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Summary

This thesis investigates the RNA-binding protein Roquin-1 and its paralog Roquin-2 and their
crucial role in T cell-mediated immune responses. Roquin-1 was first identified in a screen for
autoimmune regulators. Here, a single point mutation in the ROQ-domain of Roquin causes a
severe systemic lupus erythematosus-like phenotype in the so-called sanroque mice.
Conditional deletion of Roquin paralogs in T cells partially resembles the phenotype, highly
emphasizing the essential role for Roquin in the prevention of autoimmunity.

The first part presented in this thesis contributed to the discovery of a cooperative type of gene
regulation by multiple Roquin proteins. The present state of knowledge is that Roquin binds
stem loop cis-elements in the 3'-untranslated region (UTR) of mRNAs that encode important
factors for T cell differentiation and induces mRNA decay thereof. | identified a novel way of
gene regulation, which requires multiple Roquin proteins interacting with essential and non-
essential stem loops in the 3'-UTRs of Nfkbid and Ox40 thereby inducing mRNA degradation.
Interestingly, the Nfkbid transcript was controlled by Roquin not only via mRNA decay, but also
by inhibition of translation. These analyses were the first evidence that multiple Roquin proteins
confer a robust post-transcriptional MRNA gene regulation.

The second part of this thesis investigated another layer of the cooperative function of Roquin:
its physical and functional cooperation with the endonuclease Regnase-1. Regnase-1 and
Roquin share overlapping target mMRNAs and ablation of Regnase-1 in T cells resembles the
phenotype of sanroque mice and mice lacking Roquin in T cells. In addition, TCR activation in
T cells triggers cleavage of Roquin as well as Regnase-1 via the MALT1 paracaspase, thereby
releasing target mRNAs from repression. We therefore addressed the questions: Why do
Roquin and Regnase-1 have the same functions and are equally regulated in T cells? We
hypothesized that Roquin and Regnase-1 cooperatively repressed their target mRNAs in
T cells and thus prevented autoimmunity. By comparing the phenotypes of mice conditionally
deleted for the Roquin paralogs, Regnase-1 and all three proteins in T cells, we identified a
new cooperative function in directing regulatory T cell development in the thymus and
preventing autoimmunity especially by controlling Th17 and Trn differentiation. Global gene
expression analysis of CD4 T cells lacking Roquin and Regnase-1 uncovered different types
of post-transcriptional gene regulation by Roquin and Regnase-1, whereas most genes
depended on the presence of Roquin as well as Regnase-1. Identifying a direct interaction of
Regnase-1 with Roquin finally proved the concept of cooperativity. In conclusion, this thesis
provides evidence that cooperative gene regulation by Roquin and Regnase-1 is a safeguard

mechanism to prevent overshooting immune responses that potentially cause autoimmunity.
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Zusammenfassung

Diese Dissertation untersucht das RNS-bindende Protein Roquin-1 sowie dessen Paralog
Roquin-2 und deren essentielle Funktion in T-Zell-gesteuerten Immunantworten. Roquin-1
wurde zum ersten Mal in einem Screen flir Autoimmunregulatoren beschrieben. Hierbei wurde
die sogenannte sanroque Maus entdeckt, die durch eine einzige Punktmutation in der ROQ-
Domane von Roquin-1 eine starke Lupus-ahnliche Autoimmunerkrankung entwickelt. Mause
mit einer T-Zell-spezifischen Deletion beider Roquin Paraloge weisen eine ahnliche
Autoimmunerkrankung auf. Dies unterstreicht die zentrale Rolle von Roquin-1 und Roquin-2
in der Pravention von Autoimmunitat.

Der erste Teil dieser Arbeit konnte zur Entdeckung einer kooperativen Genregulation durch
mehrere Roquin-Proteine beitragen. Nach aktuellem Wissensstand erkennt Roquin
Haarnadelstrukturen sogenannter cis-Elemente in der 3'-untranslatierten Region (UTR) von
MRNS und induziert dadurch deren Abbau. Diese mRNS kodieren fir wichtige Faktoren der
T-Zellaktivierung. Wir konnten eine neue Art der Regulation durch Roquin identifizieren, bei
welcher mehrere Roquin-Proteine bendtigt werden, um essentielle und nicht-essentielle
Haarnadelstrukturen in den 3'-UTRs von Nfkbid und Ox40 zu erkennen und somit deren mRNS
Abbau einzuleiten. Interessanterweise konnte Roquin nicht nur den mRNS Abbau von Nfkbid
induzieren, sondern flhrte auch zur Inhibition der Translation der mRNS. Diese Erkenntnisse
sind erste Beweise dafiir, dass mehrere Roquin-Proteine zusammenwirken, um eine robuste
post-transkriptionelle Genregulation zu erméglichen.

Im zweiten Teil dieser Arbeit wird eine weitere Ebene der Funktionsweise von Roquin
untersucht: seine physische und funktionelle Kooperation mit der Endonuklease Regnase-1.
Roquin und Regnase-1 teilen sich ein gemeinsames Set von Ziel-RNS und die Phanotypen
von Mausen mit konditionellen Deletionen von Regnase-1 in T-Zellen ahneln dem Phanotypen
der sanroque Mause sowie Mausen mit einer T-Zell-spezifischen Deletion von Roquin.
Zusatzlich werden die Proteinmengen sowohl von Roquin als auch Regnase-1 in T-Zellen in
gleicher Art und Weise kontrolliert, da die Paracaspase MALT1 beide Proteine abhangig von
der T-Zellrezeptorstimulation spaltet. Wir adressierten daher experimentell die folgenden
Fragen: Warum haben Roquin und Regnase-1 die gleichen Funktionen in T-Zellen und warum
wird ihre Expression auf gleiche Weise kontrolliert? Wir stellten die Hypothese auf, dass
Roquin und Regnase-1 kooperative Funktionen in T-Zellen ausiben, indem sie zusammen
ihre Ziel-mRNS reprimieren, um damit gemeinsam Autoimmunitat vorzubeugen. Ein Vergleich
der Phanotypen von Mausen mit T-Zell-spezifischen Deletionen der Roquin Paraloge,

Regnase-1 und allen drei Genen zeigte eine neue kooperative Funktion in der Entwicklung
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von regulatorischen T-Zellen im Thymus. Zusatzlich konnten wir beweisen, dass Roquin und
Regnase-1 zusammen Autoimmunitat vorbeugen, insbesondere durch die Kontrolle der
Aktivierung von naiven CD4 T-Zellen und ihrer Differenzierung zu follikularen T-Helferzellen
sowie IL-17-produzierenden T-Helferzellen (Tu17 Zellen). Globale Genexpressionsanalysen
von CD4 T-Zellen, die kein Roquin und/oder Regnase-1 exprimierten, konnten dazu beitragen,
verschiedene Arten von Genregulationen durch Roquin und Regnase-1 zu identifizieren. Diese
Analyse zeigte eine Abhangigkeit der meisten Gene von beiden Faktoren. Die Tatsache, dass
Roquin und Regnase-1 direkt miteinander interagierten, starkte das Modell einer kooperativen
Funktionsweise.

Zusammengefasst zeigt diese Arbeit, dass die kooperative Genregulation durch Roquin und
Regnase-1 einen Schutzmechanismus zur Verhinderung einer UbermafRigen Immunantwort

darstellt, die potentiell Autoimmunitat auslésen kann.
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Abbreviations

TBS tris-buffered saline
TCR T cell receptor

TrH T follicular helper cell
TH T helper cell

TKO triple knockout
TNF tumor necrosis factor
Treg regulatory T cell
TTP tristetraprolin

U units

U uracil

uT untransduced

UTR untranslated region
uv ultraviolet

\% volt

viv volume per volume
VS versus

wiv weight per volume
WB Western blot

WT wild-type

Y tyrosine (Tyr)

ZnF zinc finger




Introduction 23

1 Introduction

1.1 The immune system

Our body is exposed to pathogens, toxins, and environmental cues throughout its lifetime. To
ensure health and survival, the immune system has evolved and found ways to defend against
foreign microorganisms including viruses, bacteria, fungi, and parasites. Anatomic and
chemical barriers like the skin epithelium or the complement system are the most primitive
ways of protection against harmful organisms. Since pathogens have evolved to evade these
relatively simple barriers, vertebrates developed a more specialized host defense: the innate

and the adaptive immune system.

111 The innate and adaptive immunity

All immune cells derive from pluripotent hematopoietic stem cells of the bone marrow that
diverge into two types of stem cell lineages: Stem cells either give rise to a common lymphoid
progenitor that comprises the lymphoid lineage of leukocytes formed by T and B lymphocytes,
natural killer cells (NK) and innate lymphoid cells (ILC) or a common myeloid progenitor that
gives rise to cells of the innate immune system such as macrophages, granulocytes, mast cells
and dendritic cells. The innate immune cells exhibit protective function by recognizing
infections, sensing foreign pathogens and directly mediating clearance of pathogens or
recruiting cells of the adaptive immune response. These processes are based on the
recognition of pathogen-associated molecular patterns (PAMPs) via pattern recognition
receptors (PRRs) for example the toll-like receptors (TLRs) on the cell surface of innate
immune cells. (Janeway and Medzhitov, 2002). Activation of PRRs on macrophages or
neutrophils directly induces phagocytosis of bacteria but can in turn cause inflammation via
secretion of cytokines and chemokines. However, the innate immune cells are only capable of
recognizing invariant molecules, that are shared by multiple pathogens, but are incapable of
recognizing pathogen-specific structures and defending the host from reinfections (Murphy and
Weaver, 2017).

The lymphoid lineage is composed of T and B lymphocytes as well as NK cells and ILCs,
whereas the latter have been described as more “innate” lymphocytes. NK cells are large
lymphoid-like cells that directly eliminate infected target cells. Besides a lymphoid morphology,

ILCs are described for their protective role in early immune responses especially at epithelial
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barriers (Neill and Flynn, 2018). In contrast to cells of the innate immune response, T and B
lymphocytes have evolved ways to fight pathogens in a more specialized and sensitive
manner: Different from NK and ILCs, T and B lymphocytes carry a highly variable clonal
antigen-receptor that facilitates recognition of a unique foreign antigen. Therefore,
lymphocytes can detect a multiplicity of pathogens and are capable to generate memory to
rapidly respond to reinfections with the same pathogen.

B cells mature in the bone marrow and express the B-cell receptor (BCR). As soon as the BCR
encounters antigen, naive B-lymphocytes differentiate towards plasma cells that are
specialized to produce their antigen receptor in two forms: soluble antibodies
(immunoglobulins) or membrane-bound BCRs. Besides antibodies, also BCRs directly engage
with the epitope of the respective antigen in the extracellular fluids including interstitial and
intravascular compartments.

In turn, T lymphocytes arise and mature in the thymus and carry the T cell receptor (TCR),
which recognizes protein-antigens only if presented on MHC-molecules (major
histocompatibility complex) on the surface of various cell types including antigen-presenting
cells (APCs). Receptors of the adaptive immune system (BCR and TCR) are encoded by gene
segments that undergo somatic rearrangement, which is termed V(D)J-recombination. Gene
rearrangement of variable (V), diversity (D) and joining (J) regions during cell maturation is
mediated by RAG proteins (recombination-activating gene) (Grawunder et al., 1998). This
somatic recombination occurs independently in individual lymphocytes and results in a
polyclonal receptor repertoire of 10'3-10"® (Nikolich-Zugich et al., 2004). As soon as the
receptor on a naive mature lymphocyte encounters its cognate foreign antigen, the cell is
activated and starts to divide, thereby serving as a “clone” for identical progeny with the same
receptor-antigen-specificity. The model of clonal selection was first proposed in the 1950s by
Macfarlane Burnet, who set a milestone for the understanding of T cell immunity (Burnet,
1962).

1.1.2 Central T cell tolerance

Removing thymi from young mice (thymectomy) results in a drastic immunodeficiency,
emphasizing the importance of this lymphoid organ in maintaining a functional immune
response (Metcalf, 1960). Common lymphoid progenitors from the bone marrow enter the
thymus where they become mature T lymphocytes (T cells). T cells characteristically express
either CD4 or CD8 co-receptors, which classifies them as T helper cells (CD4) or cytotoxic T
cells (CD8"). CD4 interacts with MHC Il (class 2) expressed on antigen-presenting cells like

macrophages, dendritic cells and B cells, whereas CD8 recognizes MHC | (class 1) that is
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expressed on all cells and recruits its ligands from endogenous polypeptide degradation
products thereby displaying antigens derived from endogenous or viral peptides.

The process of T cell maturation can last up to 7 days and starts with immature T cells that
neither express CD4 or CD8 nor the TCR and accessory molecules (CD3). Within this double
negative (DN) stage, cells are sub-divided into DN1, DN2, DN3 and DN4 stages defined by
their characteristic surface expression of CD44, CD25 and CD117 (cKit). The pre-TCR
development during DN3 and DN4 and successful rearrangement of TCR 8 and a chains
further induces the expression of both CD4 and CD8 resulting in double-positive thymocytes
(DP). During subsequent maturation steps, the expression of one co-receptor is lost, resulting
in CD4 and CDS8 single positive (SP) T cells (Murphy and Weaver, 2017).

