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1. Introduction

Post-translational protein modifications (PTM) are a highly sophisticated means to
fine tune cellular processes and redirect protein functions. PTMs can take on many
different form such as phosphorylation, hydroxylation, glycosylation, methylation,
etc. The most studied form of post-translational modifications with a protein as
modifier is ubiquitination. Ubiquitin (Ub), a highly conserved 76 amino acid (aa)
polypeptide, is able to covalently attach to other proteins and is therefore able to
regulate the fate of the target protein in a dynamic and reversible manner. Target
proteins are able to undergo mono- and polyubiquitination with each form of
ubiquitination resulting in a different outcome of modification. Ub itself has Ub
binding sites and can therefore build polyubiquitination chains by linking either
through Lys48 or Lys63, whereas Lys48 (Flick et al, 2004) linked Ub moieties
mainly results in proteasomal degradation (Hershko and Ciechanover, 1992) and
Lys63 chains regulates DNA repair mechanisms, endocytosis and activates protein

kinases (Figure 1-1) (Haglund and Dikic, 2005).

Besides Ub many ubiquitin-like modifications (Ubl) are known. These
ubiquitin-like proteins follow a similar mechanism of post-translational
modification, however with different protein structures and distinct physiological
consequences. The most prominent Ubl is the small ubiquitin-like modifier, known
as SUMO (also known as sentrin, Pic-1, GMP-1 UBL1, SMT3C). However, besides
many others, also NEDDylation (Nedd8) (Kamitani et al., 1997), ISGylation (ISG15)
(Haas et al., 1987; Loeb and Haas, 1992) and FATylation (FAT10) are well known
Ubls (Liu et al,, 1999).
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Figure 1-1 Overview on most prominent ubiquitin (Ub) and ubiquitin like (Ubl)
posttranslational modifications. In a process known as monoubiquitination
(A) a single Ub is covalently bound to a target lysine (K) resulting in a range of
different functions of the target protein. Multi monoubiquitination on the same
protein is often used in endocytosis (B), whereas polyubiquitination, where Ub
chains are formed via Lys48, targets proteins for proteasomal degradation (C).
Polyubiquitination through Lys63-linked chains (D) regulates DNA repair
mechanisms, endocytosis and activates protein kinases. SUMOylation regulates
many cellular mechanisms, such as nuclear transport, DNA damage repair and
chromatin remodelling, besides many others (E). SUMO chain formation has
been observed, however it’s function is unknown (F). Fatylation regulates rapid
proteasomal degradation in a ubiquitin like manner (G). NEDDylation (H) has
been shown to modify Ub E3 ligases and ISGylation regulates immune
responses induced through interferons. (Adapted from Hoeller et al., 2006)

1.1 SUMO

First discovered as an ubiquitin-like protein in 1996 by several groups (Boddy et
al. 1996, Mannen et al. 1996, Matunis et al. 1996, Shen et al. 19963, Kamitani et al.
1997b, Lapenta et al. 1997), SUMO has since then immensely gained on scientific
weight. SUMO is ubiquitously expressed in eukaryotic cells and is essential for
survival. In Saccharomyces cervisiae SUMO defects result in G2/M cell cycle arrest
(Seufert et al., 1995) and in mice SUMO deficiency leads to embryonic lethality
(Nacerddine et al., 2005). SUMOylation is a highly dynamic process and reversible
by deconjugation through Ubl-specific proteases, referred to as SUMO proteases
(SENPs).

SUMO has only 18 % primary sequence homology to ubiquitin, but the
characteristic ubiquitin-fold tertiary structure is virtually identical (Bayer et al.,

1998; Jin et al,, 2001; Sheng and Liao, 2002). SUMO is initially expressed as an
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immature form with an C-terminal tail (Muller et al., 2001). For SUMO to be able to
bind to target proteins this tail is cleaved of by SENPs to expose the mature di-
glycin motif (Gly-Gly) at the C-terminus that is found in most Ubls (Jentsch and
Pyrowolakis, 2000). Once matured, SUMO forms an isopeptide bond between the
e-amino group of the lysine within the SUMO consensus motif of the target protein
and the C-terminal glycine of SUMO. The SUMOylation consensus motif is defined
by YKXE/D, where s resembles a hydrophobic residue, K the lysine residue, X any
amino acid and E/D an acidic residue (Bayer et al., 1998; Jentsch and Pyrowolakis,
2000; Jin et al., 2001; Rodriguez et al., 2001; Sheng and Liao, 2002). Restricted or
preferential binding to a consensus motif is unique for SUMOylation as it is not
found in ubiquitin target conjugation. However many other binding motives or
SUMO targets without any binding motifs have so far been discovered (Hoege et al.,

2002; Pichler et al,, 2005).

Yeast and invertebrates express only one form of SUMO (Smt3)(Meluh and
Koshland, 1995), plants express up to eight SUMO isoforms, whereas vertebrates
express three isoforms: SUMO-1, SUMO-2 and SUMO-3 (Melchior, 2000). SUMO-2
and SUMO-3 share approximately 95% sequence homology between each other,
but SUMO-1 compared to SUMO-2 and SUMO-3 only about 50%. SUMO-2 and
SUMO-3 differ only in three aminoterminal residues and are here referred to as
SUMO2/3. The C-terminal tails of SUMO are four aa long in SUMO-1, 11 aa in Sumo-
2 and two aa in SUMO-3. In contrast to SUMO-1 SUMO-2/3 has an internal SUMO
consensus motif found at the N-terminal region at Lys11 and thus, just as ubiquitin,
is able to form poly-SUMO chains (Hay, 2007; Mukhopadhyay and Dasso, 2007;
Tatham et al,, 2001). It is believed that monomeric SUMO-1 and polymeric SUMO-
2/3 chains have very distinct cellular functions. SUMO-1 modification often
counteracts ubiquitin mediated proteasomal degradation, as seen for IkBa, Smad4,
Rad52 and Mdm2 (Desterro et al., 1998; Lee et al., 2006; Lin et al., 2003; Sacher et
al., 2006; Zhao, 2007), whereas SUMO-2/3 polySUMOylation in BMAL1 may serve
as a signal for ubiquitin mediated proteasomal degradation (Lee et al., 2008). It is
also shown that SUMO-2/3 mostly exist in a free pool in the cytoplasm and is

therefore readily available for fast conjugation upon cellular stress. SUMO-1,
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however, is mostly found conjugated to target proteins. This again underlines the

notion that SUMO-1 and SUMOZ2/3 have very different biological functions.

A forth isoform, SUMO-4, has been reported for humans. SUMO-4 has an 86 % aa
similarity to SUMO-2 and is mainly expressed in the kidney, lymph nodes and
spleen (Guo et al, 2004). However, it is so far unclear if SUMO-4 is able to
covalently bind to target proteins (Owerbach et al.,, 2005).

1.2  Mechanism of SUMOQOylation

The reversible process of SUMOylation depends on the formation of an isopeptide
bond between the C-terminal Gly-Gly motif of SUMO and the e-amino group of the
lysine within the conserved or unique SUMO consensus motif of the target protein
and a subsequent non-destructive deSUMOylation. This process is a highly
regulated cascade involving three classes of enzymes: activation enzymes (E1);
conjugation enzymes (E2); ligation enzymes (E3). As similar as this process is to
ubiquitination, the enzymes of the SUMOylation cascade are unique and have no
similarities to the enzymes of the ubiquitination cascade. The only exception being

their similarity in function.

The first step of the SUMOylation mechanism is the proSUMO maturation (Muller
et al, 2001), by cleaving the C-terminal tail and freeing the di-glycin motif
necessary for further conjugation. Endopetidic maturation is achieved by the
deSUMOylating proteases SENP. Once SUMO is matured it can be activated through
the E1 activation enzyme complex AOS1-UBA2. The heterodimers AOS1-UBAZ2
form a SUMO-andenylate complex in an ATP dependant manner. This complex
consists of a thioester bond between the C-terminal carboxy group of SUMO and
the catalytic Cys residue of UBA2 which resembles an intermediate to the
subsequent complex, which is formed between SUMO and the E2 enzyme UBC9
(Figure 1-2).

In the following step SUMO is transferred from the E1 enzyme complex to the E2
conjugation enzyme UBCY9 where a thioester linkage between the catalytic Cys

residue of UBC9 and the C-terminal carboxy group of SUMO is formed (Muller et
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al.,, 2001). UBC9 then transfers SUMO to its final target protein. The two proteins
are linked by a isopeptide bond between C-terminal Gly residue of SUMO and the
Lys of the substrate. This step is in most cases aided by E3 ligases which catalyse
the transfer from UBCO9 to the target. This catalytic help is not always necessary,
however it is believed to increase substrate specificity of UBC9 (Yang and

Sharrocks, 2013).

ATP

%XXXX.... %

Y]

Figure 1-2: Mechanism of SUMOylation. Immature SUMO is processed by SENPs
through C-terminal tail cleavage to expose di-glycine motif. Mature SUMO is
then activated by E1 heterodimer AOS1-UBAZ2 in an ATP dependant manner and
subsequently transferred to the catalytic Cys residue of the E2 enzyme UBC9. At
last an isopeptide bond between the C-terminal Gly residue of SUMO and a Lys
residue of the target protein is formed. E3 ligases usually catalyse this step.
SENPs then deconjugate SUMO again from their target proteins in a non-
destructive process. (Geiss-Friedlander and Melchior, 2007)

Interestingly within the SUMOylation cycle only one E2 enzyme, UBC9, has so far
been discovered. The uniqueness of UBC9Y is in that way remarkable that it alone
has to govern substrate specificity. In contrast, in ubiquitination more than 20 E2
enzymes have been identified. To overcome the problem of being restricted to only

one conjugation enzyme it is believed that consensus motifs in the SUMO acceptor
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sites of target proteins increase target specificity (Geiss-Friedlander and Melchior,
2007). And these consensus motifs, in turn, have not been shown in ubiquitin

target proteins.

The E3 SUMO ligases, in some cases thought to be redundant, consist of four
groups. The biggest of the four groups is the SP-RING motif group (Hochstrasser,
2001; Jackson, 2001). The SP-RING motif is related to the RING motif of ubiquitin
E3 ligases and binds SUMO in a non-covalent manner through SUMO interaction
and SUMO binding motifs (SIM/SBM) (Minty et al., 2000). The PIAS family ligases,
MMS21 and Zip3 are part of the SP-RING group (Hochstrasser, 2001; Jackson,
2001). Other E3 ligase groups are the RanBP2, CBX4 (in humans Polycomb group
PC2) and HDAC4 (Gao et al., 2008; Kagey et al., 2003; Pichler et al., 2002; Yang et
al., 2011). Interestingly, HDAC4 itself is SUMOylated with the help of the RanBP
ligase (Kirsh et al,, 2002).

As this thesis solely deals with the regulatory effects of SUMO-1, if not otherwise
stated, for simplicity reasons SUMO-1 will be referred to as SUMO.

1.3 SUMO proteases (SENPs)

As previously mentioned SUMO is ubiquitously expressed in every eukaryotic cell,
hence it regulates a vast amount of different cellular processes. These different
processes and pathways include transcriptional regulation, embryonic
development, cell cycle control, DNA damage response, apoptosis, PML nuclear

body formation and many more, which will be discussed below.

Yeast Ulpl and Ulp2 (Ubl-specific proteases) were the first two deSUMOylation
proteases that where identified and characterized (Li and Hochstrasser, 1999,
2000). Both proteases can deconjugate Smt3 (yeast orthologue of SUMO) target
proteins and cleave the C-terminal tail for Smt3 maturation. However, their
structural similarity is confined to the approximate 200 aa sequence of the

catalytic Ulp domain (Li and Hochstrasser, 2000).

In humans and mice eight genes were found with similar sequence to the Ulp

genes, coding for possible SUMO proteases (Yeh et al.,, 2000), SENP1-8. It was not
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long after discovery where SENP3 and SENP4 were found out to be the same gene,
and SENP8 was not specific for SUMO, rather it was deconjugating a different
ubiquitin-like protein, NEDD8 (Mendoza et al., 2003; Wu et al.,, 2003). The six
remaining SENP members can be divided into three groups. SENP1 and SENP2
with a very similar, but broad, substrate specificity. SENP3 and SENP5 with a
preference to SUMO-2/3, and SENP6 and SENP7, which are in contrast to SENP1-5
more closely related to Ulp2 than Ulp1 and contain a so far unelucidated insertion
in the catalytic domain (Figure 1-3) (Hay, 2007; Kim et al., 2002; Mukhopadhyay
and Dasso, 2007).

Length
(aa)

U|p1 ﬂ 621
U|p2 + 1034

SENP1 —{ e M 643
SENP2 — e R 589
SENP3 —{ C VM 574
SENP5 N GO B 755

SENP 6 sl 6 ) | e 5 5 00 1112
SENP7 ——— ) |05 0 984

Figure 1-3: Primary structure of Ulps and SENPs. The conserved catalytic domains are
marked in purple (Kim and Baek, 2009)

1.3.1 SENPI1

SENP1 is a cystein protease with a highly conserved catalytic domain at the C-
terminus. The core of the catalytic domain consists of a catalytic triad with a His-
Asp-Cys sequence. Proteases are grouped in different clans according to their
structure and function. All SENPs belong to the CE cystein proteases clan, whereas
the deubiquitin proteases (DUBs), for example, are part of the clan of CA papain-
like proteases. Despite similar function of SENPs and DUBs there is no sequence
similarity. SENP1 contains a N-terminal localisation signal (NLS) and nuclear

export signal (NES) and is mainly found in the nucleus.



1 Introduction 8

1.3.2 SENP2

SENP2 is closely related to SENP1 and shares many targets and functions (Drag
and Salvesen, 2008). SENP2 is primarily found in the nuclear envelope close to the
nuclear pore complex (NPC) (Hang and Dasso, 2002). It accumulates in distinct
subnuclear bodies and has both NLS and NES in the non-conserved N-terminus
(Hang and Dasso, 2002). SENP2 constantly shuttles between cytoplasm and the
nucleus, whereas in cytoplasm it is polyubiquitinated and degraded by the 26S

proteasom pathway.

1.4  Cellular functions of SUMO and SENP

Since the discovery of SUMO and its first target (RanGAP), the list of SUMO
modified proteins and therefore the involvement and regulation of a vast array of

different cellular processes is ever increasing (Figure 1-4).

~_
Nucleus ~_

nome

IT structure Nuclear bodies
PML

;%DT\ZIA = Sp100 Nuclear pore
Dnmt3b B!;.:: ey
WRN RanGAP1
B TEL, TEL-AML1 RanBP2
Rad22 (Sp),
Rhp (Sp), Rad5
TDG scription

loplasmic
= Viral proteins Yeast scptins
EBV-BZLF1 T1, GLUT4|
BPV-E1
CMV-IE1/IE2
TULV N
AdV-E1B 55K

Signal transduction
IxBa

MDM2

CamKIl (D)

Mek1 (Dd)
Smad4/DPC4

Axin

Stat1, Stat4
GATA-2

Figure 1-4: SUMO targets grouped by function or localisation. All proteins are of
mammalian origin unless otherwise stated; (Sc) budding yeast, (Sp) fission
yeast, (Dm) Drosophila, (Dd) Dictyostelium. Adapted from (Seeler and Dejean,
2003)
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1.4.1 SENPI1 in mouse development

Yamaguchi et al. (2005) generated a mouse model with a randomly integrated
retroviral insertion into SENP1, which led to a reduced SUMO-1 deconjugation and
a decrease in mature SUMO-1. Impaired deSUMOylation capability led to increase
in SUMOylated targets, including RanGAP, showing that RanGAP is mainly
SUMOylated by SUMO-1. In contrast, SUMO-2 and SUMO-3 levels were unchanged.
Furthermore they could show that homozygous SENP1 gene disruption caused
severe defects in placental development from e12.5 on and embryonic lethality

between day e12.5 and e14.5.
1.4.2 Lethal defects in erythropoiesis in SENP1 KO mice

Yu and colleagues from the Wang Min Lab have constructed a conditional SENP1
knockout (KO), which was crossed to a 3-Actin Cre resulting in a full SENP1 KO (Yu
et al, 2010). In parallel Cheng, from the Edward Yeh Lab, also generated a full
SENP1 knockout (Cheng et al., 2007). In both models embryonic lethalty could be
observed due to hypoxia. As show by Yamaguchi (Yamaguchi et al, 2005)
previously, in a different mutagenesis approach by random retroviral insertion
mutation into Senpl, the complete SENP1 absence caused embryonic lethality
between embryonic day 13.5 and postnatal day one. Only three of the 384
littermates survived until two weeks of age, each developing a strong anaemia. In
general embryos died at day E13.5 caused by erythropoiesis defects in fetal liver,
less erythroblasts, less erythropoietic islands in fetal liver, decreased haemoglobin

(Hbb-a1, Hbb-b1) and increased embryonic haemoglobin levels (Hbb-x & Hbb-y).

These fatal defects in erythropoiesis are based on the impaired GATA1 regulation
through SUMO. GATA1, a transcription factor regulating erythropoiesis, is
repressed by SUMOylation. The subsequent expression of GATA1 targets was also
decreased in the SENP1 KO. Yu et al. (2010) could also show that SENP1 but not
SENP2 regulates GATA1 and alters the GATA1 DNA binding ability.

1.4.3 SENP1 in early lymphoid development

Until today only few papers were published on the regulation of lymphocyte
development through SUMOylation. The publication by Van Nguyen et al. (2012)
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from the Edward Yeh Lab shows that impaired deSUMOylation in in vitro
generated SENP1 KO cells and embryonic SENP1-/- cells leads to excess
SUMOylated STATS in early B and T cells, resulting in subsequent maturation
defects, namely in severe intrinsic impairment of B and T cell development. They
demonstrated that the constant SUMOylation in SENP1 KO cells inhibits the
tyrosine phosphorylation and therefore inhibits the activation-inactivation cycle of
STATS in lymphocytes. This again highlights the close interplay between different
post-translational modifications and the competition for common modification
sites. In addition to the SUMOylation/phosphorylation interplay, SUMOylation and
acetylation compete for the same lysine residue K696. The STAT5 acetylation is
hypothesised to be necessary for STAT5 dimerisation and SUMOylated STATS5 is

unable to acetylate.
1.4.4 SENP1 in plasma cell development

Shimshon et al. (2011) and Ying et al. (2012) both showed the importance of
SUMOylation on plasma cell differentiation. Shimshon et al. (2011) first showed
how SUMOylation regulates the transcriptional repression of BLIMP-1, and how
SUMOylation of BLIMP-1 leads to its proteasomal degradation. BLIMP-1 is one of
the master regulators of plasma cell differentiation. BLIMP-1 tightly regulates the
balance between the germinal centre (GC) B cells and plasma cells (PCs), where
BLIMP-1 represses the pro-germinal centre transcription factors, such as Pax5 and
Bcl6 (Shapiro-Shelef and Calame, 2005). BLIMP-1, however, is in turn suppressed
by important GC transcriptional factors and is additionally regulated by
SUMOylation. SUMOylation of BLIMP-1 leads to its proteasomal degradation and
therefore to a decreased repression of BLIMP-1 targets. This was shown in an in
vitro SENP1 knockout, which results in deSUMOylation defects. Shimshon et al.
(2011) could also display that an increase in SENP1 led to a stabilisation of
BLIMP-1.

