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1. Abstract

Gene expression in immune responses is a highly complex and well-orchestrated process. An
altered regulation of gene transcription may lead to disease. Despite extensive studies over
the last decades, transcription regulation remains incompletely understood. In particular,
mechanisms that quantitively regulate the transcriptional output remain underexplored.
The kinases CDK8 and CDK19 can reversibly associate with the versatile Mediator complex, a
key component of the transcription machinery, and were lately revealed as key regulators in
transcriptional regulation. The effects of CDK8 are broad and range from changes in
chromatin to phosphorylation of transcription factors such as STAT1. Recent research of our
lab disambiguated the roles of CDK8 and its paralog CDK19 in IFN-y-driven immune
responses. Both kinases were regulating the quantity of transcription of IFN-y target genes.
However, as both of them either up or downregulate a large subset of genes, the exact
mechanisms underlying the effects of CDK8 and CDK19 remain elusive.

In this study we confirmed that CDK8 is the key driver of IFN-y-induced phosphorylation of
STAT1 at S727 in MEFs. We further confirmed that pharmacological inhibition of the
mediator kinase function results in lower induction of the IFN-y target genes Irf1 and Gbp2.
A flexible cell-based system combining mediator kinase inhibition with an inducible CDK8
knockout was optimized for ChIP experiments. Subsequently, ChIP experiments probing the
occupancy of STAT1, total RNA polymerase Il (Pol ), Ser 2-phosphorylated (pS2) Pol Il and
Ser 5-phosphorylated (pS5) Pol Il were conducted. Our data suggests that mediator kinase
activity regulates pS5 Pol Il abundance in the gene body of the IFN-y target gene Irf1 and Pol
Il abundance at GAS of Gbp2. Future work employing ChIP-Seq experiments will provide a
broader and more detailed understanding of the role of the mediator kinases in IFN-y-

regulated transcription.



2. Introduction

2.1 Interferons

The immune system is a host defense system relying on well-structured biological processes
within an organism that protects against disease upon different pathogenic stimuli like
viruses, bacteria and other harmful foreign substances. These processes are orchestrated by
small soluble peptides called cytokines which are produced by a variety of cells of the innate
and adaptive immunity. Cytokines play a crucial role in cell signaling and
immunomodulation and have been shown to be involved in autocrine, paracrine and
endocrine signaling. Upon encounter of a pathogen with a host cell, pathogen-associated
molecular patterns (PAMPs) are recognized by pattern recognition receptors (PRRs) on the
host cell surface®. PRRs can be found either in the cytosol or associated with cellular or
endosomal membranes. They can be divided into four major sub families: The Toll-like
receptors (TLRs), the nucleotide-binding oligomerization domain (NOD) — Leucin Rich
Repeats (LRR) — containing receptors (NLR), the retinoic acid-inducible gene 1 (RIG-1) — like
receptors (RLRs), and the C-type lectin receptors (CLRs)?3.

The interaction of the PRRs with PAMPs activates the innate immune response against
pathogenic agents and further leads to the establishment of a strong adaptive immune
response.

Interferons (IFNs) belong to the family of cytokines and are considered being pro-
inflammatory. Based on the type of receptors through which they signal, they have been
classified into three major types: Type | IFNs (IFN-a, IFN-B, IFN-6, IFN-k, IFN-g, IFN-T, IFN-w),
Type Il IFNs (IFN-y) and Type Il IFNs (IFN-A1/A2/A3/A4)%>. All three classes are considered
antiviral and antibacterial agents and exhibit immunomodulatory properties. However, the
interferon production must be tightly controlled as an over-production of them would cause
excessive inflammatory responses and host injury, leading to interferonopathies.
Interferonopathies are an expanding group of complex genetic disorders characterized by

disturbance of homeostasis due to overexpression of IFNs®.



2.1.1 Type | Interferons — relevance, production and signaling

Each type | IFN is encoded by a single gene with the exception of IFN-a, which comprises 13
subtypes in humans’. While IFN-a/p are the best understood type | IFNs and can be
produced by almost all somatic nucleated cells, specialized immune cells known as
plasmacytoid dendritic cells produce the vast majority of IFN-a’.

The production of IFN-a/B is triggered by association of PAMPs with either cytosolic or
membrane bound PRRs during an infection. The cytosolic PRRs include the RNA helicase RIG-
| and the melanoma differentiation-associated gene 5 (MDAS5). They can recognize RNA and
are highly associated with type | IFN induction®. Likewise, some receptors like the DNA-
dependent activator of IFN-regulatory factors (DAI), the DEAD box helicases and the
cytosolic GAMP synthase (cGAS) recognize DNA motifs in the cytosol and are also tightly
linked to type | IFN production®. Finally, NOD1 and NOD2, two members of the NLR-family,
recognize nucleic acids and other ligands in the cytosol as well and are therefore also leading
to IFN-o/B production?®.

In addition to the above mentioned cytosolic receptors, PAMPs can also be detected outside
of cells via TLR-4, which recognizes LPS, or in the endosome via TLR-3/7/8/9 to activate

pathways that lead to IFN-a/B
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production (Figure 1)%°. Downstream of the above mentioned receptors, the expression of
IFN-a/B is induced by the activation of certain transcription factors, including interferon
regulatory factors (IRFs), NF-kB and AP-1%°. The most fundamental IRFs to induce type | IFN
expression are IRF3 and IRF7. The initial transcription of the IFN-a/B genes totally relies on
IRF3. This event, in turn, triggers transcription of IRF7, which orchestrates a positive
feedforward loop?®. This results in a second, strong wave of IFN-a/B gene expression. NF-kB is
most likely required as a cofactor for IRF3 and IRF7 in this pathway. The main driver kinases
in the type | IFN pathway are IkB-kinase-¢ (IKKe) and TANK-binding kinase 1 (TBK1), as they
phosphorylate IRF3 and IRF7%11,

A key sensor causing type | IFN production is the cyclic GMP-AMP synthase (cGAS). It is
capable of recognizing DNA of either pathogenic or self-origin. Upon binding to double-
stranded DNA, cGAS catalyzes the synthesis of a cyclic dinucleotide (referred to as cGAMP)
from the precursor molecules ATP and GTP. This dinucleotide in turn stimulates the sensor
STING, which induces the recruitment of the protein kinase TBK1 and IRF3. Phosphorylation
of IRF3 by TBK1 promotes oligomerization of IRF3, followed by its translocation to the
nucleus where it activates expression of the IFN-a/B genes together with the co-factor
NFkB12-14,

The RNA sensor RIG-I signals through the adaptor mitochondrial antiviral signaling protein
(MAVS) to activate TBK1%. TLR3 and TLR4 use the well-known adaptor TRIF, TLR7 and TLR9
the myeloid differentiation primary response protein 88 (MYD88) to activate TBK11®,

Once IFN-a/B are produced, they can trigger an immune response by binding a
transmembrane receptor termed IFN-a/B receptor (IFNAR) comprising of two subunits
IFNAR1 and IFNAR2 (Figure 2). The two distinct kinases tyrosine kinase 1 (Tyk1) and Janus
kinase 1 (Jak1) are associated with IFNAR1 and IFNAR2, respectively?’. Upon binding of IFN-
o/B, the receptor dimerizes and the receptor-associated kinases undergo cross-
phosphorylation which causes their activation'’. The activated kinases further phosphorylate
the receptor to promote dimerization of STAT1 and STAT2 via phosphorylation of tyrosine
701. The new formed dimeric molecule is able to translocate to the nucleus and associates
with IRF9 to form a trimolecular complex called interferon-stimulated gene factor 3
(ISGF3)Y. This complex binds to IFN-stimulated response elements (ISRE) on the DNA and
promotes expression of several hundred interferon stimulated genes (ISGs) which allow the

cell to establish an anti-viral state8.



In addition to the STAT1-STAT2 heterodimer being formed in response to type | IFNs, other
cytokines can cause formation of the STAT1-STAT1 homodimer and the STAT3-STAT3
homodimer. Although both of them bind to gamma-activated sequences (GASs), the STAT1-
STAT1 homodimer acts as a pro-inflammatory complex, whereas the STAT3-STAT3
homodimer indirectly suppresses pro-inflammatory gene expression by the induction of as-

yet_unknown repressorsg'”. Figure 2 Downstream signaling of type |
interferons during infection
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Type | IFNs have a pronounced impact on the development of innate and adaptive immune
responses. To confirm the impact of type | IFNs on the innate immunity, it was shown that
murine dendritic cells (DCs) undergo phenotypic maturation upon exposure to type | IFNs in
vivo and in vitro'®. DCs derived from the bone marrow of mice lacking a receptor for type |
IFNs showed reduced surface expression of costimulatory molecules and an impaired ability
to stimulate naive T-cell proliferation®®.

Type | IFNs have also been shown to aid clonal expansion and effector functions of CD8* T-
cells as well as facilitate gene expression relevant for CD8* T-cell differentiation?®.

Previous reports also suggested, that type | IFNs affects B-cells only through their effects on
DCs, yet it was shown that B-cells are in fact direct targets of type | IFN-mediated

activation?0.



2.1.2 Type Il Interferons - relevance, production and signaling

Interferon gamma (IFN-y) is the only member of the type Il IFN family and a cytokine that is
critical for both innate and adaptive immunity against viral and bacterial infections?..
Contrary to the type | IFN family, whose members get produced by almost all somatic
nucleated cells, only NK cells, CD4*Th1 T-cells and some CD8* cells contribute to the
production of IFN-y. While under certain in vitro conditions in the early immune response,
IFN-y mRNA transcripts and protein can also be found in the macrophage lineage and in
dendritic cells, they do not appear to be relevant IFN-y producers in vivo?2. Naive CD4*and
CD8* T-cells can transcribe the gene encoding for INF-y in a maturation process, dependent
on certain transcription factors and chromatin topology within the Ifng locus?3. Antigen
presenting cells (APCs) can recognize PAMPs by membrane bound PRRs?*. This activates the
expression and secretion of IFN-y by NK cells. Additionally, other cytokines like IL-18, TNF-a
and type | IFNs are also known to be potent activators of IFN-y synthesis?>. Once IFN-y is
secreted, it can mount an immune response by binding its transmembrane IFN-y receptor
(IFNRG) comprising of two subunits IFNGR1 and IFNGR2 (Figure 3)%°. Two phospho-tyrosine-
kinases, termed Janus kinase 1 (Jak1l) and Janus kinase 2 (Jak2) are tightly associated with
IFNGR1 and IFNGR2, respectively. Upon binding of the cytokine, the receptor dimerizes and
the two kinases cross-phosphorylate themselves. This leads to recruitment of STAT1 into
close proximity of Jak2, which in turn catalyzes phosphorylation of STAT1 on tyrosine residue
701 (Y701 STAT1)?6. This event leads to formation of STAT1-STAT1 homodimers that are able
to translocate to the nucleus where they bind gamma activated sites (GASs, TTTCCNGGAA)
on the DNA. Consequently, this drives expression of a set of primary and secondary response
genes to establish an anti-pathogenic state in the cell?®.

It is important to note that the cyclin-dependent kinase 8 (CDK8) was shown to
phosphorylate STAT1 within the regulatory trans-activation domain (TAD) on S727. This
CDK8-mediated STAT1 phosphorylation positively or negatively regulated over 40 % of IFN-y-
responsive genes?’.

Nonetheless, full-fledged activation of STAT1 requires phosphorylation on both tyrosine 701
and serine 727%8. However, S727 phosphorylation can also be promoted independently of
CDKS8 by the p38 mitogen-activated kinase upon treatment with stress inducing agents like

LPS, TNF-a or UV irradiation?®.



NK cells constitutively express basal levels of IFN-y mRNA, allowing for rapid secretion of the

potent cytokine in case of infection. To fine tune the NK cell response, a complex network of

activation and inhibition receptors underlies this cell system. Activating receptors can bind

to molecules mostly found on infected and damaged cells. The inhibitor receptors

counteract the activating receptors and prevent the NK cell from damaging healthy cells,

establishing a precisely regulated system. The inhibitory receptors contain immunoreceptor

tyrosine-based inhibitory motifs (ITIMs) that can signal via certain phosphatases like SH2-

containing protein tyrosine phosphatase 2 (Shp2) to interfere with intracellular kinase

signaling®. Like all cytokines, IFN-y shows strong immunomodulatory effects by upregulating

both classes of major histocompatibility complexes (MHC) and activating macrophages by

enhancing their phagocytosis. It is also able to control the differentiation of CD4* cells into

Th1 effector cells®°. Despite the beneficial aspects of IFN-y, an excess of the cytokine has

been associated with severe diseases like inflammatory bowel disease3’.
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2.2 Eukaryotic transcription

Eukaryotes have three different types of RNA polymerases, each having distinct roles and
properties. One of the members of the family is the RNA polymerase Il (RNA Pol II), which

transcribes protein-coding genes most non-coding RNAs such as micro RNAs (miRNAs), small
nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs)®32, The RNA polymerase |

transcribes ribosomal RNA (rRNA), the RNA Polymerase Ill transcribes transfer RNA (tRNA)
and 5S rRNA, making them both of crucial importance for ribosome biogenesis and
translation32. The above-mentioned properties make the enzymes an indispensable part of
the cell, as it allows for quick adaptation to changes in the environment. The process of

transcription is tightly regulated and will be elaborated in the next chapters.
2.2.1 Initiation and promoter escape