To prevent reactivity of the TCR to self-antigens, T cells go through several selection
processes termed clonal selection. The widely-accepted affinity hypothesis proposes that
positive and negative selection of thymocytes depend on the affinity of the TCR to self-
peptide:MHC complexes (p:MHC) presented by thymic epithelial cells (Klein et al., 2014).
Studies in TCR-transgenic mice have emphasized that positive selection in the thymic cortex
is induced by low-affinity p:MHC interaction, whereas negative selection in the medulla is
favored by high-affinity agonists leading to clonal deletion by apoptosis to prevent self-
reactivity (Daniels et al., 2006). In contrast, no or very low affinity interactions of lymphocytes
with p:MHC causes death by neglect. Interestingly, a subgroup of CD4 T helper cells termed
regulatory T cells (Treg) derive from T cells that encounter stronger TCR p:MHC interaction than
positively selected T cells, but still show less affinity than those dying by negative selection
(Jordan et al., 2001). These specialized T cells function to dampen an overshooting immune
response and prevent autoimmunity. However, the concept of selection in the thymus is highly
controversial, since some studies propose that most of the clonal deletion occurs at the DP
stage in the thymic cortex independent from processes in the medulla (McCaughtry et al.,
2008; Stritesky et al., 2013). These controversial findings may arise primarily due to the use of
different model systems such as TCR transgenic mice that express their TCR early at DN
stages and therefore do not represent physiological TCR expression or models with

endogenous superantigens that fail to copy Ag-specific clonal deletion.

113 The role of CD4 and CD8 T cells in the immune system

After maturation in the thymus, mature naive, self-tolerant CD4 and CD8 T cells migrate to
secondary lymphoid organs (spleen and lymph nodes) constantly searching for dendritic cells
that carry the cognate peptide ligand to their TCR, the recognition of which by the naive T cell
is called the priming step. After establishing the contact of APC and naive T cell by adhesion

molecules, the T cell scans the APCs for its cognate p:MHC ligand. In order to fully activate
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the T cell and cause differentiation and proliferation, it is obligatory for the T cell to receive
three major signals: 1. Binding of the TCR and CD4 or CD8 co-receptor to p:MHC Il or | (Chen
and Flies, 2013). 2. Stimulation of a co-stimulatory receptor like CD28 or Icos on the T cell by
B7 or IcosL molecules from the same APC (Gonzalo et al., 2001). 3. Sensing of cytokines in
the environment. These three signals convey activation, survival and differentiation of T cells
by translating signals from outside the cells into intracellular signaling pathways. The combined
downstream activation of AP-1, NFAT (nuclear factor of activated T cells) and NF-xB (nuclear
factor «B) signaling pathways is essential for the production of the hallmark cytokine IL-2 which
drives T cell proliferation and activation (Hoefig and Heissmeyer, 2018).

Antigen-specific CD8 T cells recognize virus-infected cells, clear those cells and form memory.
Prior to developing this function, naive CD8 T cells get their first contact to foreign cognate
antigen loaded on MHC class | on DCs in the subcapsular sinus region or the interfollicular
region of the draining lymph node (Hickman et al., 2008; John et al., 2009). Additional co-
stimulation and inflammatory cytokines in the microenvironment contribute to full activation of
cytotoxic CD8 T cells. Through re-entering in the lymphatic system and blood stream, activated
CD8 T cells reach the site of infection and, upon antigenic stimulation, destroy infected cells
via the secretion of granzymes or perforin subsequently inducing apoptosis of the target cell
(Barber et al., 2003). Interestingly, viruses have evolved strategies to downregulate MHC class
I molecules, which allows escape from CD8-mediated clearance (Halenius et al., 2015). Very
recently, non-recirculating tissue-resident memory CD8 T cells (Trm) that lack molecules
necessary for migration (such as KIf2, S1PR1, Ccr7) but express residency markers (such as
CD103 or CD69) have been identified to derive from T cells that enter tissues during a primary
immune response and then reside at the site of a cleared infection in skin, lung and gut.
Interestingly, CD103" Trw cells are highly abundant at solid tumor sites and their proportion is
positively correlating with tumor clearance and good prognosis, making this cell type a
promising tool for anti-tumor immunity (Amsen et al., 2018).

Besides CD8 T cells, CD4 T helper cells are an essential component of the adaptive immune
system. They specifically contribute to clear bacterial or viral infections by providing help to
other immune and non-immune cells and form memory to be re-activated upon a secondary
infection. CD4 T cells can comprise different T helper cell (Tn) subsets amongst them Ty1,
Tu2, Tu17, follicular T helper cells (Ten) and induced regulatory T cells (iTeg) Which can be
distinguished by their characteristic expression of subset-specifying transcription factors and
hallmark cytokine secretion (Sallusto, 2016) (Figure 1). The differentiation into these subsets
results from integrating TCR and co-stimulatory receptor signaling with signal transduction
from cytokine receptors. The latter causes phosphorylation of cytoplasmic signal transducer
and activator of transcription (Stat) proteins, followed by nuclear translocation of homodimers

that further induce expression of the subset-specific master transcription factors (O'Shea et
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al., 2011). Besides a complex network of transcription factors, post-transcriptional regulators
such as micro RNAs (miRNAs) and RNA-binding proteins (RBPs) function in cell fate decisions
of T cells. Here, the turnover of MRNAs encoding for important factors that drive fate decisions
of T cells during stimulation (through cytokine or co-stimulatory receptors) are controlled, thus
providing a mechanism to rapidly respond to environmental changes. The miRNA cluster miR-
17-92 and individual miRNAs thereof have been demonstrated to function in T cell

differentiation (Baumjohann, 2018).
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Figure 1| Schematic representation of CD4 T cell differentiation into T helper cell subsets.
Differentiation of naive CD4 T cells into Tu1, Tu2, Tu17, Trn and iTreg results from incorporating TCR
stimulation by peptide-loaded MHC Il and co-stimulation by an antigen-presenting cell in the presence
of a specific cytokine milieu (shown by arrows). Cytokine receptor signaling on CD4 T cells results in
phosphorylation, activation and nuclear translocation of Stat proteins that then further induce the
expression of the hallmark transcription factors of the different T helper cell subsets (shown in the
nucleus). These specific signaling cascades result in a unique expression of receptors and secretion of
pro- (Tu1, Tu2, Tu17 and Ten) or anti-inflammatory (iTreg) cytokines.

Additionally, lineage commitment is strictly connected to epigenetic changes at lineage-specific

gene loci, since transcriptional changes are fixed epigenetically by altered chromatin states,
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uniqgue enhancer landscapes and a complex network of transcriptional activators and
repressors (Kanno et al., 2012).

Tu1 cells provide pro-inflammatory help in case of intracellular infections with microorganisms
including viruses, protozoa and bacteria. The differentiation of naive T cells to Tu1 cells is
caused through an initial IL-12 and subsequent IFN-y receptor signaling thereby activating
Stat4 and Stat1 proteins. These Stat proteins together function in the transcriptional activation
of Tbet, which is the hallmark transcription factor of Tu1 cells. Tbet itself induces gene
expression of IFN-y, thus acting as a positive feedback loop for further Tu1 differentiation
(Amsen et al., 2009; Mosmann et al., 1986). Moreover, Ty1 cells are an important source of
IL-2, which augments CD4 and CD8 effector T cell functions and proliferation. Additionally,
IFN-y production helps to clear intracellular infections by induction and activation of
macrophages.

The Tu2 subset is involved in clearing infections with parasites, especially helminths by
secretion of the cytokines IL-4, IL-5 and IL-13 and moreover contributes to allergic
immunopathology. The production of IL-5 causes recruitment of eosinophils which then
produce major basic protein to directly kill parasites, whereas IL-4 and IL-13 secretion recruit
macrophages that enhance tissue repair at sites of infections (Kouro and Takatsu, 2009). The
development of Th2 cells is driven by the cytokine IL-4, whereas IL-4 receptor signaling further
causes activation of Stat6, which in turn translocates to the nucleus and stimulates the
expression of the Tu2-specific transcription factor Gata3 (Zheng and Flavell, 1997). Gata3
provides a positive feedback loop by inducing its own transcription as well as IL-4 and
promoting transcription of IL-13 (Ouyang et al., 2000).

Upon infection with extracellular bacteria and fungi, the secretion of IL-6 and TGF-§ by innate
immune cells induces the differentiation of the Ty17 subset. Engagement of IL-6 with its
receptor induces downstream activation of the transcription factor Stat3, which further causes
expression of the master regulator RORyt that directly acts on the transcription of the signature
cytokine IL-17 (Ghoreschi et al., 2010). The release of the IL-17 family members IL-17A and
IL-17F leads to the recruitment of neutrophils to sites of infection and causes stimulation of
fibroblasts and epithelial cells carrying IL-17 receptors to produce IL-6 which further amplifies
the Tu17 response. The expansion of Tu17 cells additionally requires the cytokine IL-23
(Ouyang et al.,, 2008). Interestingly, the propagation of autoimmune diseases such as
experimental autoimmune encephalomyelitis (EAE) in mice is attributed to Ty17 cells, since
neutralization of IL-17 secretion with a monoclonal antibody prevents the onset of disease
(Hofstetter et al., 2005; Komiyama et al., 2006). Therefore, it is proposed that an imbalance of

these T cell subsets may lead to tissue inflammation.
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Intriguingly, an additional subset of T helper cells is induced by TGF-f, which is termed induced
regulatory T cells (iTweg). Unlike the previously described T helper cell subsets, regulatory T
cells have immune-repressive activity and thereby prevent autoimmunity. The plasticity of Teg
and Tu17 cells is critical to keep immune homeostasis (Knochelmann et al., 2018). Disruption
of regulatory T cell function or removal contributes to a vast number of autoimmune and
inflammatory pathologies (Sakaguchi et al., 1995; Shevach, 2000), whereas dominance of
Tu17 responses have been associated to autoimmunity in humans. Different from Tu17 cells,
regulatory T cells are not induced by the pro-inflammatory cytokines IL-6 and IL-23. Unlike, the
development of thymic Treg (tTreg) cells, which has been described previously (chapter 1.1.2),
a smaller proportion of Treg cells is induced in the periphery (iTreg) promoted by high doses of
TGF-B and IL-2, which induces the expression of the hallmark transcription factor Foxp3 and
the IL-2 receptor CD25 (Sakaguchi et al., 2008). The expression of the inhibitory co-stimulatory
receptor Ctla-4 allows iTweg cells to compete with naive CD4 T cells for their interaction with
CD28 on APCs, since Ctla-4 and CD28 share the costimulatory ligands CD80 and CD86 on
APCs. Thus, regulatory T cells prevent signals for activation of naive T cells (Yamaguchi et
al., 2013). Additionally, Ctla-4 controls the expression of CD28-ligands on APCs cell-
extrinsically by trans-endocytosis thereof into Ctla-4-expressing cells (Qureshi et al., 2011).
The suppressive capacity of regulatory T cells is further maintained by production of anti-
inflammatory cytokines like TGF-p and IL-10. TGF-f secretion acts as a positive feedback loop
for Treg induction and Ty17 differentiation, whereas IL-10 has inhibitory function on Ty1 cells.

In contrast to the previously described T helper cell subsets, follicular T helper cell (TrH)
differentiation is a two-step process. Their capability of providing help to B cells in germinal
centers (GC) of secondary lymphoid organs during an infection, makes them a central
component of the humoral immune response. Upon T cell activation and co-stimulation in the
presence of the cytokines IL-6, IL-21 and TGF-, a pre-Tr+ stage is formed in the T-cell zone
of the follicle characterized by high levels of PD-1 (programmed cell death protein 1) and Icos,
which is complemented by increased expression of the hallmark transcription factor Bcl-6. By
elevated abundance of Cxcr5, the cells migrate to the T-B-cell border within the B cell follicle,
where T and B cells interact by offering signals required to induce GC reaction of both cell
types. The B cell provides the Trn cell with antigenic stimulation and stimulatory and inhibitory
signals (CD80, CD86, IcosL, Ox40L, PD-L1/2), whereas secretion of IL-21 and IL-4 as well as
expression of CD40L by the Trw cell prompts B cell entry in the follicle. Here, B cells proliferate
and differentiate into memory B cells or antibody-secreting plasma cells by undergoing somatic
hypermutation thus shaping the humoral immune response (Webb and Linterman, 2017). In

mouse models for systemic lupus erythematosus such as the Bxd2 mice, autoimmunity is
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caused by aberrant frequencies of follicular T helper cells that directly correlate with the
abundance of autoreactive GC B cells and production of autoantibodies (Kim et al., 2015).
Recently, thymic-derived Foxp3-expressing T cells in the GC were characterized as follicular
regulatory T cells (Ter). They share Trn-hallmarks like PD-1, Cxcr5 and Bcl6 expression and
additionally express Foxp3, but are distinct from both T cell subtypes. Trr cells have regulatory
function thereby restraining the GC response and controlling Trn development, but the distinct
purpose of this T cell subset has not been completely solved yet (Linterman et al., 2011).

T helper cell differentiation is a highly complex process. Differentiation into one T helper cell
lineage is often accompanied by inhibitory signals for reciprocally developing CD4 T cell
subsets. For example, Th2-promoting IL-2/Stat5 signaling blocks differentiation of Tw17
differentiation (Yamane and Paul, 2013). Recent research has provided several examples of
T cell differentiation with a high degree of plasticity, indicating that the process is far more
complex than hypothesized and differentiation into the one or the other lineage is not as definite

as initially thought.