Ying et al. (2012), using BLIMP-1 SUMOylation consensus site mutations, could
also demonstrate the importance of SUMOylation in plasma cell differentiation.
They could show that Lys816 is the SUMO target lysine on BLIMP-1 and by site
mutagenesis of Lys into Arg they observed a lack of BLIMP1 SUMOylation and
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further a decrease in IgM secretion, a decrease in the repression of Pax5, Ciita,

Bcl2al and Xbp1 and a decrease in plasma cell development.
1.4.5 Regulation of senescence

P53, being the most well known tumour suppressor gene and cell cycle regulator
has been known to be regulated through SUMOylation (Rodriguez et al., 1999) as
well as ubiquitination (Bode and Dong, 2004). The physiological dead end of a cell,
senescence, is highly regulated by p53, other tumour suppressors and cell cycle
regulators. In 2008 Yates et al. illustrated that PIASy, a SUMO ligase, increases
during replicative senescence. It was also shown that overexpression of PIASy or
overexpression of SUMO2/3 could induce premature senescence through increase
of SUMOylated p53 and retinoblastoma protein (p105Rb, as well a tumour
suppressor gene) (Li et al., 2006). The responsible deSUMOylation proteases for
p53 regulation were shown, in RNAi studies, to be SENP1, SENP2 and SENP7.
Again, the increased SUMOylation by defective deSUMOylation induced replicative
senescence and underlines the importance of SUMO in cell cycle regulation,

apoptosis and senescence.
1.4.6 PML and nuclear body formation

Promyelocytic leukaemia protein (PML) nuclear bodies (NBs) are spheres of 0.1-
1.0 pm in diameter and are found mainly in the nucleus of most cell types (Seeler
and Dejean, 1999; Zhong et al., 1999). PML NBs are matrix-associated protein
complexes that recruit large varieties of more than 100 different proteins, with the
SUMOylated PML building the shell of the NBs (Johnson, 2004). The assembled
nuclear factors are in the core of the complex and can be themselves SUMOylated,
their only common feature seems to be their ability to be SUMOylated (Bernardi

and Pandolfi, 2007).
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PML nuclear bodies

Figure 1-5: Assembly of the Promyelocytic leukaemia protein (PML) nuclear bodies
(NB). PML is SUMOylated on three different lysines. This recruits a variety of
different proteins to form the nuclear body (NB). The assembled proteins can
also be SUMOylated to attract other binding partners such as HP1 (Johnson,
2004).

PML NBs regulate a multitude of nuclear functions, such as DNA replication,
transcription, or epigenetic silencing (Stuurman et al., 1990). NBs themselves are
regulated by cellular stress derived from viral infection (Everett et al., 2006), DNA-
damage (Gurrieri et al., 2004; Koken et al., 1995; Terris et al., 1995), and oxidative
stress (Villagra et al., 2006). The expression of PML and NB associated proteins is
controlled by interferon a, § or y, but also by p53 (de Stanchina et al., 2004), which

regulate the number and the size of the NBs.

The function of PML NBs itself is not very clear at this stage, one hypothesis states
that NBs provide an accumulation or storage unit of nuclear factors, readily
available or that NBs provide a space for specific modifications or assembly of
transcription factors. PML SUMOylation plays a critical role in the recruitment of
partners proteins and is essential for normal morphology of NBs as seen in Ubc9-/-
cells, which display strong defects in the formation of NBs (Nacerddine et al,,
2005). SUMOylated proteins in the NB complex can then again recruit new protein
partners. It is believe that SUMO acts as a form of glue or net to hold the NB
complex together. This is based on the fact that mutations in single SUMO
consensus motif or binding sites may not always lead to defects in form or function
of the NB (Johnson, 2004), suggesting that SUMOylation in general is necessary,

but small defects can be compensated and are redundant. SUMO seems not to be
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fundamental for PML aggregation, however it is important for the recruitment of

protein partners.

Despite the strong influence and regulatory effects of PML NBs on the cell, NBs are
dispensable for most basic biological functions as Pml-/- mice survive without

major physiological problems (Johnson, 2004).

It is interesting to note the amount of p53 modifying enzymes that are present in
the PML NBs which are all SUMOylated (e.g. CBP, HDM2, HIPK2, and HAUSP).
Hence, it is not surprising that a major function of PML NBs is the regulation of
senescence by a pathway involving p53 enhancement through acetylation,
SUMOylation, and phosphorylation (Bischof et al., 2002; Bischof et al., 2005;
Mallette et al., 2004).

1.4.7 SENPI in Transcription

66% of all SUMO targets are transcription factors (Dohmen, 2004; Zhao, 2007),
where SUMOylation mainly results in their repression and deSUMOylation by
SENPs leads to the relieve of transcriptional repression. Modification of
transcription factors can be divided into two groups: transcription factors that are
bound in or modified by PML NBs, as described above, or transcription factors that
are bound at a specific promoter and are suppressed by SUMOylation. It has been
shown that transcription factors, such as Elk-1, SP-3 or STAT-1 (Ross et al.,, 2002;
Saitoh et al., 1998; Ungureanu et al., 2003), with mutated SUMOylation sites, and
therefore unable to be SUMOylated, have an increased transcriptional activity on
the respective promoter. It has further been shown that binding SUMO to the DNA
binding motif of a transcription factor reduces the transcriptional activity on the

promoter (Ross et al.,, 2002; Yang et al., 2003).

Transcriptional repression by SUMO can also be indirect. SUMOylated HDAC6 for
example binds the repressor domain of p300, whereas RNAi knockdown of HDAC6
inhibits the transcriptional repression and p300 can be expressed (Girdwood et al.,
2003). Also HDAC1 and HDAC4 are SUMOylated and thereby repress transcription
(David et al., 2002; Kirsh et al., 2002; Petrie et al., 2003).
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In contrast to the vast majority of transcriptional repression, SUMO can also
increase transcriptional activity for example in HSF1 and HSF2, whose DNA
binding is increased through SUMOylation after heat shock in vitro (Goodson et al.,
2001; Hong et al., 2001).

1.4.8 SENPI in DNA repair

There are seven DNA repair mechanism reacting to all kinds of different damage
done to DNA. SUMOylation has been shown to regulate or to be involved in repair
mechanisms such as non-homologous end joining (NHE]), homologous
recombination (HR), base-excision repair (BER) and nucleotide-excision repair
(NER). The failure to recognize or respond to DNA damage may result in apoptosis
or chromosomal rearrangement, which may lead to tumourigenesis (Jeggo and

Lobrich, 2007).

The most well understood involvement of posttranslational modification in DNA
repair is the ubiquitination and SUMOylation of mammalian and yeast proliferating
cell nuclear antigen (PCNA). PCNA is mono- and poly-ubiquitinated at Lys164 and
SUMOylated also on Lys164 and additionally on Lys127 (Hoege et al.,, 2002). PCNA
is a homotrimeric ring like structure that encircles and moves along the DNA
forming a base for polymerases and other factors involved in replication and
repair (Moldovan et al.,, 2007). The four different modification alternatives each

lead to different functions of PCNA.

PCNA ubiquitination and SUMOylation both occur during S-phase of the cell cycle.
PCNA, however, is monoubiquitinated in response to DNA damage during faulty
replication and then mediates translesion synthesis (TLS) to repair damaged sites.
This repair mechanism is very error prone and in case of incorrect repair PCNA is
then polyubiquitinated, which switches the repair mechanism to an error free
recombination related pathway. Details and specific factors of this pathway still
have to be eluted (Bienko et al., 2005; Friedberg et al., 2005; Kannouche et al,,
2004).

SUMOylation of PCNA only occurs at Lys164 and Lys127 and takes place in yeast
and in birds. SUMOylation of Lys164 leads to Srs2 recruitment to PCNA which
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subsequently regulates recombination through Rad51 (Papouli et al, 2005;
Pfander et al., 2005). In contras, Lys127 SUMOylation prevents binding of factors
that interact with PCNA, such as Ecol which establishes sister chromatid cohesion

in S-phase (Moldovan et al., 2006).

BRCA1, being a E3 ubiquitin ligase and a very prominent oncogene in breast cancer
development (Lorick et al., 1999), has been shown to be negatively regulated by
SUMO-1, by direct Brcal promoter repression (Park et al., 2008). It was also shown
that regulated through PIAS1 and PIAS4 SUMO-1 co-localizes with BRCA1 and
YH2AX, a chromatin marker for DNA damage, in response to endogenous genotoxic
stress and that this co-localisation is required for DNA DSB repair (Mabb et al,,
2006; Morris et al., 2006).

An important molecule in non-homologous end joining (NHE]) repair mechanism
of DSBs is XRCC4. This is in the presented thesis of interest as NHE] is the major
repair mechanism in V(D)] recombination of the rearranged B cell and T cell
receptor (Lieber et al., 2004; Rooney et al.,, 2004). XRCC4 builds complexes with
itself and with DNA ligase IV (Critchlow et al., 1997; Modesti et al., 2003). It has
been reported by Yurchenko et al. (2006) that a decrease of the SUMOylation
capacity of XRCC4 also decreases V(D)] recombination and a sensitivity to DNA
DSBs in CHO.XR-1 cells. Other factors that are SUMOylated in NHE] are Ku70
(Golebiowski et al, 2009; Yurchenko et al, 2008), which is protected from
proteasomal degradation through SUMO and LIF1, which has a important
regulatory function in NHE] (Vigasova et al., 2013).

Further SUMOylated protein in DNA damage repair are topoisomerases (Azuma et
al., 2003; Jacquiau et al., 2005), base excision glycosylase TDG (Hardeland et al.,
2002; Steinacher and Schar, 2005), Rad 51 (Shen et al., 1996b), Rad52 (Shen et al,,
1996b), Ku80 (Gocke et al., 2005) and BLM helicase (Eladad et al., 2005).

1.4.9 SUMO and NEMO in response to genotoxic stress, V(D)] and class switch

recombination

V(D)] recombination in B and T cell receptors are essential for lymphocyte

development. During RAG1 induced V(D)] recombination DSBs are induced and
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repaired by NHE], as mentioned above. In class switch recombination (CSR), where
the isotype of a mature immunoglobulin is switched in response to B cell
stimulation, the same process takes place, however regulated and induced by AID.

Both processes take place in the G1 phase of the cell cycle.

As DSBs possess a possible threat to a cell the DNA damage response mechanism is
activated to repair the damage. This response is orchestrated through the ataxia
telangiectasia mutated (ATM) serine threonine kinase and further by the p53
induced transcriptional program (which induces apoptosis or senescence in
response to extensive DNA damage). ATM in turn needs to be activated in the
nucleus by NEMO (an IKK complex regulatory subunit of the NF-kB pathway, also
known as IKKy), whereas NEMO needs to be SUMOylated for nuclear transport
(Huang et al., 2003). This was shown as SUMOylated NEMO accumulates in the
nucleus upon genotoxic stress signals and that the inactivation of NEMO
SUMOylation sites results in inhibition of NF-kB activation. However the
dependence of SUMO for the NF-kB activation is only in respect to genotoxic stress
and not generally essential for other NF-kB pathways, such as induction through

TNFa or LPS (Huang et al., 2003; Wuerzberger-Davis et al., 2007).

It was further shown that NF-kB activates SENP1 and SENP2 expression upon
genotoxic stress and that mainly SENP2 is responsible for NEMO deSUMOylation
(Lee et al, 2011). The transcriptional activity is modulated through ATM-
dependant histone methylation of the SENP promoter regions and subsequent NF-
kB recruitment (Lee et al.,, 2011). Lee et al. (2011) propose a negative feedback
loop of genotoxic stress induced NF-kB dependant SENP1 and SENP2 induction,
which in turn inhibits NF-kB induced cell survival responses. However, this
mechanism has only be shown in response to exogenous DNA damaging agents, it
is still unclear how this mechanism reacts in the situation of endogenous RAG and
AID induced DNA damage in V(D)] and class switch recombination. The
significance of SENP2 is also not clear as SENP2 is mainly located in the nucleus at
the nuclear core complex, however NEMO needs to be SUMOylated to translocate
into the nucleus (Hoeller et al., 2006), implicating its SUMOylation to take place in
the cytoplasm.
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}? DNA damage |

Figure 1-6: Interplay of IKKy (NEMO) and ATM in response to DNA damage. In
response to DNA damage events NEMO is SUMOylated in the cytoplasm and
translocated into the nucleus. At the same time ATM is phosphorylated and then
co-localizes with NEMO. This leads to NEMO phosphorylation, ubiquitination
and deSUMOylation. The p-Ub-NEMO-ATM complex then shuttles to the
cytoplasm where it interacts with the IKK complex to activate NF-kB signalling.
(Adapted from Hoeller et al. (2006)

1.4.10 SENPI in cancer

The most prominent example for the involvement of SUMO, especially SENP1, in
cancer development is the regulation of androgen receptor (AR) and four of the AR
co-receptors, SRC-1, SRC-2, p300 and HDAC1 by SUMO-1 (Matic et al., 2008).
SUMOylation of AR is furthermore regulated by androgen itself, as expression of
SENP1 is regulated through an androgen response element in the promoter region
of the SENP1 gene. As androgen receptor signalling is one of the most important
factors of prostate cancer development, SUMOylation of AR and its co-receptors
may play a large role in tumourigenesis. And indeed a study by Hurley, Lee and
Prag (Hurley et al., 2006) found a SENP1 overexpression in 50 % of high-grade
prostatic intraepithelial neoplasias (PIN) and in prostate cancer in over 100
observed cases. They could similarly observe in mouse models that SENP1

transgenic mice developed an increased proliferation of prostate epithelial cells.

Besides prostate cancer, SENP1 was found to be 2-fold overexpressed in thyroid

oncocytic tumours (Jacques et al., 2005).
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1.5 Rationale & Aims

Our laboratory investigates various aspects of the adaptive immune response with
interests in the humoral B cell response and B cell development, in connection
with effects of ubiquitination on NF-xB signalling. It was recently discovered how
SUMOylation, a close relative to ubiquitination, regulates early B cell development
through its modification of STAT5 (Van Nguyen et al, 2012) and plasma cell
differentiation through modification of BLIMP-1 (Shimshon et al,, 2011; Ying et al,,
2012). However, no B cell specific in vivo analyses have so far been published,
hence it was decided to obtain the SENP1 conditional knockout from the Wang Min
Lab in Yale and cross it to the CD19-Cre strain to generate a B cell specific

conditional knockout mouse model.

The aims of this thesis were the phenotypic analysis of the conditional SENP1
knockout in B cells. As it was reported by Shimshon et al. (Shimshon et al,, 2011) in
in vitro analyses SUMOylation regulates BLIMP-1 degradation, therefore it is
hypothesised that defective deSUMOylation in the SENP1ff CD19-Cre mice will lead
to a decrease in nuclear BLIMP1 and therefore, in an inability of activated B cells to
undergo plasma cell differentiation. However, as SUMO regulates many different
transcription factors involved in B cell development, apoptosis, senescence, in
class switch recombination, and in proliferation, the expected range of phenotypes

and cellular disorders is very high.

Furthermore, as SENP1 and SENP2 share many of their targets for deSUMOylation
it was aimed to generate a conditional SENP2 knockout mice for comparative

studies between SENP1 and SENP2.
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2. Materials and Methods

2.1 Chemical and Biological Material

Chemicals were purchased from Sigma (Steinheim), Fluka Chemie (Switzerland),
Merck (Darmstadt) or AppliChem (Darmstadt) unless stated otherwise. Solutions
were prepared with double distilled water (ddH20). Bacterial media were

autoclaved prior to use. Sterility of solutions and chemicals used in cell culture was

maintained by working under a sterile hood (Heraeus, Germany).

Table 2-1: List of chemical substances
Substance

Agar

Agarose, electrophoresis grade

Ampicillin

Bovine serum albumine (BSA)

Chloroform

Dimethylsulfoxide (DMSOQO)

Dithiothreitol (DTT)

dNTPs

Ethanol, abs.

Ethidium bromide

Ethylendiamine tetraacetate (EDTA)

Fetal calf serum (FCS)

Ficoll 400

Glacial acetic acid

Hydrochloric acid (37%)

Isopropanol

Magnesium chloride

B-Mercaptoethanol (-ME)

Mineral oil

Phenol

Potassium chloride

Potassium hydrogenphosphate

Supplier
Life Technologies, Darmstadt
AppliChem, Darmstadt
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Merck, Darmstadt
Merck, Darmstadt
Boehringer GmbH, Mannheim
Pharmacia Biotech, USA
AppliChem, Darmstadt
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Boehringer GmbH, Mannheim
Amersham Pharmacia, Freiburg
Sigma-Aldrich, Steinheim
Merck, Darmstadt
AppliChem, Darmstadt
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Merck, Darmstadt
Merck, Darmstadt
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Proteinase K Roche, Switzerland
Sodium azide Sigma-Aldrich, Steinheim
Sodium carbonate Sigma-Aldrich, Steinheim
Sodium chloride AppliChem, Darmstadt
Sodium citrate Sigma-Aldrich, Steinheim
Sodium dodecyl sulfate AppliChem, Darmstadt
Sodium hydrogen carbonate Sigma-Aldrich, Steinheim
Sodium hydrogenphosphate Sigma-Aldrich, Steinheim
Sodium hydroxide Sigma-Aldrich, Steinheim
Tris base Sigma-Aldrich, Steinheim
Tween 20 Sigma-Aldrich, Steinheim

2.2  Molecular Biology

2.2.1 Competent cells and isolation of plasmid DNA

Competent Escherichia coli (E. coli) DH5a cells were prepared according to the
protocol of Inoue et al. (Inoue et al.,, 1990) and used in heat shock transformation
of plasmid DNA. DNA ligation was performed with the Takara DNA ligation Kit
(Takara, Japan) according to the manufacturer’s instructions. Plasmid DNA was
isolated from transformed E. coli DHS5o bacteria with an alkaline lysis method
(QIAGEN, Hilden, Germany). The procedure was performed according to the protocol
of Zhou et al. (Zhou et al., 1990). Plasmid DNA of higher purity was obtained with
QIAGEN columns (QIAGEN, Hilden, Germany) following the supplier’s instructions.