Initiation of transcription is a well-structured regulated process, ranging from the formation
of the pre-initiation complex (PIC) up to productive elongation of RNA Pol Il (Figure 4). The
core promoter, a region in the immediate vicinity of the transcription start site (TSS) of
protein-coding genes displays a highly conserved sequence termed the TATA-box (5°-
TATAWAWAR-3")33, This consensus sequence is recognized by the TATA-binding protein
(TBP) which is, next to TBP-associated factors (TAFs), part of a multiprotein general
transcription factor called TFIID. Subsequently, the protein TFIIA associates with the
upstream region of the TATA-box, leading to stabilization of the DNA-TFIID complex33.
Nonetheless, it was shown that the presence of TFIIA is not required for basal levels of
transcription. TFIIB then enters the complex through bipartite interaction with both TBP and
DNA to create a binding-hub for the RNA polymerase Il — TFIIF complex3. TFIIB positions
RNA pol Il near the transcription start site (TSS) whereas TFIIF prevents unwanted
interactions and aids TFIIA in stabilizing the macromolecular complex3°. To facilitate the
transition from the core PIC (RNA polymerase Il — TFIIA/B/F-complex) to the closed PIC,
addition of TFIIE and TFIIH is necessary. TFIIE recruits TFIIH to the PIC, stimulates the DNA-
dependent ATPase activity of TFIIH and is thought to be involved in DNA melting at the
promoter3®. TFIIH possesses many subunits, of which some have been shown to be involved
in processes other than transcription. Important ones are the ATPase XPB, helicase XPD and
the kinase module CDK/-Cyclin-H-MAT137. The ATPase XPB subunit enables, together with

the helicase XPD, ATP-dependent opening of the promoter DNA at the transcription start site
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and is therefore of vital importance in the process of
transcriptional initiation and formation of the so-called open
PIC38. RNA pol Il can now initiate transcription, but has to break
contacts with the PIC in a process called promoter escape. RNA
pol Il promoter escape occurs after 12-13 base pairs (bps)
downstream of TSS and is heavily supported through
mechanisms involving CDK7-dependent phosphorylation of
RNA pol Il C-terminal domain (CTD) on S5 (Figure 5)38. The CTD
of RNA pol Il contains 52 heptad repeats of the general
consensus sequence Y1-S2-P3-T4-55-P6-S7 3839, Following
promoter escape, RNA pol Il pauses after generating a
transcript of 20-60%° bases in length. This pausing serves as an
important mechanism to regulate general transcription in
terms of timing and magnitude3, It has been shown that
selective inhibition of the TFIIH-associated kinase CDK7 leads
to a strong increase in promoter-proximal pausing at many
genes3®41, In addition, the DRB sensitivity inducing factor (DSIF)
complex is a well-established regulator of proximal promoter
pausing as well*?. Moreover, the important regulatory complex
of RNA pol Il, called negative elongation factor (NELF),
comprising of four subunits, helps together with DSIF to
stabilize RNA pol Il during pausing®®#2. However, recent data
suggest that NELF might regulate other transcription steps
than RNA pol Il pausing. Instead, new findings indicate that
TFIID is the key factor in the establishment of paused RNA pol
114344, | atest research revealed the cyclin dependent kinase 8
(CDKS8) as a negative regulator in polymerase Il pausing, as it
promotes pause release during the IFN-y response® . CDK8 will
be subject to further analysis in chapter 2.4. In addition, it is
worth mentioning that the Mediator complex stabilizes and

regulates the entire PIC assembly.



2.2.2 Elongation

The positive transcription elongation factor B (P-TEFb) is required to counteract the effects
of negative elongation factors and allows the polymerase to shift its state towards
productive elongation*®. P-TEFb contains a CDK9 catalytic subunit with the corresponding
cyclin T1 or T2%, It acts, like CDK7, on the CTD of RNA pol Il and phosphorylates S2 as well as
DSIF and NELF (Figure 5). This leads to reversion of the negative effects caused by DSIF and
NELF and allow RNA pol Il to enter the productive elongation state*®. The transcript cleavage
stimulatory factor (TFIIS) is necessary to rescue RNA pol Il from an arrested state, a
phenomenon that can occur during productive elongation. It does so by endonucleolytically
cleaving the nascent RNA and generating a new 3" - end that is properly aligned with the

catalytic site*®47,

pre-initiating initiating elongating terminating
RNAPII RNAPII RNAPII RNAPII
5 promotor coding region i‘ 3

Figure 5 Schematic simplified view of CTD-phosphorylation of RNA polymerase Il during transcription

S5 phosphorylation is catalyzed by CDK7, which supports promoter escape and shift towards productive elongation during
transcription. S2 phosphorylation is catalyzed by CDK9, a subunit of P-TEFb. The S2 phosphorylated form of the RNA pol I,
together with several other elongation transcription factors seem to result in more efficient recognition, cleavage and
polyadenylation of mMRNA and is more situated towards the end of transcription3®.

Coupled to the elongation, other important events like capping, polyadenylation and splicing
ensure the proper expression of a certain gene. The capping of the 5'- ends of nascent pre-
mRNAs is accomplished by an enzyme containing both RNA triphosphatase and guanylyl
transferase activities. In order for the enzyme to exert its catalytic properties, the CTD of
RNA pol Il has to be phosphorylated specifically on S5. This event is, as stated above,
catalyzed by CDK7. In addition, splicing is thought to require hyperphosphorylated S2 pol Il

CTDs as it recruits several key splicing factors to the elongation complex?#648,
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In order to polyadenylate the nascent mRNA 3’- end, lots of well-coordinated enzymes are
necessary. The S2 phosphorylated form of the RNA pol Il CTD, together with several other
elongation transcription factors seem to result in more efficient recognition, cleavage and

polyadenylation of mRNA?%,

2.2.3 Termination

RNA pol Il termination can be elicited through different pathways, two of them being the
poly(A)-dependent pathway and the Sen1-dependent pathway*°. As the name implies, the
poly(A)-dependent pathway is functionally dependent on the 3'- end maturation
polyadenylation event of the nascent transcript. In order to properly initiate 3'- end
maturation, RNA pol Il associates with both the cleavage and polyadenylation specificity
factor (CPSF) and the cleavage stimulatory factor (CstF)>#°. Upon transcription of the
AAUAAA sequence, CPSF recognizes this motif and binds to a GU-rich site. The XNR2
endonuclease cleaves at the poly A site in a 5'- 3" manner causing Pol Il displacement from
the mRNA%%,

An alternative RNA pol Il termination pathway represents the Sen1-dependent pathway. It
terminates mostly non-coding RNAs and was first discovered in S. cerevisiae. The helicase
Senl is proposed to terminate transcription by catalytically unwinding the RNA-DNA hybrid

in the active site®.

2.3 The Mediator complex

As described in chapter 2.2, expression of most non-coding RNA genes and all protein
coding genes is controlled by an enzyme called RNA polymerase Il (RNA pol Il). However, the
enzyme functions not on its own and is dependent on and regulated by a macromolecular
assembly called pre-initiation complex (PIC)*°. The PIC consists of TFIIA, TFIIB, TFIID, TFIIE,
TFIIF, TFIIH, RNA pol Il and ultimately the Mediator complex, which was the last PIC
component to be discovered®%°!, Elegant studies in yeast revealed that activator-dependent
transcription in vivo and in vitro needs a factor directly associated with the RNA pol 11°%>3,
This factor was termed the Mediator complex, subsequently purified®* and was regarded a
general transcription factor (GTF) later>>. The multi-protein complex serves as an endpoint of

signaling pathways and regulates RNA pol Il transcription®.

11



2.3.1 The mediator complex — dynamic subunit composition and regulation

Through a combination of biochemical and structural approaches the approximately 4 MDa>!
Mediator complex was divided into four distinct modules called “head”, “middle”, “tail” and
“kinase”>’ (Figure 6). The Mediator complex regulates gene expression on a global level and
is considered a general transcription factor®. However, in contrast to other transcription
factors, the Mediator complex displays high structural plasticity due to variable subunit
composition. Whereas the “head”, “middle” and “tail” module of the Mediator complex
form a stable core unit comprising 26 subunits, the cyclin dependent kinase 8 (CDK8) module
can reversibly associate with the core Mediator complex®8. It consists of the Mediator
complex subunit 12 (MED12), the Mediator complex subunit 13 (MED13), CDK8 and its
corresponding cyclin C (CCNC)®8. The kinase CDK8 will be discussed in more detail in chapter
2.4. The MED1 and MED26 subunits are not present in all Mediator complex isolates and are
likely to be located between the “middle” and the “tail” module. Interestingly, post-
transcriptional modifications (PTMs) seem to have a crucial impact on regulation of the
Mediator complex function. 125 modifications within 17 subunits were identified in S.

cerevisiae, one example

Figure 6 Mediator complex — structure and
subunit composition
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being the phosphorylation of the “tail” subunit MED15, which seems to be required for
suppression of stress-induced changes during non-stress conditions>®. Despite PTMs as a
regulatory driver mechanism, the Mediator complex can also be regulated through binding
of specific microRNAs targeting specific subunits. An example for this is shown in a recent
publication, where the miRNAs 378 and 378* are targeting MED13 causing metabolic

dysregulation in mitochondria®°,
2.3.2 The mediator complex — versatile regulator of many functions

Despite the apparent function of the Mediator complex — regulating gene expression
through a versatile set of transcription factors — other distinct roles of Mediator complex
subunits have been elucidated. An example being the subunit MED15, which was shown to
be essential for transforming growth factor beta (TGFB) signal transduction in Xenopus
laevis®®. In addition, MED12 has been revealed to operate together with the protein
regulator of cytokinesis 1 (PRC1) to silence pivotal developmental genes in pluripotency®?.
According to further studies, the subunit MEDS8 interacts with the Elongin BC complex and
associates with Cullin2 (Cul2) and RING-box protein 1 (Rbx1) to reconstitute a ubiquitin
ligase®3.

As mentioned above, the apparent functionality of the Mediator complex lies in its
pleiotropic effects on genome wide transcription. The different subunits of the Mediator
complex are, to a certain degree, involved in regulating different set of genes>'. As the
Mediator complex itself lacks the ability to sequence-specifically bind DNA, it relies on
transcription factors to establish a connection. Thus, the link between Mediator subunits
and regulation of different sets of genes derives from the fact that different transcription
factors bind different Mediator complex subunits®®. In the following sub-chapter, the role of
the Mediator complex in the different stages of gene expression gets discussed in more

detail.
2.3.3 The mediator complex — pivotal coordinator of gene expression
A. Chromatin remodeling and DNA looping

In eukaryotes, DNA is twined around nucleosomes to form a compressed, more dense form
of genomic DNA called chromatin. In general, chromatin is said to inhibit gene expression, as

formation of the PIC is topologically restrained. Interestingly, the Mediator complex was
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shown to interact with two well-known chromatin remodeling complexes: The
Switch/Sucrose Non-Fermentable (SWI/SNF) complex and the chromodomain-helicase-DNA-
binding protein 1 (CHD 1). Thus, the Mediator complex facilitates nucleosome displacement
and consequently successful PIC assembly®4%>, To further substantiate these findings, the
cyclin dependent kinase 8 (CDK8) was shown to phosphorylate the histone H3510, which is
strongly tied to transcriptional activation. Together with the histone acetyltransferase
GCNS5L, CDK8 seems to facilitate an open chromatin state®®.

Proteins can regulate gene expression not only by binding to sites proximal to their target
genes but also by binding to distal sites. This can be accomplished by organizing the DNA in
three dimensional manner in a process called DNA looping, which functions as an additional
layer of gene regulation®’. DNA looping enables interactions between linearly separated DNA
sequences and seem to be of vital importance for driving cell-type specific gene
expression®. The mediator complex plays an important role in formation and/or stabilization

of looped DNA in eukaryotes, as the interaction of the Mediator complex with cohesin in a

ncRNA-dependent manner enhances chromatin structure and general transcription>8°,

B. PIC-formation

One of the most basic functions of the Mediator complex is its ability to stabilize and/or
facilitate PIC assembly, which was proven by early studies in yeast and human cells’%73, Its
central role in PIC formation is best reflected by the fact that every PIC subunit (TFIIA, TFIIB,
TFID, TFIE, TFIIF, TFIIH and RNA pol ) is either physically and/or functionally connected to
the Mediator complex>2. In this chapter, some of the interesting interactions between
certain PIC subunits with the Mediator complex are explained in more detail. Some studies
were able to demonstrate functional coordination between the Mediator complex and the
well-known PIC factor TFIID, as the Mediator complex was shown to orchestrate TFIID
binding to the DNA’4. Another study revealed an elegant interplay of the Mediator
complex and TFIID at inducible genes under control by the metal regulatory transcription
factor 1 (MTF-1)7°. Interestingly, the Mediator complex serves as a checkpoint for gene
activation as well as TFIID activity. Upon stimulation of cells with various metals in the
absence of the transcription factor MTF-1 the cells display aberrant transcriptional activity
due to an inactive state of TFIID at the promoter. In presence of MTF-1, the Mediator

complex associates with the promoter and renders TFIID active’>.
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Other studies demonstrate the dependence of the Mediator complex on recruitment of
TFIIB, TFIID and TFIIE to gene promoters’®’’,

TFIIE and TFIIH play crucial roles in eukaryotic transcription as elaborated in chapter 2.2.1.
TFIIH recruitment to the PIC is dependent on TFIIE, which is thought to be involved in DNA
melting at the promoter3®. TFIIH is a 10 - subunit complex that possesses an extensive range
of different enzymatic properties, including ATPase, helicase and kinase activities. It should
be noted that the Mediator complex binds the unphosphorylated RNA pol || CTD. CDK7, the
kinase within TFIIH, phosphorylates the RNA pol Il CTD which was shown to disrupt the CTD-
Mediator binding, facilitating transcriptional transition into elongation’®. Recent studies
reveal a close functional interplay between the Mediator complex and TFIIH in the early
stages of transcription’. In the presence of the Mediator complex, TFIIH associates with the
PIC in an inactive state, causing the Mediator complex to bind to RNA pol Il CTD. TFIIH is then
able to transition into its activate form through autocatalytic ATPase activity, leading to

dissociation of the Mediator complex of the RNA pol CTD, facilitating entry into elongation”.

C. Paused RNA pol Il and shift towards productive elongation

The phenomenon of paused RNA pol Il in eukaryotes has been subject of discussion in
chapter 2.2.1. The regulated release of paused RNA pol Il into productive elongation has
emerged as a major mechanism of transcriptional activation®. In a study from 2011 by
Takahashi et al., the Mediator complex subunit MED26 was identified to play a pivotal role in
above mentioned pause release®’. It is proposed to function as a docking site for
transcription elongation factors. In addition, MED26 can function as a molecular switch that
interacts first with TFIID in the PIC and later on exchanges TFIID for complexes containing P-
TEFb to promote productive elongation®. This is in agreement with recent findings by
Taatjes et al., who found that RNA pol Il pausing was lost upon replacement of the TFIID
complex with TATA-binding protein (TBP)%. In accordance with this data, PRO-seq
experiments revealed widespread disruption of RNAPII pausing upon acute depletion (t = 60
min) of TFIID subunits in human cells**.