1.1.4 Co-stimulation of T cells and downstream signaling

The T cell receptor (TCR) is a multiprotein complex that intracellularly comprises
immunoreceptor tyrosine-based activation motifs (ITAMS). After cognate antigen binding to
the TCR and stabilization by CD4 or CD8 co-receptors, Src-family kinases phosphorylate
tyrosine residues on ITAMs, which initiates complex signaling cascades by recruiting scaffold
proteins and activating multiple downstream signaling pathways. This signaling cascade
ultimately results in the activation of three major transcription factors (AP-1, NFAT and NF-«B)
crucial for expression of the cytokine IL-2, which is essential for T cell proliferation and survival.
However, signal from the TCR requires additional signals from co-stimulatory receptors to
achieve full activation. The classical “two-signal model” first proposed in 1970 that full
activation of T cells requires engagement of the TCR with peptide-loaded MHC as well as co-
stimulatory signals (Bretscher and Cohn, 1970). Since then, co-stimulatory receptors have
been identified that can, together with TCR signaling, transduce extracellular stimulation either
into positive or negative signals inside the T cells by further triggering signaling cascades that
induce differentiation and peripheral T cell homeostasis (Chen and Flies, 2013). Most co-
stimulatory molecules belong to either the tumor necrosis factor receptor superfamily (Tnfrsf)
or the immunoglobulin superfamily (IgSF) and both inhibitory and stimulatory receptors are

dynamically expressed dependent on the activation status of the T cell (Zhu et al., 2011).
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1.1.4.1 The CD28 receptor family

The best studied IgSF co-stimulatory receptors are the CD28 gene family proteins. CD28,
cytotoxic T lymphocyte antigen 4 (Ctla-4) and inducible co-stimulator (Icos) are expressed from
a gene cluster on the mouse chromosome 1, proposing that these genes derived from gene
duplication (Ling et al., 2001). CD28 and Ctla-4 ligate with B7-1 (CD80) and B7-2 (CD86) on
APCs and additionally interact with B7-H2 (IcosL), the ligand for Icos. Consequently, Icos,
CD28 and Ctla-4 can compete for their ligand association (Yao et al., 2011). In contrast to Icos
and CD28, Ctla-4 has inhibitory function on T cell activation by directly competing for positive
signals via CD28 by sequestering CD80 and CD86 (Parry et al., 2005). Mice deficient for Ctla-
4 exhibit fatal lymphoproliferation of CD4 T cells and injection of Ctla-4-ligand into mice
deficient for Ctla-4 rescued the phenotype by blocking binding sites for CD28 on CD80/CD86,
suggesting a role for Ctla-4 in controlling T cell proliferation (Chambers et al., 1997). Another
inhibitory molecule of the CD28 family is PD-1 (programmed death 1), which interacts with PD-
L1 or PD-L2 and is, like Icos, highly expressed on Try cells (Crotty, 2011). CD28 is
constitutively expressed in naive T cells, whereas Icos is induced upon T cell stimulation and
the inhibitory molecules Ctla-4 as well as PD-1 act as safeguards during an expiring immune
response to ensure reduced T cell activity. In 2018, James P. Allison and Tasuku Honjo were
awarded with the Nobel Prize in Medicine for their discovery of checkpoint inhibitors as
revolutionary immune cancer therapies. They found that antibodies blocking either PD-1, PD-
L1 or Ctla-4 release a break in T cells with high Ctla-4 or PD-1 expression and unleash the T
cells to attack tumor cells (Ishida et al., 1992; Leach et al., 1996).

The cytoplasmic domain of CD28 harbors two motifs that can further proceed into different
downstream signaling cascades. First, signaling via CD28 promotes activation of NF-xB,
NFAT, the anti-apoptosis family BCL, mMTOR and GLUT1 (glucose transporter type 1) (Boomer
and Green, 2010). The transcription factors NF-xB, NFAT and AP-1 together directly induce
IL-2 signaling by binding the IL-2 and CD25 (IL-2 receptor o chain) promoters, thereby
guaranteeing IL-2-mediated T cell responses and survival. Second, CD28 signaling results in
complex signaling intermediates that promote JNKs, ERK1 and ERK2 activation. Interestingly,
CD28" mice have impaired class-switching after viral infection and reduced T helper cell
activity with defects in IL-2 production (Shahinian et al., 1993). Additionally, those mice lack
germinal centers and Ty cells and have drastically reduced numbers of T cells (Ferguson
et al., 1996; Salomon et al., 2000; Walker et al., 1999), emphasizing the importance of CD28
in T cell mediated immune responses.

Even though the intracellular domains of CD28 and Icos are structurally similar, they have
divergent functions. Icos harbors intracellularly a unique SH2 domain that induces the Icos-

PIBK-AKT cascade promoting the expression of IL4, IL-10 and IL-21 which are necessary



32 Introduction

cytokines for T2 and T4 differentiation (Simpson et al., 2010). Furthermore, Icos involves the
c-MAF pathway inducing IL-10, IL-4 and IL-21 secretion (Kroenke et al., 2012). The expression
of Icos plays an important role in the germinal center reaction, as CD4 T helper cells that
express Icos provide help to B cells to induce class-switch. Mice deficient for Icos secrete
reduced levels of IL-4 and IL-17 but show increased IFN-y expression and additionally
completely lack TrH cells, suggesting that Try and Tw1 differentiation highly depends on Icos
(Akiba et al., 2005; Dong et al., 2001; McAdam et al., 2001; Tafuri et al., 2001).

Mutating the cytoplasmic domain of Ctla-4 interferes with its function in modulation of T cell
activation, suggesting that downstream signaling events are necessary for Ctla-4-induced
inhibition of T cell responses. Ctla-4 engages with SHP2 (SH2 domain-containing tyrosine
phosphatase 2) and PP2A (serine/threonine protein phosphatase 2A) that dephosphorylate
the TCR-CD3( complex, LAT (linker for activation of T cells) and ZAP70 (zeta-chain associated
protein) reducing cell cycle progression and cytokine production. Furthermore, Ctla-4 dampens
ERK and JNK phosphorylation (Rudd et al., 2009).

The inhibitory molecule PD-1 harbors an ITIM (immunoreceptor tyrosine-based inhibition motif)
and ITSM (immunoreceptor tyrosine-based switch motif), which, like Ctla-4, recruits SHP1 and
SHP2. This again, results in inhibition of downstream activation of molecules like PCK6
(Sheppard et al., 2004; Yokosuka et al., 2012).

1.1.4.2 The TNF receptor family

Receptors of the TNF receptor family are expressed upon T cell activation and function in a
bundle of three monomers via interacting with trimerized ligands on the APCs. Co-stimulatory
function is only accomplished by some structurally diverse TNF family members amongst them
the type-V family proteins including 4-1BB (CD137), Ox40 (Tnfrsf4), CD27 (Tnfrsf7), GITR
(Tnfrsf18) and CD30 (Tnfrsf8) (Croft et al., 2012). Upon trimeric ligand-receptor engagement,
cytoplasmic TRAF (TNF-receptor associated factor) adaptor proteins are recruited
(Chattopadhyay et al., 2009) and enable several signaling pathways including canonical and
non-canonical NF-xB, JNK, MAPK (p38 mitogen-activated protein kinase), AP1 (activator
protein 1), ERK and NFAT. The mechanism of how the individual TRAF adaptor proteins
integrate co-stimulatory signals with downstream signaling pathways is not solved yet (Croft,
2003). 4-1BB, Ox40 and CD27 co-stimulation induces anti-apoptotic factors like Bcl-2, Bcl-X,
and Bcl2a1 thereby promoting survival of T cells. In addition, 4-1BB and Ox40 enable AKT
which further activates cyclins and cell-cycle-dependent kinases (Croft, 2009).

The most prominent member of the TNF receptor superfamily is Ox40 that is like lcos not
expressed on naive T cells but gets induced during T cell activation and is highly abundant on

Trn cells. Ox40 expression correlates with increased expression of anti-apoptotic factors and
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increased cytokine production thereby controlling survival of T cells. (Rogers et al., 2001).
Additionally, it promotes proliferation of T cells during memory formation, which is in line with
Ox40-deficient mice having reduced numbers of memory T cells and reduced T cell
proliferation in response to viral infections (Gramaglia et al., 2000).

Integrating TCR antigen stimulation together with co-stimulatory receptor stimulation of either
CD28 family or TNF receptor family with downstream signaling cascades is a complex network
that is a mandatory process to determine cell fate decisions and survival of T cells.

The effect of antigen-specific T cell effector functions has been efficiently applied in cancer
immune therapy. Here, chimeric antigen receptors (CARs) are utilized to engineer a patient’s
T cell ex vivo to clear tumors expressing certain antigens (Irving and Weiss, 1991). The
extracellular domain of CARs consists of a scFv (single chain fragment variable) from a
monoclonal antibody that recognizes a tumor-associated antigen combined with the
intracellular signaling domain of TCR CD3( chain and CD28 or 4-1BB. This second-generation
CAR technology improves antigen-specific tumor clearance by enhancing T cell activation and

proliferation due to increased secretion of IL-2 (Finney et al., 1998).

1.1.43 Atypical NF-«B inhibitors and their role in immune responses

One of the major signaling pathways in controlling lymphocyte activation, proliferation and
expansion is the NF-kB signaling cascade. Briefly, p50/105, p52/100, p65 (RelA), cRel and
RelB form the NF-kB transcription factor family by sharing a Rel homology domain (RHD) that
comprises dimerization and DNA-binding. They associate to hetero- or homodimers and, in
the presence of a transcription activation domain (TAD), modulate expression of target genes
(Gerondakis et al., 2014; Hayden and Ghosh, 2012; Sen and Baltimore, 1986). In an inactive
state they are prevented to enter the nucleus by classical NF-kB inhibitors (IkBa, IkBp and
IkBe), which bind to RHD and thereby cover the nuclear localization signal (NLS) (Kanarek and
Ben-Neriah, 2012). In T cells, activation via the TCR and co-stimulation induces IkB kinase
complex activation, which phosphorylates the NF-kB-bound inhibitors and induces
proteasomal degradation of IkBs and release of NF-kB transcription factor dimers to the
nucleus where they bind kB sites on the DNA. Atypical NF-kB inhibitors such as Bcl-3, IkB(,
IkBns, IkBn and IkBL can fine-tune NF-kB activation when cytoplasmic inhibitors are degraded
upon initial NF-kB activation. Unlike classical inhibitors, they are induced upon stimulation and
localized in the nucleus, but they share an ankyrin-repeat domain (ARD) and can interact with
NF-kB family members in the nucleus (Fiorini et al., 2002; Kitamura et al., 2000; Wulczyn et
al., 1992; Yamauchi et al., 2010). IkBC, which interacts with p50 and p65, plays an important
role in Ty17-mediated autoimmunity, since mice deficient for IkB(, are resistant to EAE but

suffer from spontaneous autoimmunity (Okamoto et al., 2010). The Tu17 subset specifying
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cytokines IL-6 and TGF-B induce the expression of IkB{, which associates via TAD and ARD
with the promoter of //17a thereby enhancing the binding of transcriptional activators like ROR
nuclear receptors to drive l/17a expression (Okamoto et al., 2010). Comparably, IkBns,
encoded by the Nfkbid gene, plays a role in Tu1 and Tu17 proliferation and polarization. It
directly associates with the //70 gene, but how this is mediated is still unknown, since IkBns,
like IkBC, lacks a DNA-binding domain (Annemann et al., 2015). IkBns can have transcriptional
activity by directly engaging with c-Rel and p50 at the Foxp3 gene locus. Consequently, IkBns-
deficient mice have reduced T cells in thymus and lymphoid organs, suggesting a function
in the development of T cells. Of note, also mice deficient for the NF-kB factor cRel have
comparably reduced numbers of regulatory T cells, while mice double-deficient for cRel and
Nfkbid developed a much stronger loss of T cells. Besides controlling T cell differentiation,
IkBns is an essential regulator of B cell development, since IkBns-deficiency results in a
defective development of B1 B cells, plasma cells and marginal zone B cells (Touma et al.,
2011).

Intriguingly, the expression of IkBns and IkBZ in T cells is tightly controlled by post-
transcriptional gene regulation. The RNA-binding proteins Roquin and Regnase-1 regulate the
MRNA expression of Nfkbid and Nfkbiz in naive T cells thereby contributing to cell fate
decisions of the Tu17 subset (Jeltsch et al., 2014). Dissecting the requirements for Roquin-
mediated regulation of the Nfkbid 3'-UTR will be one subject of this thesis.

11.5 Tolerance mechanisms and the development of autoimmunity

While central tolerance of T lymphocytes is achieved in the thymus to eliminate potential self-
reactive T and B lymphocytes, peripheral tolerance is a second fail-safe mechanism to prevent
autoimmunity by neutralizing or suppressing autoreactive cells that have escaped from the
thymus (Bouneaud et al., 2000). Several mechanisms like the expression of inhibitory
molecules, anergy, suppression by regulatory T cells and ignorance have evolved to ensure
peripheral tolerance of autoreactive T and B cells.

Expression of inhibitory molecules (i.e. Ctla-4, PD-1, LAG-3) on T and B lymphocytes controls
excessive immune responses. Mice deficient for Ctla-4 develop a strong autoimmune
phenotype supporting the importance of controlling peripheral tolerance (Paterson and Sharpe,
2010).

In the absence of co-stimulation or inflammation, binding of the TCR alone causes a reversible
hyporesponsiveness in mature T cells, which is termed T cell anergy. This is, amongst others
like inhibition of TCR proximal signaling, a result of reduced production of IL-2, which in turn
causes less activation of necessary signaling pathways or reduced cell cycle progression

(Fathman and Lineberry, 2007). Interestingly, anergic T cells give rise to precursors of
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peripheral T4 differentiation that further reduce immunopathology and autoimmunity (Kalekar
et al., 2016).

As described previously, thymic and peripherally-induced Ty cells actively suppress
autoreactivity by expression of inhibitory molecules, cytolysis, interference with metabolic
processes or modulation of DC’s maturation and function by direct cell-cell contact with the
effector cells (Liu et al., 2015). The importance of regulatory T cells in controlling peripheral
tolerance becomes evident in mutational analyses of the master transcription factor Foxp3. A
truncated version of the Foxp3 gene causes autoimmunity in the so-called scurfy mice
(Brunkow et al., 2001; Godfrey et al., 1991) and in humans, mutations in the Foxp3 gene result
in multiorgan autoimmunity in IPEX (‘immunodysregulation, polyendocrinopathy, enteropathy’)
patients (Bacchetta et al., 2018).