2.2.2  Plasmid cloning

For molecular cloning of plasmids restriction enzymes and CIP phosphatase from New
England Biolabs and T4 DNA Ligase from Invitrogen were used according to
manufacturers instructions. Additionally In-Fusion® HD Cloning Kit (Clontech
Laboratories Inc, Mountain View, CA) and Phusion Flash High-Fidelity PCR Master
Mix (Thermo Scientific) was used. Primers with specific In-Fusion® sequences are
listed in Table 2-2. Restriction enzymes used for plasmid linearization and subsequent
insertion of exon 3, left arm of homology and right arm of homology were Sall, Notl

and Xhol respectively. Cloning techniques were applied according to Sambrook



2 Materials and Methods 21

(Sambrook and Gething, 1989). Sequencing was performed by Genterprise (Mainz)
with self made primers (Table 2-3)

Table 2-2: Sequences for primers used in cloning. Red letters mark In-Fusion®
sequence

Name Sequence (5’-3’)
Exon 3

CGG CCCTAG AGT CGA CGCTCA CTG ATG CCG GTG GTG
CC

ACG AAG TTATGT CGA CGC CAG AAC GGC GCA GAG
GCA GGT GTATCT CTG TGA G

CR SENP2 Ex3 for

CR SENP2 Ex3 rev

Left arm of homology

CR SENP2 LA for ATG GCCATA GCG GCC GCG GAT GTG TCC TGG CCA GCC

CR SENP2 LA rev TAT GGA TCC GCG GCC GCGATATCA CTCACATTC ACT
CACTAGTTT GCC C

Right arm of homology

CR SENP2 RA for CGG CCG CCA CCT CGA GCT TCT GAG TGC TGA GAT TAA
AGG TG

CR SENP2 RA rev AAC CAC ACT GCT CGA GGG CCA ATGT ACA GAG AAT
AAGTGAC

Table 2-3: Primer for sequencing of cloning products

Name Sequence (5’-3’)
Exon 3
CR SENP2 Ex3 Seq1l GCT TCT GAG GCG GAA AGA ACC
CR SENP2 Ex3 Seq?2 GTT GTA CTG TGA CTT GTC TGT GG
CR SENP2 Ex3 Seq3 CCATGGTGT CTT CTG CTT GTA ATG G

Left arm of homology
CR SENP2 LAH Seql.rev GAC ACT GGC CCT AAAGACAGA C

CR SENP2 LAH Seql.1 GGG TAT AGG GGT CGG GAG AC

CR SENP2 LAH Seq1l GAC CAT GAT TAC GCC AAG CGC

CR SENP2 LAH Seq?2 GAC CAT GAT TAC GCC AAG CGC

CR SENP2 LAH Seq3 CAGACAATGAGAAGTTTCCTCTTT CCT G
CR SENP2Z LAH Seq4 CCT GGC TAA CAG CCT GTG GC

CR SENP2 LAH Seq5 GCCATC ACA CCCCAGTAA AGAGC

CR SENP2 LAH Seq6 GCT GTG CAG GGA GTG AGG AAG
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Right arm of homology
CR SENP2 RAH Seq1 CTC ACA GAG ATA CACCTG CCT CTGC
CR SENP2 RAH Seql.rev GAC ACT GGC CCT AAAGACAGA C
CR SENP2Z RAH Seq1.1 GCA TAT TTG AGA GCC AGC CAG ATG
CR SENP2 RAH Seq1.2 GCC TTA GGG GCG TCG AC
CR SENP2 RAH Seq1.3 GCT CAC TTT GTA GAC CAG GCT G
CR SENP2 RAH Seq2 GCA CAA GAG CTG GGT AGATAT CTAC
CR SENP2Z RAH Seq2.1 GCCTTA AACAGCACAAGAGCTG
CR SENP2Z RAH Seq2.2 GGG TTTCTACTCTGCCTTTGAC
CR SENP2Z RAH Seq2.3rev CCT GTAAAAACCTGATACTGATGCC
CR SENP2 RAH Seq3 GAC TGG CCT CGA ACT CAG AAATCC
CR SENP2Z RAH Seq4 GGA AGG ATG TTT AAC CCA GAG CTC
CR SENP2 RAH Seq5 GAG GAA AGC TCA GCA GAG GC
CR SENP2 RAH Seq6 CAG TCT CTT CAG TCA AGT TGG CAC
CR SENP2Z RAH Seq7 GCT TTA GTT CTA CAT GTAAGT AAGCTT TC
CR SENP2Z RAH Seq8 GAT CAT GTT CAT CTC CAACTT CTCCT

2.2.3 Isolation of genomic DNA from mouse organs

Cells or tail biopsies were lysed over night (o/n) at 56°C in lysis buffer (10 mM
Tris- HCl, pH 8; 10 mM EDTA; 150 mM NacCl; 0.2% (w/v) SDS) and 400 mg/ml
proteinase K. Undigested tissue was pelleted by centrifugation and the supernatant
was mixed with an equal volume of isopropanol for genomic DNA precipitation.
Finally, DNA was retrieved by centrifugation, washed twice in 70% (v/v) EtOH,
dried at RT, and resuspended in dH,0

2.2.4 Isolation of genomic DNA from ES cells

ES cells were grown on 96 well tissue culture plates. DNA was extracted according

to the protocol of (Pasparakis & Kollias, 1995, Torres & Kiihn, 1997).
2.2.5 Polymerase Chain Reaction (PCR)

PCR (Mullis and Faloona, 1987; Saiki et al., 1988) was used to screen mice and ES
cells for the presence of targeted alleles or transgenes and to amplify fragments for

sequencing (primers shown in Table 2-3 and Table 2-4). Reactions were
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performed in Triothermocyclers (Biometra, Gottingen, Germany). Genotyping of
mice and ES cells was generally performed in a total volume of 20 pl in the
following reaction mix: 50 pmol of each primer, 1.5 U of Thermus aquaticus (Taq)
DNA polymerase (Sigma), 250 mM dNTPs, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 2.5
mM MgCl2, 100 ng template DNA. Amplification started with denaturation for 10
min at 94 °C followed by 30-35 cycles of denaturation, annealing and elongation at
94 °C for 30 sec, 52-60 °C for 30 sec, 72 °C for 30 sec respectively. Finalising

extension step at 72 °C for 10 min.

Table 2-4: Primer sequences for genotyping

Name Sequence (5°-3") Tm(°C)
SenplloxF AGG AAG GCATAGAAGTTACTCTA 61
SenplloxR GGT TGC TAC TAT AGT CAGACT G 61
Senp1CreWtF CCT GGG AGT GCT TGC AAG ATA 61
Senp1CreWtR  CAT TGT CCATTT GCA CTT TGA CC 61
Senp1CreKoF AGG AAG GCATAGAAGTTACTCTA 61
Senp1CreKoR CACTAT CTCAGT CTCATCCTGT 61
CD19c AAC CAGTCAACACCCTTCC 58
CD19d2 CCAGACTAGATACAGACCAGGA 58
CD19cre7 TCA GCT ACA CCA GAGACG G 58
Allg-Cre For GGA CAT GTT CAG GGATCG CCAGGCG 58
Allg-Cre Rev GCA TAA CCA GTG AAA CAG CATTGC TG 58
Allg-Actin For  TGT TAC CAA CTG GGA CGA CA 58
Allg-Actin Rev  GAC ATG CAA GGA GTG CAA GA 58
Rosa 1 AAA GTC GCT CTG AGT TGT TAT 58
Rosa 2 GGA GCG GGA GAA ATG GAT ATG 58
Rosa 3 CAT CAA GGA AAC CCT GGA CTA CTG 58

2.2.6 Agarose gel electrophoresis and DNA gel extraction

Separation of DNA fragments by size was achieved by electrophoresis in agarose
gels (0.8% - 2% (w/v); 1x TAE (Sambrook and Gething, 1989); 0.5 mg/ml ethidium
bromide). DNA fragments were recovered from agarose gel slices with either the
QIAEX II or the QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany) following

the manufacturer’s instructions.
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2.2.7 DNA & RNA quantification

The concentration of nucleic acids was determined by measuring the absorption of
the sample at 260 nm and 280 nm, respectively, in a spectrophotometer. An 0D260
of 1 corresponds to approximately 50 pg/ml for double stranded DNA or 40 pg/ml
for RNA and single stranded DNA. Purity of nucleic acids was estimated by the
ratio 0D260/0D280, with 1.8 and 2.0 optimal for DNA and RNA, respectively.

2.2.8 Southern blot analysis

Digestion of 5-15 ug DNA was performed overnight with 50-100 U of the
appropriate restriction enzyme (EcoRI, EcoRV and Bgll for Exon 3, left arm of
homology and right arm of homology, respectively). Subsequently, the DNA
fragments were separated by agarose gel electrophoresis and transferred onto
Hybond™-N+ (Amersham, Illinois, USA) nylon membranes by an alkaline capillary
transfer according to the method of (Chomczynski and Qasba, 1984). Membranes
were baked at 80°C for 1 h to cross-link the DNA to the membrane, equilibrated in
2x SSC (Sambrook and Gething, 1989) and then prehybridised at 65 °C for 4 h in
hybridisation solution (1 M NaCl, 1% (w/v) SDS, 10% (w/v) dextran sulfate, 50
mM Tris-HCI pH 7.5, 250 pg/ml sonicated salmon sperm DNA). The radioactively
labelled probe (Table 2-5) was added to the hybridization solution and allowed to

hybridize at 65 °C for 10 h in a rotating cylinder
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Table 2-5: Primer sequences for Southern blot probes

Name Sequence (5°-3’) Tm(°C)
Exon 3
fcoli SENP2 Sondel EcoRl ¢ AT ATC CAA AGA TCA GAGTGAC 57
feRVSENPZ Sondel ECORL ' - A A TGT ACA GAG AAT AAGTGA 56

Left arm of homology

CR SENP2 Sondel ECORV ' -~ -1 GAG AGA TGG ACA GAC GGC 63

for

feRViENPZ Sondel ECORV " 110 cCT GGC TTG CTC AGC CTG 64
Right arm of homology

CRSENP2 Sonde5 Bgll ~ ACACAAAGCCAGTCTCAATACAAATGTA o
for GGAAGAT

CRSENP2 Sonde5 Bgll  CAA GGA GGCTGG AGAGATTGCTCA o
rev ATT TAA

Aliquots of 50 ng DNA of the above probes were radioactively labelled with 2.5 uCi
[32P]dATP (Amersham, Braunschweig, Germany) using the Ladderman™
Labelling Kit (Takara, Japan), based on the principle of random primed
oligolabelling (Feinberg and Vogelstein, 1984). Unincorporated radiolabeled
nucleotides were removed with Illustra MicroSpin G-25 Columns (GE Healthcare)
to reduce background during hybridisation. The probe was denatured at 90°C for 5
min., cooled on ice for 5 min., and then added to 10ml hybridization solution. After
hybridisation over night, stringent washes were initially performed twice in 2x SSC
/ 0.1 % (w/v) SDS and then followed by washes in 1x SSC / 0.1 % (w/v) SDS and
0.5x SSC / 0.1 % (w/v) SDS, if necessary. All washes were performed at 65 °C by
rotation for 10-30 min. After each wash, the membrane was monitored with a
Geiger counter and wash steps were stopped when specific signals reached 50 to
200 cps. The membrane was sealed in a plastic bag and exposed to X-ray film
(BioMAX MS; Eastman Kodak) at -80°C. Films were developed in an automatic

developer.
2.2.9 Quantitative real time PCR

RNA from mouse B cells and mouse embryonic fibroblasts (MEFs) was prepared

using the RNeasy mini kit (QIAGEN, Hilden, Germany) according to the
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manufacturer’s protocol. DNA was removed by DNAsel digestion (Promega,
Mannheim, Germany). cDNA synthesis of 5 pg total RNA was performed as
described in superscript II protocol (GIBCO, Karlsruhe, Germany). cDNA was
subsequently used for RT- and Real-Time PCR. Quantitative Real-Time PCR was
performed using primers from QIAGEN as described on their homepage

https://www1.qiagen.com/GeneGlobe/Default.aspx or with self designed primers.

Table 2-6: List of qQRT-PCR primers. Self-designed and commercial

Primer Mix Sequence (5’-3’) Supplier

Senp1/1
SENP1 NorthProb CCATCT AAA CTG GCT CAATGA TGA Home made
Ex13/14 For GAT CAT C
SENP1 NorthProb CCT TCT AAA GTC TAC AAC AGC TAG Home made
Ex14/15 Rev ACA CC

Senp1/4
sSENP1 ExS1 For GTC ATG GAT CTG CTC TCT AGC AG Home made
sSENP1 ExFL10/11 Rev g?,(; ?gz ,;,:éT AAA CGCTAGTTA ATT Home made

Senp1/5
sSENP1 ExS1 For GTC ATG GAT CTG CTC TCT AGC AG Home made
SSENP1 ExS5/6 Rev e (T CTGTARTITCAGEAR " Home made
Senp1l - Quiagen
Senp?2 - Quiagen
SUMO1 - Quiagen
Stat3 - Quiagen
Stat5 - Quiagen
Tftp (E2A) - Quiagen
Pax5 - Quiagen
PU.1 - Quiagen
Bcl6 - Quiagen
Irf4 - Quiagen
Xbp1 - Quiagen
Mitf - Quiagen
Stat3 - Quiagen

Prdm1 (Blimp1) - Quiagen
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2.3 Cell Biology
2.3.1 Embryonic stem cell culture

All gene targeting experiments were performed in V6.5 and JM8 ES cells. Culturing
and transfection of ES cells was performed according to published protocols
(Pasparakis & Kollias 1995, Torres & Kithn 1997). To maintain the pluripotency of
the ES cells, they were cultured in ES cell medium in the presence of leukaemia
inhibiting factor (LIF) on a layer of embryonic feeder (EF) cells. The ES cell
medium (DMEM, 15% (v/v) FCS, 1 mM sodium pyruvate, 2 mM L-glutamine, 1 x
non essential amino acids, 1:1000 diluted LIF supernatant, 0.1 mM 2-f-
mercaptoethanol) contained FCS that had been tested to promote ES cell growth
and to prevent in vitro differentiation (Gibco, Karlsruhe, Germany). ES and EF cells
were grown in tissue culture dishes (Falcon, Bedford, USA) and kept at 37°C under
humid atmosphere with 10% COz. EF cells in DMEM supplemented with 10% (v/v)
FCS, 1 mM sodium pyruvate, 2 mM L-glutamine, were never passaged more than
three times and then mitotically inactivated by mitomycin C treatment (10 nug/ml
for 2 h), before seeding with ES cells. ES cell colony growth was stopped before
they became confluent. Colonies were washed twice with PBS and then treated
shortly with trypsin (0.05 % (w/v), 0.02 % (v/v) EDTA in PBS; Gibco, Karlsruhe,
Germany) at 37°C, until the cells detached from the dish. The cell suspension was
then used for passaging, transfection or freezing. ES cells were frozen in 90% (v/v)
FCS, 10% (v/v) DMSO at -80°C and later transferred into liquid nitrogen for long-
term storage. For transfection, 1x107 ES cells were mixed with 30 to 40 ug DNA in
800 ul transfection buffer (RPMI w/o phenol red, Gibco, Karlsruhe, Germany) and
electroporated at 23°C (500 mF, 240 V). After 5 minutes of incubation, ES cells
were transferred onto an embryonic feeder layer and 48 h later placed under G418
(300 ug/ml, 71% active) selection. Selection against HSV-tk containing random
integrants started at day five after transfection by supplementing the medium with
2 mM ganciclovir (Cymeven, Syntex). On approximately day 9 after transfection,
double resistant colonies were picked and split into EF-containing 96-well tissue

culture dishes for expansion.
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Specific deletion of the loxP flanked exon 3 of the Senp2 gene and FRT flanked neo
selection marker cassette from targeted ES cells was achieved by transiently
transfecting 30 pg of the Cre-expressing plasmid pGKCre. Three days after
transfection, colonies were isolated as single clones, trypsinised and separated into
a master and a duplicate 96-well plate. Cells in the duplicate plate were incubated
with 900 pg/ml G418, which induced cell death in G418-sensitive clones. Sensitive

clones were then recovered and expanded from the master plate.
2.3.2 Preparation of cells from lymphoid organs

Spleen, lymph nodes and Peyer’s patches were removed form mice and passed
through a sterile sieve to obtain single cell suspensions. Bones were flushed with
PBS containing 10% (v/v) FCS to extract bone marrow. Erythrocytes were lysed
from the spleen and the bone marrow in 140 mM NH4Cl, 17 mM Tris-HCI pH 7.65
for 2 min at room temperature. To obtain lymphocytes from the peritoneal cavity the

latter was flushed with a syringe with 8 ml PBS containing 10% (v/v) FCS.
2.3.3 Magnetic cell sorting and FACS sorting

Specific cell populations were either sorted or depleted from a heterogeneous cell
suspension by magnetic cell sorting (MACS; Miltenyi Biotec, Bergisch Gladbach,
Germany). Cell populations were labelled with antibody-coupled microbeads (10
ul beads, 90 ul PBS-BSA-N3 per 1x107 cells) and separated on LS MACS columns in
a magnetic field (Miltenyi et al., 1990). For cell sorting by FACS, B cells were first
purified by MACS and then stained with antibodies against various cell surface
markers. B cells of individual B cell subsets were then sorted using FACSAria™
(Becton Dickinson, Franklin Lakes, USA). The purity of isolated populations was
subsequently tested by FACS analysis: MACS-isolated B cells were normally >95%
pure and sorted B cell subpopulations were >98% pure. FACS sorting was
performed with the help of Sebastian Attig and Alexander Hohberger (Flow
Cytometry Core Facility of the 3rd Medical Clinic of the University Medical Center,

Mainz, Germany).
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2.3.4 Cell counting

Viable cells were assessed using the trypan blue dye exclusion test and counted
using a Neubauer chamber (Assistent, Sondheim, Germany). To this end, an aliquot
of the cell suspension was diluted with physiological trypan blue solution (Gibco,
Long Island, NY, USA). Dead cells are stained blue whereas live cells cannot take up
the dye due to their intact membrane. After counting 16 single quadrants, the
counted cell number (N) was multiplied by the dilution factor (V) and the ‘chamber
factor’ (1x104) resulting in the number of live cells per ml (N x V x 1x10% = cell

number/ml).
2.3.5 Flow Cytometry

Single cell suspensions were prepared from all tested organs as in 2.3.2. 1x10° cells
per sample were surface stained in 25 ul PBS, 0.1% (w/v) BSA, 0.01% (w/v) NaN3
with combinations of fluoresceine isothiocyanate (FITC), phycoerythrine (PE),
Peridinin-Chlorophyll (PerCP), tandem fluorochrome PE and cyanine dye Cy7 (Pe-
Cy7), Allophycocyanin (APC), tandem fluorochrome APC and cyanine dye Cy7
(APC-Cy7), BD Horizon™ V450 and BD Horizon™ V500 or bio-conjugated mAbs
for 20 min on ice. Stainings with biotinylated mAbs were followed by a secondary
staining step with Streptavidin-APC-Cy7 (Pharmingen). Bio-conjugated CD138
mABs were stained for 45 min. Intracellular stainings with IRF4 APC conjugated
mABs were first surface stained and then further treated with materials of the
Foxp3 Staining Set from Natutec (Frankfurt, Germany). Surface stained cells were
permeabilized with Cytofix/Cytoperm for 20 min. at 4°C. Subsequently cells were
washed twice with wash buffer and stained for IRF4-APC in wash buffer for
30 min. at 4°C. After intracellular staining, the samples were washed and
resuspended in PBS-BSA-NaNs. Stained cells were analysed on a FACSCanto
(Becton Dickinson, Mountain View, USA) and data were evaluated using Flow]o
887 software (Tree Star Inc., Stanford University USA). Dead cells were labelled
with Poprol and excluded from the analysis. Monoclonal antibodies are listed in

Table 2-7.
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Table 2-7: List of antibodies used for FACS stainings

Specificity Clone Supplier
CD93 (AA4.1) AA4.1 BD Bioscience
B220 RA3-6B2 BD Bioscience
BrdU BU20A eBioscience
CD4 GK1.5,L3T4 BD Bioscience
CDS8 5H10,YTS 169,4 eBioscience
CD19 1D3 BD Bioscience
CD21/35 7E9 biolegend
CD23 M-L233 BD Bioscience
CD86 GL1 BD Bioscience
CD90.2 53-2.1 eBioscience
CD138 MI15 BD Bioscience
CXCR5 RF8B2 BD Bioscience
Fas Jo2 BD Bioscience
PNA - Sigma
IgA M18-254 BD Bioscience
IgD 11-26¢ eBioscience
IgG1 MOPC-31C BD Bioscience
IgM 11/41 eBioscience
[RF4 3E4 eBioscience
MHCII NIMR-4 eBioscience
PD-1 J43 eBioscience
SA - BD Bioscience

2.3.6 Culture and activation of ex vivo B cells

Spleens and lymph nodes were aseptically removed from mice and then pressed
through a sterile sieve. Erythrocytes were lysed for 2 min. with ACK lysis buffer
(140 mM NH4Cl, 17 mM Tris-HCl pH 7.65). Splenocytes were kept in DMEM
supplemented with 10% (v/v) FCS, 1 mM sodium pyruvate, 2 mM L-glutamine, 1x
non-essential amino acids, 0.1 mM 2-3 mercaptoethanol and further supplemented
with 50ug/ml LPS (Sigma) and 20ng/ml IL4 (R&D Systems) for not longer than four
days.
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2.3.7 Proliferation assays

For proliferation analysis B cells were purified using aCD19 MACS beads and
resuspended in 1 ml per 1x107 cells with 5 uM CellTrace™ Violet (Invitrogen) in
PBS at RT for 6 min (Lyons and Parish, 1994). The labelling reaction was stopped
by addition of 10 ml DMEM/10% (v/v) FCS medium. The cells were then washed
once in medium. Labelled B cells were plated at 0.5x10° cells per well in round
bottom 96-well plates. The cells were incubated in DMEM medium plus 10% (v/v)
FCS, untreated or treated with 50ug/ml LPS (Sigma) and 20ng/ml IL4 (R&D

Systems). Labelled cells were analysed at day four.
2.3.8 Cell cycle analysis

Ex vivo MACS sorted splenic B cells were stimulated with 50ug/ml LPS (Sigma) and
20ng/ml IL4 (R&D Systems) to induce proliferation and CSR. Cell cycle analysis
was performed on day one and two by FACS analysis according to BrdU (APC)
FACS staining kit (eBioscience).