Moreover, the PIC factor TFIIF is of vital importance to promote shift towards productive
elongation by counteracting RNA pol Il pausing. According to recent studies, the negative
regulator of TFIIF Gdown1/POLR2M is remodeled by the Mediator complex, which leads to

RNA pol Il pause release and elongation®'52,
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As the CDK8 module can reversibly associate with the Mediator complex, it is important to
note that CDK8, but not CDK19 was recently shown to promote RNA polymerase Il pause
release during the IFN-y response, as the inhibition of CDK8 significantly increased the

pausing index®.

2.4 Cyclin-dependent kinase 8

While the broad family of cyclin-dependent kinases were thought to only regulate
checkpoint control during the cell cycle, they were later found to are also being implicated in
neuronal function and transcription®. CDKs are catalytic subunits of a family of
heterodimeric serine/threonine kinases and need a specific cyclin to exert their enzymatic
properties. The discovery of CDK8 and its corresponding cyclin C dates back to 1995, where
the kinase-cyclin pair was discovered as being a part of the RNA polymerase Il holoenzyme??,
Although experiments showed the importance of the kinase-cyclin pair for general
transcription in vivo®, further studies on CDK8 have been neglected for the next few years.
With the advent of high-throughput research methods in the last years, the amount of

publications ascribing important roles to CDK8 increased.
2.4.1 Mediator kinase module

CDK8 is part of a 4-protein complex termed the Mediator kinase module, which consists of
MED12, MED13, Cyclin C (CCNC) and CDK8>!. Interestingly, during the evolution of
vertebrate’s genes, a paralogous complex comprising MED12L (MED12), MED13L (MED13)
and CDK19 (CDK8) has emerged due to gene duplication events. CDK8 and CDK19 are highly
similar (77% amino acid sequence identity) paralogs and each appears to associate in a
mutually exclusive fashion with the Mediator kinase module**. The Mediator kinase module
can reversibly associate with the MED13 subunit of the Mediator complex>. Thus, CDK8 and
CDK19 are therefore collectively considered being Mediator-associated kinases. Although
being highly similar paralogs, CDK8 and CDK19 seem to exhibit different functions, which will

be discussed in chapter 2.4.3 in more detail.
2.4.2 CDK8 - both positive and negative regulator

Historically, CDK8 has been described mostly as a transcriptional repressor®. A common
mechanism by with CDK8 negatively regulates transcription seems to be the binding of CDK8

via MED13 to the Mediator complex, which leads to inhibition of the interaction between
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RNA pol Il and the Mediator complex.

Experiments revealed a precise mechanism of CDK8 as a negative regulator of transcription,
as it was shown to phosphorylate the RNA pol I CTD, which disrupts the interaction between
the Mediator complex and the polymerase®-8¢87, Moreover, CDK8 can phosphorylate cyclin
H, which inhibits TFIIH, subsequently leading to transcriptional repression®8.

In contrast to the above-mentioned repressive properties of CDK8, evidence of positive
regulation by the enzyme has also been growing over the last couple of years. Chromatin
immunoprecipitation (ChIP) studies spanning the whole genome showed that SRB10 (CDK8
homolog in yeast) is present on both active and inactive genes in vivo®-8%, A study from
2010 describes CDK8 as a positive co-regulator of p53 target genes, which underlines its
impact on alternative stress responses such as cell-cycle arrest and apoptosis®’. Moreover, at
study from 2009 shows that CDK8 drives a cycle of Smad utilization and disposal,
representing an integral part of canonical BMP and TGF-B pathways®2. Another study found
that CDK8 is recruited by Mastermind (MAM) to phosphorylate the Notch ICD to activate
responsive genes®.

Moreover, CDK8 seems to regulate transcription of inflammatory genes upon stimulation of
TLR9. Under special conditions, CDK8 colocalized with NF-kB at the promoter regions of
certain genes, therefore positively regulating their transcription®®. To further substantiate
the findings mentioned above, CDK8 was shown to phosphorylate the histone H3510, which
is strongly tied to transcriptional activation. Together with the histone acetyltransferase
GCN5L, CDK8 seems to facilitate an open chromatin state®®. Latest research revealed CDK8
as a key regulator in polymerase Il pausing, as it promotes pause release during the IFN-y
response®.

CDK8 is without doubt both a negative and positive regulator of transcription. A good
example for this dual-edged behavior is that CDK8 phosphorylates the trans-activation
domains (TADs) of STAT1, STAT3 and STATS5. In case of STAT1 the phosphorylation event
takes place at S727 and causes activation of STAT1, thereby playing an essential role in the
antiviral response?’. This CDK8-mediated STAT1 phosphorylation positively or negatively

regulated over 40 % of IFN-y-responsive genes?’.
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2.4.3 CDK8 and its paralog CDK19

CDK19, emerged in vertebrates due to gene duplication events. CDK19 displays high
sequence similarity to CDK8, including near identical kinase domains as well as cyclin
interaction domains®. CDK19 is part of an analogous CDK19 kinase module, which consists
of the MED12 and MED13 paralogs MED12L and MED13L. In contrast to CDK19, MED12L and
MED13L are more divergent from their counterparts, as they only exhibit 59% and 53%
sequence identity, respectively®. A recent study from our lab revealed CDK8, and not CDK19
as the major IFN-y-activated STAT1 kinase in both mouse and human cells*. Due to a
versatile toolbox including inducible knockout of CDK8 with 40HT treatment, knockdown of
CDK19 with siCDK19 and specific kinase inhibitors, it was possible to decouple the effects of
CDK8 and CDK19. Evidently, CDK8 uses its kinase functionality to drive the IFN-y antiviral
response, whereas CDK19, which impacts IFN-y signaling as well, does this kinase-

independently and might exhibit scaffolding properties®.

3. Aims

CDK8 and CDK19 are important but mechanistically distinct drivers of the IFN-y response;
CDK8 acts as a kinase in Pol Il pause release while CDK19 functions as a kinase-independent
scaffold. The precise mechanisms how these two kinases upregulate or downregulate IFN-y-
induced transcription remain to be elucidated.

The scientific objective of this study was to characterize mediator kinase-mediated changes
in chromatin recruitment of Pol Il, pS2 Pol Il and pS5 Pol Il. Specifically, the study included

the following aims:

e Test/optimize the experimental system for ChIP

e Impact of CDK8 on IFN-y regulated genes

e Test feasibility of ChIP against flag-tagged CDK8

e Effects of mediator kinase activity on recruitment of Pol Il and CTD
phosphorylated Pol Il

e Establishment of CDK19 Western blot in MEFs and BMDMs
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4. Experimental system used in this study

The cell-based system has been generated in our laboratory and described by Steinparzer et
al. in 2019%.

Throughout the study, solely mouse embryonic fibroblasts (MEFs) were used. The
experimental framework is based on the CreERT/loxP system, a method widely used to
induce conditional deletion in cells. The system consists of a recombinase termed Cre that
recognizes and recombines a pair of target sequences called LoxP. Therefore, it is a site-
specific recombinase technology and can be precisely controlled through tamoxifen
treatment. All cell lines used in this study have their CDK8 gene flanked by above mentioned
loxP sites. MEFs carrying only the endogenous flanked CDK8 gene are termed CDK8fl MEFs in
this study. In addition, two other cell lines are based on the CreERT/loxP background: CDK19
KO MEFs (cells that lack endogenous CDK19) and CDK8 WT flag MEFs (cells that carry an
additional exogenous flag-tagged CDK8). For more details on these cell lines see Material
and Methods. In all cell lines endogenous CDK8 can be knocked out conditionally through
tamoxifen treatment. Additionally, kinase function of both CDK8 and CDK19 can be impaired
with the kinase inhibitor Senexin A. Lastly, silencing RNA can be used to knock down CDK19
in CDK8fl MEFs and CDK8 WT flag MEFs. Together, this allows for various combinations of

treatments, leading to different effects that can be studied in vitro (Figure 7).
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Figure 7 Experimental system used in this study

Cells can be either treated with tamoxifen (40OHT) to knock out CDKS, treated with siRNA to knock down CDK19 or treated
with Senexin A to inhibit CDK8 and CDK19 kinase function. This allows for combinatorial experimental approaches to
create different setups that can be further studied in vitro.
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5. Results

5.1 CDK8 regulates expression of IFN-y induced genes and phosphorylates STAT1
on Serine 727 in MEFs

STATs are key players in the immune system which control gene expression on
transcriptional level. They can be modified in many ways at various positions. For example,
the phosphorylation of a tyrosine residue leads to STAT homo- or heterodimers translocating
to the nucleus, which further regulates transcription.

Next to this well described tyrosine phosphorylation, STATs can also be modified on serine
residues, originally described for S727 of STAT1 and STAT3 by the Darnell laboratory?-°®,
TAD phosphorylation has been intensively studied in the canonical JAK-STAT pathway, in

which STAT phosphorylation of both tyrosine and serine are of vital importance®”%,

Snx A - + - + Snx A - + - +
IFN-y - - + + IFN-y - - + +
pY701-STAT1 —— pS727-STAT1 w a:g”
STAT1 — — — STAT1 -,
a-tubuline e e e |  o-tubuline

Figure 8 IFN-y induced pS727-STAT1 is inhibited by Senexin A in CDK8fl MEFs

MEFs were treated for 15 minutes with the mediator kinase inhibitor Senexin A (10 uM), followed by 45 minute
stimulation with IFN-y. Protein extracts were generated and analyzed via western blot with antibodies against pY701-
STAT1, pS727-STAT1, total STAT1 and tubulin as loading control. The two bands visible in STAT1 represent its two

isoforms alpha and beta.

20



The mediator kinase CDK8 was identified by our laboratory to be the main kinase involved in
Ser727 STAT1 phosphorylation and is therefore considered a key regulator in antiviral
responses. As such, CDK8 represents a promising target for therapeutic modulation of
cytokine responses?’. To test the reliability of our reagents, we initially examined the
induction and inhibition of phosphorylation of S727 using MEFs treated for 15 minutes with
the mediator kinase inhibitor Senexin A followed by stimulation with IFN-y afterwards.
Senexin A was able to block IFN-y induced S727 phosphorylation of STAT1 in MEFs at a final
concentration of 10 uM. The tyrosine phosphorylation on residue 701 (pY701) was not
affected by the inhibitor (Figure 8).

To elucidate the role of CDK8 in transcriptional regulation of interferon-stimulated genes
(ISGs), we analyzed the gene expression levels of Irf1, a primary response gene and Gbp2, a
secondary response gene after Senexin A treatment. MEFs were stimulated with IFN-y for O,
2 and 4 hours and were either treated with the kinase inhibitor Senexin A or left untreated.
The primary response gene interferon regulatory factor 1 (/rf1) was the first member of the
interferon regulatory transcription factor (IRF) family identified. Irf1 regulates expression of
target genes by binding to an interferon stimulated response element (ISRE) on their
respective promoters®. As can be seen in Figure 9A, stimulation with IFN-y for 2 and 4 hours
leads to an immediate upregulation of Irf1 expression in MEFs after 2 hours, followed by
strong upregulation after 4 hours of stimulation. Mediator kinase inhibition with Senexin A
leads to reduced expression of Irf1 at both 2 and 4 hours, however, the effect seems to more
pronounced after 4 hours of IFN-y stimulation.

In contrast to the primary response gene Irf1, stimulation with IFN-y leads to elevated levels
of the secondary response gene Gbp2 only after 4 hours. After 2 hours of IFN-y stimulation,
Gbp2 levels are not significantly elevated, whereas after 4 hours a 10-fold increase in gene
expression can be observed. The inhibition of CDK8 by Senexin A leads to reduced
expression of Gbp2 at both timepoints, however, after 4 hours of stimulation the effect is

more pronounced (Figure 9B).
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In general, CDK8 kinase inhibition in MEFs with Senexin A leads to downregulation of the
primary and secondary response genes Irf1 and Gbp2. (Figure 9A/B).

Given that CDK8 and not CDK19 was identified by our lab to exert kinase activity, these data
indicate that CDK8 is phosphorylating STAT1 at S72727. Furthermore, pharmacological
inhibition of mediator kinase activity has a variable effect on gene expression of interferon
stimulated genes when comparing different cell types. This ascribes cell and gene specific

roles to mediator kinases in regards to IFN-y regulated gene expression of ISGs.

22



5.2 Tamoxifen induced CDK8 knockout in MEFs leads to reduction of pS727 and

shows no impact on STAT1 driven expression of interferon stimulated genes
MEFs used in this study (CDK8fl) can be treated with tamoxifen (4-OHT) to create an
inducible knockout of CDK8. To confirm that CDK8 is responsible for pS727-STAT1, cells were
treated with 4-OHT for 72 hours, followed by stimulation with IFN-y for 45 minutes.

As can be seen in Figure 10, 4-OHT treatment for 72 hours leads to full depletion of CDKS8. In
line with our expectations, the inducible knockout of CDK8 has an impact on pS727-STAT1
and no impact on total STAT1 and pY701-STAT1.

40HT - + - +
IFN-y - - + +
pS727-STAT1
— e ——
pY701-STAT 1
"—-_‘
STAT1
h‘ | —
CDK8 RSN rsmmm——
a-tubuline
— - — —

Figure 10 Tamoxifen induced knockout in CDK8fl MEFs leads to reduction of pS727-STAT1

CDK8fl MEFs were treated 3 hours with tamoxifen (10 pg/ml) to induce CDK8 knockout. Cells were then kept in culture for
72 hours and subsequently treated with IFN-y for 45 minutes. Whole cell extracts were generated and analyzed via
western blot with antibodies against pY701-STAT1, pS727-STAT1, total STAT1, CDK8 and tubulin as loading control. The
two bands visible in STAT1 represent its two isoforms alpha and beta. Tamoxifen clearly blocks pS727-STAT1
phosphorylation by knocking CDK8 out, indicating that CDK8 mediates canonical phosphorylation of pS727-STAT1 in CDK8fl
MEFs.
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To further understand and elucidate the role of CDK8 in transcriptional regulation of
interferon-stimulated genes (ISGs), MEFs were treated 72h with tamoxifen, causing full
depletion of CDK8 and stimulated with IFN-y for Oh, 2h and 4h.