Due to anatomical barriers at ‘immunological privileged’ organs like brain, testis and eyes,
autoreactive lymphocytes become ignored because of reduced access to tissue-specific
antigens at these sites (Forrester et al., 2008).

However, failure of these levels of protection — first clonal selection in the thymus, then
peripheral tolerance mechanisms - ends in an inappropriate activation of autoreactive T cells
by autoantigens causing autoinflammatory and autoimmune diseases. Interestingly, the T cell
compartment itself plays a major role in the development of autoimmunity: On the one hand,
autoreactive CD4 T cells provide help to B cells to produce autoantibodies and, on the other
hand, CD8 T cells infiltrate into organs and directly induce damage of tissues by secretion of
pro-inflammatory cytokines. In humans, several systemic and organ-specific autoimmune
diseases like type 1 diabetes mellitus (T1D), multiple sclerosis (MS), rheumatoid arthritis (RA)
or systemic lupus erythematosus (SLE) have been described. The latter of these diseases are
characterized by the production of antibodies against autoantigens, induce immune complex
deposition and progress towards tissue damage. Patients suffering from SLE produce
autoantibodies against chromatin or splice factors (Murphy and Weaver, 2017). T1D is driven
by autoreactive T lymphocytes that secrete pro-inflammatory cytokines such as IFN-y, IL-1 and
TNF-a thus causing apoptosis in B cells of the endocrine pancreas (Paschou et al., 2018).
Most likely, several parameters including genetic variation and environmental variables pre-
dispose to autoimmunity by weakening tolerance mechanisms. Strong evidence on
environmental cues influencing pathogenesis of T1D derives from studies of monozygotic
twins where incidence of the disease is highly variable (Beyan et al., 2012). The development
of SLE is influenced by genetic predispositions together with environmental factors such as
UV light exposure, Epstein-Barr virus infection and hormonal changes (Tsokos et al., 2016).
Interestingly, polymorphisms of genes encoded in the MHC gene locus, including genes

involved in innate and adaptive immune responses, have been linked to high susceptibility to
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autoimmune diseases and the majority of genes predisposing to T1D are located within the
MHC region (Paschou et al., 2018). Sexual dimorphism in autoimmune diseases like SLE or
MS with a higher incidence of autoimmunity in female support the huge impact of genetics.
Our current knowledge about autoimmune disorders highly benefits from gene knockout
studies in mice. Mutating or deleting genes encoding for important immune regulators, helps
to gain novel insight in the causes of autoimmune diseases especially by dissecting
autoantibody production or organ-infiltration of T cells. Hence, genes encoding for cytokines
(like Ifng, Tnfa, 1I2), co-receptors (Cd28), co-stimulatory molecules (Ctla4, Pd1) or genes
involved in antigen-signaling cascades or apoptosis have been found to control the outcome
of autoimmunity (Baccala et al., 2007; Paterson and Sharpe, 2010; Salomon et al., 2000).
Besides these genes directly encoding factors of the immune system, autoimmune regulators
that encode for proteins controlling the expression of those immune-associated genes post-
transcriptionally or -translationally are susceptible to develop autoimmunity.

To identify novel autoimmune regulators, Christopher Goodnow and Carola Vinuesa
performed a mouse genome-wide screen by treating mice with ethyl nitrosourea to introduce
single-base substitutions at a rate of 1/0.5 megabases and identifying the development of
autoimmunity by testing for anti-nuclear autoantibodies (ANAs). Thereby, the so-called
sanroque mouse strain was isolated, which harbors a single point-mutation (methionine 199
to arginine, M199R) in the so far unknown gene Rc3h1 encoding for the Roquin-1 protein,
respectively. This protein comprises a highly conserved CCCH-zinc-finger domain present in
many RNA-binding proteins and is localized to stress granules suggesting a functional role in
mRNA stability (Vinuesa et al., 2005).

In the recent years, the role of post-transcriptional gene regulation in preventing and controlling
autoimmunity and immune pathologies has become more and more important in the field. The
subsequent chapters will give an overview of the basic mechanisms of post-transcriptional
gene regulation and will focus in detail on the RNA-binding proteins Roquin and Regnase-1,
which are key players in controlling immune regulation in the adaptive immune system. Their

important role in preventing autoimmunity will be one major subject of this thesis.
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1.2 Post-transcriptional gene regulation of immune cells

Constant exposure to pathogens and intra- and extracellular changes require fast and reliable
adaptations of the immune response. Dynamic alterations can be achieved by post-
transcriptional gene regulation of messenger RNAs (mMRNAs) encoding for immune-related
proteins such as cytokines or transcription factors that need to be stabilized or degraded in a
flexible manner. Over the past decades post-transcriptional gene regulation has been of great
interest owing to observations that an imbalance of mMRNA decay and excessive expression of
immune-related mRNAs promotes the development of autoimmune diseases. Post-
transcriptional gene regulation has evolved by a compound network requiring structures in the
mRNA predominantly located in the 5’- and 3’- untranslated regions (UTRs) of the mRNA, that
are targeted by trans-acting factors such as RNA-binding proteins (RBPs) or microRNAs
(miRNAs). Consequently, gene regulation by post-transcriptional mechanisms is a complex
system that rapidly changes expression levels of genes in the immune system in response to
environmental cues. The following section will discuss the principles of mMRNA degradation

particularly by the RNA-binding proteins Roquin and Regnase-1.

1.21 Principles of induced mRNA decay

The central dogma of molecular biology implies a basic two-step process by which DNA is
transcribed into mMRNA that is then further translated into protein. Of course, this process is not
as simple as it seems and needs to be tightly and strictly controlled by a multiplicity of
mechanisms to facilitate proper protein expression, which is crucial for maintaining health of
an organism. Briefly, after transcribing eukaryotic mRNAs from DNA in the nucleus by a
complex process requiring RNA-Polymerases, the mRNA is equipped with a 5 7-
methylguanosine cap (5'-cap) and a 3’ poly(A)-tail. To initiate translation, the eukaryotic
initiation factors elF4E/G/A bind the 5-cap and promote translation initiation through
recruitment of ribosomes. Then, initiation factors interact with the poly(A)-binding protein
(PABP) bound to the poly(A)-tail by circularization of the mMRNA-protein complex and protecting
the transcript from exoribonucleolytic degradation (Figure 2 a) (Garneau et al., 2007). Next to
translational control of the transcript, mRNA turnover is a fundamental mechanism to control
protein expression. This is facilitated by numerous protein/RNA-complexes involving factors of
the mRNA decay machinery, RNA-binding proteins and miRNAs that stabilize or destabilize
the mRNA.

The first step of MRNA degradation is initiated by shortening of the poly(A)-tail involving PAN2-
4 proteins that remove PABP which interferes with elF4E interaction and disrupts the circle

formation (Figure 2 b).
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Figure 2| The principles of mRNA decay.

After splicing, mature messenger RNA (mRNA) harbors a 5-untranslated region (UTR) with an m’G-
cap structure, a coding-sequence (CDS) and a 3-UTR complemented with a poly(A)-tail. For initiation
of translation, eukaryotic initiation factors 4A, G and E (elF4A/G/E) bind the 5’-cap structure and the
poly(A)-tail is bound by poly(A)-binding proteins (PABP). PABP and initiation factors interact, resulting
in circularization of the protein-mRNA complex (a). Ribosomes start the translation of the CDS thereby
producing polypeptide chains. b) mRNA degradation is initiated due to Pan 2, 3 and 4 proteins removing
PABP and thereby facilitating binding of the Ccr4-Caf1-NOT complex that eliminates the poly(A)-tail. 5’
- 3’ decay involves decapping enzymes (Dcp1, Dcp2, Edc1 and Edc3) and the Lsm1-7 ring structure.
After decapping, mRNA is degraded from 5’ by the Xrn1 exonuclease. In turn, the exosome complexes
degrade mRNA 3’ - 5', whereas the residual 5’-cap structure is digested by DcpS. c) Direct cleavage
of circulated mMRNAs by endonucleases is an additional way of mRNA degradation. Here, the two
resulting mRNA fragments are eliminated by Xrn1 and the exosome complex. Adapted from (Garneau
et al., 2007; Mugridge et al., 2018).

Subsequently, the Ccr4-Caf1-NOT multi-protein deadenylase complex is recruited to the 3’

end (Wolf and Passmore, 2014), where it facilitates removal of the poly(A)-tail via its
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exonuclease activity (Collart, 2016). After successful subtraction of the poly(A)-tail, mRNA
degradation can be initiated from either 5’ (5’ > 3’) and/ or 3’ site (3'>5’).

5 - 3’ degradation is activated by decapping of the 5’ cap which requires several proteins,
amongst them decapping enzymes (Dcp1 and Dcp2), the heptameric Lsm1-7 complex
together with Pat1 associating with the 3’ end as well as the enhancer of decapping Edc1 and
Edc3 followed by an initial degradation of the mRNA by the exoribonuclease XRN1 (Jonas and
Izaurralde, 2015; Kshirsagar and Parker, 2004; Tharun and Parker, 2001).

3’ > 5" mRNA turnover occurs via a large exosome complex. Proteins building this complex
exhibit phosphorylytic exonuclease and RNA helicase function and thereby degrade the mRNA
from the 3’ end (Houseley et al., 2006; Zinder and Lima, 2017). The remaining oligomer
carrying the 5’-cap is then finally degraded by the scavenger decapping enzyme DcpS
(Houseley et al., 2006; Liu et al., 2002). Both degradation pathways have redundant function,
since knocking out either component of one pathway leaves mRNA decay rates unaffected
(Houalla et al., 2006).

As a third pathway, endonucleases can directly cleave mRNAs resulting in a two-fragmented
transcript that is subject to 3° > 5’ decay by the exosome complex or 5’ - 3’ degradation via
the exoribonuclease XRN1 (Figure 2 c).

Translation of mature mRNA transcripts into proteins is a highly complex mechanism. Errors
occurring during translation bear tremendous consequences, therefore several control
mechanisms have evolved. Aberrant transcripts with a premature stop-codon within 20-25 nt
5’ of the exon junction complex producing truncated proteins, can be eliminated by nonsense-
mediated decay (NMD), which involves the helicases UPF1, 2 and 3 (Lykke-Andersen and
Jensen, 2015). In contrast, non-stop-decay (NSD) senses transcripts that lack a stop codon.
Here, the adaptor protein Ski7 binds and facilitates release of the ribosome and recruits the
cytoplasmic SKI complex and the exosome to degrade the transcript 3° > 5’ (Frischmeyer et
al.,, 2002; van Hoof et al., 2002). A third mechanism, referred to as no-go decay (NGD)
recognizes transcripts with ribosomal elongation stalls and initiates degradation by
endonucleases in proximity to the stalled ribosome resulting in two transcript fragments that

are targeted for degradation by XRN1 or the exosome (Doma and Parker, 2006).

1.2.2 Subcellular locations of mMRNA decay

mRNAs are in a constant equilibrium of active translation and mRNA degradation to rapidly
respond to changes in the microenvironment and subsequently adapt the gene expression.
Turnover of MRNA and protein is not only controlled temporally but also spatially. Cytoplasmic,
membrane-less foci termed processing- (P-) bodies contain translationally-repressed mRNAs
and mRNA decay factors such as Ccr4-NOT, Dcp1/2, Pat1-LSM1-7, Edc3 and Xrn1,
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suggesting that this serves as a site to accelerate mMRNA decay. However, components of the
mRNA decay machinery have also been found outside of P-bodies in the cytoplasm and it was
suggested that these cytoplasmic foci are dynamically forming upon increased abundance of
translationally silenced mRNAs that are targeted for degradation. Deletion of Dcp1,
interestingly, elevated p-body abundance and inhibited mMRNA decay (Parker and Sheth,
2007). Upon cellular stress, cytoplasmic foci, so-called stress granules, form. Different to P-
bodies, stress granules are sites of mMRNA storage to protect RNAs from reactive agents in the
cytoplasm (Kedersha et al., 2005). Formation of P-bodies and stress granules arises via liquid-
liquid phase separation (LLPS), which is influenced by increasing protein and RNA
concentration, changes in salt concentration, temperature and crowding agents (Guo and
Shorter, 2015). Proteins with low complexity sequence domains (LCDs) are prone to develop
these protein-rich droplets. Recently, a dynamic process termed mRNA cycle was described
whereby mRNA-protein complexes can vigorously move between polysomes, P-bodies and
stress granules facilitating efficient balance of transcript turnover and translation (Decker and
Parker, 2012).

1.2.3 The interplay of cis-regulatory elements and trans-acting factors

Besides mRNA degrading enzymes, frans-acting factors are located within P-bodies,
emphasizing their role in controlling mRNA transcript levels. Stabilizing and de-stabilizing
trans-acting factors such as RNA-binding proteins (RBPs), microRNAs (miRNAs) and long-
non-coding RNAs impact on RNA stability by recognizing cis-elements either as linear
sequence motifs or secondary structures. These RNA elements are predominantly encoded in
the untranslated regions (UTRs). Whereas 5-UTR binding typically controls translation
initiation, elements in the 3'-UTRs bound by trans-acting factors often influence mRNA decay
and translational efficiency (Rissland, 2017).