2.4 Immunohistochemistry

Immunoglobulin serum concentrations after SRBC immunization were determined
with ELISA as described previously (Roes and Rajewsky, 1993). Microtiter plates
(Greiner, Frickenhausen, Germany) were coated with the respective coating
antibody (IgM, IgG1, IgG2a, IgG2b, IgG3) at 4°C o/n, and subsequently blocked at
RT for 30 min. in 0.5% (w/v) BSA. Next, serially diluted sera samples were applied
to the wells and incubated at 37°C for 1 h together with the standard. Secondary
biotinylated antibody was then added for 1 h at 37°C. Detection of the biotinylated
anti-sera was achieved with incubation of SA-conjugated alkaline phosphatase (AP,
Boehringer) 30 min. incubation at RT and p-nitrophenylphosphate as substrate
(Boehringer). Following each incubation step, unbound antibodies or SA-
conjugated AP were removed by three washes with tap water. The ODsos was
measured with an ELISA-photometer (Nano Quant infinite M200 Pro, Tecan) and
the relative antibody concentration was determined by calculating the association
constant as described by Cumano (Cumano and Rajewsky, 1986), following a

method developed by Herzenberg (Herzenberg and Black, 1980).
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2.5 Mouse Experiments

Tail bleeding as well as the general handling of mice was performed according to

Hogan (Hogan et al., 1987) and Silver (Silver 1995).
2.5.1 Mice

The following mouse strains were used in experiments of this thesis: C57BL/6,
CD19-Cre (Rickert et al. 1997), JHT-/- (Gu et al., 1993) and ROSA-RFP were all
obtained from breedings of our animal facility, ZVTE Mainz. The SENP1flox/+ mice
(Yu et al,, 2010) were a kind gift from Prof. Wang Min, Yale, and were further bred

to CD19-Cre mice to generate homozygous B cell specific knockouts.
2.5.2 Immunization with Sheep Red Blood Cells (SRBC)

Immune activation was induced by immunisation with sheep red blood cells
(SRBC, Sheep Blood in Alsevers Solutions, Thermo Scientific). 1 ml SRBC are
washed three times with 50 ml PBS and centrifuged at 2500rpm for 10 min. at 4°C.
1x108 cells were injected i.p. per mouse. Analysis followed 14 days post

immunization.
2.5.3 Generation of mixed bone marrow chimeras

Host mice were lethally irradiated on day 0 or day -1 with 9,5 Gy. Bone marrow of
donor mice was extracted on day O from femur, tibia, os coxae, scapula and
humerus. 80% of bone marrow of JHT mice was mixed with 20% of bone marrow
of experimental mice (Senp1f, Senp1ff CD19-Cre, CD19-Cre, Senp1ff CD19-Cre RFP).
5x106 cells were injected i.v. into the previously irradiated host mice. Mice
received 3,5 % Borgall in their drinking water. Analysis or further experiments

followed eight weeks after transfer.
2.5.4 Invivo BrdU labelling

To analyse B cell turnover, mice were fed with 0,8mg/ml bromdesoxyuridin (BrdU,
Sigma) and 1 % (w/v) succrose in the drinking water for 14 days. Water bottles

were wrapped in aluminium foil to prevent degradation of BrdU and was changed



2 Materials and Methods 33

once a week. BrdU uptake in splenic B cells was analysed by FACS according to the

BrdU Staining Kit for Flow Cytometry APC (eBioscience)
2.6 Software & Statistics

For molecular cloning, Gene Construction Kit (Textco BioSoftware Inc.) was used.
For analyzing FACS data CellQuest (BD) and Flow]Jo® (Treestar) were used. For
statistics, Prism® (GraphPad Software Inc.) and Microsoft Excel were used. Values
are typically represented as mean *SD (standard deviation) or + SEM (standard
error of mean). Statistical significance was assessed using 2-tailed Student’s t-test.
p-values < 0.05 were regarded significant, displayed by *’ in the figures (** = p-

value < 0.01; *** = p-value < 0.001).
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3. Results

3.1 SENP1ff
3.1.1 Reduced B cell numbers in naive SENP1Y and SENP1% CD19-Cre mice

Van Nguyen et al. (2012) demonstrated the importance of SENP1 in early B cell
development. He demonstrated this through the severe reduction of B cells in fetal
livers of SENP1~/- embryos at day E14.5 and through the decreased ability of fetal
liver hematopoietic stem cells (FL-HSCs) co-cultured with OP9 stromal cells to
proliferate into the subsequent B cell subsets. These early B cell development
defects are dependant on the regulation through SUMOylated STATS5. In our model,
having crossed the SENP1 conditional knock out to the B cell specific CD19-Cre
mouse, we were able to show similar developmental defects in B cells. CD19 is
expressed from the pro B cell stage on (Hardy Fraction B/C (Hardy and Hayakawa,
2001)) generating the SENP1 specific deficiency from this developmental stage on.

In primary lymphoid organs such as the bone marrow (BM), lymphoid progenitors
(pro- and pre- B cells) undergo a process of sequential recombination of the B cell
receptor (BCR), induced by RAG1 initiated V(D)] genes rearrangement (Johnson et
al.,, 2005). These cells, referred to as immature B cells (IgMhilgD'©) exit from the BM
and enter the spleen as transitional 1 (T1) B cells. In the spleen, T1 B cells undergo
further maturation to transitional 2 (T2) B cells (IgMhilgDh), which are the direct

precursors of mature B cells .

In the BM of SENP1ff CD19-Cre mice we observed a significant reduction in the
total cell number of recirculating B cells (B220highigM+), whereas B cell precursors
and naive B cells showed no significant difference in percentage as well as in total
cell number (Figure 3-1). This indicates, that early B cell development in the BM is
not affected by the knockout of SENP1 in B cells.

To test for any phenotypic effects of the targeted SENP1 allele, SENP1ff mice with
the appropriate controls (C57BL/6 mice, here indicated as WT) were also analysed
(Figure 3-1). In the BM of these mice a similar phenotype as in the SENP1ff CD19-

Cre mice could be observed, namely a significant reduction of mature recirculating
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B cells. However in the Senp1ff mice the percentual decrease of the mature B cell
population was significant whereas in the SENP1ff CD19-Cre the total cell number

of mature recirculating B cells was significantly decreased.
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Figure 3-1: B cell development in the bone marrow. (A) FACS analysis of naive bone
marrow (BM) cells of indicated genotypes. Cells were analysed for the
expression of B220 and IgM surface markers and pregated on poprol-live cells.
(B) Statistical evaluation of BM B cell populations. Left, percentage of cell
population, right, number of cells per population. Statistical significance is
calculated for WT vs. SENP1ffand CD19 vs. SENP1ff CD19. For each group n=3; *
p<0,05, ** p<0,01, *** p<0,001

The occurrence of a significant phenotype in the SENP1f mice is unexpected as the
floxed SENP1 allele genetically resembles a WT allele. To investigate if the SENP1f
allele has the same phenotype as the conditional SENP1 knockout allele in other B
cell subsets, further experiments included SENP1ff mice with the respective WT

controls.
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Once T1 B cells from the BM reach the secondary lymphoid organs (spleen and
lymph nodes), they can differentiate and develop further in different mature B cell
subsets. From the T1 stage they develop into T2 and T3 B cells from where they
then either migrate into the follicles of the spleen to become follicular (Fol) B cells
(CD21hi CD23M) or to the marginal zone (MZ) to become MZ B cells (CD21hi
CD23!ow), Fol B cells are then, upon antigen encounter, able to enter the germinal
centre (GC) reaction where they undergo class switch recombination (CSR) and
somatic hypermutation (SHM) to switch Ig isotype and increase their antigen
specificity and affinity (Stavnezer et al., 2008). They subsequently develop into
long lived plasma cells or memory B cells, which both then travel back to the BM.
Fol as well as MZ B cells are also able to respond more quickly to antigen
encounter by forming extra follicular foci and developing into short lived plasma

cells, which only undergo CSR and not SH (Stavnezer et al., 2008).

Figure 3-2 shows, using B220 as a B cell marker and CD90 as a T cells marker, a
highly significant reduction of B220+* B cells in the spleens of SENP1ff CD19-Cre
mice (30%) compared to controls (50%). This difference can be seen in percentage
as well as total cell number (Figure 3-2B). Even though T cells were significantly
increased in percentage in the SENP1ff CD19-Cre mice, this differences was not

statistically significant looking at total cell numbers (Figure 3-2B).
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Figure 3-2: B/T cell ration in the spleen. (A) FACS analysis of naive splenocytes of
indicated genotypes. Cells were analysed for the expression of B220 and CD90
surface markers. (B) Statistical evaluation of splenic B cell and T cells. Left,
percentage of cell population, right, number of cells per population. For each
group n=3; * p<0,05, ** p<0,01, *** p<0,001

When analysing splenic B cell populations by discriminating between immature
(CD21°CD237), Fol (CD21™CD23"") and MZ (CD21"$"CD23™¢™Y) B cells, we
detected a significant increase in the percentage of transitional B cell, and MZ B
cells in SENP1ff and SENP1ff CD19-Cre mice compared to the respective controls
(Figure 3-3). However, this difference was not observed when looking at total cell
numbers (Figure 3-3). Total cell numbers of transitional and MZ B cells were
unchanged, however, cell numbers of Fol B cell were nearly halved in SENP1ff and
SENP1ff CD19-Cre mice compared to controls (Figure 3-3B). This indicates that the
effect of a SENP1 knockout in transitional and MZ B cells is only marginal, but
substantially affects Fol B cells. The cause for this reduction may be a result of

decreased proliferation or impaired survival.
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Figure 3-3: B cell subsets in the spleen. (A) FACS analysis of naive splenocytes of
indicated genotypes. Cells were analysed for the expression of CD21 and CD23
surface markers after pregating on B220+popro1l- cells. (B) Statistical evaluation
of splenic B cell subsets. Left, percentage of cell population, right, number of
cells per population. For each group n=3; * p<0,05, ** p<0,01, *** p<0,001

As Peyer’s patches (PP) are a secondary lymphoid organ, where B cells encounter
high amounts of antigen due to their direct vicinity to the small intestine, their
ability to form germinal centres (GC) was analysed. B cells from the PP of naive
SENP1ff CD19-Cre mice and SENP1ff mice were stained for the surface markers Fas
and PNA. Both genotypes showed a 1,5 fold increase in the percentage of GC B cell
formation compared to their respective controls, indicating a stronger response to
pathogenic antigens (Figure 3-4). In concert with a general reduction of B cell
numbers in the PP in SENP1ff CD19-Cre mice, the total number of GC B cells was
also decreased 1,3 fold compared to the CD19-Cre controls. However, due to a high
variability of the percentages and cell numbers non of these differences are

statistically significant.
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Figure 3-4: GC B cells in the Peyer’s patches of naive mice. (A) FACS analysis of naive
Peyer’s patches (PP) of indicated genotypes. Cells were analysed for the
expression of Fas and PNA surface markers after pregating on B220+poprol-
cells. (B) Statistical evaluation. Left, percentage of cell population, right, number
of cells per population. For each group n=3; * p<0,05, ** p<0,01, *** p<0,001

As seen in Figure 3-2 the total reduction of splenic B cells in the SENP1ff was nearly
as strong as in the SENP1ff CD19-Cre mice, although SENP1ff mice do not contain
the B cell specific CD19-Cre induced knockout. PCR genotyping of
SENP1ffCD19-Cre, SENP1f and control B cells revealed that in the
SENP1ff CD19-Cre B cells SENP1 is indeed knocked out as expected (Figure 3-5A).
It could also be confirmed in B cells of the SENP1ff mice that the targeted exon 5

and 6 is still present (Figure 3-5A).

SENP1 mRNA expression in the same splenic B cells of SENP1ff CD19-Cre mice was
analysed by quantitative real-time RT-PCR and showed a 70% reduction of SENP1
expression compared to CD19-Cre control mice (Figure 3-5B). The 30% of residual
SENP1 expression can be explained in two ways: a small percentage may arise
from CD19- cell contamination which occurs during the process of B cell
purification, however the purity of the isolated B cells was between 94% and 98%.
The main source of SENP1 mRNA is therefore hypothesised to originate from CD19
positive cells that escaped Cre mediated recombination and did not delete SENP1.
In order to identify these potential Cre escapees the SENP1ff CD19-Cre mice were

crossed to a red fluorescent protein (RFP) expressing reporter strain.



3 Results 40

>
@)*
Ry
Yo
C
O %
Ry
A
[v¢)

SENP1flox ==

«— SENP1T
— WT

0.5

- «—wr * %

Relative expression of SENP1

SENP1 KO

— - <— SENP10 0.0

& - - <— (D19-Cre
CD19-Cre | - - N = «— CD19WT

General-Cre S | Actin
- .. <« General-Cre

Figure 3-5: Verification of SENP1 knockout by PCR typing and qRT-PCR. (A) PCR
genotyping of splenic B cells of the indicated genotypes with primers for the
floxed and knockout SENP1 allele, specific CD19-Cre and a general Cre. Arrows
indicate the expected band height. (B) mRNA expression of SENP1 in
SENP1fCD19-Cre B cells, compared to CD19-Cre controls, measured by
quantitative RT-PCR. For each group n=3; * p<0,05, ** p<0,01, *** p<0,001

To understand the phenomenon of the B cell phenotypes in the SENP1ff mice the
available data on the generation of the SENP1flox allele was carefully studied and
validated. In the targeting strategy of the SENP1ff mice, generated by Luyang Yu
(Yu et al,, 2010) (Figure 3-6) it can be seen that the neomycine resistance (neo)
cassette is not flanked by frt sites, as meanwhile common practice, but flanked by
an additional loxP site. A loxP site is located 5’ of exon 5 and 3’ of the neo cassette
as well as between exon 6 and the neo cassette. This makes the selective excision of
the neo cassette very complicated and has not been done by Yu et al. Therefore the

neo cassette still remains in the SENP1f allele.
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Figure 3-6: Schematic of SENP1f and KO mouse targeting strategy (Yu et al., 2010).
Schematic diagram of targeting strategy to generate SENP1fimice. The targeting
vector contains intron 3 at the 5’ arm, exons 5/6 in the targeting region, and
intron 5 at the 3’ arm. The neo cassette is located between LoxP2 and LoxP3.

To our knowledge the remaining neo cassette is the only difference between WT
and SENP1ff mice, leading to the hypothesis that neo somehow causes a
hypomorphic SENP1 allele causing the observed phenotypes. Effects of neo
insertions have been previously reported (Pham et al., 1996). By logic, the neo
cassette cannot lead to a full loss-of-function mutation of the gene, as a complete
knockout of SENP1 is embryonically lethal (Yamaguchi et al., 2005; Yu et al.,, 2010).
However, due to the observed phenotype the conclusion is near, that protein

expression or function is substantially hampered.

Interestingly, only a very mild phenotype was observed in other cell types, namely
a mild but significant increase in CD4 and CD8 effector T cells (data not shown). All
other organs seem to develop and function normal. Even the testicles, which
express high amounts of SENP1 (Xu and Au, 2005), show no abnormality in respect
to size and cell count. Reproduction of SENP1ff CD19-Cre and SENP1ff is normal
and genotype distribution is according to Mendelian rules. Hence, it was decided to
further analyse SENP1ff CD19-Cre and SENP1ff mice, albeit the unknown origin of
the SENP1ff phenotypes. To fully exclude the influence of the hypomorphic SENP1
allele from other cell types than B cells, mixed bone marrow chimeras were

generated for all further in vivo experiments.
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3.1.2 Transcriptional network in naive SENP1% CD19 B cells

One of the main functions of SUMOylation is the regulation of transcription factors
and the regulation of cell cycle (David et al., 2002; Johnson and Blobel, 1999) and
apoptosis (Buschmann et al., 2000; Zhong et al., 2000). In Figure 3-7 we aimed to
investigate the mRNA expression of several components of the SUMOylation
pathway as well as the transcriptional network responsible for early B cell
development, GC and PC development in B cells from naive SENP1ff CD19-Cre mice
and control mice. Further analysed were factors important in cell cycle regulation

and apoptosis.
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Figure 3-7: quantitative real-time RT-PCR analysis of B cell, apoptosis and cell cycle
relevant genes. MACS purified splenic B cells from SENP1ff CD19-Cre mice
were analysed. Results compared to HPRT are normalised to CD19-Cre control
cells, indicated by the dotted line. Significantly upregulated genes are marked in
green, downregulated genes in red. n=3; * p<0,05, ** p<0,01, *** p<0,001
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SENP1 regulates SUMO on a posttranslational level by cleaving the C terminal tail,
leading to SUMO maturation (Muller et al.,, 2001). This regulation is not based on
transcriptional activity, hence no change in SUMO mRNA expression is observed
(Figure 3-7). As it is thought that SENP2 can compensate for the loss of SENP1, also
SENP2 expression was analysed. It could be shown that no compensational

upregulation of SENP2 is apparent in the SENP1ff CD19-Cre cells (Figure 3-7).