Then, the gene expression of the primary response gene Irf1 and the secondary response
gene Gbp2 was assessed with gPCR (Figure 11 A/B). Interestingly, the inducible knockout of
CDKS8 does not seem to have an impact on gene expression levels of both Irf1 and Gbp2. It is
worth mentioning that RNA-seq experiments from our lab by Steinparzer et al. showed
reduced expression of Gbp2 in cells lacking CDK8%. Therefore, results from this study
regarding Gbp2 expression upon inducible CDK8 knockout cannot be considered plausible.
Nevertheless, it is suggested to repeat this experiment to disregard technical errors that

might have happened.
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5.3 Testing ChIP in the experimental system

Chromatin immunoprecipitation (ChlP) is used to investigate whether specific proteins of
interest are associated with specific genomic regions, such as transcription factors on
promoters. To test ChIP in the experimental system used in this study, MEFs were treated
with IFN-y for 0, 1 and 2 hours. The ChIP was directed against 4 different regions of interest,
namely the Irf1 transcription start site (TSS), the Irf1 Intron 8, the Irf1 untranslated region
(UTR) and a negative control where no transcription is taking place. The regions aim to give a
good representation of the Irf1 gene, ranging from the transcription start site to the 3’
untranslated region. In addition, two isotype controls were included as negative controls to
measure non-specific background signal caused by immunoglobulins binding non-specifically

to Fc receptors.

5.3.1 Establishment of ChIP for STAT], total Pol Il, pS2 Pol Il and pS5 Pol I
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Figure 12 STAT1 ChIP

Cells were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours. Subsequently, cells were harvested and ChIP was conducted
(Materials and Methods 7.5). STAT1 recruitment to Irf1 TSS, Irfl Intron 8, Irf1 3’-UTR was examined by using STAT1
antibodies (Material and Methods 7.6, 7.7). The immunoprecipitated DNA was analyzed by gqPCR. Signal values are
depicted in % of Input. Error bars represent SDs of technical replicates (n = 2). In addition, isotype controls were used to
discriminate against non-specific background signal caused by immunoglobulins.

STAT1 gets recruited to the promoter of Irf1 and its abundance declines in the gene body. The negative control shows no
binding of STAT1.
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Upon IFN-y stimulus, STAT1 undergoes phosphorylation and homodimerization, which
causes its translocation to the nucleus and further lead to transcription of interferon
stimulates genes (ISGs) to help establish an antiviral state in the cell. As can be seen in Figure
12, the expected behavior of STAT1 upon IFN-y stimulus is reflected in the ChIP results
(Figure 12).

STAT1 accumulates at the TSS of the primary response gene Irf1 upon stimulation with IFN-y
and the signal weakens in the gene body and further downstream in the 3"UTR.

The isotype controls yield very low signal, indicating a low non-specific background signal

caused by immunoglobulins binding non-specifically to Fc receptors.
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Figure 13 Pol Il ChIP

Cells were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours. Subsequently, cells were harvested and ChIP was conducted
(Materials and Methods 7.5). STAT1 recruitment to Irf1 TSS, Irf1 Intron 8, Irf1 3’-UTR was examined by using RNA pol Il
antibodies (Material and Methods 7.6, 7.7). The immunoprecipitated DNA was analyzed by gPCR. Signal values are
depicted in % of Input. Error bars represent SDs of technical replicates (n = 2). In addition, isotype controls (orange) were
used to discriminate against non-specific background signal caused by immunoglobulins.

In line with expectations, Pol Il is most abundant at the TSS of Irf1 and declines further downstream of the gene. Induction
of transcription with IFN-y treatment leads to Pol Il recruitment to DNA. The negative control shows no polymerase DNA
interaction at all.

To further test the experimental system, the recruitment of Pol Il to the TSS of the gene Irf1
was examined. Using the same IFN-y stimulation times as above, as well as an

isotype control to check for unwanted binding, ChIP was conducted.
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Living up to our expectations, Pol Il is mainly located at the TSS of the primary response gene
after stimulation with the cytokine IFN-y.

Across the Irf1 gene, ranging from the promoter to the 3" UTR, Pol Il is less abundant in
regions further downstream of the transcription start site. Pol Il is, in line with our
assumptions, not recruited to the non-transcribed region, further underlining the benefit of

using this DNA region as a negative control (Figure 13).
5.3.1.3 pS5 Pol Il and pS2 Pol Il

Pol Il has, next to its fundamental enzymatic properties, also the ability to coordinate co-
transcriptional processing. It associates with a vast amount of enzymes and other regulators
through its C-terminal domain (CTD)%. The CTD of Pol Il contains 52 heptad repeats of the

general consensus sequence Y1-S2-P3-T4-S5-P6-573%3,
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Figure 14 pS2 Pol 1l ChIP

Cells were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours. Subsequently, cells were harvested and ChIP was conducted
(Materials and Methods 7.5). pS2 Pol Il recruitment to Irf1 TSS, Irf1 Intron 8, Irf1 3"-UTR was examined by using pS2 Pol Il
antibodies (Material and Methods 7.6, 7.7). The immunoprecipitated DNA was analyzed by gPCR. Signal values are
depicted in % of Input. Error bars represent SDs of technical replicates (n = 2). In addition, isotype controls (orange) were
used to discriminate against non-specific background signal caused by immunoglobulins.

As expected, the abundance of pS2 Pol Il inclines towards the end of the Irf1 gene.

The CTD can be post-translationally modified, resulting in combinatorial patterns (CTD code)
that are recognized by factors acting in orchestration with the transcriptional cycle%. p-

TEFb contains a CDK9 catalytic subunit with the corresponding cyclin T1 or T246,
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Figure 15 pS5 Pol Il ChIP

Cells were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours. Subsequently, cells were harvested and ChIP was conducted
(Materials and Methods 7.5). pS5 Pol Il recruitment to Irf1 TSS, Irf1 Intron 8, Irf1 3°-UTR was examined by using pS5 Pol II
antibodies (Material and Methods 7.6, 7.7). The immunoprecipitated DNA was analyzed by qPCR. Signal values are
depicted in % of Input. Error bars represent SDs of technical replicates (n = 2). In addition, isotype controls (orange) were
used to discriminate against non-specific background signal caused by immunoglobulins.

As expected, the abundance of pS5 Pol Il declines towards the end of the Irf1 gene and is mostly found at the start of the
ISG Irfl.

It acts, like CDK7, on the CTD of Pol Il and phosphorylates S2 of the CTD. This allows Pol Il to
enter the productive elongation state Generally, pS2 Pol Il is more situated towards the end
of a gene, as can be clearly seen in Figure 14.

Pol Il promoter escape occurs after 12-13 base pairs (bps) downstream of TSS and is
supported through mechanisms involving CDK7-dependent phosphorylation of Pol Il of CTD
on serine 538, As depicted in Figure 15, pS5 Pol Il is most abundant at regions near the

promoter and declines toward the 3" end of the gene Irf1.

5.3.2 Flag-CDK8 ChIP is inconclusive

CDK8 is known to play a pivotal regulatory role in IFN-y driven gene expression. Latest
research revealed CDKS8 to be a key regulator in polymerase Il pausing, as it promotes pause
release during the IFN-y response. As previous work showed, detecting CDK8 with ChIP
yielded very low signal in general. In order to still investigate CDK8 and its recruitment to
promoters of IFN-y regulated genes, MEFS harboring an additional exogenous flag-tagged

CDK8 were used this time. The immunoprecipitation was targeted against the flag-tag and
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Figure 16 Flag — CDK8 ChIP is inconclusive

Flag CDK8 MEFs were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours, prior being treated with Senexin A (10uM) for 15
minutes. Cells were harvested and ChIP was conducted (Materials and Methods 7.5). Flag CDK8 recruitment to Irf1 TSS
and Irf1 Intron 8 binding was examined by using anti-flag antibodies (Material and Methods 7.6, 7.7). The
immunoprecipitated DNA was analyzed by gPCR. Signal values are depicted in % of Input. Error bars represent SDs of
technical replicates (n = 2). In addition, isotype controls (grey and yellow) were used to discriminate against non-specific
background signal caused by immunoglobulins. ChIP against Flag-CDK8 remains inconclusive, as the general signal is very
low. Therefore, no clear-cut results regarding the influence of Senexin A on CDK8 recruitment to DNA can be drawn.

not the CDK8 protein itself. The MEFs were treated with 10uM Senexin A to inhibit mediator
kinase function prior to stimulation with IFN-y for 0, 1 and 2 hours. This time, the ChIP was
directed against two genomic regions of the primary response gene Irf1, namely the
transcription start site (TSS) and a region in the intron 8 of Irf1. The latter serves as a
negative control, as CDK8 binding is not expected. In addition, two isotype controls were
added as negative controls to measure non-specific background signal caused by
immunoglobulins binding non-specifically to Fc receptors. As can be seen in Figure 16, the
Flag-CDK8 ChlP still remains inconclusive. The general signal is very low and not
distinguishable from the intron 8 region. The Senexin A treated cells yield generally lower
signal compared to the untreated ones, but given the fact that the general signal is very low,

no conclusion regarding CDK8 and its recruitment to DNA can be drawn.

Collectively, the data in Chapter 5.3 clearly displays that ChlIP against STAT1, Pol Il and it’s
CDT phosphorylation’s pS2 and pS5 is established. All isotype controls yield a low signal,
indicating very low non-specific background signal of the antibodies used in the experiments.

The CDK8-Flag ChIP yields low signal, therefore making ChiIP-Seq in the future unlikely.
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To further shed light on CDK8 and its exact role in transcription, a similar ChIP was

conducted using additionally Senexin A to inhibit kinase function in MEFs (Chapter 5.4).

5.4 A ChIP suggests that mediator kinase activity regulates pS5 Pol Il abundance
at TSS of the IFN-y target gene Irf1

As ChIP experiments were technically working in our in vitro system, further research could
be conducted. To investigate the role of the mediator kinase CDK8 in transcriptional
regulation in more depth, abundance of STAT1 and core enzymes like Pol Il on certain gene
regions were measured in MEFs treated with and without Senexin A and stimulated with
IFN-y. As in the other experiments, the JAK-STAT pathway was initiated by addition of IFN-y
for 0, 1 and 2 hours. In order to gain statistic relevance, the whole ChIP experiment
explained in this chapter was repeated 3 times (marked with A/B/C) in total. All three ChIP
experiments were conducted under the same condition to increase reproducibility. The only
difference being repetition B where MEFs used for the experimental procedure have been in
culture 3 weeks longer than the others. Therefore, results of this repetition should be
treated with caution. Beyond that, the samples at timepoint 1 hour in the third repetition (C)
of the ChIP against Pol Il might have been swapped and are therefore subject for repetition

in the future and should be met with skepticism.

5.4.1 Inhibition of mediator kinase CDK8/19 with Senexin A has no impact on STAT1

recruitment to Irf1 transcription start site

STAT1 is known to bind gamma activated sequences (GAS) in promoter regions of primary
and secondary response genes upon IFN-y stimulus. As CDK8 was revealed as a core
transcriptional coordinator and regulator for interferon stimulated genes (ISGs), the impact
of CDK8 on the recruitment of STAT1 to promoter regions of IFN-y driven genes has been an
area of great interest. To address this question, MEFs were stimulated with the potent
cytokine IFN-y for 0, 1 and 2 hours, prior being treated with the kinase inhibitor Senexin A. 4
regions were investigated with ChIP for binding of the transcription factor STAT1: Irf1
transcription start site (TSS), Irf1 Intron8, Irf1 3’UTR and a negative control. Throughout all
three ChIP repetitions (17 A/B/C), STAT1 binding is most abundant at the TSS of the primary
response gene Irfl.

This is in accordance with common knowledge, as STAT1 binding in the gene body is not

expected. Interestingly, inhibition of kinase function does not seem to have an impact on
30



STAT1 recruitment to the TSS of our gene of interest in the first two repetitions of the
experiment (Figure 17 A, 17B), but in the third repetition a strong decrease in STAT1
abundance at the promoter region of Irf1 can be observed (Figure 17 C). This can be seen as
an outlier, as many other ChIP experiments done in this study show no influence of Senexin

A on STAT1 recruitment to the promoter of Irf1 as well.
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Figure 17 Inhibition of mediator kinase CDK8/19 with Senexin A does not appear to affect STAT1 recruitment to Irf1
transcription start site

CDK8fl MEFs were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours, prior being treated with Senexin A (10uM) for 15
minutes. Subsequently, cells were harvested and ChIP was conducted (Materials and Methods 7.5). STAT1 recruitment to
Irf1 TSS, Irf1 Intron 8, Irf1 3’-UTR was examined by using STAT1 antibodies (Material and Methods 7.6, 7.7). The
immunoprecipitated DNA was analyzed by qPCR. Signal values are depicted in % of Input. Error bars represent SDs of
technical replicates (n = 2). A heterochromatic region was used as negative control. Due to human error, timepoint Oh
Senexin A in (A) is missing. The ChIP was repeated 3 times (A/B/C). STAT1 binding is most abundant at the TSS of Irf1 in all
three repetitions.

As can be seen in (A) and (B), STAT1 recruitment to TSS is not impacted by kinase inhibition with Senexin A. However, in
(C) Senexin A treatment leads to a decrease of STAT1 abundance at the TSS. This can be seen as an outlier, as many other

ChlIP experiments done in this study show no influence of STAT1 recruitment to the promoter of Irf1 as well.