Approximately 30 years ago, heterogeneous AU-rich elements (ARE) were described as the
first mRNA-stability elements and several studies identified genes of cytokines, proto-
oncogenes and transcription factors to contain such sites in their 3-UTRs. The zinc finger
(ZnF) protein TTP (tristetraproline) acts as an mRNA decay factor by binding the ARE of Tnfa.
It directly promotes deadenylation of the mRNAs by shortening of the poly(A)-tail due to its
interaction with Ccr4 (Carballo et al., 2000; Lai et al., 1999; Lykke-Andersen and Wagner,
2005). The ARE in the TNF-a transcript is additionally targeted for translational inhibition by
TIA-1 (T-cell-restricted intracellular antigen-1) as macrophages from TIA-1-deficient mice have
elevated levels of TNF-a protein and the Tnfa mRNA shifted from fractions containing
monosomes to fractions with polysomal association of mMRNAs with ribosomes, while its MRNA

degradation rate is not affected (Piecyk et al., 2000).
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Besides linear, heterogeneous AU-rich elements, secondary RNA structures have been
identified as constitutive decay elements (CDEs) in the Tnfa 3'-UTR (Stoecklin et al., 2003).
The CDE comprises a 17 nt-long fragment that forms a secondary stem loop structure with a
7 nt base-pairing stem and a triloop bearing a pyrimidine-purine-pyrimidine (py-pu-py)
sequence. Interestingly, comparison of Tnfa CDE sequences from 19 mammalian species
reveals almost 100% sequence identity. Mutational analysis of the CDE structure uncovers
that the formation of a secondary structure and the loop sequence are mandatory for efficient
mRNA decay of the Tnfa 3'-UTR in reporter assays (Leppek et al., 2013). Pulldown with cell
lysates and the Tnfa CDE RNA allowed for identification of enriched RNA-binding proteins by
mass spectrometry. Here, the RNA-binding protein Roquin-1 (i.e. Re3h1) and its homolog
Roquin-2 (i.e. Rc3h2) showed the strongest peptide enrichment. Besides binding of the CDE,
Roquin also induces CDE-mediated mRNA degradation.

Interestingly, the endonuclease Regnase-1, encoded by the Zc3h12a gene respectively, also
destabilize mRNA transcripts that harbor CDE-like triloop structures such as /16, 112 or its own
mRNA (Mino et al., 2015; Uehata et al., 2013). The exact mechanism of Roquin- and Regnase-
1-mediated mRNA regulation of immune-associated targets and their role in controlling
immune homeostasis is one subject of this thesis and will be discussed in greater detail in the

subsequent sections.
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1.3 The trans-acting factors Roquin and Regnase-1

1.3.1 The Roquin protein family

In 2005, Roquin-1 was first identified in a screen for autoimmune regulators in mice with a
homozygous single point mutation (M199R) causing a severe SLE-like autoimmune disease
in the so-called sanroque mice (Rc3h1%"sa"). Later studies, identified Roquin as an RNA-
binding protein involved in mRNA degradation and linked its post-transcriptional gene

regulation of immune-related genes to the prevention of autoimmunity.

1.311 Roquin mouse models

The sanroque mice develop a profound autoimmune phenotype not only by generating
autoantibody-producing B cells but also by exhibiting splenomegaly and lymphadenopathy,
which additionally involves spontaneous formation of germinal centers in the B cell follicles.
Consequently, B cells produce polyclonal hypergammaglobulinemia of all T-dependent
isotypes and activated effector-memory-like CD4 and CD8 T cells accumulate and show
profound expression of the co-stimulator Icos. In line with increased Icos expression, additional
markers of TrH cells like Cxcr5, Ccl5 and IL-21 are drastically elevated. To test the contribution
of the aberrant Icos expression to the phenotype of the sanroque mice, Icos gene expression
levels were halved in Rc3h1%"s2": [cos*" mice. This correlated with reduced splenomegaly,
lymphadenopathy, less Trn and germinal center B cell expansion (Yu et al., 2007). However,
complete ablation of Icos in sanroque mice did not rescue splenomegaly or hyperactivation of
T cells and rather decreases regulatory T cell numbers, but maintains autoantibody production
of sanroque mice. These findings suggest that the overexpression of Icos in sanroque mice
does not simply explain the development of autoimmunity, suggesting that additional factors
might contribute to this phenotype (Lee et al., 2012).

To test whether the single point mutation in the sanroque mouse results in loss-of-function of
the Roquin-1 protein, different deletion systems in mice were of high interest. The systemic
knockout of the Roquin-1-encoding gene (Rc3h17) resulted in perinatal lethality (Bertossi et
al., 2011). The newborn animals died within 6h after birth suffering from decreased expansion
of alveoli of the lung. Surprisingly, heterozygous mice (Rc3h1*") were healthy and showed no
pathology, suggesting that already a half dose expression of Roquin-1 is sufficient for survival.
To investigate cell-type-specific functions of Roquin-1, mice with loxP-flanked alleles for Rc3h1
(Re3h 1" were crossed to mice with different cre-recombinase systems to induce conditional
deletion in different cell subsets: Cd4-cre (T cell-specific deletion), Cd719-cre (deletion in B

cells) and vav-cre for deletion in all hematopoietic cells. Overall, Roquin-1 deficiency in these
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various hematopoietic cell types did not cause breakdown of tolerance or induction of
autoimmunity. Despite a moderate increase in Icos expression, conditional deletion in T cells
causes an effector-memory phenotype in CD8 T cells (CD44"" CD62L""). Loss of Roquin in
all hematopoietic cells results in a slight activation of CD4 and CD8 T cells with higher Icos
surface expression and spontaneous formation of GC B cells but no change in Tr4 cells.
Additionally, Trg cells, eosinophils and macrophages were altered in vav-cre mice. These
findings were phenocopied by B-cell-specific deletion utilizing the CD19-cre system. The data
suggest that the autoimmune syndrome in the sanroque mice may not be simply explained by
a loss-of-function mutant of Roquin-1.

The Roquin protein family not only comprises Roquin-1 (Rc3h17), but also a paralog termed
Roquin-2 or MNAB (membrane-associated nucleic acid-binding protein), encoded by the
Rc3h2 gene, respectively (Siess et al., 2000). Gene duplication occurred in higher vertebrates
from zebrafish to humans in turn resulting in the presence of both paralogs, whereas in
drosophila melanogaster and caenorhabditis elegans only one homolog exists (Heissmeyer
and Vogel, 2013). Systemic deletion of Rec3h2 induced post-natal death within the first days
after birth in most animals and the reduced expansion of lung alveoli is in line with the Rc3h1
gene ablation in mice. Surprisingly, mice with a conditional deletion of Re3h2in T cells develop
no detectable sign of autoimmunity or hyperactivated T cells (Vogel et al., 2013). To validate
whether Roquin-1 and Roquin-2 have redundant functions, mice with a combined conditional
deletion of Rc3h1 and Rc3h2 genes in T cells were generated. Indeed, Re3h1/2"; Cd4-cre
mice shared phenotypes with the sanroque mice: These mice develop splenomegaly and
lymphadenopathy, spontaneous activation of CD4 and CD8 T cells with elevated Icos
expression levels. Additionally, Roquin deficiency causes formation of GCs due to increased
frequencies of Tey and GC B cells comparable to Rc3h152"s®" mice (Vogel et al., 2013).
Additionally, lack of Roquin-1 and -2 in T cells results in an infammatory lung phenotype
characterized by infiltration of Tu17 cells and neutrophils in the lungs and secretion of
autoantibodies directed against pancreatic tissue (Jeltsch et al., 2014). Natural killer T cells
(NKT), which are a specialized subset of glycolipid-recognizing T cells involved in autoimmune
and malignant diseases, were shown to be strictly dependent on Roquin. Deficiency of both
paralogs during early thymic NKT development results in a drastic cell-intrinsic increase of the
NKT47 subset but a complete loss of peripheral mature NKT cells, suggesting a role in
preventing excessive differentiation into NKT47 cells. (Drees et al., 2017). In addition, Treq-
specific deletion using Foxp3-cre, revealed that Roquin is required for Teg function since Treq
cells lacking Roquin proteins adopt a Trr phenotype and lose suppressive function of T cells
(Essig et al., 2017). Overall, these data suggest that deletion of the Roquin paralogs in T cells
phenocopies many of the autoimmune phenotypes of the sanroque mice. However, the

functional Roquin-2 protein in the sanroque mice is not capable of rescuing the phenotype and
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additionally, Roquin-1 M199R does not interfere with RNA binding ability (Athanasopoulos et
al., 2010). Therefore, the molecular basis for the altered function of M199 in Roquin-1 is still

under debate and of high interest in the field.

1.31.2 Domain organization and molecular functions of Roquin proteins

Comparing the phenotypes in the different Roquin mouse models suggest that the Roquin
RNA-binding proteins play an important role in the homeostasis of the adaptive immune
response. Both protein family members are localized in the cytoplasm and especially enriched
in P-bodies and, upon induction of stress, relocalize to stress granules (Athanasopoulos et al.,
2010; Glasmacher et al., 2010; Srivastava et al., 2015; Vinuesa et al., 2005). However, Roquin-
1 protein levels are significantly higher in comparison to Roquin-2 in lymphoid tissues, but both
paralogs have redundant functions in T cells where Roquin-2 can compensate for the absence
of Roquin-1 (Pratama et al., 2013; Vogel et al., 2013).

The functional redundancy of both paralogs becomes clear when comparing the domain
organization of their amino acid sequences (Figure 3). The first 500 amino acids reveal high
sequence similarity harboring several domains: a RING- (really interesting new gene) domain,
a ROQ-domain embedded in HEPNn (higher eukaryotes and prokaryotes nucleotide-binding,
N-terminal) and HEPNc (C-terminal) stretches, a CCCH-type zinc finger followed by a varying
conservation in the C-terminus. A proline-rich region (PRR) can be found in the carboxy

terminus of Roquin-1, whereas Roquin-2 owns a hydrophobic stretch.
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Figure 3 | Domain organization and sequence similarity of Roquin family proteins.

Schematic representation of the domain structures of Roquin-1 and Roquin-2. Both proteins share a
RING domain (really interesting new gene), a ROQ-domain embedded in HEPNn (higher eukaryotes
and prokaryotes nuclear-binding domain, N-terminal) and HEPNc (C-terminal), a CCCH-type zinc finger
(ZnF) and a proline-rich region (PRR). Carboxyl-terminal Roquin-1 harbors a coiled-coil domain,
whereas Roquin-2 has a hydrophobic region at its C-terminus. Amino acid (aa) positions of the domains
are depicted. Scissor symbols represent MALT1 cleavage sites. Structure and sequence similarity
information are adapted from Jeltsch & Heissmeyer, 2016; Pratama et al., 2013, Schlundt et al., 2016
and Srivastava et al., 2015.

The function of the RING domain is not completely solved, yet. In the C. elegans homolog
RLE-1 it exhibits E3 ubiquitin ligase activity (Li et al., 2007), whereas the Roquin-2 RING-
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domain was found to have ubiquitination function of ASK1 (apoptosis-signaling kinase 1) thus
inducing proteasomal degradation thereof (Maruyama et al., 2014).

Roquin-1 mutants lacking the RING-domain are incapable of localizing to stress granules
(Athanasopoulos et al., 2010). In addition, this domain has been associated to auto-
ubiquitination of Roquin-1 and counteracting AMPK (adenosine monophosphate-activated
protein kinase) function resulting in aberrant mTOR signaling and Try accumulation (Ramiscal
et al., 2015).

The ROQ-domain is a unique domain with high sequence conservation in Roquin family
proteins. It is embedded in HEPNy and HEPNc domains that fold together and can bind double-
stranded RNA independent of the ROQ-domain (Srivastava et al., 2015). High-resolution
structure analyses have been solved for the ROQ-domain of both paralogs and indeed
identified this domain to directly interact with RNA (Sakurai et al., 2015; Schlundt et al., 2014;
Schuetz et al., 2014; Tan et al., 2014). It directly binds CDE elements in the 3'-UTR of mRNAs
with characteristic secondary RNA structures consisting of 5-7 nucleotides and a py-pu-py
triloop sequence (Leppek et al., 2013) (Figure 4). As mentioned previously, the CDE-element
has first been described in the Thfa 3'-UTR, however in the meantime several additional mMRNA
targets have been reported to harbor CDE or CDE-like stem loop structures including /cos,
Nfkbid, Nfkbiz and Ox40 (Braun et al., 2018; Codutti et al., 2015; Janowski et al., 2016; Jeltsch
et al., 2014; Leppek et al., 2013; Schlundt et al., 2014; Vogel et al., 2013).
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Figure 4| RNA structures and sequences targeted by Roquin.

Schematic representation of sequences of the Roquin-targeted constitutive decay element (CDE of the
Tnfa 3'-UTR), alternative decay element (ADE) identified by SELEX (Systematic Evolution of Ligands
by Exponential Enrichment) and linear binding element (LBE) consensus sequence. Structures were
adapted from Schlundt et al., 2015; Janowski et al., 2015 and Essig et al., 2018.

Mutational analysis revealed that the Roquin-RNA interaction depends at least on three critical
amino acids (Lys220, Lys239 and Arg260) for binding of Icos, Tnfa and Ox40 mRNA and these
residues are crucial for efficient post-transcriptional gene regulation, respectively (Schlundt et
al., 2014). Recently, a second type of secondary structure for Roquin-mediate gene regulation
was identified as alternative decay element (ADE) (Figure 4). This motif comprises a U-rich

hexaloop embedded in a 5-8 nt base-pairing stem with one unpaired base. Interestingly, an
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ADE-like hexaloop stem loop was found in the Ox40 3'-UTR. Crystal structure and mutational
analysis of the Roquin-Ox40 interaction revealed that this interaction requires the amino acid
Tyr250 for binding and gene regulation (Janowski et al., 2016). My contribution to this finding,
the functional importance of amino acid Tyr250 for Ox40 regulation, will be discussed in more
detail in the results section of this thesis. Recently, our group also identified a novel 15 nt-long
linear sequence consisting of a CAC trinucleotide flanked by U-rich sequences as a linear
binding element (LBE) of Roquin-1 (Essig et al., 2018) (Figure 4).