As the analysed cells were derived from the spleen all cells were matured past the
immature B cell stage, and therefore no differences were expected and observed in
transcription factors that are responsible for early lymphocyte and B cell

development (Figure 3-7).

Figure 3-4 displays an increase, albeit non-significant, in GC B cells in the PP of the
SENP1f CD19-Cre mice. To investigate if this is caused by altered expression levels
of the GC and plasma cell transcriptional network several important genes of this
network were analysed for their mRNA expression level. Pax5, Bcl6, Bach2 and
Mitfl are essential for the maintenance of the GC reaction and suppress further
development into PCs and memory B cells by suppressing Xbp1, Blimp1 and Irf4
(Nutt et al,, 2011). All of these mentioned transcription factors except Bcl6 and Irf4
are known to be SUMOylated (Bertolotto et al., 2011; Chen and Qi, 2010; Jiang et
al,, 2012; Kono et al,, 2008; Kurahashi et al., 2011; Miller et al.,, 2005; Murakami
and Arnheiter, 2005; Shimshon et al,, 2011; Tashiro et al., 2004; Ying et al., 2012).

Only Bach2 and IRF4 expression were significantly changed compared to CD19-Cre
control B cells, whereas Bach2 expression was decreased and IRF4 expression
increased (Figure 3-7) It has to be kept in mind that the analysed cells were naive
ex vivo B cells, where only a minor fraction is undergoing a GC reaction in the
steady state. So no large differences are expected in the GC and PC transcriptional
network. Non the less increased IRF4 levels and decreased Bach2 levels might
make SENP1ff CD19-Cre B cells more prone to PC differentiation once appropriate

stimulation occurs.

Up to this point the strongest phenotype in the SENP1ff CD19-Cre mice is the
reduction of mature recirculating B cell compartment in the bone marrow and the

Fol B cells in the spleen. To elucidate this phenotype in more detail we examined
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mRNA expression of important cell cycle regulatory and apoptotic elements
(Figure 3-7), as the importance of SUMOylation in cell cycle regulation and
apoptosis has been shown by several groups (Gutierrez and Ronai, 2006; Ulrich,
2009; Ulrich et al., 2005; Wan et al., 2012). Interestingly, and against expectations
Bcl2, an anti-apoptotic factor, is nearly two fold increased in SENP1f CD19-Cre B
cells, however the pro-apoptotic factor Bax, was not altered (Figure 3-7). The
question remains now on why Bcl2 is upregulated in a cell compartment that has

apparent survival problems.

Several different cellular mechanisms are active in B cell development, activation,
GC formation and PC differentiation. One of these mechanisms is the response to
DNA strand breaks which occur during B cell development and in response to
antigen encounter. DNA strand breaks are induced by RAG1 in the V(D)]
rearrangement of the BCR (Johnson, 2004) and later by AID in CSR and SH. These
response mechanisms are partially regulated and fine tuned by SUMOylation.
MDM2, Pim2 and p53 are all upregulated upon DNA damage response in CSR and
additionally MDM2 and p53 are directly regulated by SUMOylation (Bode and
Dong, 2004). However, only in Pim2 (Fox et al.,, 2003), which was also shown to be
a potent anti-apoptotic factor that drives early B cell survival after RAG induced
DSBs (Bednarski et al, 2012), a significant upregulation was observed in the
SENP1 KO cells. This indicates again on the one hand an influence of SUMOylation
in the DNA damage response mechanism during BCR maturation and CSR, and on
the other hand the need for upregulation of certain anti-apoptotic factors for

SENP1 KO B cells to survive.

Cyclines are, with cyclin dependant kinases (CDKs), retinoblastoma proteins
(pRBs) and CDK inhibitors, the four major regulators of the cell cycle. Specifically
the D-type cyclins D2 and D3 (CCND2, CCND3) play a nonredundant role in GC B
cell proliferation (Chiles, 2004; Cooper et al., 2006; Lam et al., 2000; Mataraza et
al., 2006). CCND2 deficiencies lead to reduced B cell proliferation (Mohamedali et
al., 2003) and compensatory CCND3 overexpression but CCND3 was also shown to
be essential for B cell proliferation, maturation and T cell-dependant antibody
response. Both cyclins have so far not been reported as SUMO targets, however

CCND2 is significantly upregulated two fold in the SENP1 KO B cells whereas
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CCND3 shows no change in expression level compared to CD19-Cre control mice
(Figure 3-7). The reason for CCND2 upregulation can have several origins and lead
to distinct effects in cell cycle progression. Upregulation of CCND2 has been
observed in many proliferative B cell diseases such as chronic lymphocytic
small/small lymphocytic leukaemia (CLL/SLL) (Delmer et al., 1995; Igawa et al,,
2011), however no such malignant phenotypes of any kind have been observed in
SENP1ff CD19-Cre mice. As the observed mice were analysed at an age of six to
nine weeks, they might have been too young for any B cell malignancies to be seen.
For this older mice would have to be analysed. CCND2 was also observed to be
upregulated upon CCND3 inhibition (Peled et al.,, 2010). This would have to be

clarified on a protein basis.

3.1.3 Impaired survival after in vitro stimulation due to activation induced cell

death (AICD)

As B cell numbers are decreased in SENP1ff CD19-Cre spleens and the percentage
of GC B cells in the Peyer’s patches was increased it was hypothesized that SENP1
KO B cells harbour either survival and/or proliferation defects. To investigate
survival and proliferation capacities of SENP1 KO B cells, total splenocytes were
isolated and cultured in medium alone or enriched with LPS and IL4 to induce
proliferation, class switch recombination and plasma cell differentiation. Cells
were cultured for up to five days and monitored daily by cell counting and FACS
analysis. As seen in Figure 3-8A from day three on cell numbers of
SENP1ff CD19-Cre mice were significantly reduced and stagnated until day five. In
cells of SENP1ff mice a significant reduction compared to WT cells was observed

from day four on.
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Figure 3-8: in vitro stimulation of total splenocyte culture. (A) Cell count of live cells of
LPS (50ug/ml) and IL4 (20ng/ml) stimulated total splenocyte cultures at
indicated time points. Left graph: splenocytes isolated from WT and SENP1ff
mice; right graph: splenocytes isolated from CD19-Cre and SENP1ff CD19-Cre
mice. (B) Left graph shows total cell count of live B cells and right graph of live
T cells of LPS (50ug/ml) and IL4 (20ng/ml) stimulated total splenocyte cultures
at indicated time points. Cell count was calculated by FACS analysis of B220
positive B cells and CD4 & CD8 positive T cells. Both graphs show combined
results of WT, SENP1ff, CD19-Cre and SENP1ff CD19-Cre mice. For each group
n=3; * p<0,05, ** p<0,01, *** p<0,001

When comparing B and T cell survival it can be seen in Figure 3-8B that T cells
were not affected by the SENP1 KO, nor by the SENP1 hypomorph. Interestingly, B
cells were significantly reduced from day three on in SENP1 KO and at day five in
SENP1 hypomorph. This implies that even though SUMOylation is a ubiquitous
mechanism, important in every cell of an organism, SUMOylation is crucial for B

cell survival and/or development.

Next, we determined the ability of CD19* purified SENP1 KO and hypomorph B
cells to undergo cell cycle after LPS and IL4 stimulation (Figure 3-9). B cells were
cultured under normal conditions and labelled with bromdesoxyuridin (BrdU) for
one hour prior to harvest. BrdU is a synthetic analogue of thymidine which

incorporates into the newly synthesised DNA during S-phase replication. By the
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amount of BrdU incorporation in respect to 7AAD binding, information about the

cell cycle stage of a cell can be gained.

On day one of culture with LPS and IL4 supplemented medium twice as many
SENP1 KO B cells were undergoing S-Phase (7AADhshBrdUhish) compared to
CD19-Cre B cells (4% CD19-Cre B cells; 8% SENP1ff CD19-Cre B cells) (Figure
3-9B), indicating a quicker onset of stimulation and a higher proliferation rate,
whereas on day two S-Phase SENP1 KO B cells are significantly reduced by 30%
compared to control cells (SENP1 KO B cells 17%, CD19-Cre B cells 27%). What
can also be seen in this graph is that despite the early increased proliferation on
day one, the rate of proliferation towards day two is markedly decreased in the
SENP1ff CD19-Cre mice. This is similar, however not as strong in the SENP1f mice

compared to WT (Figure 3-9B).

Additionally, apoptotic cells (7AAD-BrdU-) are significantly increased in SENP1 KO
B cells on day two (Figure 3-9C), giving the notion that after fast proliferation in

the first 24 hours cells undergo activation induced cell death (AICD) after day one.

As AID induced CSR is occurring during G1 Phase of the cell cycle it is interesting to
note that except for a small but significant decrease of SENP1 KO B cells on day
one, compared to CD19-Cre control cells, no change is measured in the percentage
of G1 phase B cells (data not shown). However, G2/M phase cell are significantly
increased two fold in SENP1ff CD19-Cre B cells on day one and day two after LPS &
IL4 stimulation (Figure 3-9D).

SENP1 hypomorphic cells show only a mild phenotype, as seen in Figure 3-9. Only

the percentage of apoptotic cells is increased on day one and two.
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Figure 3-9: Cell cycle analysis. (A) FACS analysis of CD19 MACSed BrdU pulsed B cells of
indicated genotypes after LPS (50ug/ml) and IL4 (20ng/ml) stimulation. Cells
were analysed for BrdU and 7AAD incorporation on day 1 and day 2. (B)
Statistical evaluation of cells in S Phase, (C) apoptotic B cells (D) and in G2/M
Phase. For each group n=3; * p<0,05, ** p<0,01, *** p<0,001
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After investigating the cell cycle we wanted to look at the overall proliferative
capacity of SENP1ff CD19-Cre B cells over a course of four days. Therefore, cells
were labelled with CellTrace™ Violet and cultured again with LPS and IL4 for four
days. CellTrace™ Violet is a fluorescent cell staining dye that incorporates into the
cell membrane. The amount of the fluorescent dye is halved with each cell division.
By measuring the fluorescence intensity of a given cell the proliferation rate can be
calculated. However, by looking at Figure 3-10, it can be seen that SENP1 KO B
cells that survive until day four do proliferate normal (Figure 3-10B), albeit the

overall cell number is markedly reduced (Figure 3-10A).
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Figure 3-10: in vitro proliferation assay. CD19+ purified B cells were labelled with the
proliferation dye CellTrace™ Violet and stimulated with LPS (50ug/ml) and IL4
(20ng/ml) for four days. (A) FACS analysis of indicated genotypes. Cells were
analysed for the expression of B220 and the incorporation of Violet Cell Trace
after pregating on poprol- cells. (B) Statistical evaluation of proliferation. For
each group n=3.

3.1.4 Invitro class switch recombination and plasma cell differentiation

As mentioned before, SUMOylation was shown to be an important regulator in
several cellular mechanisms involved in CSR. It regulates several relevant
transcription factors, DNA damage response systems induced during CSR, survival,

proliferation, and differentiation mechanisms. To see whether CSR and PC
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differentiation is affected in the SENP1ff CD19-Cre mice compared to controls we
stimulated CD19* purified splenic B cells in vitro with LPS and IL4, a TLR4
antagonist and Tu2 T cell derived cytokine, respectively, in order to drive Ig switch

from IgM to IgG1 and plasma cell differentiation.

In Figure 3-11A and B we observed, similar to Figure 3-8, a general reduction in
total B cell numbers in the SENP1ff CD19-Cre B cells and in IgG1 switched B cells.
At day five hardly any B cells from SENP1ff CD19-Cre mice were still alive.

On day five of culture we could observe 30% IgG1 positive CD19-Cre control B
cells, whereas only 20% SENP1ff CD19-Cre B cells switched for IgG1 (Figure 3-11).
The reduction is even stronger when investigating the total cell number of IgG1
switched cells. There, a 60% reduction can be seen in the IgG1 switched B cells of

the SENP1ff CD19-Cre mice compared to the CD19-Cre controls.

When we examined PC differentiation in SENP1ff CD19-Cre mice the percentual
amount of CD138ros PCs on day three, four and five were in average four fold
increased compared to CD19-Cre controls (Figure 3-11). And albeit the reduced
total number of B cells in culture, the total amount of PCs is slightly increased,

however not significant.

It seems that SENP1 deficiency in LPS and IL4 stimulated B cells on the one hand
hamper the switching capacity to IgG1 but on the other hand highly increase PC
differentiation and survival. This goes in hand with the observed increase of IRF4

in naive splenic B cells from Figure 3-7.

In order to investigate the activation state of the stimulated B cells isolated from
SENP1ff CD19-Cre mice we looked at MHC II expression (Figure 3-12), which is
upregulated upon LPS stimulation, hence serves as an marker for activation.
MHC II expression is nearly at 100% at day three and drops to about 30% and 12%
at day four and five, respectively, in the CD19-Cre control cells. In the SENP1ff
CD19-Cre cells, however, MHCII expression stays at around 95% to 90%, indicating

a constant high state of activation.



3 Results 51

A Senp1f CD19 C CD19 Senp1ff CD19
50.3  12.4
; )
>
1]
o
53.3 1.97
<
>
(L]
o
409 1.14
; wn
>
(1]
)
i o
N
& o
lgM ' CD138 '
B % of 1IgG1" D % of PCs
40 mm co1o

Il Senp1ffCD19

Day 3 Day 4 Day 5 Day 3 Day 4 Day 5
total cell count of IgG1™ total cell number of PCs
15001 150009
z 2
= 1000+ ¢ 100004
2 2
= 5004 . < 50004
Q (U]
0~ 0-
Day 3 Day 4 Day 5 Day 3 Day 4 Day 5

Figure 3-11: in vitro CSR and PC differentiation of total splenocyte culture. Total
splenocytes after erythrocyte lysis of indicated genotypes were stimulated with
LPS and IL4 to induce class switch recombination (CSR) and plasma cell (PC)
differentiation and were analysed on day three, four and five. (A) FACS analysis
of class switched cells. Cells were surface stained for IgG1, IgM and popro1l. (B)
Statistical evaluation of IgG1 switched cells. Top: percentage of cell population;
bottom: number of cells per population. (C) FACS analysis of differentiated PCs.
Cells were surface stained for B220, CD138 and poprol. (D) Statistical
evaluation of PCs. Top: percentage of cell population; bottom: number of cells
per population. For each group n=3; * p<0,05, ** p<0,01, *** p<0,001



3 Results 52

A

100 $ { 100 { 100

Day 3 Day 4 Day 5

80 80 80
x
T 60 60 60
€
G
O 40 40 40
X

20 20 20

i | T T Akt B 0 L] I BERRELL B 0 —prmy

MHC I

B

1509 @@ cp19

Bl Senp1ffCD19
*% *%

s,
= 1004
(&)
G
(@]
xR

504

0-
Day 3 Day 4 Day 5

Figure 3-12: MHC II expression after in vitro stimulation. CD19 MACS isolated B cells
of indicated genotypes were stimulated with LPS (50ug/ml) and IL4 (20ng/ml)
and were analysed on day three, four and five. (A) FACS analysis of class
switched cells. Cells were surface stained for MHC Il and pregated on
B220+poprol- cells (B) Statistical evaluation of MHC II expression. For each
group n=3; * p<0,05, ** p<0,01, *** p<0,001

Taken together, our data demonstrated in Figure 3-8 to Figure 3-12 that upon LPS
and IL4 stimulation SENP1 deficiency increases apoptosis in B cells, either by
positively upregulating pro-apoptotic factors or by dysfunctional anti-apoptotic
pathways in response to activation. Altogether, we observed that after a first burst
of proliferation SENP1 KO cells as well as SENP1ff cells have a decreased survival
capacity. SENP1 KO or hypomorph cells undergo 10% more apoptosis on day two
after stimulation. From day three on we observed a significant reduction in total
cell number of SENP1 KO B cells, in SENP1 hypomorphs from day four on.
However, the B cells that survived do proliferate as WT when analysed by cell

proliferation dye over a course of four days.

SENP1 KO and hypomorph B cells develop stronger into PCs and less into IgG1

positive B cells (Figure 3-11). However, the question still remains on the origin of
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these PCs. As SENP1 hypomorph cells also produce more PCs it is likely that the
phenotype comes from B cells that survive a SENP1 KO or SENP1 hypomorph.
These cells are then more prone to PC development. To test these hypotheses we
crossed the SENP1ff CD19-Cre line to an RFP reporter mouse line, which will
enable us to observe the Cre activity and therefore the knock-out and escapee rate

of SENP1 in any CD19 expressing cell type.

3.1.5 Reduction of B cell subsets in naive JHT/-/SENP1Y RFP CD19-Cre mixed bone

marrow chimeras

As cells harbouring the hypomorphic SENP1flox allele exhibit a knockout-like
phenotype in B cells, and as SUMOylation is a ubiquitous cellular regulatory
mechanism, consequences in other cell types and organs can be expected. To
exclude these effects and to solely investigate a B cell specific SENP1 knockout we

generated mixed BM chimeras (Figure 3-13).

B cell deficient JHT-/- mice with a disruption in Vu-Du-Ju recombination were
selected as hosts. JHT-/- mice harbour a deletion of the Ju gene for antibody heavy
chain production (Gu et al., 1993). This mutation disrupts proper BCR production
as Vu-Dyu-Ju somatic recombination is non-functional, therefore B cell development
is stopped at the pre-pro B cell stage, making these mice an excellent model for B

cell deficiency.
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Figure 3-13: Schematic of mixed bone marrow chimera generation. Bone marrow
(BM) of donor mice was isolated and mixed in a 80:20 ratio of JHT-/- and
SENP1fRFP CD19-Cre BM (and respective control). Host mice were lethally
irradiated with 9,5 Gy and i.v. injected with the donor BM mix. Seven weeks
post transfer mice were analysed.

For this, the SENP1ff CD19-Cre mouse strain was crossed to a ROSA-RFP strain,
which expresses the RFP behind a loxP flanked stop cassette after the ROSA gene
promoter. Upon Cre-mediated recombination the stop cassette is excised and RFP
will be constitutively expressed. By facilitating this system the Cre recombination
activity on the SENP1flox Jocus will be reported and Cre escapees can be detected.
The BM chimeras were generated from isolated BM from JHT-- mice and

SENP1ff RFP CD19-Cre, with the respective CD19-Cre controls.