5.4.2 Mediator kinase inhibition does not appear to influence IFN-y-induced Pol Il

recruitment to TSS; the effects on recruitment to the gene body are unclear

As CDK8 was shown to regulate expression of many IFN-y driven genes either up or down,
the assumption that Pol Il recruitment is affected by mediator kinases is evident. The next
target of the ChIP experiment described in this chapter was therefore Pol Il in cells treated
with the inhibitor Senexin A prior to IFN-y stimulation. The first experiment showed no
difference in Pol Il recruitment to the start site of the gene Irf1, but a notable drop of it in
the gene body when kinase function was impaired (Figure 18 A). As revealed by our
laboratory, CDK8 promotes pause release during transcription in the IFN-y response®. If the

kinase function of CDK8 is impaired, this pause release might be delayed, resulting in less Pol
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Il'in the gene body. Not coinciding with the first experiment, the second repetition shows no
decrease of Pol Il the gene body under kinase inhibition conditions (Figure 18 B). Regarding
the third repetition, the samples at time point 1 hour with Senexin A treatment and without
might have been swapped by accident during the experimental procedure (Figure 18 C). This
would indicate a decrease of polymerase Il abundance at the TSS and the gene body of Irf1.
The decreased abundance in the gene body can be explained by pause release mediated by
CDKa8. If the kinase activity is compromised, the pause release might be delayed, which leads

to lower abundance of polymerase Il in regions downstream of the TSS of Irf1.
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Figure 18 Total Pol Il abundance upon mediator kinase inhibition remains inconclusive

CDK8fl MEFs were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours, prior being treated with Senexin A (10uM) for 15
minutes Subsequently, cells were harvested and ChIP was conducted (Materials and Methods 7.5). Pol Il recruitment to
Irf1 TSS, Irf1 Intron 8, Irf1 3’-UTR was examined by using Pol Il antibodies (Material and Methods 7.6, 7.7). The
immunoprecipitated DNA was analyzed by qPCR. Signal values are depicted in % of Input. Error bars represent SDs of
technical replicates (n = 2). A heterochromatic region was used as negative control. Due to human error, timepoint Oh
Senexin A in (A) is missing. The ChIP was repeated 3 times (A/B/C). (A) The first experiment showed no difference in RNA
polymerase Il recruitment to the start site of the gene Irf1, but a notable drop of it in the gene body when kinase function
was impaired. (B) Not coinciding with the first experiment, the second repetition shows no decrease of total polymerase Il
in the gene body under kinase inhibition conditions. Samples at 1-hour Senexin A of (C) might have been swapped, thus

leading to inconsistent results.

Collectively, the data regarding Pol Il recruitment to different regions across the Irf1 gene is
inconclusive. The effect of mediator kinase inhibition is indecisive in respect to the impact on
RNA polymerase Il abundance. Taking into account that for repetition two (B) the cells used
remained in cell culture slightly longer than the others and that the samples at time point 1
hour in repetition three (C) might have been swapped, reduction in recruitment of Pol Il in

the gene body might be feasible.
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5.4.3 Senexin A does not appear to change occupancy of CTD phosphorylation pS2 of Pol I,

however more data is needed for conclusive results

The C-terminal domain of Pol Il acts as a central binding hub for several important factors
crucial for guaranteeing smooth operation of transcription. Those factors recognize different
post-translational modifications (PTMs) on different amino acid residues embedded in the
CTD. One example of this modifications contributing to the CTD-code is phosphorylated
serine at position two in the heptad repeats of the CTD. Its phosphorylation allows Pol Il to
enter the productive elongation state. In general, pS2 Pol Il is more situated towards the end
of a gene. The increase of pS2 Pol Il abundance towards the 3"UTR of the Irf1 gene can be
seen in all of the three ChIP experiments (Figure 19). However, no effect of Senexin A can be
observed throughout the three ChIP experiments.

In line with our expectations, RNA polymerase Il phosphorylated at serine 2 has a higher
abundance downstream of the TSS of Irf1. Regarding the effect of kinase inhibition with
Senexin A, no clear result can be derived. Collectively, CDK8 might have a regulatory effect
on RNA-polymerase Il serine 2 phosphorylation, however the tendency still remains

inconclusive.
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Figure 19 Senexin A does not appear to change occupancy of CTD phosphorylation pS2 of Pol Il, however more data is
needed for conclusive results

CDK8fl MEFs were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours, prior being treated with Senexin A (10uM) for 15
minutes Subsequently, cells were harvested and ChIP was conducted (Materials and Methods 7.5). pS2 pol Il recruitment
to Irf1 TSS, Irfl Intron 8, Irf1 3’-UTR was examined by using pS2 pol Il antibodies (Material and Methods 7.6, 7.7). The
immunoprecipitated DNA was analyzed by gqPCR. Signal values are depicted in % of Input. Error bars represent SDs of
technical replicates (n = 2). A heterochromatic region was used as negative control. The ChIP was repeated 3 times

(A/B/C). In all three repetitions, RNA polymerase |l phosphorylated at serine 2 declines towards the end of the gene.

Nevertheless, no clear effect of Senexin A on pS2 pol Il can be observed.
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5.4.4 Inhibition of mediator kinase increases abundance of pS5 Pol Il at TSS after 2-hour

IFN-y stimulation and in the gene body after 1-hour IFN-y stimulation

The phosphorylation on Serine 5 is of utmost importance in transcriptional regulation. Pol Il
promoter escape occurs after 12-13 base pairs (bps) downstream of TSS and is heavily
supported through mechanisms involving CDK7-dependent phosphorylation of Pol Il C-
terminal domain (CTD) on serine 5. Consistent with our expectations, this behavior is
reflected in the ChIP results throughout all three repetitions (Figure 20 A/B/C), as higher

abundance of pS5 Pol Il is situated at the start of the gene Irf1.
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Figure 20 pS5 Pol Il abundance on Irf1 in MEFs

CDK8fl MEFs were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours, prior being treated with Senexin A (10uM) for 15
minutes. Subsequently, cells were harvested and ChIP was conducted (Materials and Methods 7.5). pS5 pol Il recruitment
to Irf1 TSS, Irf1 Intron 8, Irf1 3’-UTR was examined by using pS5 pol Il antibodies (Material and Methods 7.6, 7.7). The
immunoprecipitated DNA was analyzed by gPCR. Signal values are depicted in % of Input. Error bars represent SDs of
technical replicates (n = 2). A heterochromatic region was used as negative control. The ChlIP was repeated 3 times
(A/B/C). Due to human error, timepoint Oh Senexin A in (A) is missing. In (A) and (C) an increase, especially after 1 hour of
IFN-y stimulation of Serine 5 phosphorylated form of polymerase Il can be observed. Contrary to this result, (B) shows no

clear effect of kinase inhibition on pS5 pol Il recruitment to DNA.

Subsequently, data from all (A/B/C) repetitions was pooled and pS5 Pol Il occupancy at TSS
and in gene body was analyzed. Statistical analysis revealed a significant increase of pS5 Pol
Il at the Irf1 TSS after 2 hours of IFN-y stimulation (Figure 21A).

When pooling repetitions A and C, a significant increase after 1 hour of stimulation can be

observed at Intron 8 and 3°UTR (Figure 21 B/C)
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Figure 21 Inhibition of mediator kinase significantly increases abundance of pS5 Pol Il at TSS after 2-hour IFN-y
stimulation and in the gene body after 1-hour IFN-y stimulation

(A) SDs from ChIP experiments (Figure 20 A/B/C) were pooled completely. Signal values are depicted in % of Input. Error
bars represent SDs of ChIP repetitions (n = 3). Unpaired multiple t test, p < 0,05

(B) SDs from ChIP experiments (Figure 20 A/B/C) were pooled (repetition A and C). Signal values are depicted in % of Input.
Error bars represent SDs of ChlIP repetitions (n = 2). Unpaired multiple t test, p < 0,001

(C) SDs from ChlIP experiments (Figure 20 A/B/C) were pooled (repetition A and C). Signal values are depicted in % of Input.

Error bars represent SDs of ChIP repetitions (n = 2). Unpaired multiple t test, p < 0,001

5.5 ChIP experiment probing STAT1, Pol II, pS2 Pol Il and pS5 Pol Il occupancy
suggest that mediator kinase activity regulates Pol Il recruitment to GAS of the
IFN-y target gene Gbp2

IFN-y induces a large set of genes collectively termed interferon stimulated genes (ISGs). A
subfamily of ISGs are guanylate-binding proteins (GBPs). They include dynamin-related large
GTPases important for regulation of cell proliferation and for resistance to certain
infections'%!, Gbp2, encoded by the gene secondary response Gbp2, was shown to exhibit
antiviral activity against the influenza virus as well as promoting oxidative killing of
pathogens'®. Collectively, Gbp2 provides host protection against different pathogen classes
and is therefore considered being a crucial part in IFN-y induced establishment of an anti-
viral state in the cell.
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In this chapter, the samples derived from the Senexin A ChlIP repetition A (Figure 17/18/19
A) were examined in regards to STAT1, total Pol Il, pS2 Pol Il and pS5 Pol Il recruitment to the
Gbp2 gamma-activated sequence (GAS) as well as to a transcriptionally inactive
heterochromatic region serving as a negative control (see Chapter 5.3 and 5.4). It is worth

noting that this Chapter shows data from one ChIP experiment.

5.5.1 Mediator kinase inhibition does not appear to impact STAT1 recruitment to Gbp2

GAS upon IFN-y stimulation
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Figure 22 Mediator kinase inhibition does not appear to impact STAT1 recruitment to Gbp2 GAS upon IFN-y stimulation
CDK8fl MEFs were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours, prior being treated with Senexin A (10uM) for 15
minutes. Subsequently, cells were harvested and ChIP was conducted (Materials and Methods 7.5). STAT1 recruitment to
Gbp2 GAS was examined by using STAT1 antibodies and compared to Irf1 (Figure 10.A, same samples used) (Material and
Methods 7.6, 7.7). The immunoprecipitated DNA was analyzed by qPCR. Signal values are depicted in % of Input. Error bars
represent SDs of technical replicates (n = 2). A heterochromatic region was used as negative control. Due to human error,

timepoint Oh Senexin A is missing.

STAT1 is known to play a pivotal role in IFN-y induced signaling, by binding to promoters of
interferon stimulated genes (ISGs). As expected, addition of IFN-y causes an increase of
STAT1 abundance at the Gbp2 GAS.

Although the general signal of STAT1 abundance at the Gbp2 GAS is low compared to the Irf1
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TSS (Figure 17 A), a similar fold-change from Oh to 1h upon IFN-y stimulation can be
observed (Figure 22).

5.5.2 Inhibition of mediator kinase with Senexin A causes decreased Pol Il abundance on

Gbp2 gamma activated sequence (GAS)

To elucidate the function of the mediator kinases CDK8 and CDK19, the influence of Senexin
A on RNA polymerase Il recruitment to the GAS region of the secondary response gene Gbp2
was assessed. As with Irf1, IFN-y stimulation leads to recruitment of Pol Il to the promoter
region of Gbp2. After 2 hours of cytokine stimulation, Pol Il abundance declines. Beyond
that, the treatment with the kinase inhibitor Senexin A seems to downregulate the
abundance of RNA polymerase Il (Figure 23). In comparison to Irf1 the general signal is low,

however, the fold-change after stimulation is reproducible. In chapter 5.4.2 a decrease in Pol
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Figure 23 Mediator kinase inhibition with Senexin A impacts RNA polymerase Il abundance on Gbp2 GAS

CDK8fl MEFs were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours, prior being treated with Senexin A (10uM) for 15
minutes. Subsequently, cells were harvested and ChIP was conducted (Materials and Methods 7.5). RNA polymerase Il
recruitment to Gbp2 GAS was examined by using pol Il antibodies (Material and Methods 7.6, 7.7). The
immunoprecipitated DNA was analyzed by qPCR. Signal values are depicted in % of Input. Error bars represent SDs of
technical replicates (n = 2). A heterochromatic region was used as negative control. Due to human error, timepoint Oh
Senexin A is missing. After stimulation with IFN-y, a strong recruitment of Pol Il to the Gbp2 GAS sequence can be
observed. Beyond that, the treatment with the kinase inhibitor Senexin A seems to downregulate the abundance of Pol Il

at the GAS region of Gbp2.
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I abundance after kinase inhibition in the gene body was shown. To get a complete picture,
it is therefore advised to investigate regions of the gene body of Gbp2 in the future. The
same negative control used for Irf1, namely a transcriptionally inert heterochromatic region,

has been utilized for Gbp2.

5.5.3 Senexin A does not appear to change occupancy of pS2 Pol Il and pS5 Pol Il, however

more data is needed for conclusive results
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Figure 24 Impact of Senexin A induced mediator kinase inhibition on CTD phosphorylation’s pS2 and pS5 remains
inconclusive

CDK8fl MEFs were treated with IFN-y (10ng/ml) for 0, 1 and 2 hours, prior being treated with Senexin A (10uM) for 15
minutes. Subsequently, cells were harvested and ChIP was conducted (Materials and Methods 7.5). pS2 and pS5 RNA
polymerase Il recruitment to Gbp2 GAS was examined by using respective antibodies (A and B) (Material and Methods 7.6,
7.7). The immunoprecipitated DNA was analyzed by qPCR. Signal values are depicted in % of Input. Error bars represent
SDs of technical replicates (n = 2). A heterochromatic region was used as negative control. Due to human error, timepoint
0h Senexin A is missing. (A) pS2 Pol Il increases upon cytokine stimulus, effect of Senexin A on pS2 Pol Il at Gbp2 GAS
remains inconclusive. (B) pS5 Pol Il increases upon cytokine stimulus, however, in line with pS2 Pol Il, no clear-cut effect of

kinase inhibition on pS5 Pol Il abundance at Gbp2 GAS can be observed.

The C-terminal domain (CTD) of RNA polymerase acts as a central binding hub in
transcriptional regulation. The CTD can be post-translationally modified, resulting in
combinatorial patterns (CTD code) that are recognized by factors acting in orchestration with
the transcriptional cycle!®. Two crucial phosphorylation’s are pS2 and pS5, which are
catalyzed by CDK9 and CDK7, respectively. On the one hand, Pol Il tends to be more in its
pS5 form at the start of a gene, as serine 5 phosphorylation was shown to aid promoter
escape. On the other hand, pS2 Pol Il is more abundant towards the middle and end of a
gene, as it is known to help in the transition towards productive elongation.

In regards to the secondary response gene Gbp2, no impact of mediator kinase inhibition by
Senexin A on abundance of pS2 Pol Il and pS5 Pol Il at the gamma activated sequence (GAS)
of Gbp2 can be observed (24 A/B). Like in all other Gbp2 ChIP experiments, the signal is low,

but the fold change after induction with IFN-y is reproducible in comparison to Irf1.