Roquin proteins are not capable of directly degrading the target mRNAs. Therefore, several
investigations have been made to identify the mechanism of Roquin-mediated post-
transcriptional gene regulation. The C-terminus of Roquin proteins including the proline-rich
region (PRR) interacts with the deadenylation machinery involving the Ccr4-NOT complex thus
inducing the first steps of mMRNA decay. This is in line with Roquin localization to P-bodies that
requires the carboxyl-terminal glutamine and asparagine-rich sequence stretch, which is
required for protein-protein-interaction in post-transcriptional gene regulation (Glasmacher et
al., 2010; Leppek et al., 2013; Murakawa et al., 2015; Reijns et al., 2008). However, the
localization of human Roquin to stress granules has also been demonstrated (Athanasopoulos
et al., 2010). As a second mRNA decay pathway, N-terminal Roquin involving ROQ-domain
and ZnF directly associates with the decapping factors Edc4 and Rck, whereas the function of
Rck is crucial for Roquin-mediated /cos repression (Glasmacher et al., 2010). Recently, the
direct interaction of N-terminal Roquin with the CCCH-type ZnF protein NUFIP2, which acts as
a co-factor for Roquin-mediated repression of the human ICOS and OX40 mRNA, has been
described. Here, tandem stem loops containing cis-elements are bound with higher affinity by
Roquin in the presence of NUFIP2 thereby facilitating repression of the mRNA (Rehage et al.,
2018).

Is Roquin-mediated initiation of MRNA degradation the only way of controlling expression of
its targets? As part of this thesis, we identified Roquin to also play a role in controlling
translation, which | studied for its target Nfkbid (Essig et al., 2018). Whether this translational
control mechanism of Roquin is mediated by interaction with translational regulators or by
direct engagement of ribosomal proteins is still unknown and is subject to further

investigations.

1.31.3 Control of Roquin protein expression

As mentioned before, Roquin controls the expression of several essential immune-related
genes encoding for Icos, Ctla-4 or Ox40. During an active immune response, these proteins
must fulfill their functions and need to escape Roquin-mediated repression. Therefore, a

mechanism has evolved to control Roquin protein abundance and allow expression of Roquin-
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targeted genes. Upon stimulation of the TCR with cognate antigen and co-stimulation of CD28
by APCs, the paracaspase MALT1 gets activated and cleaves both Roquin paralogs. Roquin-
1 bears two cleavage sites, whereas for Roquin-2, one cleavage site has been described so
far (Figure 3). T cells treated with the MALT1 inhibitor Mepazine or MALT-1 deficient T cells
as well as T cells with an inactive form of MALT1 are incapable of cleaving Roquin proteins
(Gewies et al., 2014; Jeltsch et al., 2014). However, whether the residing cleavage products
(1-510 or 1-579 aa) that still own the essential ROQ-domain, are functional, has not been
addressed so far. Additionally, in human Jurkat T cells autoregulation of Roquin through its
own 3-UTR has been proposed (Cui et al., 2017). Furthermore, Roquin-1 and Roquin-2-
encoding mRNAs were enriched in pulldown experiments with Roquin-1, whereas both
mRNAs were predicted to contain CDE elements (Leppek et al., 2013). Interestingly, the
endonuclease Regnase-1 is targeted for degradation in a very comparable way and will

therefore be discussed in more detail in the subsequent section.

1.3.2 The endonuclease Regnase-1

Besides Roquin proteins and TTP, the Regnase family proteins are essential regulators of
immune-related mRNAs. Zc3h12a encodes for monocyte chemoattractant protein-1-induced
protein (MCPIP1), which was later, due to its endonucleolytic function, termed Regnase-1. The
initial name MCPIP1 derived from identifying a role as a transcription factor-like protein in
cardiomyocytes upon monocyte chemoattractant protein-1-mediated inflammation (Zhou et al.,
2006). A few years later the kinetic of Regnase-1 expression in murine macrophages was
described as strongly increased upon LPS stimulation. After LPS stimulation, the expression
of Regnase-1 declines again, suggesting that its expression is tightly controlled during an acute
immune response (Matsushita et al., 2009). It is highly abundant in cells of the innate as well
as the adaptive immune system such as macrophages, T and B cells, where it functions in the
degradation of target mRNAs. In addition, several studies investigated the function of
Regnase-1 in non-immune cells and cancer. Regnase-1 was reported to induce apoptosis in
cancer cell lines by degrading mRNAs from anti-apoptotic genes like Bc/2/1, RelB and Bcl3
and controlling neuroblastoma proliferation and survival (Boratyn et al., 2017; Lu et al., 2016).
Moreover, genes involved in fat and iron metabolism are under control of Regnase-1
(Habacher et al., 2016; Yoshinaga et al., 2017). Additionally, its role in targeting viral MRNAs
and restricting HIV-infections has been extensively studied in the past (Lin et al., 2013; Lin et
al., 2014; Liu et al., 2013b). These data support the central role of Regnase-1 in protecting
from infections and cancer in various cell types. However, this thesis will focus on the function

of Regnase-1 in immune cells, especially the T cell subset.
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1.3.21 Regnase-1 mouse models

To study the function of Regnase-1, Zc3h12a” mice were generated independently by two
research groups. Loss of Regnase-1 resulted in a strong autoimmune phenotype characterized
by splenomegaly and lymphadenopathy, multiorgan infiltration of plasma cells and the
production of antibodies of all immunoglobulin subtypes as well as anti-double-stranded DNA
antibodies. On cellular level, Regnase-1-deficient mice develop class-switched B cells and
accumulate highly activated splenic T cells. Macrophages lacking Regnase-1 and stimulated
with LPS revealed increased expression of the cytokines IL-6 and IL-12 (Liang et al., 2010;
Matsushita et al., 2009). In addition, all lymphoid organs are drastically disorganized including
spleen, lymph nodes and thymus (Miao et al., 2013). However, combining Zc3h12a deficiency
with a knockout of either //6 or 1112p40, encoding for IL-12p, did not rescue the phenotype.
Generating mice with conditionally deleted Regnase-1in T cells, revealed that the autoimmune
phenotype in the systemic knockout mice is T-cell intrinsic. Indeed, Zc3h12a™; Cd4-cre mice
have profound hyperactivated T cells, accumulate plasma cells and secrete elevated levels of

all immunoglobulin subtypes and anti-nuclear autoantibodies (Uehata et al., 2013).

1.3.2.2 Domain organization and function of Regnase family members

Next to Regnase-1, the Regnase protein family comprises three additional members:
Regnase-2, Regnase-3 and Regnase-4 encoded by Zc3h12b, Zc3h12c and Zc3h12d,
respectively. By comparing the structural domains of these family members (Figure 5), it
becomes evident that they all share a CCCH-type zinc finger similar to Roquin-1 and Roquin-
2 (Figure 3) (Liang et al., 2008). In addition, all Regnase proteins bear a PilT N-terminal (PIN)-
like RNase domain (NYN domain) that, in Regnase-1, comprises endoribonuclease activity
which is facilitated by a catalytic center composed of magnesium ion complexed by acidic
residues (Asp141, Asp225, Asp226, Asp244 and Asp248) (Xu et al., 2012). This surface is
probably forming an RNA-interaction platform, however the co-crystal structure of Regnase-1
in association with RNA has not been solved, yet (Anantharaman and Aravind, 2006;
Matsushita et al., 2009; Mino et al., 2015).

The physiological role of Regnase-2 is hardly understood whereby cells of the immune system
exhibit only low expression thereof (Liang et al., 2008).

Regnase-3 is involved in vascular inflammation by counteracting inflammatory responses due
to inhibiting the NF-xB pathway and pro-inflammatory gene expression (Liu et al., 2013a). Very
recently, the knowledge about Regnase-3 has been expanded by a study that demonstrates a
role as endonuclease in regulating mRNA degradation of transcripts involved in the IFN-y
pathway and immune homeostasis which is functional complement to Regnase-1. Here the

authors showed that systemic Regnase-3 deficiency causes strong IFN signaling thereby
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suppressing GC formation. Interestingly, Regnase-3 exhibits endonucleolytic function thereby

degrading mRNAs, such as Zc3h12a, localized to endosomes (von Gamm et al., 2019).
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Figure 5| Domain organization of Regnase family proteins.

Schematic representation of the domain organization of Regnase-1, Regnase-2, Regnase-3 and
Regnase-4. All proteins share a PilT N-terminal (PIN)-like RNase domain and a CCCH-type zinc finger
(ZnF), whereas Regnase-1 harbors a C-terminal proline-rich region (PRR) and S435 as well as S439
are sites for phosphorylation (P). Amino acid (aa) positions of the domains are indicated. Black Scissor
symbol represents proven and grey scissor symbols indicate predicted MALT1 cleavage sites.
Structures are adapted from Jeltsch & Heissmeyer, 2016 and Takeuchi, 2017.

Regnase-4 like Regnase-1 exhibits endonucleolytic function thereby regulating gene
expression of /6, lI1b and Tnf via their 3'-UTRs. In addition, interactions between Regnase-1
and -4 have been suggested (Huang et al., 2012; Wawro et al., 2017; Zhang et al., 2015).
However, Regnase-4-deficient mice appear healthy, but stimulation of T cells ex vivo induces
hyperactivation, suggesting a role for Regnase-4 in controlling T cell effector functions
(Minagawa et al., 2014).

It is still unknown whether Regnase family members are functionally redundant, but
differentially expressed, or if they have evolved to fulfill entirely different functions. Sites for
MALT1-targeted cleavage have been predicted for Regnase-2, 3 and 4, but have not been
proven, yet. Therefore, more investigations are required to understand the function of the

Regnase family members 2, 3 and 4 in the immune response.

1.3.2.3 Molecular functions of Regnase-1

In the last years, Regnase-1 has been intensively studied and a variety of molecular functions
have been identified. The PIN-like domain of Regnase-1 allows deubiquitylation by association
with USP10, which in turn negatively regulates NF-«xB by removing polyubiquitylation chains

of the 1kB kinase subunit IKKy or NEMO. Moreover, Regnase-1 removes ubiquitin moieties
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from TRAF proteins by involving the CCCH ZnF thereby negatively regulating JNK and NF-xB
activity. Yet, it is unsolved how this contributes to the function of Regnase-1 (Liang et al., 2010;
Niu et al., 2013). It was additionally suggested that the PIN domain of Regnase-1 has the
capacity to form head-to-tail oligomers, which is mandatory for bona fide RNase activity in vitro
(Yokogawa et al., 2016). The before-mentioned CCCH-zinc finger is highly conserved among
different species and Regnase family member genes and the ZnF of Regnase-1 is engaged in
direct RNA interaction but is not essential for mRNA degradation (Matsushita et al., 2009;
Yokogawa et al., 2016). The C-terminal PRR in Regnase-1 could serve as a protein-protein-
interaction surface as it was reported for other PRR-containing proteins before (Yokogawa et
al., 2016). In accordance, the carboxy terminus in human Regnase-1 enables oligomerization
of multiple Regnase-1 proteins therefore facilitating cleavage of pre-miRNAs and antagonizing
Dicer function (Suzuki et al., 2011). However, a later study claimed that miRNAs are not
targeted for Regnase-1-mediated degradation since Regnase-1 deficient MEF cells did not
show elevated abundance of several miRNAs in comparison to WT MEF cells (Mino et al.,
2015).

As mentioned before, Regnase-1 is capable of recognizing stem loop structures mainly
localized in 3'-UTRs and thus facilitating degradation of its target mMRNAs. These target mRNAs
encode for co-stimulatory receptors like Ox40, Icos and Ctla-4, cytokines like IL-2, IL-6 or IL-
12 or transcription factors such as c-Rel, Irf4 or IkB{ and IxBns. RNA regulation requires the
RNase catalytic center in the PIN-domain of Regnase-1, since a point mutation of Asp141 to
Asn (D141N) abrogates the mRNA degradation capacity (Behrens et al., 2018; Jeltsch et al.,
2014; Mino et al., 2015; Uehata et al., 2013). The degradation of target mMRNAs was reported
to be independent of the CCCH ZnF, but NMR studies showed that the ZnF can indeed bind
116 mMRNA (Yokogawa et al., 2016). Additionally, Regnase-1 directly cleaves circular and linear
116 mRNA, whereas the recognition of a stem loop is mandatory for degradation, indicating that
Regnase-1 acts as an endonuclease (Mino et al., 2015).

On the one hand Regnase-1 facilitates the degradation of its target mMRNAs by direct cleavage
dependent on its RNase catalytic center (Lipert et al., 2017; Matsushita et al., 2009). On the
other hand, Regnase-1 engages with other post-transcriptional gene regulators. The helicase
UPF1, which is essential for the induction of NMD, directly interacts with Regnase-1 and its
helicase activity is critical for Regnase-1-mediated transcript degradation (Mino et al., 2019;
Mino et al., 2015). Not only mRNA degradation, but also inhibition of translation has been
attributed to Regnase-1. A conserved translational silencing element (TSE) in the 3’-UTR of
human Nfkbiz is targeted for degradation by Regnase-1. Here, two highly conserved SL (SL 4
and 5) structures are targeted by Regnase-1 to induce mRNA decay, whereas three tandem
SL structures (SL1-3) are required in addition to SL4 and 5 for translational silencing by

Regnase-1 (Behrens et al., 2018). Interestingly, SL4 and SL5 share sequence and structure
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similarities with the Roquin-targeted CDE element. These findings indicate that Regnase-1
serves a broad spectrum of molecular functions to guarantee post-transcriptional gene

regulation during an acute immune response.