BM was mixed in an 80% to 20% ratio (JHT with SENP1ff RFP CD19-Cre or JHT
with CD19-Cre) and a total of 5 x 10° cells were i.v. injected into previously
irradiated JHT-/- host mice (Figure 3-13). Mice were analysed between week seven
and eight after reconstitution. All B cells of the reconstituted mice were
SENP1ff RFP CD19-Cre or if they escaped Cre mediated recombination they were
RFP negative SENP1ff escapees with the hypomorphic SENP1 phenotype. However,
only 20% of the remaining cell populations harboured the hypomorph, whereas

80% were WT of the JHT-/- origin. The 20% of SENP1ff BM cells generate no
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measurable phenotype in the non-B cell myeloid cell compartment (data not

shown).
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Figure 3-14: Total cell number of splenocytes in JHT/SENP1f RFP CD19 bone
marrow chimeras 8 weeks after reconstitution. For each group n=4; *
p<0,05, ** p<0,01, *** p<0,001

The 80% to 20% ratio of BM mix was chosen as in mice reconstituted with a 90%
to 10% ratio no SENP1ff RFP CD19-Cre could be reconstituted and in the respective
CD19-Cre controls only a small amount of B cells was observed (data not shown)
As the 80% to 20% ratio produced higher and more reliable B cell numbers this
protocol was chosen for further experiments. Reconstituted mice will be termed
JHT/SENP1ff RFP CD19-Cre for the 80% JHT with 20% SENP1ff RFP CD19-Cre mix
and JHT/CD19-Cre for the 80% JHT with 20% CD19-Cre mix.

Figure 3-14 shows the total number of splenocytes, eight weeks after BM chimera
generation. Total splenocyte numbers where significantly reduced by
approximately 60%. By FACS analysis we could show that this reduction is caused
by an 8 fold reduction in the total B cell population and a 30% reduction of the

total T cell population (Figure 3-15). In percentage as well as in total.
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Figure 3-15: B cell subsets in the spleen of JHT/SENP1f RFP CD19 bone marrow
chimeras 8 weeks after reconstitution. (A) FACS analysis of naive
splenocytes of indicated genotypes. Cells were analysed for the expression of
B220 and CD4 & CD8, as well as CD21 and CD23 surface markers after
pregating on poprol- and B220+poprol- cells, respectively. (B) Statistical
evaluation of splenic B cell subsets. Left, percentage of cell population, right,
number of cells per population. For each group n=4; * p<0,05, ** p<0,01, ***
p<0,001

As seen in the FACS blots and the statistical analysis of the B cell populations in
Figure 3-15 only few B cells are remaining in the spleen of the JHT/SENP1ff RFP
CD19-Cre mice, most of them representing follicular B cells. The percentage of B
cell subsets in the spleen is similar to that seen in naive SENP1ff CD19-Cre mice
(Figure 3-3). The percentage of transitional B cells is significantly increased and of
follicular B cells significantly decreased, whereas the ratio of MZ B cells is not
changed compared to the JHT/CD19-Cre control. In naive SENP1ff CD19-Cre mice 2
x 106 transitional B cells, 12 x 106 follicular B cells and 2 x 106 MZ B cells remain in
the spleen, whereas in the JHT/SENP1ff RFP CD19-Cre only 2 x 10> transitional B
cells, 7.5 x 105 follicular and 5 x 10* MZ B cells can be found (Figure 3-15). This
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general reduction of B cells in the JHT/SENP1ff RFP CD19-Cre compared to the
naive SENP1ff CD19-Cre can be explained by the general survival problem of the
SENP1ff RFP CD19-Cre B cells, which on one hand might have problems in
surviving the procedure of the transfer and on the other hand will die after the

transfer.

Figure 3-16 and Figure 3-17 investigate B cell subsets in more detail. The gating
strategy applied here is adapted from Allman and Pillai (2008). Here can be seen
that the total cell number of all B cell subsets is drastically reduced, between five
fold in transitional T2 B cells (AA4.1* CD23* IgM*), and 40 fold in follicular I B cells
(B220* AA4.1- CD21'ow [gM* IgD*). The percentages of all subsets except immature
B cells (B220* AA4.1*), MZ precursor B cells (B220* AA4.1-CD21*IgM*CD23+) MZ B
cells (B220+ AA4.1- CD21+ IgM+* CD23"), follicular II (B220* AA4.1- CD21low [gMlow
IgD*) and transitional T1 (B220* AA4.1* CD23- IgM*) and transitional T2 (B220+*
AA4.1* CD23* IgM*) B cells are significantly decreased. The increase in the latter
can be explained by three factors: a developmental block at these cell stages, a
stronger rate of apoptosis in the subsequent cell populations, or it might be due to
an artefact that is generated through the drastic shift in cell number and ratio
between the cell populations. With such a drastic reduction in total cell numbers
throughout all B cell subsets the significant changes in ratios between the different

subsets is not convincing.
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Figure 3-16: B cell subsets in the spleen of JHT/SENP1f RFP CD19 bone marrow
chimeras 8 weeks after reconstitution. FACS analysis of naive splenocytes of
indicated genotypes. Cells were pregated on B220*poprol- cells and further as
indicated in graph. Respective statistical analysis is shown in Figure 3-17. For
each group n=4
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Figure 3-17: Statistical analysis of B cell subsets in the spleen of JHT/SENP1ff RFP
CD19 bone marrow chimeras 8 weeks after reconstitution, as depicted in
Figure 3-16. Upper panel, percentage of cell population, lower panel, number
of cells per population. For each group n=4; * p<0,05, ** p<0,01, *** p<0,001

About 95% of lymph node (LN) B cells in wild type mice are fully matured,
therefore express besides IgM also IgD and have lost the surface expression for
AA4.1 (also known as CD93), an adhesion protein. In JHT/SENP1ff RFP CD19-Cre
mice, however, the percentage of immature B cells is nearly triple of that of the
JHT/CD19-Cre controls (Figure 3-18). Usually B cells leave the BM in a naive
immature stage and fully develop in the spleen (Johnson et al., 2005). But high
numbers of immature B cells in the LN indicate that either B cell maturation is
slower than in WT or that there is some sort of developmental blockage, albeit

mild, as full maturation can be achieved.
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Figure 3-18: B cell subsets in the lymph nodes (LN) of JHT/SENP1f RFP CD19 bone
marrow chimeras 8 weeks after reconstitution. (A) FACS analysis of LN of
indicated genotypes. Cells were analysed for the expression of B220 and CD4 &
CD8, as well as IgM and IgD surface markers after pregating on poprol- and
B220+poprol- cells, respectively. (B) Statistical evaluation of B cell subsets. Left,
percentage of cell population, right, number of cells per population. For each
group n=4; * p<0,05, ** p<0,01, *** p<0,001

Interestingly, in the PP and the peritoneal cavity (PC) of JHT/SENP1ff RFP

CD19-Cre mice B cells were completely absent (Figure 3-19). Both organs, the PP

on the epithelium of the small intestine, and the PC, enclosing all intestinal organs,

contain large amounts of foreign antigen leading to B cell activation. This antigen

encounter may lead to AICD as already shown in vivo in Figure 3-9.
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Figure 3-19: B cells in the Peyer's patches (PP) and peritoneal cavity (PC) of naive
JHT/SENP1f RFP CD19 bone marrow chimeras 8 weeks after
reconstitution. (A) FACS analysis of PP of indicated genotypes. Cells were

analysed for the forward and side scatter and expression of Fas and PNA

surface markers after pregating on B220+popro1l- cells. (B) FACS analysis of PC

of indicated genotypes. Cells were analysed for the expression of CD19 and

CD23 surface markers after pregating on poprol- cells. For each group n=4;
* p<0,05, ** p<0,01, *** p<0,001

Crossing the SENP1ff CD19-Cre mouse to a RFP reporter mouse strain gave the
opportunity to analyse the ratio of SENP1 KO cells in a given population. As Rickert
et al. (1997) reported, the efficiency of the CD19-Cre is 75-80% in BM-derived pre-
B cells and 90-95% in splenic B cells. The remaining cells still have the floxed WT
alleles, in the case of the SENP1ff RFP CD19-Cre mouse the Cre escapees will have
the SENP1 hypomorph phenotype. As shown in various previous experiments
SENP1ff CD19-Cre mice and SENP1ff mice have reduced B cell numbers, due to so
far unknown reasons. By analysing the RFP expression in the SENP1ff RFP CD19-
Cre mice it can be investigated how many B cells actually survive of SENP1 knock

out B cells.
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Figure 3-20: Analysis of RFP expression in splenic B cells of naive JHT/SENP1f RFP
CD19 bone marrow chimeras 8 weeks after reconstitution. (A) Statistical
analysis of RFP expression, dotted line represents 92,4% Cre efficiency in WT
(B) FACS analysis of RFP expression in B cell populations of indicated
genotypes. Cells were analysed for RFP expression after gating on B220 and
CD4 & CD8 as well as AA4.1 surface markers for the different B and T cell
populations and after pregating on poprol- cells. For each group n=4; * p<0,05,
** p<0,01, *** p<0,001

Figure 3-20 shows the expression levels of RFP in various subpopulations of
splenic B cells. The dotted line in each bar graph represents the average Cre
efficiency of WT splenic B cells (92,4%, Rickert et al,, 1997). As expected, T cells
express no RFP, stating that the CD19-Cre is B cell specific.

It is important to note, when comparing RFP positive to RFP negative cells in
Figure 3-20, that the RFP negative Cre escapee cells represent SENP1 hypomorphic
cells and not CD19-Cre WT cells.

Observing the different B cell subsets in detail, it can be seen that transitional B cell
in the spleen, which just arrived from the BM and have not further developed to
Fol B cells or MZ B cells show RFP expression of 40% (Figure 3-20). This is about
half of the expected Cre efficiency that has been shown by Rickert et al. (1997) for
WT BM B cells. This indicates that early SENP1 KO B cells in the BM and spleen are
under strong selection pressure compared to the SENP1 hypomorphic cells,
meaning that cells that escape the Cre mediated recombination have a survival and
proliferation advantage. However, when looking at subsequent B cell

developmental stages it can be observed that RFP expression is increasing.
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Immature and mature JHT/SENP1ff RFP CD19-Cre B cells express 75% and 80%
RFP, respectively, and MZ and Fol B cell in average around 90% RFP. This indicates
that SENP1 KO B cells, which survive the early stages of B cell development have
either a survival advantage or increased proliferation compared to the SENP1

hypomorphic RFP negative Cre escapee cells.
3.1.6 SENP17 CD19-Cre mice experience a higher B cell turnover

In vivo experiments so far show significantly reduced B cell numbers specifically in
Fol B cells (Figure 3-3 & Figure 3-15). To investigate whether this is caused by an
increased rate of apoptosis, as indicated in in vitro experiments (Figure 3-9) or a
failure to differentiate into Fol B cells, mice were in vivo labelled with BrdU. BrdU
is a synthetic analogue of thymidine, which incorporates into the newly
synthesised DNA during S-phase replication. BrdU is passed on to the daughter cell
and accumulates with every cell division. Therefore, the more BrdU is integrated in
a given cell, the more cell cycles has a cell undergone. In this way, cell proliferation
and turnover rate can be measured, which indirectly gives clues about the

apoptosis rate of a cell population

BrdU was applied through the drinking water to SENP1ff CD19-Cre mice and
CD19-Cre controls for the duration of one week. The ratio of BrdU positive cells in

the spleen is measured by FACS analysis eight days after first feeding.
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Figure 3-21: in vivo BrdU incorporation indicates increased B cell turnover. FACS
analysis of BrdU incorporation in B cells after feeding BrdU in drinking water
for eight days. For each group n=3; * p<0,05, ** p<0,01, *** p<0,001

As seen in Figure 3-21, SENP1ff CD19-Cre B cells incorporate 1,5 fold more BrdU
into their DNA than the CD19-Cre controls. Looking at further B cell subsets it was
observed that Fol B cell incorporate in average even two fold more BrdU compared
to controls. Ratios for transitional and MZ B cells were similar. This leads to the
conclusion that Fol B cells have a decreased half-life and an increased rate of cell
turnover. As Fol B cell numbers in naive and in BM chimeric mice are significantly
reduced (Figure 3-3 & Figure 3-15), but also show an increased BrdU uptake,
therefore turnover, this data supports the hypothesis that reduced B cell numbers
come from a increased rate of apoptosis and not from an inability to form Fol B

cells.

3.1.7 Block of de novo B cell generation through alL7R treatment results in B cell

reduction

B cells are generated in the BM and migrate into the periphery after maturation.
The peripheral B cell pool needs constant replenishing by a continuous stream of B
cells out of the BM. To further test the survival capacity of SENP1fCD19-Cre B cells
after Cre mediated deletion mice were treated with an antagonistic antibody
treatment with monoclonal aIL7R antibodies. IL7R is crucial for early B cell
survival and subsequent development in the BM. Without IL7R signalling no new B
cells can be formed and the survival capacity of the remaining peripheral B cells

can be measured.



3 Results 65

JHT/SENP1ff CD19-Cre BM chimeric mice and the respective JHT/CD19-Cre control
mice were injected every second day with aIL7R for 14 days and were analysed on
day 16. After two weeks of treatment a substantial loss of peripheral B cell
populations compared to the untreated controls was measurable (Figure 3-22),

showing once more the reduced survival capacities of all B cells with impaired

deSUMOylation in SENP1f CD19-Cre mice.
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Figure 3-22: Block of de novo B cell generation through in vivo aIL7R treatment.
FACS analysis of different splenic B cell subsets in mice of indicated genotypes
16 days after alL7R treatment or isotype control treatment (striped bars). For
each group of the aIL7R treated mice n=3, For each group of the isotype control
treated mice n=1; * p<0,05, ** p<0,01, *** p<0,001

3.1.8 Sheep red blood cell immunization of JHT/SENP1/ CD19-Cre bone marrow

chimeras

To this point the SENP1f CD19-Cre mouse strain has been investigated under
several different in vivo and in vitro aspects. In the following experiment we
assessed the immune response of SENP1 KO B cells to a T cell dependant
immunization with sheep red blood cells (SRBC). The SRBC immunization was
undertaken in the mixed BM chimera model that was introduced in chapter 3.1.5
with the exception that SENP1ff CD19-Cre mice did not contain the ROSA-RFP

reporter gene (Figure 3-23). The process of BM chimera generation was as
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described above. Fully reconstituted mice were immunized with SRBC in week 7

and sacrificed 14 days post immunization.

week 7 week 9

D SRBC analysis
G 80% BM JHT-/- immunization ‘L
_/_
JHT @ j > @
Day 0

/'\
Q 20% BM

SENP1f CD19-Cre
CD19-Cre

Figure 3-23: Schematic of mixed bone marrow chimera generation. Bone marrow
(BM) of donor mice was isolated and mixed in a 80:20 ratio of JHT/- and
SENP1fCD19-Cre BM (and respective control). Host mice were lethally
irradiated with 9,5 Gy and i.v. injected with the donor BM mix. Seven weeks
post transfer mice were immunized with 1x108 Sheep red blood cells (SRBC)
and analysed 14 days post immunization

The model of SRBC immunization enables the investigation of B cell response to
foreign antigens by overloading the immune system with the latter. The whole
primary humoral immune response can be observed, whereas our particular
interest is the formation of germinal centres in the spleen, IgGl CSR and
subsequent short lived plasma cell development. Within the timeframe of this
experiment no changes in long lived plasma cells in the BM can be observed, as

long lived PC development takes longer than 14 days.

Figure 3-24 depicts the total cell count of BM and spleen cells of JHT/SENP1ff
CD19-Cre mice compared to JHT/CD19-Cre control mice. BM cell numbers were
slightly reduced in JHT/SENP1ff CD19-Cre mice, whereas again the splenic cell

count was significantly reduced by about 25% compared to the CD19-Cre control.
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Figure 3-24: Total cell number of all bone marrow and spleen cells in JHT/SENP1ff
CD19-Cre mice after SRBC immunization. Bone marrow numbers represent
the cellular content of one femur and splenic cell numbers represent a whole
spleen, both after erythrocyte lysis. For each group n=4; * p<0,05, ** p<0,01, ***
p<0,001

As shown now in different experiments splenic B cell numbers are significantly
reduced. In the case of the BM in Figure 3-25A & B a significant reduction by 50%
can be observed for the mature recirculating B cell population in the JHT/SENP1ff
CD19-Cre mice, by percentage and total cell number. This population has homed
back to the BM after having matured in the periphery. Pro, Pre and naive B cell
populations are not significantly changed. SENP1 KO starts at the pro B cell stage,
with first expression of CD19, however due to fast proliferation throughout the
early B cell stages, Cre activity and therefore SENP1 absence is only fully achieved
in the spleen. As shown in Figure 3-20 60% of the immature B cell population are

SENP1ff hypomorph Cre escapees with a selective survival advantage over the

SENP1ffKO cells.

As mentioned above, no change in the very small population of long lived plasma
cells can be observed in the BM Figure 3-25C & D). As JHT mice lack all B cell
populations from the pro B cell stage on, they do not have any plasma cells. The
timeframe for the transferred SENP1ffCD19-Cre cells to differentiate into long
lived plasma cells and home to the BM is too long for the scope of this experiment.