5.6 Establishment of Western blot against CDK19 in MEFs and BMDMs

The paralog of CDK8, termed CDK19, emerged in vertebrates due to gene duplication events.
CDK19 displays high sequence similarity to CDK8, including near identical kinase domains as
well as cyclin interaction domains®®. CDK19 is part of an analogous CDK19 kinase module,
which consists of the MED12 and MED13 paralogs MED12L and MED13L°®. A recent study
from our lab revealed CDK8, and not CDK19 as the major IFN-y-activated STAT1 kinase in
both mouse and human cells*. Evidently, CDK8 uses its kinase functionality to drive the IFN-
y antiviral response, whereas CDK19 regulates IFN-y responses in kinase-independent

ways®.
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As the western blot against CDK8 was already possible, optimization of antibodies against
CDK19 in MEFs and BMDMs was necessary. To initiate optimization, the CDK19- antibody
from Sigma Aldrich (SAB 4301196) was tested under conditions that have been proven
optimal for CDK8 in the past (Materials and Methods, 7.3.3.4)

CDK8fl MEFs CDK13 KO MEFs Figure 25 CDK19 can be

‘ detected in CDK8fl MEF
CDK19

background, however,

antibody specificity is low
CDK8fl MEFs and CDK19 KO
h_,‘ o MEFs were harvested
without treatment or
stimulation and proteins

“ were isolated. CDK19 band is

clearly detectable in CDK8fl

CDK19

MEFs, however a lot of
unspecific bands can be
observed. To detect CDK19,
SAB4301196 from Sigma

Aldrich was used. For more

information and details

about conditions used see

Material and Methods.

5.6.1 CDK19 can be detected in MEFs and bone marrow derived macrophages (BMDMs)
with SAB 4301196

In Figure 24, MEFs endogenous CDK19 (CDK8fl MEFs) were compared to CDK19 Crispr KO. In
line with our expectations, CDK19 KOs shows no detection of CDK19, whereas endogenous
CDK19 in CDK8fIMEFs is clearly visible (Figure 25). Although the antibody detects CDK19
properly, a lot of unspecific binding can also be observed. In order to address and solve the
problem of unspecific bands, the conditions of the western blot with SAB 4301196 have
been optimized. In the end, conditions described in more detail in Material and Methods

(7.3.3.4) have been found optimal and led to clear results.
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MEFs containing CDK19 KOs and BMDMs from our colleague Luisa Morelli were tested under
conditions specified above. As can be retrieved from Figure 25, the unspecific bands
vanished and the endogenous CDK19 band is clearly visible. CDK8fl MEFs containing
endogenous CDK19 were compared to CDK19 Crispr generated knockouts and various
BMDMs, two of them treated with tamoxifen, were additionally tested under the newly

found optimal conditions (Figure 26).

CDKsHfl BMDMs

o | e

CDK19 + + - - + + + +

CDK19

Figure 26 CDK19 can be detected in MEFs and BMDMs with SAB 4301196

CDK8&fl MEFs were harvested and protein isolation was performed thereafter. Whole cell extracts from BMDMs were
received from our colleague Luisa Morelli. Two of them had been treated with tamoxifen (not important for the purpose of
this experiment). CDK19 can be detected in CDK8 MEFs and BMDMs, no unspecific bands visible. To detect CDK19,
SAB4301196 from Sigma Aldrich was used. For more information and details about conditions used see Material and

Methods.

To conclude, the antibody SAB 4301196 was optimized in terms of western blot conditions

and showed specific binding in MEFs and BMDMs.
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6. Summary and Discussion

The mediator kinase CDK8 is a crucial player in IFN-y signaling and was shown to
phosphorylate STAT1 on S727, which plays an important role in transcription?’. CDK8
regulates a large set of genes, some of them being down and some of them upregulated.
This provides an additional layer to control and fine-tune IFN-y driven gene expression,
ultimately establishing an antiviral state in the cell.

In line with published data, our experiments show that CDK8 is phosphorylating S727 of
STAT1 in MEFs. In this study, the gene expression of two interferon stimulated genes,
namely Irf1 and Gbp2, was assessed. Mediator kinase inhibition led to a decrease of
expression of both Irf1 and Gbp2 and to a decrease of pS727-STAT1. Published data from
Steinparzer et al. compared gene expression of IFN-y regulated genes in WT MEFs and S727A
MEFs?’. They found that Irf1 was equally expressed and expression of Gbp2 was reduced in
cells lacking S727%’. Our data regarding Gbp2 is in line with these findings. RNA-seq data
published in 2019 by Steinparzer et al. shows a reduction in both Gbp2 and Irf1 upon
mediator kinase inhibition, whereby Gbp2 expression is more reduced®. These findings are
in line with the gene expression data generated in this study.

As expected, the conditional knockout of CDK8 led to reduction of pS727-STAT1 in CDKS8fl
MEFs. However, gene expression of the interferon stimulated genes Irf1 and Gbp2 was not
impacted by the induced knockout of CDK8. In contrast, published RNA-seq data from our
laboratory shows reduction of Gbp2 upon either mediator kinase inhibition or knockout of
CDK8. Therefore, results from this study regarding Gbp2 expression upon CDK8 iKO cannot
be considered plausible. A possible explanation is that RNA-Seq is more accurate than gRT-
PCR. Thus, it is suggested to repeat this experiment to disregard technical errors that might
have happened.

ChIP experiments directed against CDK8 had been proven complicated in the past, possibly
explained by steric hindrance. CDK8 resides inside the Mediator complex and might
therefore be topologically occluded from antibodies. Besides that, association of CDK8 with
chromatin might be too short-lived to generate a robust ChIP signal.

However, as the recruitment of CDK8 to DNA is a topic of great interest, an attempt to ChIP
against Flag-tagged CDK8 was conducted. Unfortunately, the signal values were below
background, rendering the whole ChIP inconclusive. To shed light on this issue, it is

suggested to try different anti-flag antibodies and possibly different tags in the future.
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After successful establishment of ChIP in our cell-based system, the scientific objective of
this study was to characterize mediator kinase-mediated changes in chromatin recruitment
of STAT1, total Pol Il, pS2 Pol Il and pS5 Pol Il. In particular, abundance of stated components
at the TSS, the Intron 8 and the 3°UTR of Irf1 was probed. MEFs were stimulated with IFN-y
and treated with and without Senexin A to inhibit mediator kinase activity. To address the
significance of the findings, the ChIP experiment was repeated three times under the same
conditions (A, B and C) and statistical analysis was carried out. It should however be noted
that MEFs used in repetition B remained in cell culture 3 weeks longer than in repetition A
and C.

Our data suggests that inhibition of mediator kinase activity has no impact on STAT1
recruitment to /rf1 TSS. STAT1 occupancy at the TSS of Irf1 is not altered in repetition A and
B, however in C, a decrease in STAT1 abundance at the promoter region of Irf1 can be
observed. This can be seen as an outlier, as other ChIP data acquired in the course of this
study shows no influence of mediator kinase activity on STAT1 recruitment to /rf1 TSS.
Furthermore, mediator kinase inhibition does not appear to influence IFN-y-induced Pol Il
recruitment to TSS of Irf1. In repetition A and B, mediator kinase inhibition does not change
Pol Il occupancy. In contrast, data from repetition C shows self-contradicting results
regarding an effect of Senexin A on Pol Il recruitment to TSS. This might therefore be caused
by technical mistakes, e.g. swapping of samples at 1 hour of IFN-y treatment.

The effects of Pol Il recruitment to the gene body of Irf1 are unclear, however, mediator
kinase inhibition might decrease Pol Il abundance in the gene body. Data from repetition A
suggests a reduction in Pol Il recruitment to the gene body. When assuming that in
repetition C the 1-hour timepoint sample was swapped by mistake, a decline in Pol Il in the
gene body upon mediator kinase inhibition can also be observed. However, in repetition B,
no such effects can be confirmed. Taken together, mediator kinase inhibition does not
appear to influence Pol Il recruitment to TSS, but a trend towards reduction in the gene body
was observed. Thus, effects of mediator kinase on Pol Il recruitment are possible. Published
data from our laboratory showed that CDK8 promotes pause release of Pol 114>, These
findings could explain the lower abundance in the gene body, as inhibition of mediator
kinases might lead to delayed pause release and ultimately less Pol Il in the gene body.

Nevertheless, more data is heeded for decisive results.
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Next to STAT1 and Pol Il, the effects of mediator kinase inhibition on pS2 Pol Il and pS5 Pol I
occupancy was an important question. As such, Senexin A does not appear to change
occupancy of pS2 Pol Il in all repetitions A, B and C. However, more experiments are needed
to obtain conclusive results.

Our study shows that inhibition of mediator kinase with Senexin A causes significantly
increased abundance of CTD phosphorylation pS5 of Pol Il at TSS of Irf1 after 1 hour of IFN-y
stimulation in all three repetitions.

Having in mind that passage number of MEFs in repetition B was higher compared to A and
C, data acquired from repetition B can be seen as an outlier. Therefore, data on pS5 Pol Il
recruitment was pooled only from repetition A and C. This reveals a significant increase of
pS5 Pol Il occupancy upon mediator kinase inhibition at /rf1 Intron 8 and 3’UTR after 2 hours
of IFN-y stimulation.

If we assume that pS5 is indeed altered upon mediator kinase inhibition the following
explanation can be considered:

Possible mechanisms of action might be that mediator kinases interact with S5 phosphatases
during transcription, leading to removal of the pS5 modification. When kinase activity is
inhibited, a phosphatase controlled by mediator kinases, might not be able to remove the
pS5 PTM. This could explain the high abundance of pS5 Pol Il upon mediator kinase inhibition
in repetition A and C.

Collectively, the high abundance of pS5 Pol Il suggest a disturbance in transcriptional
dynamics. This could explain the low Pol Il abundance in repetition A and C and is in line with
reduced gene expression of Irf1. In accordance, Gro-Seq data from Steinparzer et al. shows
lower abundance of Pol Il in the gene body of Irf1 when mediator kinase activity is

inhibited°.
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In addition to Irf1, the GAS region of Gbp2 was tested for occupancy of STAT1, total Pol Il,
pS2 Pol Il and pS5 Pol Il to further characterize mediator kinase-mediated changes in
chromatin recruitment. Importantly, samples of ChlIP repetition A from Chapter 5.4 were
used and ChIP was done once.

In line with data from TSS Irf1, STAT1 recruitment to GAS of Gbp2 is not affected by mediator
kinase activity. Moreover, data from this study suggests that inhibition of mediator kinase
activity with Senexin A causes decreased Pol Il recruitment to GAS of Gbp2

To amend Pol Il data, pS2 Pol Il and pS5 Pol Il chromatin recruitment upon mediator kinase
inhibition was topic of interest. As such, Senexin A does not appear to alter pS2 Pol Il and
pS5 Pol Il occupancy at the GAS site of Gbp2.

Collectively, our ChIP targeting Gbp2 reveals that mediator kinase impairment has an effect
on Pol Il recruitment to the GAS site of Gbp2. Effects of Senexin A on STAT1, pS2 Pol Il are
pS5 Pol Il are unclear and need more data to be conclusive. For future experiments it is
suggested to target a region residing in the gene body of Gbp2. This might reveal more
details on mediator kinase regulation.

Lastly, a Western blot against CDK19 has been successfully established for MEFs and BMDMs

(exact conditions listed in Material and Methods).

In terms of a broader outlook, ChIP experiments with the inducible KO of CDK8 as well as
with CDK19 KOs probing STAT1, total RNA polymerase Il and its CTD phosphorylation’s
should be conducted for different ISGs in the future. Using our experimental system,
different combinations, for example Senexin A in combination with tamoxifen, leaving only
CDK19 scaffolding properties, should be tested for STAT1, Pol I, pS2 Pol Il and pS5 Pol I
chromatin recruitment.

As ChIP is now established in our experimental system, future work should be dedicated to
ChIP-Seq experiments. This would amend our published RNA-seq data and provide a

genome-wide view on mediator kinases and their role in transcription.
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7. Material and Methods

7.1 Culture of immortalized cell lines

CDKS8fl MEFs Mouse embryonic CDKS fl/fl CreERT2/+
fibroblasts immortalized MEFs

CDK19 KO MEFs Mouse embryonic CDK19 KO Clone 9 from
fibroblasts CDKS fl/fl CreERT2/+

immortalized MEFs

CDK8 WT flag MEFs Mouse embryonic CDK8 WT flag expressing
fibroblasts cells from CDKS fl/fl
CreERT2/+ background

7.1.1 MEFs culture

Cells were cultured in Dulbecco’s Modified Eagle’s Medium — high glucose (4500mg/L
glucose, L-glutamine, sodium bicarbonate, without sodium pyruvate liquid, sterile filtered)
supplemented with 10% Fetal Calf Serum (FCS), 100ug/ml streptomycin and 100 U/mll
penicillin®. FCS and DMEM was stored at 4°C.

7.1.2 Cell culture procedures

If not stated otherwise, all procedures were carried out under a hood (HERASAFE 2030i) and
possible centrifugation was conducted using the Eppendorf Centrifuge 5804 R. Three
different dish sizes were used (6cm, 10cm, 15cm), with the maximum volume of them being
5ml, 10 ml and 20 ml, respectively. Cells were incubated under a constant temperature of 37
°C and 5% CO-°.

To split cells, plates were washed with sterile PBS (5-10 ml) followed by trypsin to detach
them. Depending on the plate diameter (6cm, 10cm, 15cm) different amounts of trypsin

(0.5 ml, 1ml, 1.5ml) was added. Trypsinization took place at 37 °C for 5 minutes and was

stopped by addition of DMEM medium, followed by transfer onto new dishes.
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To count cells, cells were washed with sterile PBS, followed by trypsinization at 37 °C for 5
minutes. To get rid of unwanted trypsin, ~ 5ml of medium was added, followed by
centrifugation at 1000rpm for 3 minutes at RT. Supernatant was aspirated and pellet was
resuspended in 10ml of medium. 10ul of suspension was mixed together with the azo dye
10uL of trypan blue. 10uL of mixture was applied to Neubauer-improved chamber and live
cell number was calculated using the following formula: Concentration = Number of cells x
10000 / Number of squares.

To freeze cells, a ~ 80% confluent plate was washed in PBS and trypsinized for 5 minutes in
the incubator, followed by centrifugation at 1000rpm for 3 minutes. Supernatant was
aspirated, pellet was resuspended in 900 uL of FCS and 100uL of dimethyl sulfoxide (DMSO)
in cryo-tubes. The samples were immediately put on ice and subsequently stored at -80 °C. If
cells needed to be deep-frozen in liquid nitrogen for long term storage, cells were kept at -80
°C for 72 hours before transferring them into liquid nitrogen.