1.3.24 Control of Regnase-1 protein expression

Since the endonuclease Regnase-1 plays important roles in controlling immune responses, its
expression needs to be under tight control to facilitate expression of target genes. In
macrophages, Regnase-1 is phosphorylated at the canonical DSGXXS (Ser435, Ser439)
sequence motif by the inhibitor of transcription factor NF-xB kinase (IKK) complex upon
signaling of TLRs or IL-1R stimulation resulting in ubiquitination and degradation of Regnase-
1 (Figure 5). Interestingly, self-regulation of Regnase-1 has been reported whereby Regnase-
1 targets its own transcript for degradation via a stem loop structure in its 3-UTR (Ilwasaki et
al., 2011; Mino et al., 2015). These mechanisms facilitate a tightly coordinated expression of
Regnase-1 in macrophages and therefore a release of Regnase-1 target genes like //6 from
mRNA degradation. In T cells, TCR stimulation and co-stimulation triggers cleavage of
Regnase-1 by the paracaspase MALT1 at amino acid 111 (Gewies et al., 2014; Jeltsch et al.,
2014; Uehata et al., 2013). Intriguingly, the degradation kinetic is analogous to the cleavage

of Roquin proteins depending on TCR signal strength (Figure 5).

1.3.3 The overlapping functions of Roquin and Regnase-1 in the

control of immune responses

In the previous chapter, the role of the RNA-binding proteins Roquin and Regnase-1 in shaping
the adaptive immune response and how their molecular function is integrated into an efficient
immune response have been discussed. However, by comparing both types of RNA
regulators, it becomes clear that they potentially possess overlapping functions. In T cells, the
protein abundance of both factors is strictly controlled by T cell stimulation, when MALT1
cleaves both proteins, thereby facilitating release of targeted mRNAs. Additionally, target
transcripts of Roquin and Regnase-1 overlap and require a similar stem loop structure for the
recognition of either trans-acting factor. Most interestingly, mice deficient for Roquin paralogs
or Regnase-1 in T cells develop an autoimmune-like phenotype with similar characteristics,
emphasizing their importance in controlling the same steps of T cell biology.

Previously, three publications have discussed the possible overlapping roles of Roquin and
Regnase-1 and whether they are functionally redundant, non-redundant or if they cooperate in

regulating gene expression in immune cells.
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Figure 6| Current models of Roquin- and Regnase-1-mediated gene regulation.

Left side: Jeltsch et al. suggested in 2014 a cooperative gene regulation by Roquin and Regnase-1 in
CDA4 T cells. Here, Roquin and Regnase-1 regulate target mRNAs with similar stem loop structures and
the RNA-binding domain of Roquin is mandatory for mRNA regulation. These target mRNAs involve
genes that encode for co-stimulatory receptors (Ctla-4, Icos, Ox40), cytokines (IL-6, TNF-a),
transcription factors (Irf4, cRel) and modulators of transcription factors (IxBns, 1kB{). Upon TCR
stimulation and co-stimulation, Roquin and Regnase-1 proteins are cleaved by the paracaspase MALT1
and release targeted mRNAs from repression. Right side: Mino and colleagues published in 2017 a
model wherein Roquin and Regnase-1 have spatial-temporally compartmentalized functions. In innate
immune cells, Roquin and Regnase-1 control expression of mRNAs that are induced upon toll-like
receptor (TLR) stimulation. In bone-marrow-derived macrophages, Roquin is located to P-bodies and in
stress granules upon stress induction and regulates translationally-inactive mRNAs by recruiting the
Ccr4-Caf1-NOT deadenylation complex. In contrast to that, Regnase-1 was reported to associate with
ribosomes and controls translationally-active mRNAs by interaction with the helicase UPF1 and other
components of the nonsense-mediated decay pathway.

In 2014, our group identified the first links of a cooperative type of Roquin- and Regnase-1-
mediated gene regulation (Jeltsch et al., 2014) (Figure 6). Briefly, we identified that Roquin
and Regnase-1 control target genes that facilitate Ty17 differentiation including Nfkbid, Nfkbiz,
cRel and Irf4 in a cooperative manner. We found that Roquin-1/2 and Regnase-1 can
downregulate an ICOS-GFP reporter under the control of the Icos, cRel, Ctla4, 1I6 and Irf4 3'-
UTRs with either overexpression of Roquin in Roquin-deficient or Regnase-1 in Regnase-1-
deficient MEF cells. Intriguingly, the repression of a reporter having the CDE of Tnfa was only
efficient in the presence of the other protein. In addition, this cooperative regulation depends
on the RNase activity of Regnase-1 and the RNA-binding capacity of Roquin-1, which we
proved by employing a chimeric construct consisting of the ROQ-domain of Roquin fused to
Regnase-1. MALT1-induced cleavage of Roquin and Regnase-1 is TCR-signal strength

dependent and therefore results in elevated release of Roquin- and Regnase-1 targeted
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genes. Collectively, in this study a cooperative mode of gene regulation by these RBPs is
suggested, whereby Roquin involves its ROQ-domain for identifying SL structures and the
catalytic RNase domain of Regnase-1 is crucial for mediating mRNA degradation.

One year later, the group of Osamu Takeuchi further expanded the knowledge about Roquin
and Regnase-1-mediated gene regulation (Mino et al., 2015) (Figure 6). However, they
suggested a quite different model for post-transcriptional gene regulation.

By performing RNA-immunoprecipitation and sequencing (RIP-Seq) they confirm that Roquin
and Regnase-1 target genes significantly overlap in HeLa cells. Interestingly, they identified
the mRNA of Regnase-1 itself (Zc3h12a) as significantly enriched. Additionally, Regnase-1
predominantly targets py-pu-py triloop stem loops like the CDE and Roquin recognizes SLs in
Tnfa, Nfkbiz, Ptgs2 and /I6 in a comparable manner identified by HITS-CLIP (high-throughput
sequencing of RNA isolated by crosslinking immunoprecipitation). However, they suggest
different subcellular localizations of Roquin and Regnase-1: Here, Regnase-1 localizes to the
rough ER-membrane proposing a role in active translation of membrane or secreted proteins,
whereas Roquin is found at sites of P-bodies and stress granules upon arsenite treatment in
NIH/3T3 mouse cells. In polysomal fractionations, Regnase-1 associates in non-polysomal and
polysomal fractions whereas Roquin was only found in fractions with low ribosomal
abundance. These data were interpreted that Regnase-1 rather controls mRNAs during active
translation and Roquin regulates translationally-inactive transcripts. Additionally, Regnase-1
associates with UPF1, a helicase involved in NMD, and depends on the helicase activity of
UPF1, whereas Roquin functions completely independent of UPF1, supporting two distinct
regulatory mechanisms by Roquin and Regnase-1. Finally, the authors compared the gene
expression of Regnase-1-deficient, Rc3h152"sa" MEF cells and cells with a combined deletion/
point mutation upon LPS treatment. Here, the Regnase-1-deficiency affected genes at early
timepoints of stimulation, whereas Rc3h152"s" impacted gene expression at later timepoints
and the deletion/ point mutation cell line showed an additive and increased expression of the
target genes 116, Tnf and Ptgs2. Together, the authors promoted the concept that Roquin and
Regnase-1 are functioning in a spatial- and temporally compartmentalized way.

A third publication claiming that Regnase-1 and Roquin have non-redundant functions was
released in 2017 (Cui et al., 2017). Here, the authors generated mice combining the
Rc3h1%3"sa" (sanroque) mutation, which is expressed in all cells, with a conditional deletion of
Regnase-1 only in T cells (Zc3h12a"; Cd4-cre) and compared this to either single knockout
or Rc3h1%a"sa" mutant mice. The combined deletion/point mutation mouse mutant showed
hyperactivation of T cells tending to differentiate towards Tu1 shown by high IFN-y production,
increased abundance of B cells producing high immunoglobulin levels and cardiac
inflammation. All analyzed phenotypes were strongest in the combined deletion/point mutation

mouse mutant whereas the single knockout or sanroque point mutant revealed a less severe
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outcome. mRNA-sequencing of isolated T cells of those mice revealed that Ty1-signature
genes like Furin and /l12rb1 are enriched in deletion/ point mutation mice in comparison to
wild-type controls. Here, they claim that the cardiac inflammation seen in deletion/ point
mutation mice could be Tw1-cell related since high IFN-y levels have been reported to promote
fibrosis, however the impact of Tu1 cells in fibrogenesis is still under debate. In addition, the
authors addressed the autoregulation of Zc3h712a and Rc3h1/2 mRNA by Roquin and
Regnase-1 themselves. Regnase-1 controls Rc3h1 and Zc3h12a mRNA expression while
Roquin is not able to regulate Regnase-1-encoding mRNA but can de-stabilize its own
transcript in the human T cell line Jurkat.

In summary, all discussed studies share the overlap of Roquin and Regnase-1 target genes
and regulation of these targets through RNA stem loops that have comparable structural
requirements. Still, the molecular mechanism of Roquin and Regnase-1-mediated gene
regulation in T cells remains open as well as the mutual inhibition and autoregulation of Roquin
and Regnase-1 is contradictory. Moreover, it is unclear how enhanced phenotypes observed
in Re3h1%3"sa: Zc3h12a""; Cd4-cre mice can be interpreted, since these may either result from
nonredundant or cooperative functions in T cells or cooperative effects of Roquin-1 and
Regnase-1 in different cell types. Accordingly, it would be of high interest to combine deletion
of Roquin-1, Roquin-2 and Regnase-1 in the same cells to analyze the phenotypic
consequences of a system lacking these essential RBPs individually and in combination.
Therefore, most of this thesis will focus on analyzing the functional association of Roquin-1,
Roquin-2 and Regnase-1 and whether these essential mMRNA decay factors cooperate in their

target gene regulation and consequently together control autoimmunity.
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2 Aim

The RNA-binding protein Roquin-1 and its paralog Roquin-2 are essential post-transcriptional
regulators of mMRNAs encoding proteins involved in T cell activation and differentiation.
Consequently, mice with a T cell-specific deletion of Roquin-1/2 partially phenocopy the severe
autoimmune disease of mice with a single point mutation in Roquin-1 (M199R). Roquin
proteins mediate MRNA degradation of target mRNAs by interacting with secondary stem loop
structures, the so-called constitutive decay elements (CDE), in 3'-UTRs. However, in the recent
years more and more concepts of Roquin-mediated gene regulation have been proposed,
suggesting a complex, cooperative network of gene regulation. The aim of this PhD thesis is
to unravel the cooperative function of Roquin proteins in controlling mRNA degradation of
immune-related mRNAs.

In the first part of this thesis, the cooperation of multiple Roquin proteins on the prototypical
Roquin targets Ox40 and Nfkbid, that encode essential factors in CD4 T helper cell fate
decisions, were studied in detail. This first required a structural and conservational analysis of
cis-regulatory elements in the 3'-UTRs of Ox40 and Nfkbid to identify potential new Roquin
binding sites. A detailed and complex mutational analysis of Roquin binding secondary
structure elements of the Nfkbid and Ox40 3'-UTRs should uncover a potential cooperativity of
multiple Roquin proteins on these prototypical Roquin targets.

The concept of a cooperative gene regulation by Roquin was further extended in the second
part of this thesis, which focused on the cooperative gene regulation with the endonuclease
Regnase-1. The starting point of this project were the investigations by Jeltsch and colleagues
in 2014 who discovered that Roquin and Regnase-1 have overlapping target mMRNAs and thus
might cooperate in their target gene regulation. The finding that TCR signaling triggers
cleavage of both Roquin and Regnase-1 proteins by the paracaspase MALT1 further
strengthened this concept. Studies on mouse embryonic fibroblasts with overexpression of
Roquin and Regnase-1 confirmed a possible cooperativity in this cell system. However,
whether the cooperative regulation is true in CD4 T cells was not proven yet, since further
conceptual models were proposed by different groups that rather suggest redundancy and a
spatially- and temporally-distinct gene regulation by Roquin and Regnase-1 in immune cells
(Cui et al., 2017; Mino et al., 2015). Since deficiency of Roquin proteins and Regnase-1in T
cells caused similar autoimmune-like phenotypes in mice, we generated conditional triple-
knockout mice of Roquin-1/2 and Regnase-1 in T cells to identify potential overlapping
functions of Roquin and Regnase-1 in controlling autoimmunity. Comparative analysis of all

three genotypes should uncover cooperative functions of Roquin and Regnase-1. To further
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prove if the phenotypes identified in the conditionally deleted mice are cell-intrinsic, mixed bone
marrow chimeric mice were generated with bone marrow from wild-type mice and mice
conditionally deleted for Roquin and Regnase-1in T cells.

To identify if the autoimmune phenotype of these mice is a consequence of an altered RNA
expression profile of T cells lacking Roquin and Regnase-1, we performed mRNA-sequencing
in CD4 T cells deficient for Roquin-1 and Roquin-2, Regnase-1 and all three genes and
compared the differential gene expression pattern. Additionally, reconstitution assays with
Roquin or Regnase-1 overexpression on selected target genes in CD4 T cells should help to
strengthen the concept of cooperativity. Finally, the physical interaction, which is most likely a

requirement for cooperativity, should be tested by co-immunoprecipitation experiments.
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3 Material and Methods
3.1 Material
3.1.1 Mice

Rc3h1/2" mice are transgenic for the Roquin-1-encoding gene Rc3h1 harboring loxP-sites
flanking exon 4 to 6 (Bertossi et al., 2011) as well as the Roquin-2-encoding gene Rc3h2 with
loxP-flanked exon 4 (Vogel et al., 2013). Zc3h12a™ mice have loxP-sites flanking exon 3 of
the Regnase-1-encoding gene Zc3h12a (Li et al., 2017). Transgenic Rc3h1/2 " mice were
crossed to Zc3h12a™ mice to reach the final genotype of Rc3h1/2"; Zc3h12a" resulting in
six floxed alleles in Rc3h1, Re3h2 and Zc3h12a.

3 4 5 6
4—p—B—BB-P/ Resnt™
loxP loxP

3 4 5 6
+B—p—BP)B-B—// Rosn2m
loxP loxP
1 2 3 456
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Figure 7| Schematic representation of genetically modified alleles of Rc3h1, Rc3h2 and Zc3h12a.
Schematic representation of targeting strategy in Rc3h1, Rc3h2 and Zc3h12a and position of loxP-
flanked sites within the respective genes.