Hence, no long lived PCs can be expected in the BM at time of sacrifice.
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Figure 3-25: B cell subsets in the BM of JHT/SENP1ff CD19 bone marrow chimeras
after SRBC immunization. FACS analysis of BM B cell subsets in SRBC
immunized mice of indicated genotypes. Cells were pregated on B220+poprol-
(A) and B220+fixable viability dye©- and further as indicated in graph. A & B
show analysis of the pro and pre B cell population (B200+IgM-) , the subsequent
naive population (B200+IgM*) and the recirculating mature B cells
(B200+IgMhigh), that have returned from the periphery. C & D show the analysis
on long lived BM plasma cells by intracellular staining for IRF4. For each group
n=4; * p<0,05, ** p<0,01, *** p<0,001
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Figure 3-26 Splenic B cell populations in SRBC immunized JHT/SENP1f CD19-Cre BM
chimeras. FACS analysis of B/T cell ration in the spleen of SRBC immunized
JHT/SENP1ff CD19-Cre BM chimeras of indicated genotypes. Cells were
analysed for B220 and CD4 & CD8 surface markers after pregating on poprol-
cells. (B) Statistical analysis, left, percent of population, right, total cell count of
population. For each group n=4; * p<0,05, ** p<0,01, *** p<0,001

In the spleen of the JHT/SENP1ff CD19-Cre BM chimeras the overall B cell
population is significantly reduce by approximately half in terms of percentage and
by two thirds in total cell number (Figure 3-26). T cell populations of JHT /SENP1ff
CD19-Cre BM chimeras behave as CD19-Cre controls. When observing the different
B cell subpopulations in the JHT/SENP1ff CD19-Cre BM chimeras the ratios
compared to WT are as in the naive unimmunized BM chimeras (Figure 3-17). All
cell populations were reduced except immature B cells, Fol II B cells and
transitional T1 B cells (Figure 3-27 & Figure 3-28). The difference to the naive
state is that in the immunized mice the ration of the CD23- MZ B cells is increased
instead of the CD23* MZ precursor B cells as seen in the naive BM chimeras (Figure

3-27 & Figure 3-28).
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Figure 3-27: Splenic B cell populations in SRBC immunized JHT/SENP1ff CD19-Cre
BM chimeras. FACS analysis of various B cell subpopulations in the spleen of
SRBC immunized JHT/SENP1ff CD19-Cre BM chimeras of indicated genotypes.
Cells were analysed for various surface markers after pregating on poprol-
cells. For each group n=4
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Figure 3-28: Statistical analysis of splenic B cell populations in SRBC immunized
JHT/SENP1ff CD19-Cre BM chimeras. FACS analysis of various B cell
subpopulations in the spleen of SRBC immunized JHT/SENP1f CD19-Cre BM
chimeras of indicated genotypes. Statistical analysis corresponds to FACS
analysis of Figure 3-27. For each group n=4; * p<0,05, ** p<0,01, *** p<0,001

Through SRBC immunisation a T cell dependant immune response is triggered that
induces the formation of GC within the follicles of the spleen. In the GC activated B
cells undergo CSR and SHM to change the antibody isotype and increase the
antibody specificity through affinity maturation. Through SRBC immunisation class
switch is mainly induced to switch from IgM and IgD to IgG1, as is the case for in

vitro LPS & IL4 stimulation.
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Figure 3-29: Analysis of CSR and plasma cell differentiation in SRBC immunized
JHT/SENP1f CD19-Cre BM chimeras. FACS analysis of germinal centre B cells,
plasma cell differentiation and IgGl expression in the spleen of SRBC
immunized JHT/SENP1ff CD19-Cre BM chimeras of indicated genotypes. Cells
were analysed for indicated surface markers after pregating on poprol- cells.
For each group n=4; * p<0,05, ** p<0,01, *** p<0,001

As indicated in Figure 3-29A we observe a significant increase in the percentage of
GC B cell formation in JHT/SENP1ff CD19-Cre BM chimeras by about 25%. The total
cell number of GC B cells in JHT/SENP1ff CD19-Cre is significantly decreased as
expected (Figure 3-29A). Despite the drastic reduction in GC B cells, PC formation
is two fold increased in the percentage. PC cell numbers are at such a high level
that also by total cell count nearly double as many PCs can be measured as in the
controls (Figure 3-29B). By FACS analysis we did not observe any differences in
the surface expression of IgG1 (Figure 3-29C). However, when analysing the IgM
expression on IRF4 and CD138 positive PC a significant increase of IgM can be seen

compared to the JHT/CD19-Cre controls. This indicates that B cells of JHT /SENP1ff
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CD19-Cre mice can either not switch as efficiently as WT B cells or only the IgM
positive PC compartment is drastically increased. Furthermore, when analysing
the serum of these mice on day 0 and 14 after immunization by ELISA (Figure
3-31), a decrease in secreted IgG1 is measured and an increase in IgM on day 14
after SRBC immunisation. All other Ig show no difference. On day 0 no difference

can be seen in any of the observed Ig’s.
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Figure 3-30: IgM expression on plasma cells. FACS analysis of IgM expression on
IRF4+CD138* plasma cells in the spleen of SRBC immunized JHT/SENP1ff CD19-
Cre (n=5) BM chimeras and the respective JHT/CD19-Cre controls (n=3). Cells
were pregated on poprol-live cells; * p<0,05, ** p<0,01, *** p<0,001

From these results we conclude that SRBC immunization in JHT /SENP1ff CD19-Cre
BM chimeras leads to an increase in total cell number (Figure 3-28) compared to
unimmunized mice (Figure 3-17), however cell numbers of JHT /SENP1ff CD19-Cre
BM mice are still significantly decreased compared to the JHT/CD19-Cre control
mice (Figure 3-28). Immunization of JHT/SENP1ff CD19-Cre BM mice led to an
increase of GC formation and PC differentiation. However, even though PC
numbers are increased the amount of class switched IgG1 positive B cells and PCs
is decreased. These results go in line with the results gained form in vitro
stimulation, further strengthening the hypothesis that upon stimulation, a part of
SENP1 KO B cells undergo apoptosis, whereas the surviving SENP1 KO B cells

proliferates into PCs with a decreased rate of CSR.
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Figure 3-31: Immunoglobulin ELISA from serum of SRBC immunized
JHT/SENP1fCD19-Cre mice. Serum was taken before and 14 days after
immunization with SRBC. For each group n=4; * p<0,05, ** p<0,01, *** p<0,001

3.2 Generation of SENP2flex mijce

As SUMO-1 is also deSUMOylated by SENP2 it was decided to generate a SENP2
conditional knockout mouse by creating a gene targeted floxed version of exon 3.
SENP2 consists of 17 exons and the catalytic domain is located in the last exon.
Exon 3 was selected for the targeting due to its small size of 134bp. By
conditionally knocking out exon 3 with the Cre/lox system, an out-of-frame

transcript is generated which leads to a transcriptional stop.

Standard gene targeting strategies (Kuhn and Schwenk, 1997) were used to
generate the SENP2FL/FL mice following the strategy shown in Figure 3-32. The
targeting vector was generated by inserting the left and right arm of homology and
exon 3 into the pRAPIDflirt vector (A. Bruehl and A. Waisman, unpublished data).
The pRAPIDAlirt vector contained the loxP sites, the FRT flanked neomycin resistance
gene and the thymidine kinase (TK) gene from Herpes simplex as a negative
selection marker. The gene sequences were cloned form a bacterial artificial
chromosome (BAC) vector and were inserted using the phusion flash® cloning Kkit.

The complete vector is shown in Figure 3-33.

All PCR fragments and plasmids were verified by restriction analysis and
sequencing. V6.5 (129Sv x C57BL/6) ES cells (Eggan et al., 2002) were electroporated

with the Senp?2 targeting vector and incubated with G418 and for positive selection.
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Nine days after electroporation, 1000 colonies were i1solated as single clones, grown and
subjected to Southern blot analysis. Out of these 1000 G418 resistant colonies, four
were identified through Southern blot analysis of the right arm of homology as
homologous recombinants (Clone 6.7F, 6.11c, 6.12A & 7,5F; Figure 3-34).
Unfortunately, due to too many repetitive sequences 5’ of exon 1 of the SENP2 locus,
no probe for the left arm of homology could be developed to give a signal for the wild

type or the transgenic band.
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Figure 3-32: Schematic representation of targeting strategy. On top the generated
targeting vector is shown with the included with the left and right arms of
homology and the loxP flanked exon 3. The second panel shows the wild type
senp? gene, then the gene after homologue recombination with the integrated
floxed exon 3. The fourth panel depicts the senp2 gene after recombination with
flp, excising the neo cassette. The lower panel then shows the gene after cre
mediated deletion of exon 3, which subsequently will lead to a frame shift and a
knockout. Blue rectangles, exons; red rectangles, arms of homology; black
triangles, loxP sites; black ovals, frt sites.

As integration could not be verified for the left arm of homology, functionality of
the Cre/lox system was tested. Therefore, the four positive clones were
electroporated with a Cre expression vector (pGK-Cre, Kurt Fellenberg, Institute

for Genetics, Cologne 1997). One hundred colonies per clone were subsequently
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picked in duplicates and one half of the clones was treated with G418. 30% of the
treated colonies died upon treatment, indicating a functional integration of the neo
cassette into the genome. To further verify correct integration Southern blot
probes for exon 3 and neo were designed, however these probes were also not
functioning. Due to the functionality of the Cre/lox system and the correct
integration of the 3’ right arm of homology it was decided to continue with the
subsequent steps. Therefore, ES cells of the clone 6.11c and 6.12A were injected into
tetraploid blastocysts generating two female chimeras (Figure 3-35). These females
were crossed to C57BL/6 which produced 57 offsprings. All animals were typed by
PCR, however non of them carried the SENP2™* allele.
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Figure 3-33: Schematic representation of targeting vector. The vector consists of the
pRAPIDflirt vector backbone and the inserted arms of homology and exon 3,
indicated as blue arrows

WT: 10.7kb — |

Transgene: 7.2kb —»

Figure 3-34: Southern blot analysis of Bgll digested ES cell DNA. A 32P-radiolabeled
DNA probe was used to confirm homologue recombination of right arm of
homology. (1) wild type clone; (2) transgenic clone.
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Short after blastocyst injection it was revealed that the facilitated ES cells from the V6.5
line were trisomeric for chromosome 8. This was confirmed for all positive clones by an

external analysis at Chrombios Molecular Cytogenetics GmbH (Figure 3-35).

® chromosome Y

e chromosome 11

Figure 3-35: (A) Picture of chimeric mouse after blastocyst ES cell injection. (B)
Results of chromosome counting in metaphase. Hybridisation of clone 6.7F.
X chromosome is coloured red, Y is aqua, chromosome 8 is blue, chromosome
11 is green. Arrows point to the three chromosomes 8.

A second attempt to generate a SENP2 conditional knockout mouse was
undertaken with JM8 ES cells (Pettitt et al, 2009) and V6.5 ES cells of different
origin and confirmed to be non-trisomeric. Two positive clones could be found in
the transfected JM8 cells by Southern blot analysis with the Bgll probe of the 3’
arm of homology. However, confirmation for the 5 arm of homology and exon 3 is

still in progress.



4. Discussion

SUMOylation is a highly dynamic and reversible posttranslational protein
modification closely related to ubiquitination (Hoeller et al., 2006). SUMOylation
regulates a vast array of different cellular functions, such as cell cycle, nuclear
transport, DNA damage response, proliferation and transcriptional activation
(Melchior, 2000). SUMO deconjugation from the lysine residue of the modified
target protein is regulated by a group of six SUMO proteases (SENPs) (Li and
Hochstrasser, 1999, 2000; Muller et al., 2001).

Several groups have shown in in vitro studies how important SUMOylation is for
early B cell development and survival (Van Nguyen et al., 2012) as well as for later
plasma cell (PC) differentiation (Shimshon et al,, 2011; Ying et al., 2012). Of the
four SUMO isoforms particular SUMO1, which is mainly regulated by SENP1 and
SENP2, is connected to B cells. This thesis focuses on SENP1 and the effects of its
deSUMOylation in B cell development and differentiation. For this a conditional
SENP1 knockout mouse model (Yu et al, 2010) was crossed to the CD19-Cre

mouse strain to generate a B cell specific SENP1 knockout mouse.
4.1 SENP1 in B cell survival

Previous in vitro studies suggest a strong regulatory role of SUMO in early B and T
cell development (Van Nguyen et al, 2012). Dependant on impaired STAT5
deSUMOylation Van Nguyen et. al could show that defective SENP1 regulation of
SUMO leads to intrinsic defects in B and T cell maturation. Interestingly, in our
conditional SENP1ff CD19-Cre mouse model we could show in vivo a general
impairment of B cell survival, whereas T cell numbers were comparable to control
mice. In the bone marrow (BM) of SENP1ff CD19-Cre mice we could observe
normal numbers of pro-, pre- and naive B cells. However, the total cell count of
mature recirculating B cells in the BM was significantly reduced. CD19 is expressed
in B cells at the pro-B cell stage, hence effects of the SENP1 KO and subsequent
impaired deSUMOylation of SUMO1 can be observed from this stage on.
Furthermore, according to Rickert et al. (1997) Cre efficiency in the BM is 75-80%,
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in the fully matured B cell in the spleen Cre efficiency reaches 90-95%. Hence, the

full impact of a SENP1 KO can only be expected from the matured B cell stage on.

In the spleen of SENP1ff CD19-Cre mice total B cell numbers were significantly
reduced. This reduction is solely based on 50% reduction of the follicular B cell
compartment (Fol B cells), whereas MZ B cell compartments were unchanged in
regards to total cell number. Leading to the hypothesis that mainly Fol B cells are
effected by the SENP1 KO and MZ B cells are unaffected.

As the SENP1ff mice had not been published after being crossed to a cell type
specific Cre line we needed to verify that these mice do not harbour any
unexpected phenotypes. To our big surprise the SENP1ff mice showed in first
preliminary experiments the same phenotypes as the SENP1f CD19-Cre mice,
namely reduced total B cell numbers in the spleen. These preliminary results could
be reproduced in every subsequent experiment. This circumstance, however,
raised the problem that phenotypes caused by the SENP1ff alleles may not be B cell

specific and therefore phenotypes may also occur in other cell types.

Interestingly, analyses on T cells of SENP1ff mice showed a very mild phenotype.
Percentages of CD4* and CD8* T cells were significantly elevated, especially of
CD8~ effector T cells. However, these results were significant, but mild and only
partially reproducible. Further, the morphology and cellularity of organs such as
liver, kidney, lung and heart were all comparable to WT mice. Even the testis of
male mice showed no physiological difference, which is interesting, as the testis
are the organ with the highest SENP1 expression (Zhang et al, 2008). These
findings are rather striking, as they imply that B cells are especially sensitive to
interference in the SUMOylation system and that ubiquitous impairment of SENP1

leads to strong effects only in B cells.

No empiric findings could be made on the origin of the phenotype in SENP1f mice,
however, some conclusions could be drawn. As it was shown by Yu et al. and Cheng
et al. (Cheng et al, 2007; Yu et al, 2010) that a full SENP1 knockout is
embryonically lethal, SENP1f cells cannot be full knockout cells. The only apparent
genetic difference between WT and SENP1ff mice is the neomycin resistance (neo)

cassette 3’ of the loxP targeted exons 5 and 6. The neo cassette is additionally
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flanked by a loxP site at the 3’ end. This makes the selective excision of the neo
cassette very cumbersome and has not been done due to the lack of the
appropriate low efficiency deleter-Cre mouse line, that is needed to delete the neo
cassette. It is now hypothesised that the neo cassette in intron 6 generates a
hypomorphic SENP1 allele, leading not to a full knockout, as this would be
embryonically lethal (Cheng et al., 2007; Yu et al, 2010) rather to a partial
knockdown. Furthermore, it has been published by Van Nguyen et al. (2012), that
an in vitro knockout of SENP1 in early T cells also leads to developmental
impairments. This strengthens the hypothesis that B cells are especially sensitive
to impairments of the SUMOylation system, compared to other cell types, and
therefore knockout-like phenotypes, caused by a SENP1 hypomorph, can only be

observed in the SENP1ff B cells, and not in other organs and cells.

There are no insights on how the insertion of the neo cassette could interfere with
normal SENP1 expression. One study by Pham et al. (1996), however, showed the
interference of neo cassettes on neighbouring genes in a vicinity of 100 kb. They
showed that the neo insertion into the granzyme B gene resulted in severe
reduction of gene expression of 5’ genes of the granzyme B cluster. Comparable to
that, they presented that neo insertion in the -globulin gene resulted in abolition
of expression of several downstream genes. They hypothesise that the neo cassette
interacts with several control regions surrounding the locus and thereby interferes
with normal gene regulation of neighbouring genes. Five genes surround SENP1 in

aradius of 100 kb. Pfkm, Tmem106¢, Al836003, Asb8 and Col2al.

Pfkm encodes for the 6-phosphofructokinase muscle type protein, which is a rate-
limiting enzyme in glycolysis and represents a major control point in the
metabolism of glucose. Mutations in Pfkm may lead to type VII Tarui's disease and
may contribute to non-insulin-dependent diabetes mellitus (NIDDM) (Howard et
al,, 1996). Tmem106¢ (Transmembrane Protein 106C) is a endoplasmic reticulum
membrane protein which is overexpressed in cancer. Its molecular function is
unknown (www.genecards.org). No data is available on AI836003. Asb8 is a
substrate-recognition component of a E3 ubiquitin-protein ligase complex,
mediating the ubiquitination and subsequent proteasomal degradation of target

proteins. Its highest levels of expression are in skeletal muscle. It is also expressed
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in heart, brain, placenta, liver, kidney and pancreas (www.genecards.org). And last,
Col2al which encodes for the Collagen Type II, Alpha 1 protein, a fibrillar collagen
found in cartilage and the vitreous humour of the eye. Mutations may lead to a long
list of dysfunctions such as achondrogenesis, chondrodysplasia, early onset
familial osteoarthritis and spondyloepimetaphyseal dysplasia Strudwick type. In
addition, defects in processing chondrocalcin, a calcium binding protein that is the
C-propeptide of this collagen molecule, are also associated with chondrodysplasia
(www.genecards.org). None of these five genes seem to be involved in any part of
B cell development, immune response or PC differentiation and no direct link can
be drawn to the observed phenotypes in SENP1ff CD19-Cre mice. Furthermore,
none of the above listed outcomes of mutations in these genes are observed in the

SENP1ff CD19-Cre mice.

However, to exclude any possible effects of the neo cassette in other cell types than
B cells and to generate a system in which only B cells are SENP1 deficient we
generated mixed BM chimeras of B cell deficient JHT-/- mice and SENP1ff RFP
CD19-Cre mice. Mice were irradiated and reconstituted with a mix of 80% JHT-/-
BM and 20% SENP1ff RFP CD19-Cre BM. In this system we generated mice in which
all B cells were SENP1 deficient whereas all other cell types were 80% wild type
and 20% carried the SENP1ff alleles. Any effects of the SENP1 hypomorph in the
20% of the remaining cells are expected to be outcompeted by the 80% wild type
cells. Before generation of the BM chimeras the SENP1f CD19-Cre mice were
further crossed to RFP reporter mice. This will generate a reliable reporter system
where SENP1 deletion can be monitored indirectly through RFP expression, as the
homologue recombination induced by the Cre will act unrestricted on RFP as well

as SENP1.

Naive JHT/SENP1ff RFP CD19-Cre BM chimeric mice showed the same basic
phenotype then the non-BM chimeric SENP1ff CD19-Cre mice - a general reduction
of B cells in the BM and in the spleen. However, in contrast to the non-BM chimeric
mice, where only Fol B cells were significantly reduced in the naive JHT/SENP1ff
RFP CD19-Cre BM chimeric all B cell subpopulations were highly reduced. Also the
ratios between the B cell subpopulations were very heterogeneous in all the

repeated experiments, compared to experiments of the non-BM chimeric SENP1ff
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CD19-Cre mice. This can be explained in two ways. First, the generation of BM
chimeras is highly complex and strenuous for the transferred cells. In this process
and in the process of reconstitution in the host mouse the composition of the B cell
population may vary. Second, the up to 40 fold reduction in total cell count of some

B cell populations may also strongly bias the ratio between populations.

However, it is interesting to note the complete absence of B cells in the Payer’s
patches (PP) and the peritoneal cavity of naive JHT/SENP1ff RFP CD19-Cre BM
chimeric mice. It can be hypothesised that, as the PP and the peritoneal cavity are a
place of high pathogen abundance, SENP1 deficient B cell may be triggered into
activation induced cell death (AICD), as is also observed in in vitro stimulated cells.
However, this conclusion is not fully convincing, as some mice throughout the

various experiments do repopulate B cells in the PP and the peritoneal cavity.

By utilizing the Rosa-RFP reporter locus in the JHT/SENP1ff RFP CD19-Cre BM
chimeric mice we can indirectly determine the abundance of the SENP1 KO B cells
compared to Cre escapees. It is important to note that RFP negative Cre escapee
cells resemble the SENP1 hypomorph cells. One of the aims of this experiment was
to analyse the difference between RFPros and RFPreg cells, SENP1 KO and SENP1
hypomorph, respectively. A high percentage of RFPr¢g cells was expected, due to
the observed survival deficits of SENP1 KO cells. However, a surprisingly high
amount of an average of 78% RFPros B cells could be observed. And as the B cell
population in the JHT/SENP1ff RFP CD19-Cre BM chimeric mice was very small to
begin with, a further discrepancy between the 80% RFPros cells and 20% RFPresg

cells rendered no consistent, convincing results.