To thaw cells, cryo-tubes were quickly thawed by warming them up in a 37 °C water bath.
Afterwards, cells were added, drop by drop, in a falcon tube containing ~ 8 ml of pre-
warmed medium. The drops dispersed upon contact with the medium surface, leading to a
clean distribution of cells. Then cells were centrifuged for 5 minutes at 1000rpm at RT,
resuspended in fresh warm medium and plated onto one 6 cm dish with 5 ml of appropriate
medium. The following days, medium was frequently changed to get rid of dead cells,

followed by transfer onto 10 cm dish.

7.2 Cellular manipulations

All cellular manipulations were performed under the hood in cell culture.
7.2.1 Stimulations

To induce JAK-STAT signaling, the cells were stimulated with 10ng/ml final concentration of
recombinant mouse interferon-gamma (rmlIFN-y) from Gibco (stored at -80 °C) under the
hood in cell culture for the desired time frame stated in the experiments or for 45 minutes in

case of protein analysis by western blot.
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7.2.2 Kinase inhibition
To inhibit kinase function if mediator kinases CDK8/19, cells were treated 15 minutes prior

to IFN-y stimulation with 10 uM final concentration of Senexin A (stored at -20 °C).
7.2.3 CDK8 iKO: 4-hydroxy tamoxifen treatment

To induce CDK8 KO in CDK8fl MEFs, cells were treated with 4-hydroxy tamoxifen (40HT) at a
final concentration of 10 pug/ml for three hours. After treatment, cells were split and left for

recovery for 72 hours, before further procedures were conducted

7.3 Methods for protein isolation and detection

7.3.1 Generation of whole cell extracts

Prior to protein isolation, 3x10° cells were seeded on 6 cm plates the day before. Cells were
stimulated with IFN-y for 45 minutes and if needed treated with Senexin A or tamoxifen as
described in Chapter 7.2. Thereafter, the 6 cm dishes were transferred on ice. While keeping
them as close to the ice as possible, the medium was aspirated and the cells were washed
two times in 4 °C PBS. After the last washing step, dishes were slightly tilted and aspirated
again after 2 minutes to get rid of all the PBS. Subsequently, 100 pl of Frackelton Buffer
(recipe see chapter 7.8) supplemented with 10mM NasVO4 (=100x stock solution), 1 pill
cOmplete™ EDTA-free protease inhibitor cocktail (=100x stock solution) and 1M
Dithiothreitol (=1000x stock solution) was added to each 6 cm dish. Afterwards, cells were
scraped with the use of a rubber scraper, centrifuged 5 minutes at 4 °C at 13200rpm and
transferred into new Eppendorf tube. Subsequently, SDS sample buffer (composition see
Chapter 7.8) was added in ratio 2:1 (Lysate: SDS). Reaction tubes were removed from the ice
and boiled at 95 °C for 5 minutes in thermo blocks, followed by a quick centrifugation to
push the liquid out of the lids. Samples were kept on ice for 30 minutes before used for

protein analysis via western blot or, if used later, stored at -20 °C.
7.3.2 SDS-polyacrylamide gel electrophoresis (SDS PAGE)

Whole cell extracts of cells were prepared and harvested as described in chapter 7.3.1. The
gels were either made fresh or made prior to the experiment and kept at 4 °Cin a sealed
plastic bag containing some water to prevent it from drying out.

Either way, stacking and separating gels were prepared as follows:
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Separating gel (10%) Stacking gel (5%)
50% acrylamide 0,8 ml 30 % acrylamide 0,25 ml
1,5M Tris (pH= 8,8) 1ml 0,5M Tris (pH=6,8) 0,5 ml
ddH,0 2,2 ml ddH,0 1,25 ml
10 % SDS 40 pl 10 % SDS 20 pl
20% APS 12 pl 20% APS 6 ul
TEMED 8 ul TEMED apl

To cast the gel, equipment from Hoefer was composed and checked for leakage with ddH-O.
Separating gel was poured into the casting chamber and covered with isopropanol on top for
15 minutes. Subsequently, the isopropanol was removed carefully and the stacking gel was
added. Immediately after, a thin comb was inserted. As for the separating gel,
polymerization took approximately 15 minutes. Afterwards, the gel was put in electric
running chambers by Hoefer (Mighty small Il for 8x7 cm gels). The chamber was filled up
with 1x SDS Running Buffer (Chapter 7.8), slots were signed and comb was removed.

5 ul of marker (PageRuler Plus Prestained Protein Ladder, Thermo Scientific) and 15 pL of
whole cell extracts were, prior to being shaken, loaded. Settings for one gel were: 200V, 20
mA at RT. Running process was stopped when blue line ran out of chamber. If two gels were

used, mA were doubled to 40 mA.
7.3.3 Immunoblotting
7.3.3.1 Semi-dry blot

After running of gel was over, the separating gel was removed and the stacking gel was
rinsed in ddH;O. For protein transfer onto nitrocellulose membrane, the trans-blot SD semi-
dry transfer cell of Bio-Rad was used. Whatman paper and nitrocellulose membrane were, if

not stated otherwise, cut to 7,5 x 9 cm and assembled as follows:

5 Whatman paper were soaked in Anode 1 buffer and placed in the middle of the apparatus.
Subsequently, 3 pieces of Whatman paper were soaked in Anode 2 buffer and squarely put
on top of the stack. The nitrocellulose membrane (GE HealthCare) was soaked in Anode 2

buffer (not touched with gloves, only forceps) and carefully placed on the stack.
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The gel was then put on top of the stack and air bubbles were gently removed with wet
gloves to prevent ripping. In the end, 5 pieces of Whatman paper were soaked in Cathode
buffer and placed on top of the stack. Access liquid was gently rolled out with a falcon tube,

chamber was closed and run at 25 V (not more!) and 60 mA per gel for 60-80 minutes.

7.3.3.2 Membrane blocking and antibody incubation

Nitrocellulose membrane was rinsed in ddH,0 and incubated in Ponceau stain for 1-4
minutes. Subsequently, membrane was washed three times 10 minutes in 1x TBST (Chapter
7.8) All steps were performed under constant longitudinal shaking at RT. To block, either 15
% non-fat dry milk (Fixmilch instant) or 5% BSA in 1x TBST (Sigma-Aldrich) was added to each
membrane at RT for 1-1,5 hours. After sufficient blocking of the nitrocellulose membrane, it
was washed three times in 1x TBST again. Incubation with 10 ml prior prepared primary
antibody diluted in 5% BSA in TBST and 0,05% NaNs3, see antibody list chapter 7.7) was
performed over night at 4 °C°. On the next day, the primary antibody was poured back into
the falcon and the membrane was washed three times in 1x TBST, followed by incubation
with appropriate secondary detection antibodies diluted to a final concentration between
1:4000 and 1:10000 in 5% non-fat dry milk for 30 minutes at RT (see antibody list chapter
7.7). Subsequently, the secondary antibody was removed and the membrane was once again
washed in 1x TBST three times for 10 minutes each. Detection of protein was performed by
using the ChemiDocTM MP Imaging system from Bio-Rad with ~ 400 ul 1:1 mixture of
solution A and B from GE Healthcare - Amersham™ ECL Western Blotting Detection

Reagents Select™ or Prime™,
7.3.3.3 Stripping of membranes

Following scan and detection of proteins, membranes can be re-used for detection of
different proteins (same size possible) by stripping it. To do so, membrane was incubated
and washed two times in stripping buffer (see chapter 7.9), followed by proper rinsing in
ddH»0 for 1 min. Afterwards, the membrane was washed three times in 1x TBST for 10
minutes each, followed by blocking and incubation with primary antibodies as described in

chapter 7.3.3.2.
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7.3.3.4 Special Western blot conditions

In the course of CDK19 optimization for the CDK19 SAB4301196 in MEFs and BMDMs the
following conditions have been established: Primary antibody dilution 1:500, secondary
antibody 1:10000, blocking in 20 % milk and primary antibody incubation for only 2 hours on
RT. For all other antibodies, the following conditions were met: Primary antibody dilution
1:1000, secondary 1:4000, blocking with 10-15% milk or 5% BSA for 1 hour and primary

antibody incubation over night at 4 °C.

7.4 Gene expression analysis

7.4.1 RNA isolation with Trizol

For the following steps filter tips and high-grade ethanol was used. As for the protein
isolation, 3x10° cells were seeded on 6 cm plates overnight. Cells were put on ice and
washed 2x with pre-cooled (4°C) PBS. At the last washing step, cell dishes were slightly tilted
for ~ 1 minute, followed by aspiration to completely get rid of the medium. 500 pl Trizol
(QlAzol Lysis reagent, 79306 Qiagen) was added onto the plates and cells were scraped
thoroughly into new Eppendorf tubes. Subsequently, 150 ul chloroform was added and
tubes were heavily vortexed for ~ 15 seconds till the color turned pastel pink. Eppendorf
tubes were then centrifuged for 5 minutes at 13200 rpm at RT. To precipitate RNA, 1 volume
of isopropanol and 1/10 volume of 5 M NaCl was added to the supernatant. The samples got
inverted a couple of times and were left for incubation 10 minutes at RT. Thereafter,
samples were centrifuged 30 minutes at 13200 rpm at 4°C and the resulting pellet was
washed in 75 % ethanol. In the end, the pellet was air-dried under the hood for 5 minutes.

RNA was resuspended in 50 ul nuclease-free water and stored at -80°C.
7.4.2 Reverse transcription

The concentration of RNA was measured using the NanoDrop Spectrometer. The amount of
sample needed for 1 pug was calculated and mixed together with 100 pmol Oligo dT primer
and water. To destroy possible RNA-secondary structures, samples were incubated in the
Thermo Block for 5 minutes at 70°C. Thereafter, samples were put on ice and 4 pl of 5x
Reaction buffer, 2 ul 10 mM dNTPs and 2 pl of nuclease free water was added. For pre-
incubation, samples were put on 37°C for 5 minutes. To start reverse transcription and cDNA

synthesis, 1 pl of Mu-MLV Revert Aid Transcriptase (200u/ul) was added and reaction was
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incubated for 1 hour at 42°C. To stop the reaction, cDNA was incubated at 70°C for 10

minutes. If not used any further, cDNA was stored at -20°C.

7.4.3 Reverse transcription quantitative PCR (RT-qPCR)°

For each sample, the following PCR mixture was prepared:

GoTaq gPCR Mastermix (Promega) 7,5 ul
Forward primer + Reverse primer 0,09 ul
Nuclease-free water 2,41 ul

1/10 diluted cDNA 5ul

The cDNA samples were each mixed together as described above and were transferred into

twin-tec real-time 96 PCR plates from Eppendorf. For the standard curve a mixture of all

samples diluted 1:2, 1:4, 1:8 and 1:16 in nuclease free water was made. Each reaction was

done in duplicates and measured with the CFX96 Touch Real-Time PCR Detection System in

accordance to following PCR temperature program for 40 cycles:

initial

denaturation denaturation | annealing | elongation | melting curve
58°C-95°C (0,5°C

95°C 95°C 56,5-60°C | 72°C increment)

5 min 15 sec 20 sec 20 sec 18,5 min
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7.5 Chromatin immunoprecipitation (ChIP) for MEFs

Cells used for experiments were seeded on 2x15 cm dishes per experimental timepoint until
~ 80 % confluency was reached. If needed, cells were then stimulated and treated for

cellular manipulations as described in more detail in chapter 7.2.
7.5.1 Crosslinking of DNA and proteins and lysis of cells

The medium was thoroughly aspirated and cells were covered in 20 ml PBS at RT.
Crosslinking of proteins and DNA was achieved by addition of 540 ul 37% formaldehyde

(final 1%) to 20 ml PBS. Thereafter, cells were put on shaker for 10 minutes at RT. To stop
the crosslinking process, 1 ml of 2.5 M glycine (final 125mM) was added to the dishes and
cells were shaken again for 10 minutes at RT. After addition of glycine, a visual color shift to
yellow was observed. Next steps were all performed on ice. PBS-formaldehyde-glycine
mixture was aspirated and cells were washed thrice with pre-cooled PBS (4°C). For the last
washing step, 15 cm plates were slightly tilted and aspirated again after ~ minute to
completely get rid of PBS. Afterwards, cold PBS was supplemented with 100x Pille (one pill
cOmplete™ EDTA-free protease inhibitor cocktail in 1 ml of nuclease-free water) 200mM
PMSF (=200x stock solution). 5 ml of supplemented PBS was added to each plate and cells
were scraped into falcon tubes (replicates were pooled).

The cells were then centrifuged for 5 minutes at 1500 rpm at 4°C. The resulting pellet was
resuspended in 5 ml WASH | solution, supplemented with 100x Pille and 200mM PMSF
(=200x stock solution) (see Chapter 7.8) and kept on ice for 15 min. Every 5 minutes falcons
were inverted a couple of times. Thereafter, cells were centrifuged again for 5 minutes at
1500 rpm at 4°C. Subsequently, the resulting cell pellet was resuspended in WASH I,
supplemented with 100x Pille and 200mM PMSF (=200x stock solution) (see Chapter 7.8) and
kept on ice for 15 minutes. As already mentioned above, falcons were inverted a couple of
times every 5 minutes. Afterwards, cells were centrifuged again for 5 minutes at 1500 rpm at
4°C. Lastly, the pellet was resuspended in 800 pl freshly prepared SDS lysis buffer (for 10 ml
—1ml 10% SDS, 200 pl 0,5 M EDTA, 500 pl 1 M TRIS HCI pH 8, 100 pl Pille, 50 pl 200mM PMSF
and nuclease free water to reach a total volume of 10 ml) and transferred into Eppendorf

tubes. Subsequently, samples were incubated under constant turning at 4°C for one hour.
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7.5.2 Sonication of DNA

In ChIP, DNA needs to be sheared on average into 500 base pair length fragments. To do so,
samples were transferred into 15 ml Bioruptor Tubes from Diagenode and a small amount of
sonication beads from the same company was added. Then the samples were put into the
Bioruptor, which was pre-cooled to 4°C, and the following settings were used:

15 seconds on, 45 seconds off, 3 cycles.