Mice with loxP-flanked genes were crossed to either Cd4-Cre (Lee et al., 2001; Sawada et al.,
1994) or Cd4-CreERT2 (Sledzinska et al., 2013) mice to induce recombination of genes. Cd4-
cre is a transgene that drives Cre recombinase expression under the Cd4 promoter allowing
conditional deletion in the T cell lineage. In Cd4-CreERT2 transgenic mice, Cre recombinase
is fused to estrogen-receptor 2 (ERT2) and is expressed under the CD4 promoter, which
induces deletion exclusively in the CD4 T cell subsets by treatment with 4’OH-tamoxifen. In
this study this system was used to induce deletion of loxP-flanked alleles either in vitro for 24h
with 4’0OH-tamoxifen or in vivo in mice by oral administration of tamoxifen.

Rc3h1/2", Cd4-creERT2; tTA-M2 mice were generated by crossing Re3h1/2""; Cd4-creERT2
mice with Gt(ROSA)265tm(MTAM2)Jae (Hochedlinger et al., 2005). These mice allow expression
of an optimized form of reverse tetracycline-controlled transactivator (rtTA-M2) protein, which

is compatible with doxycycline-inducible studies utilizing rtTA/tet-ON systems. In this study,
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CDA4 T cells isolated from these rtTA-expressing mice were in vitro retrovirally transduced with
a pRetroXTight vector (Takara Clontech) to express a gene of interest under the control of
Pright, @ modified Tet-responsive promoter that is blocked in the presence of rtTA-M2 and
transcription can be induced by administration of doxycycline. All mice were bred on a C57/BI6
background and housed in a special pathogen-free barrier facility at Helmholtz Zentrum
Minchen or Biomedical Center Munich in accordance with the Helmholtz Zentrum Minchen

and Biochemical Center Munich institutional, state and federal guidelines.

Table 1| Mouse lines utilized in this thesis.

Mouse line Name
Cd4-cre WT
Cd4-creERT2 WT
Rc3h1/2"1: tTA-M2 WT, tTA
Rc3h1/2"%: Cd4-cre DKOT
Rc3h1/2"": Cd4-creERT2 iDKO
Rc3h1/2"": Cd4-creERT2; tTA-M2 iDKO, rtTA
Rc3h1/2""- Ze3h12a™""; Cd4-cre TKOT
Rc3h1/2"%: Zc3h12a": Cd4-creERT2 iTKO
Zc3h12a™: Cd4-cre KOT
Zc3h12a"M: Cd4-creERT2 iKO
3.1.2 Cell Culture and cell lines

Rc3h1/2 " creERT2 mouse embryonic fibroblasts (MEF) were generated from Rc3h1/2 "M
creERT2 mice (Vogel et al., 2013) and Rc3h1/2 MEF cells were generated from Rc3h1/2 "
mice stably transduced with Cre recombinase to delete the respective exons (Table 1).

To produce Rc3h1/2 ; tTA3 MEF cells, Rc3h1/2 - MEFs were stably transduced with a
retrovirus encoding rtTA3 (Table 2). Media used for cultivating cell lines (DMEM supplemented
with 10% FCS, 1% Pen-Strep and 1% HEPES) and primary T cells (DMEM supplemented with
10% FCS, 1% Pen-Strep, 1% HEPES, 1% non-essential amino acids and B-Mercaptoethanol)

are described in Table 3.

Table 2| Cell lines utilized in this study.

Cell Line

Species

HEK293

Homo sapiens

Rc3h1/2™ creERT2 MEF

Mus musculus

Rc3h1/2 7, tTA3 MEF

Mus musculus
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Table 3 | Cell Culture components and media for mouse embryonic fibroblast (MEF) and T cell

culture.

MEF cell culture medium

Supplier

DMEM (Dulbecco’s modified eagle medium + 4,5 g/l D-
Glucose + L-Glutamine + Pyruvate)

Thermo Fisher Scientific

10% FCS

PAN Biotech

1% Penicillin-Streptomycin (10.000 U/ml)

Thermo Fisher Scientific

1% HEPES-Buffer pH 7.4 (1 M)

Thermo Fisher Scientific

T cell culture medium

Supplier

DMEM (Dulbecco’s modified eagle medium + 4,5 g/l D-
Glucose + L-Glutamine + Pyruvate)

Thermo Fisher Scientific

10% FCS

PAN Biotech

1% Penicillin-Streptomycin (10.000 U/ml)

Thermo Fisher Scientific

1% HEPES-Buffer pH 7.4 (1M)

Thermo Fisher Scientific

1 mM B-Mercaptoethanol (50 mM)

Sigma-Aldrich

1x MEM non-essential amino acids (100x)

Thermo Fisher Scientific

3.1.3 Oligonucleotides

Oligonucleotides were purchased from MWG Eurofins or IDT DNA. DNA Oligonucleotides

were salt-free purified and oligonucleotides used in real-time qPCR were HPLC-purified.

Table 4| DNA oligonucleotides for cloning.
Mutations inserted by QuikChange Il XL Site directed mutagenesis are shown in bold letters.

Nfkbid SL1 LM for

Name Sequence (5' - 3") Application
Nfkbid(1-263) for GACCGAAACCCAGAACCTGGAC cloning
Nfkbid(1-263) rev CTAGAGTGTTTCACAGAAACAATCAAG- cloning
Nfkbid(1-559) for TAGCTACAGGGATACACAGACCAA cloning
Nfkbid(1-559) rev TGAGGCCAAATTGAGTTTAATTGG cloning
Nfkbid(1-410) for ATCGATGGACCGAAACCCAGAACCTG cloning
Nfkbid(1-410) rev GGCCTTAATGGCCTCTCAGGGGTGTGGGTCC cloning
Nfkbid(112-559) for ATCGATGAGGGTCTTACATTAAAACTCCA cloning
Nikbid(112-559) rev gGCCTTAATGGCCTGAGGCCAAATTGAGTTTAAT cloning
Nfkbid(209-559) for ATCGATGCTAGGTGATTTCTGTGAAATC cloning
Nikbid(209-559) rev ?gCCTTAATGGCCTGAGGCCAAATTGAGTTTAAT cloning
AAACCCAGAACCTGGACTGCAAAAACAGTCCCC | QC

ACCGTCCCGTG

mutagenesis

Nfkbid SL1 LM rev

CACGGGACGGTGGGGACTGTTTTTGCAGTCCAG
GTTCTGGGTTT

QC
mutagenesis

Nfkbid SL2 LM for

ACTGATTTTCCAGTCCCCACGCAGGGGTGGGAC
AGTC AGCGTATGCT

QC
mutagenesis

Nfkbid SL2 LM rev

AGCATACGCTGACTGTCCCACCCCTGCGTGGGG
ACTGGAAAATCAGTC

QC
mutagenesis

Nfkbid SL3 LM for

TATCCTGCCATTAGGGTCTTAACGTAAAACTCCA
AAGTGGCACGGG

QC
mutagenesis

Nfkbid SL3 LM rev

CCCGTGCCACTTTGGAGTTTTACGTTAAGACCCT
AATGGCAGGATAT

QC
mutagenesis

Nfkbid SL4 LM for

GGGAGGTGAGCAGTCTCCAAACATTGGGGTCTG
TGACAC

QC
mutagenesis

Nfkbid SL4 LM for

GTGTCACAGACCCCAATGTTTGGAGACTGCTCAC
CTCCC

QC
mutagenesis
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Nfkbid SL5 LM for

AGGGGCTTTCTAGGTGATTTCGTGGAAATCGAGC
CCACTTGATTG

QC
mutagenesis

Nfkbid SL5 LM rev

CAATCAAGTGGGCTCGATTTCCACGAAATCACCT
AGAAAGCCCCT

QC
mutagenesis

Nfkbid SL6 LM for

TCGAGCCCACTTGATTGTTTCACAGAAACACTCT
AGGGCCATTAA

QC
mutagenesis

Nfkbid SL6 LM rev

TTAATGGCCCTAGAGTGTTTCTGTGAAACAATCA
AGTGGGCTCGA

QC
mutagenesis

Nfkbid SL1 SM for

ACCGAAACCCAGAACCTGCTGTGATTTTCCAGTC
CCCA

QC
mutagenesis

Nfkbid SL1 SM rev

CGTGGGGACTGGAAAATCACAGCAGGTTCTGGG
TTTCGGT

QC
mutagenesis

Nfkbid SL2 SM for

ACTGATTTTCCAGTCCGGTCCGTCCCGTGGGAC
AG

QC
mutagenesis

Nfkbid SL2 SM rev

CTGTCCCACGGGACGGACCGGACTGGAAAATCA
GT

QC
mutagenesis

Nfkbid SL3 SM for

AATATATGTGTAATATCCTGCAAACCTCATCTTAC
ATTAAAACTCCAAAG

QC
mutagenesis

Nfkbid SL3 SM rev

CTTTGGAGTTTTAATGTAAGATGAGGTTTGCAGG
ATATTACACATATATT

QC
mutagenesis

Nfkbid SL4 SM for

AGTGGCACGGGGGGGAGGTGATGTCTGGGCAA
TATTTGGGGTCTGTGACA

QC
mutagenesis

Nfkbid SL4 SM rev

TGTCACAGACCCCAAATATTGCCCAGACATCACC
TCCCCCCCGTGCCACT

QC
mutagenesis

Nfkbid SL5 SM for

CTACAAGGGGCTTTCTAGGTCTATTCTGTGAAAT
CGAGCCCAC

QC
mutagenesis

Nfkbid SL5 SM rev

GTGGGCTCGATTTCACAGAATAGACCTAGAAAGC
CCCTTGTAG

QC
mutagenesis

Nfkbid SL6 SM for

CTGTGAAATCGAGCCCACTTGATACATTCTGTGA
AACACTCTAGGG

QC
mutagenesis

Nfkbid SL6 SM rev

CCCTAGAGTGTTTCACAGAATGTATCAAGTGGGC
TCGATTTCACAG

QC
mutagenesis

Nfkbid SL1 hexa-tri LM for

CCAGAACCTGGACTGTGTCAGTCCCCACCGTCC

QC
mutagenesis

Nfkbid SL1 hexa-tri LM rev

5GGACGGTGGGGACTGACACAGTCCAGGTTCTG
G

QC
mutagenesis

Nfkbid SL2 hexa-tri LM for

CCAGTCCCCACTGTGTGGGACAGTC

QC
mutagenesis

Nfkbid SL2 hexa-tri LM rev

CAGTGTCCCACACAGTGGGGACTGG

QC
mutagenesis

Nfkbid SL5 tri-hexa LM for

GGGCTTTCTAGGTGATTTCATTTTCGAAATCGAG
CCCACTTGAT

QC
mutagenesis

Nfkbid SL5 tri-hexa LM rev

ATCAAGTGGGCTCGATTTCGAAAATGAAATCACC
TAGAAAGCCC

QC
mutagenesis

Nfkbid SL1 Reverse Stem
Mutation for

CCAGAACCTGCTGTGATTTTCCACAGCCCACCGT
CCCG

QC
mutagenesis

Nfkbid SL1 Reverse Stem
Mutation rev

CGGGACGGTGGGCTGTGGAAAATCACAGCAGGT
TCTGG

QC
mutagenesis

Nfkbid SL2 Reverse Stem
Mutation for

GTCCGGTCCGTCCCGACCGACAGTCAGCGTATG

QC
mutagenesis

Nfkbid SL2 Reverse Stem
Mutation rev

CATACGCTGACTGTGGGACGGGACGGTCCCGAC

QC
mutagenesis

Nfkbid SL5 Reverse Stem
Mutation for

AAGGGGCTTTCTAGGTCTATTCTGTGAATAGGAG
CCCACTTGATTG

QC
mutagenesis

Nfkbid SL5 Reverse Stem
Mutation rev

CAATCAAGTGGGCTCCTATTCACAGAATAGACCT
AGAAAGCCCCTT

QC
mutagenesis

Nfkbid boxB (1-263)
Gibson Cloning Insert for

TCCACTGTGGAATTCGCCCTTCGATGGACCGAA

Gibson
cloning
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Nfkbid boxB (1-263) Gibson Gibson
Cloning Insert rev GCTGGGTCGAATTCGCCCTTGGCCTTAATGGCC cloning
Nfkbid boxB (1-263) Gibson
Gibson Cloning vector for CGAATTCGACCCAGCTTTCTTGT cloning
Nfkbid boxB (1-263) Gibson
Gibson Cloning vector rev GAATTCCACAGTGGATATCAAGC cloning
AN-Roquin-p2A- GGCGGCTCAGGCGGCCCTGTACAAGCTCCACAA | Gibson
mCherry cloning insert for TGG cloning
AN-Roquin-p2A-mCherry GGCTCCGGAACCTGAGGGAGCAGAATTGGAAAC | Gibson
cloning insert rev AACTC cloning
AN-Roquin-p2A-mCherry Gibson
cloning vector for TCAGGTTCCGGAGCCACGAA cloning
AN-Roquin-p2A-mCherry Gibson
cloning vector rev GCCGCCTEAGCCGLCT cloning
Nfkbid boxB (283-559) AA 2 Gibson
Gibson Cloning Vector for CTTGTAC GTGGTTCGATGACGG cloning
Nfkbid boxB (283-559) Gibson
Gibson Cloning Vector rev TTACTTGTACAGCTCGTCCATGCCG cloning

CATGTTGTTCAGCTCCTCGCCAGAGCCTCCTGCT | QC

mutagenesis

Roquin-1 Y250A rev

TTGAAGCAGGAGGCTCTGGCGAGGAGCTGAACA
ACATG

QC
mutagenesis
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Table 5 | DNA oligonucleotides and probes from the Universal Probe Library (UPL) system
(Roche) used for RT