What can be concluded from the measured RFP expression is that Cre efficiency is
not as high as stated in the literature (e.g. 80% in total B cells, 40% in transitional
B cells, approx 80% in mature and immature B cells and up to 92% in marginal
zone precursor (MZP) B cells) (Rickert et al, 1997). This can either be a real
decrease in efficiency or it could indicate that SENP1 KO cells have a slight survival
disadvantage compared to the SENP1 hypomorph cells. The latter hypothesis
would stand in line with observations that general B cell reduction in SENP1ff mice

is in most experiments not as strong as in SENP1ff CD19-Cre mice, albeit the
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difference is not significant. Of note is that RFP expression is increasing with the
developmental stage of a B cell. Whereas in a recently homed splenic transitional B
cell the RFP expression is 40%, in a mature MZ or Fol B cell the percentage of RFP
expression is at around 80%. This would lead to the conclusion that early SENP1
KO B cell stages have stronger survival disadvantages than early SENP1

hypomorph B cells.

The similarity of results in JHT/SENP1f RFP CD19 BM chimeras and the
SENP1ff CD19 non-BM chimeric mice - reduction in B cells numbers and absence of
non-B cell phenotypes - lead to the conclusion that both systems can be used to

analyse the conditional SENP1 KO.

Further, to observe survival the capacity of SENP1ff KO B cells in vivo in SENP1ff
CD19-Cre mice we blocked new B cell formation in the BM by blocking the IL7
receptor (IL7R). IL7R signalling is essential for early B cell development. In the
periphery of the SENP1ff CD19-Cre mice a faster depletion of all B cell subsets
could be observed compared to the control mice, indicating that survival in SENP1
KO B cells is severely hampered. However, it was not clear at this stage if the
reduced B cell numbers are only from a faster apoptosis rate or also from an

inability to develop into B cells.

To closer examine the survival abilities of SENP1ff CD19-Cre B cells in vivo, and to
see if the reduction in cell number is caused by an inability to develop into B cells
or an increase rate of apoptosis we in vivo labelled naive SENP1ff CD19-Cre mice
with BrdU. It could be observed, that indeed Fol B cells have a higher turnover rate
in the spleen. As in total less Fol B cells are present in the spleen but the
proliferation rate is higher than in control mice it can be concluded that SENP1ff
CD19-Cre B cells are increasingly apoptotic and an increased proliferation rate is
necessary to fill the empty Fol B cell niche. Transitional and MZ B cells show
normal proliferation levels which goes in line with the insignificant decrease of
total cell number. However, it can not be explained why after aIL7R blocking all B
cell subsets show an increased rate of apoptosis, whereas only Fol B cells show an

increased proliferation rate.
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To further investigate survival capacities of SENP1f CD19-Cre B cells, isolated
splenocytes were in vitro stimulated with LPS and IL4, a TLR4 antagonist and Tx2
T cell derived cytokine, respectively. T and B cells were co-cultured in this system
and it could be seen that T cells were proliferating normal, however that B cells
from the SENP1ff CD19-Cre mice were decreasing in total cell number in the

culture.

One explanation on the general reduction of B cells can be drawn form the work of
Van Nguyen et al. (2012). They showed in a co-culture model of fetal liver
hematopoietic stem cells (FL-HSCs) with OP9 cells a severe reduction of B and T
cells (co-culture with OP9-DL cells) when SENP1 was knocked out. They further
could show that this is caused by the lack of deSUMOylation of STATS5, which lead
to an accumulation of SUMOylated STAT5 and disruption of subsequent IL7R
signalling. This accumulation of SUMOylated STATS5 in the B cells of SENP1fCD19-
Cre mice still needs to be shown. Interestingly, they show the same effects for B
and T cells, however we can only see a minor reduction of T cells in the SENP1ff
and SENP1ff CD19-Cre mice. This may again strengthen the hypothesis that B cells

are more sensitive to disruptions in the SUMOylation pathway than other cells.

Nonetheless, the question if B cells in culture failed to proliferate or if they
underwent premature apoptosis needed to be answered. For this two experiments
were performed. In the first experiment the different stages of cell cycle were
analysed, one and two days after LPS and IL4 stimulation. It could be observed that
SENP1ff CD19-Cre B cells responded quicker to stimulation on day one, which can
be seen in an increase of cells in the S-phase, however, on day two more cells were
dying then proliferating. These findings suggest that SENP1ff CD19-Cre B cells
undergo activation induced cell death (AICD) upon stimulation. However, on day
four of stimulation, all cells that survived the SENP1 KO and therefore AICD,
proliferated normal. SENP1 KO survivors are not to be mistaken for CD19-Cre
escapees. Knockout survivors have a SENP1 deficiency whereas in Cre escapees
the Cre induced recombination and knockout of SENP1 did not occur and SENP1 is
wildtype, however in this system hypomorphic. Further than that, a two fold
increase of accumulating cells in the G2/M phase can be observed, which is linked

by Di Virgilio et al. (2013) to the persistence of unrepaired DNA damage. An
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additional link of SUMOylation and apoptosis is drawn by Jiang et al. (2012) who
pointed out that SUMOylation represses the transcriptional activity of XBP1, which
eventually leads to apoptosis. They further show that SENP1 deficiency can
promote apoptosis through excessive XBP1 SUMOylation. This has to be further
elucidated as XBP1 is major factor in PC development and may be one of the main

factors for the observed apoptosis in SENP1ff CD19-Cre B cells.

After observing a strong apoptotic phenotype in the SENP1 KO B cells neither Bax,
a pro-apoptotic transcription factor, or p53, whose upregulation is an indicator of
apoptosis, were upregulated. Only the expression of Bcl2, an anti-apoptotic factor,
was nearly two fold increased. It can be speculated that all cells that did not
upregulate Bcl2 died as a result of the SENP1 KO, and that Bcl2 upregulation is
essential for the survival of these SENP1 KO cells. However, to further strengthen

this speculation more pro- and anti-apoptotic factors have to be analysed.
4.2 SENP1in CSR & PC development

So far we have investigated the naive state of SENP1 KO or SENP1 hypomorph cells
in vivo and their survival capacities after LPS and IL4 stimulation in vitro. But since
it is known that the majority of transcription factors that are important for the
maintenance of the germinal centre (GC) reaction or for induction of plasma cell
(PC) development are SUMOylated the question arises how defective
deSUMOylation will manifest itself in these B cell stages. Some of the known
transcription factors which are SUMOylated or indirectly regulated by SUMO, and
that are involved in the GC reaction and PC development are Bcl6 (Kuwata and
Nakamura, 2008), Bach2 (Kono et al., 2008; Tashiro et al., 2004), Mitf1 (Murakami
and Arnheiter, 2005), Xbp1 (Chen and Qi, 2010; Jiang et al.,, 2012) and BLIMP1
(Shimshon et al, 2011; Ying et al, 2012). These transcription factors can be
divided in two groups. Bach2, Mitfl Bcl6, and Pax5 (the latter two not being
SUMOylated) regulate and promote the B cell stage in the GC reaction and are
responsible for proliferation, CSR and affinity maturation (through SHM) (Shapiro-
Shelef and Calame, 2005). Their counterparts are BLIMP1, Xbp1 and IRF4 (which is
not SUMOylated), these factors promote and regulate the differentiation into PCs,
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cessation of cell cycle and immunoglobulin secretion, changes in cell surface

proteins and homing (Shapiro-Shelef and Calame, 2005).

However, also other factors that play a role in late B cell development are
regulated by SUMOylation. DNA damage response, for example, which is highly
important in class switch recombination (CSR) and somatic hypermutation (SHM),
is regulated by SUMO. Another prominent SUMOylated regulatory mechanism is
the cell cycle control. P53 (Muller et al., 2000; Rodriguez et al., 1999; Shen et al,,
1996a), Rad52 (Altmannova et al, 2010), HDAC2 (Brandl et al., 2012), NEMO
(Huang et al., 2003; Mabb et al., 2006; Wuerzberger-Davis et al.,, 2007) and IkB
(Desterro et al., 1998; Wuerzberger-Davis et al.,, 2007) of the NF-kB pathway and
MDM?2 (Buschmann et al., 2000; Lee et al., 2006) are strongly modified by SUMO
and therefore may alter B cell development and differentiation in response to
antigen. Because of the vast range of SUMO targets and their various influences
towards or against GC and PC development no expectations on a possible outcome

of a SENP1 KO could be made.

Isolated splenic B cells were stimulated in vitro to undergo CSR and SHM and to
further develop into PCs. The isolated SENP1 KO cells of the SENP1 CD19-Cre mice
that survived initial AICD, did differentiate into PCs more than the control cells.
The rate of IgG1 switched cells was less. This indicates a stronger selection or

differentiation for PC, even though the immunoglobulin isotype switch is impaired.

These results stand in contrast to the expectations gained from publications by
Shimshon et al. (2011) that in a system of impaired deSUMOylation of BLIMP1, PC
development should be absent or decreased. Shimshon et al. (2011) observed
proteasomal degradation of BLIMP1 after coexpression with a mutant inactive
SENP1, therefore impaired deSUMOylation. Kallies et al. (2004) also showed in vivo
that a BLIMP1 knockout can still induce the PC developmental program but
renders no fully developed long-lived PCs. Ying et al. (2012), however, could not
observe BLIMP1 degradation subsequent to defective deSUMOylation, and
contrary to Shimshon et al. hypothesise that SUMOylation of BLIMP1 acts as an

attenuator of repression, therefore a SENP1 KO should render a more potent
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BLIMP1 activity and increased induction of PC development. This goes in line with

the in vitro data of the SENP1ff CD19-Cre mice.

These in vitro results were backed up by in vivo experiments, where
JHT/SENP1f CD19-Cre BM chimeras were immunized with sheep red blood cells
(SRBC) to induce a GC reaction with subsequent CSR and PC differentiation. These
mice showed, just as naive mice, a strong reduction of the general splenic B cell
population and a reduction of recirculated mature BM B cells. However, the
reduction of the different B cell subpopulations in total cell number was not a
strong as in naive mice. This varied between the separate experiments and can be
accounted to an artefact of the generation of BM chimeras. The most important
finding of this experiment, however, was the confirmation of the in vitro data. As
seen in the in vitro stimulation also in the in vivo immunization, 14 days after SRBC
injection, PC numbers were significantly increased in the JHT/SENP1ff CD19-Cre
BM chimeras compared to controls. Also the number of GC B cells was increased,
however the amount of unswitched IgM positive PCs was significantly higher and

IgG1 switched B cells was lower, just as the secreted IgG1 in the sera of the mice.

These results lead to the conclusion that B cells that survive a SENP1 KO are more
prone to undergo PC differentiation and that these PC either are not as capable of
undergoing CSR or that these cells do switch to IgG1, however IgG1 positive cells
are not surviving as good. One explanation for both scenarios could be the

defective DNA damage response mechanisms during CSR.

The isotype of an antibody is determined by the constant region of the heavy chain
(Cn) and determines it molecular function. The switching of an isotype, or class, of
an antibody is achieved through an intrachromosomal deletional recombination
event of the heavy chain locus at switch regions 5’ of every constant region (except
C,;)- CSR and SHM are induced by activation-induced (cytidine) deaminase (AID)
which induces single and subsequently double strand breaks (DSBs) at the switch
regions. The loose DSBs are then rearranged and repaired through non-
homologous end joining (NHE]) by Ku70, Ku80, XRCC4 and ligase IV. All proteins
except ligase IV are SUMOylated. Ku70 is not directly SUMOylated, but is stabilized
indirectly through SUMO (Yurchenko et al.,, 2008). Ku80 is directly SUMOylated,
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however impaired SUMOylation seems not to affect localisation on site of DNA
DSBs (Koike and Koike, 2008) and SUMOylation of XRCC4 is so far only confirmed
in humans, where SUMO modification regulates the localisation on and function of

DNA DSB repair (Yurchenko et al., 2006).

Disruption of this highly complex switchboard of SUMOylation, only regarding
DNA damage repair (DDR) in GC B cells in the SENP1ff CD19-Cre mice, affects
molecular processes at many different levels, and its outcome cannot be predicted.
Impairment through defective deSUMOylation may in the end either lead to a
hyperactive repair system, where damage is repaired before isotype
rearrangement or to a defective system were isotypes cannot be switched and
therefore a functional BCR can not be expressed, which may lead to apoptosis. This

has to be further analysed.
4.3 SENP2

As SENP1 and SENP2 both deconjugate SUMO1 and are in many cases reported to
be able to compensate for each other, it was decided to generate a SENP2
conditional KO mouse to investigate their different regulatory roles in
SUMOylation. Furthermore to receive a global inability of deSUMOylation it is

planned to cross the two strains together.

So far one batch of gene targeted stem cells has been generated and injected into
blastocystes which were transplanted into surrogate mothers. Two female
chimeric mice were born and subsequently bred with C57BL/6. However, non of
the 57 littermates carried the SENP2 targeted allele. As was uncovered after
blastocyste injection, the mouse embryonic stem cells used for the gene targeting
were trisomeric for chromosome 8, which may explain the failure of germline

transmission of the targeted allele.

A second gene targeting in different embryonic stem cells was generated and cells

are now ready for blastocyste injection.
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5. Summary

SUMOylation is a highly dynamic and reversible posttranslational protein
modification closely related to ubiquitination. SUMOylation regulates a vast array
of different cellular functions, such as cell cycle, nuclear transport, DNA damage
response, proliferation and transcriptional activation. Several groups have shown
in in vitro studies how important SUMOylation is for early B cell development and
survival as well as for later plasma cell differentiation. This thesis focuses on the
deSUMOylation protease SENP1 and its in vivo effects on B cell development and
differentiation. For this a conditional SENP1 knockout mouse model was crossed

to the CD19-Cre mouse strain to generate a B cell specific SENP1 knockout mouse.

In our conditional SENP1ff CD19-Cre mouse model we observed normal numbers
of all B cell subsets in the bone marrow. However in the spleen we observed an
impairment of B cell survival, based on a 50% reduction of the follicular B cell
compartment, whereas the marginal zone B cell compartment was unchanged. T

cell numbers were comparable to control mice.

Further, impairments of B cell survival in SENP1ff CD19-Cre mice were analysed
after in vivo blocking of IL7R signalling. The alL7R treatment in mature mice
blocked new B cell formation in the bone marrow and increased apoptosis rates
could be observed in splenic SENP1 KO B cells. Additionally, a higher turnover rate

of B cells was measured by in vivo BrdU incorporation.

Since it is known that the majority of transcription factors that are important for
the maintenance of the germinal centre reaction or for induction of plasma cell
development are SUMOylated, the question arose, how defective deSUMOylation
will manifest itself in these processes. The majority of in vitro cultured splenic B
cells, stimulated to undergo class switch recombination and plasma cell
differentiation underwent activation induced cell death. However, the surviving
cells increasingly differentiated into IgM expressing plasma cells. Class switch
recombination to IgGl was reduced. These observations stood in line with
observation made in in vivo sheep red blood cell immunization experiments, which

showed increased amounts of germinal centres and germinal centre B cells, as well
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as increased amounts of plasma cells differentiation in combination with

decreased class switch to IgG1.

These results lead to the conclusion that SENP1 KO B cells increasingly undergo
apoptosis, however, B cells that survive SENP1 deficiency are more prone to
undergo plasma cell differentiation. Further, the precursors of these plasma cells
either are not as capable of undergoing class switch recombination or they do
switch to IgGl and succumb to activation induced cell death. One possible
explanation for both scenarios could be a defective DNA damage response
mechanisms during class switch recombination, caused by impaired

deSUMOylation.
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6. Zusammenfassung

SUMOylierung ist eine dynamische und reversible posttranslationale Protein
Modifizierung, ahnlich der Ubiquitinierung. SUMOylierung reguliert ein breites
Spektrum an zelluldren Prozessen, wie z. B. den Zellzyklus, nukledren Transport,
DNA Reparatur Mechanismen, Proliferation und Transkription. Mehrere
Publikationen zeigen in vitro, wie wichtig SUMOylierung fiir frithe B Zell
Entwicklung und Uberleben ist, sowie spiter zur Plasma Zell Differenzierung.
Diese Dissertation ist fokussiert auf die deSUMOylierungs Protease SENP1 und
ihre Auswirkungen auf B Zell Entwicklung und Differenzierung. Dazu wurden
konditionelle SENP1 knockout Mduse mit CD19-Cre Madusen verkreuzt um einen B

Zell spezifischen SENP1 knockout zu erhalten.

In diesem konditionellen SENP1ff CD19-Cre Mausmodell konnten im Knochenmark
keine abnormalen B Zell Populationen festgestellt werden. In der Milz wurde
jedoch eine 50%ige Einschrankung der Uberlebenskapazitit der B Zellen
gemessen, die alleine auf das Follikulare B Zell Kompartiment zuriickzufiihren ist.
Marginal Zone B Zellen verhielten sich wildtypisch. Auch T Zell Populationen

waren unverandert im vergleich zu Kontrollgruppen.

Weitere Einschrinkungen in der Uberlebenskapazitit von SENP1ff CD19-Cre B
Zellen wurden untersucht durch in vivo IL7R Blockade mit aIlL7R Antikérpern.
Dies fiihrt zu einem Block in der frithen B Zell Entwicklung im Knochenmark,
wobei eine Verminderung der verbleibenden reifen B Zellen in der Milz zu
beobachten war, zuriickzufiihren auf eine erhdhte Apoptose Rate. Des Weiteren
wurde ein erhohter B Zell Umsatz in der Milz mithilfe von BrdU in vivo

Inkorporation gemessen.

Es ist bekannt, dass eine Vielzahl der Transkriptionsfaktoren die die Germinal
Center Reaction und die Induktion von Plasma Zell Produktion regulieren,
SUMOyliert werden. Daher wurde untersucht, wie defektive deSUMOylierung diese
Prozesse beeintrachtigt. Die Mehrzahl der aus der Milz gewonnenen, in vitro
kultivierten B Zellen, die zur Class Switch Rekombination und Plasma Zell

Differenzierung angeregt wurden, starben durch activation induced cell death
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(AICD). Wobei die iiberlebenden B Zellen iiberwiegend zu IgM positiven Plasma
Zellen differenzierten und class switch zu IgG1 reduziert war. Diese Beobachtung
wurde bestdtigt durch in vivo Immunisierung mit Schaf Erythrozyten (SRBC), die
zu einer erh6hten Germinal Centre B Zell Bildung und Plasma Zell Differenzierung

fithrte, aber auch einen verminderten class switch zu IgG1 zeigte.

Diese Ergebnisse lassen schlussfolgern, dass SENP1 knockout B Zellen eine
erhohte Apoptose Rate aufweisen, aber auch, dass B Zellen, die eine SENP1
Defizienz iiberleben vermehrt zu IgM positiven Plasma Zellen differenzieren. Des
Weiteren wurde gezeigt, dass Plasma Zell Vorganger Zellen entweder vermindert
zu IgG1 switchen, oder nach einem erfolgreichen class switch zu IgG1 durch AICD
sterben. Eine Erkldarung fiir beide Szenarien kénnte durch ein defektives DNA
Reparatur System in SENP1 defizienten Zellen geliefert werden, welches essenziell

ist fiir einen erfolgreichen Isotypen switch.
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