The fragmented DNA was carefully decanted into new Eppendorf tubes (no up and down
pipetting!) and samples were centrifuged 2x15 minutes at 13200 rpm and 8°C. Each time,
the supernatant was transferred into new Eppendorf tubes. The samples were put on ice for
~ 30 minutes before DNA concentration with NanoDrop (absorbance of 260 nm and blanked
to SDS lysis buffer) was assessed. 30 ul per sample was taken as sonication control and 25 pg
of sample as input, both stored at 4°C in a metal rack. For each antibody used, 25 ug of
sample was diluted in dilution buffer (recipe see Chapter 7.8) supplemented with 100x Pille
(one pill cOmplete™ EDTA-free protease inhibitor cocktail in 1 ml of nuclease-free water)
and 200mM PMSF (=200x stock solution) to obtain a dilution between 1:10 and 1:20 (500-
1300 pl dilution buffer). The specific antibodies needed for the experiment were then added
to the respective diluted samples (see Chapter 7.7). Dynabeads Protein G from Invitrogen by
Thermo Fisher Scientific were washed three times with supplemented dilution buffer in the
magnetic rack and incubated in 0,1% BSA in dilution buffer, together with the ChIP samples,

at 4°C over night under constant turning on the wheel.
7.5.3 Immunoprecipitation

The next day, 40 ul of blocked beads were added to the samples and incubated for 4 hours
at 4°C on the turning wheel. Subsequently, the beads were washed every 10 minutes in the
magnetic rack using different buffers in the following order at 4°C: 1x RIPA buffer, 2x High
Salt buffer, 1x LiCl buffer and 2x TE buffer. To elute the immune complexes from the beads,
400 pl of freshly made elution buffer (for 5 ml -1 ml 10 % SDS, 0,5 ml 1 M NaHCO3,50 pul 1 M
DTT and 3,5 ml of nuclease-free water) was added to the samples, followed by heavy shaking
at 1400 rpm at RT forl hour. Afterwards, the supernatant was transferred into new
Eppendorf tubes, 400 ul of elution buffer was added to Input and Sonication samples (stored
at 4°C in metal rack) and to reverse crosslinking, 20 pl of 4M NaCl was added to eluates,

vortexed immediately and incubated at 65°C overnight.
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7.5.4 DNA precipitation

After reverse crosslinking overnight, proteins were degraded by proteinase K treatment. Per
sample 8ul of 0,5 M EDTA, 16 pl of 1 M TRIS HCI pH 6,5 and 2 ul of Proteinase K (stock 20
mg/ml) was added and incubated for 1 hour at 66°C under slight shaking at 850 rpm.
Afterwards, samples were transferred into pre-centrifuged (1000 rpm, 15 seconds) 5PRIME
Phase Lock Gel tubes by QuantaBio and 400 pl phenol-chloroform-isoamyl was added per
tube. Samples were thoroughly shaken by hand and subsequently centrifuged for 5 minutes
at 12000 rcf at RT. The aqueous phase containing DNA was decanted into new Eppendorf
tubes and DNA was precipitated upon addition of 0,8 ml 96% ethanol, 40 ul 3M pH 5,2
sodium acetate and 1 pl of the co-precipitant glycogen (20mg/ml stock). Samples were then
vortexed and incubated at -20°C for at least two hours. Thereafter, samples were
centrifuged at 4°C, 13200 rpm for 45 minutes. The newly formed, small pellet was washed 2-
3 times in 70 % ethanol and air-dried thereafter for 10 minutes under the hood.

The pellet was then resuspended in 100 pl nuclease-free water and incubated 10 minutes at
55°C to get rid of the residual ethanol, followed by storage at -20 °C.

In contrast to normal samples, sonication controls were resuspended in 30 pl nuclease-free
water. Thereafter, RNA was digested using RNAse A (10mg/ml, Thermo Scientific) for 30
minutes at RT. To check uniform shearing of DNA, samples were, together with 6 ul Orange

loading dye, analyzed on an 1% agarose gel (20 minutes, 100V).
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7.5.5 qRT-PCR readout analysis

For the gPCR analysis, the Input samples were diluted 1:20 and the Kappa Sybr Green

Mastermix was used as follows:

Kappa Sybr Green Mastermix 10 ul
Forward primer + Reverse primer 0,16 ul
Nuclease-free water 4,84 ul

DNA 5 pl

The DNA samples were each mixed together as described above and were transferred into

twin-tec real-time 96 PCR plates from Eppendorf. For the standard curve a mixture of one

input sample diluted 1:2, 1:4, 1:8 and 1:16 in nuclease free water was made. Each reaction

was done in duplicates and measured with the CFX96 Touch Real-Time PCR Detection

System in accordance to following PCR temperature program for 40 cycles:

initial

denaturation denaturation | annealing | elongation | melting curve
58°C-95°C (0,5°C

95°C 95°C 56,5 - 60°C | 72°C increment)

5 min 15 sec 20 sec 20 sec 18,5 min
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7.6 Primer list

7.6.1 Expression analysis of IFN-y induced genes

Gene Primer name Sequence Annealing
temperature
Irf1 forw. 5’-CCGAAGACCTTATGAAGCTCTTTG-3’
Irf1 60 °C
Irf1 rev. 5’-GCAAGTATCCCTTGCCATCG-3’
Gbp2 forw. 5’-TGCTAAACTTCGGGAACAGG-3’
Gbp2 60 °C
Gbp2 rev. 5’-GAGCTTGGCAGAGAGGTTTG-3’
Hprt forw. 5’-GGATTTGAATCACGTTTGTGTCAT-3’
Hprt 60 °C
Hprt rev. 5’-ACACCTGCTAATTTTACTGGCAA-3’
7.6.2 qChIP analysis of IFN-y induced genes
. Annealing
Gene Primer name Sequence
temperature
Irf1 TSS forw. 5-TCCCGCTAAGTGTTTAGATTTC-3’
Irf1 61°C
Irf1 TSS rev. 5-TTCGGTTCGGCTTAGACTG-3’
Irf1 Intron 8 forw. 5°-TGCCTAGTTGCTTGTCTCTG-3’
Irfl 61,5 °C
Irf1 Intron8 rev. 5’-CTCCTGTGTGTCGCTGTC-3’
Irf1 3'UTR forw. 5-TGCTGTGCTGCTGGTCTTG-3’
Irf1 61,5 °C
Irf1 3’"UTR rev. 5°-CCTTCATTCCGTCCTGTCCTTC-3’
Gbp2 GAS forw. 5’-AGTGGTGCTAAAATTGTTGTGG-3’
Gbp2 61°C
Gbp2 GAS rev. 5’-AGAAAGGAAGGAGAAAGATGGG-3’
untranscr untranscr. forw. 5’-TCAGGCATGAACCACCATAC-3’
L 56,5 °C
region untranscr. rev. 5-AACATCCACACGTCCAGTGA-3’
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7.7 Antibody list

7.7.1 Primary Antibodies Western blot

Name Blocking Cat Number Company Species Dilution
':?7;71 BSA / Kovalr ;';;t al. rabbit 1:1000
211211_ BSA 9167S Cell signaling rabbit 1:1000
STAT1 milk D4Y6Z/14995S Cell signaling rabbit 1:1000
CDK8 BSA 41015/6398 Cell signaling rabbit 1:1000
CDK19 milk SAB4301196 Sigma-Aldrich rabbit 1:500
CDK19 milk SAB1302333 Sigma-Aldrich rabbit 1:500
Tubulin milk T9026 Sigma-Aldrich mouse 1:5000
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7.7.2 Secondary Antibodies Western blot

Name diluted in Company Species Dilution
Peroxidase AffiniPure milk Jackson donke 1:4000-
Anti-Rabbit 1gG (H+L) ImmunoResearch y 1:10000
Peroxidase AffiniPure milk Jackson donke 1:4000-
Anti-Mouse 1gG (H+L) ImmunoResearch y 1:10000
Peroxidase AffiniPure milk Jackson donke 1:4000-

Anti-Goat IgG (H+L) ImmunoResearch ¥ 1:10000
7.7.3 ChIP antibodies
Name Cat number Company Species ChiP
amount
RNA-pol Il ab817 abcam mouse 10 ul
RNA-pol 11 S2 A300-654A Bethyl rabbit 3.5ul
RNA-pol I S5 AB5408 abcam mouse 5ul
RNA-pol II AB26721 abcam mouse 10 wl
IgG rabbit isotype . .
control 3900S/DA1E Cell signaling / 2,5ul
'8G mouse isotype M5284 Sigma-Aldrich / 25 ul
control
l8G goat isotype 026202 Thermo Fisher / 2,5 ul
control
Flag A190-101A Bethyl goat 3ul
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7.8 Reagent/Buffer list

7.8.1 Cell culture

Dulbecco’s modified eagle medium (DMEM, 500ml)

10 % FCS (Gibcon)
100 U/ml penicillin

100 pg/ml streptomycin

Freezing medium

FCS (Gibcon)
10 % DMSO

7.8.2 Protein isolation / Western blot

Stripping Buffer (1l)

15,02g Glycine
8,77g NaCl
0,1ml Tween20

Adjust pH = 2,5, fill up to 1l with ddH,0, autoclave immediately

10x Western running buffer (1l)

30,29g Tris base
144,13g Glycine
10g SDS

Fill up to 111 with ddH,0, autoclave immediately

Cathode buffer (11)

5,25g Hexa-aminocaproic acid
200ml Methanol
0,1g SDS
fill up to 11 with ddH,0
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Anode 1 buffer (1)

36,34g Tris base
200ml Methanol
Adjust pH =10,4, fill up to 1l with ddH,0

Anode 2 buffer (1)

0,3g Tris base
200mI| Methanol
Adjust pH =10,4, fill up to 1l with ddH,0

Frackelton buffer (11)

1,2g Tris base
13,4g Tetrasodiumphosphate
2,9g NaCl
2,1g NaF
10 ml (1%) Triton-X-100
Adjust pH =7,1, fill up to 11 with ddH,0

10x TBST (1I)

12,11g Tris base
87,66g NaCl
5ml Tween20

Adjust pH =8, fill up to 11 with ddH,0

SDS sample buffer (20ml, 4x)

5ml 0,5M Tris-HCl pH = 6,8
2,5ml Glycerol
4ml 10% SDS
2ml Beta-Mercaptoethanol
0,2 ml 0,05% Bromophenol blue
6,5ml ddH,0
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Ponceau Stain

0,1% Ponceau S stain
5% Trichloroacetic acid (TCA)
0,05% SDS

7.8.3 Chromatin immunoprecipitation

Wash 1 (400ml)

10ml 10% Triton X-100
8ml 0,5M EGTA
4ml 1M HEPES
fill up to 400ml with ddH,0, filter sterile

Wash 2 (400ml)

20ml 4M Nacl
0,8ml 0,5M EGTA
0,4ml 1M EGTA
4ml 1M HEPES
fill up to 400ml with ddH,0, filter sterile

Dilution buffer (400ml)

16,7ml 4M NacCl
6,7ml 1M Tris HCl pH = 8,1
0,96ml 0,5M EDTA
44ml 10% Triton X-100
0,4ml 10% SDS

fill up to 400ml with ddH,0, filter sterile
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RIPA buffer (400ml)

15ml 4M Nacl
20ml 1M Tris HCl pH = 8,0
4ml 10% SDS
20ml 10% NaDOC (fresh)
4ml concentrated NP40O

fill up to 400ml with ddH,0, filter sterile

High Salt buffer (400ml)

50m| 4M NacCl
20ml 1M Tris HCI pH = 8,0
4ml 10% SDS
40ml 10% NP40O
fill up to 400ml with ddH,0, filter sterile

LiCl Wash buffer (400ml)

100ml 1M Licl
20ml 1M Tris HCI pH = 8,0
20ml 10% NaDOC
40ml 10% NP40
fill up to 400ml with ddH,0, filter sterile

TE buffer (500ml)

5ml 1M Tris HCl pH = 8,0
1ml 0,5M EDTA
fill up to 400ml with ddH;0, filter sterile
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10. Supplementary — Zusammenfassung

Die Genexpression in der Immunantwort ist ein hochkomplexer Prozess, der auf
verschiedenen Ebenen beeinflusst werden kann. Trotz umfangreicher Studien in den letzten
Jahrzehnten sind viele Mechanismen nach wie vor ungeklart. Die Kinasen CDK8 und CDK19
konnen reversibel mit dem Mediator-Komplex assoziieren und wurden kiirzlich als wichtiger
Bestandteil der Transkriptionsmaschinerie identifiziert. CDK8 ist in der Lage, die
Transkription durch eine Vielzahl von Mechanismen zu beeinflussen. Aktuelle
Forschungsarbeiten unseres Labors haben die Rolle von CDK8 und seinem Paralog CDK19 in
der IFN-y Immunantwort beschrieben. Da beide jedoch eine groRe Teilmenge von Genen
entweder hoch- oder herunterregulieren, bleiben die genauen Wirkungsmechanismen im
Dunkeln. In dieser Studie wird der Effekt der CDK8-mediierten Phosphorylierung S727 von
STAT1 in murinen embryonalen Fibroblasten bestatigt. Darliber hinaus zeigen wir, dass bei
der Hemmung der Mediator-Kinase-Funktion die Expression der IFN-y-induzierten Gene Irf1
und Gbp2 herunterreguliert wird. Der Knock-Out von CDK8 zeigte keinen Einfluss auf die
Expression ebengenannter Gene.

Im Zuge dieser Studie wurde ChIP in unserem In-vitro-System etabliert. Wir konnten zeigen,
dass bei Inhibition der Mediator-Kinasen pS5 Pol Il im Genkorper hochreguliert wird. Unsere
Daten deuten darauf hin, dass Mediator-Kinasen ohne ihre enzymatischen Eigenschaften zu
einem Ungleichgewicht wahrend der Transkription und folglich zu niedrigeren
Expressionsleveln von Genen wie Irf1 und Gbp2 fiihren. Zukiinftige Arbeiten sollen unser
experimentelles System nutzen um die Rolle von CDK8 und CDK19 weiter zu entschliisseln.
Des Weiteren sollte so bald wie moglich ein ChIP-Seq Experiment innerhalb unseres Systems
durchgefiihrt werden. Dies wiirde ein tieferes Verstandnis Giber Mediator-Kinasen zulassen
und daher Moglichkeiten eréffnen, diese in der nahen Zukunft als Ziele in der

Krebsbehandlung einzusetzen.
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