doi:
1010 el 201 3,06 044 (20030

18 Lin, Y. et al. CRISPR/Cas? systems have off -target activity with insertions or deletions between target DNA and guide BNA

Nucleic acids ressarch, doi: 10,1093/ narfgkp402 (2014).

19 Tsad, 8 Q. et al. GUIDE-seq enables genome-wide profiling of off-target dexvage by CRISPR-Cas nucleases. Nature Fiotechmology 33,
187197, dod: 10, 1038/pbe 3117 {2015).

30 Cho, 5 W, et al Analysis of off-target effects of CRISPE/ Cas-derived RMNA-guided endomucleases and nickases. Gemame resaanch 24,
132-141, doi: 10.1101/gr.162332.113 (2014).

1L Kim, I et al. Digenome-seq: genome-wide profiling of CRISPR-Cas9 off -target effects in human cells. Nat Meth 12, 237-243, doi:
101038/ nmeth. 3284 (2005).

312 W, X efal Gm'n:-w:idebci.ndiug aof the CRISPE endonwdease Casd in mammalian cells. Nt Bicdech 32, 700676, dod: 1010387
nhe. 2889 (2014).

33 Kuscm, ., Arshin, 5, Singh, B, Thorpe, [ & Adl, M. Genome-wide analysis reveals characteristics of off-target sites boand by the
Cas? endonuclease. Nat Bioteh 32, 677683, dod: 10, 1038/nbt 2916 (2014).

34 Doench, . G et ol. Rational design of highly active sgRMAs for CRISPR-Cas9-mediated gene inactivation. Nat Biotech 32,
12621267, doic 10.103&/nbe 3026 (2004).

35 K. Core Team. - A linguage and environment for statistical computing. . Foandation for Statistical Computing, Vienna, Austria.
URL hetpzifwww. B project.org (2013).

Acknowledgements

We thank Karin Mink and Julia Ritter for cocyte injections. We are grateful for Martin Skerhut’s help with
mouse breeding. We thank the animal caretaker team for their support of this study. Furthermore, we thank the
Flow Cytometry Facilities of the Institute for Med. Microbiology, Immunology and Hygiene at the Technische
Universitat Miinchen and of the University of Zurich, especially Lynette Henkel and Claudia Dumrese. We
are grateful to access to machinery of the Foundation for People with Rare Diseases, of the Neurobiochemical
Laboratory of the Kinder- und Im_}rhfmisdizr Dienst of the Canton of Zurich, of the Center for Molecular
Cardiology of the University of the Research Unit Internal Medicine of the University Hospital of Zurich,
and of the Institute of Virology of the Technische Universitit Minchen. We thank Sabine Specht and Daniela
Schildknecht for assistance with western blot establishment as well as Stefan Haak for logistical support.

Avthor Contributions

J-B. and T.B. designed the experiments. . B, G, PP, LB, EM., M.G. and K rformed the experiments under
supervision of T.B., D.B, M.G. and B.B. |.B., TE. and A T. perfmmedda.taml';':ls IE.am:lTB co-wrote and all
authors revised the manuscript

Additional Information
Supplementary information accompanies this paper at http://wwwnature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Beil-Wagner, |_ et al. T cell-specific inactivation of mouse CIN2 by CRISPR/Cas9. Sci
Rep. 6,21377; doi: 10.1038/srep21377 (2016).

m This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commeaons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http: {icreativecommons.orglicensesby/4.0¢

SCIEMTIFIC REPORTS | 65:21377 | DOL 10.1038/5rep21377 g



129 | Acknowledgements

8 Acknowledgements

Nach zehn Jahren Studium kann ich nun mit Stolz meine fertige Doktorarbeit in der Hand
halten. All das ware allerdings nicht ohne die Hilfe vieler Menschen moglich gewesen, die
mich sowohl wissenschaftlich als auch privat unterstiitzt haben. Bei einigen mdchte ich mich

an dieser Stelle bedanken.

Anfangen mochte ich mit meinem Doktorvater Prof. Dr. Thorsten Buch. Auch wenn du nun
offiziell nach unserem Laborumzug in die Schweiz nicht mehr mein Betreuer bist, hast du
doch einen groRen Teil zum Entstehen dieser Arbeit beigetragen und standst mir
wissenschaftlich jederzeit mit Rat und Tat zur Seite. Danke auch fir die Freiheiten und

Moglichkeiten, die du mir eroffnet hast.

Vielen Dank auch an meine Komiteemitglieder apl. Prof. Dr. Clarissa Prazeres da Costa und

Prof. Dr. Bernhard Kister fiir die Betreuung wahrend der Arbeit und das wertvolle Feedback.

Einen groRen Dank gilt der alten AG Buch und meinen neuen Institutskollegen der LTK aber
auch dem gesamten Institut fir med. Mikrobiologie, Immunologie und Hygiene. Eure
Hilfestellung und Motivation sowie die daraus entstehende freundschaftliche und lustige
Atmosphare haben auch den triibsten Labortag erhellt und jedes unmogliche Ziel erreichen

lassen.

Nicht zuletzt mochte ich meiner Familie und meinen Freunden danken. Mein Studium war
nicht nur wissenschaftlich eine Reise, auf der ich viele Personlichkeiten traf. So wurden aus
manchen Kommilitonen auch enge Freunde, die mein Leben immer noch begleiten und mich

durch reges Interesse jeden Tag motiviert haben.

Ein besonderer Dank gilt auch meinen Eltern fiir die jahrelange Unterstlitzung, die
Motivation, Férderung und Reisebereitschaft mich auf jedem meiner Schritte zu begleiten.

Ihr habt mich zu dem gemacht, was ich heute bin.

Zum Schluss mochte ich meinem Mann danken. Deine positive Lebenseinstellung und deine
Liebe haben mich auch aus dem groBten Dissertationstief wieder rausgeholt. Du hast mich
jederzeit mit Motivation und Verstandnis unterstitzt und mir das schonste Geschenk der

Welt gemacht.



130 ‘ Acknowledgements

JaydigeH Yupnr g wouj paydepe

SINNUHOR, NZLSHOHLLANNYE
ﬁaw_ A2 % 1LLANATS
e @@w &y S ordd1?
2y IHN YIS U9

<

1anLeliNCe 7.,z

@09

ROLANDV



