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SUMMARY

Transcriptional regulation is a highly dynamic biological process which is governed by a
complex network of proteins for precise expression of a gene. One of the most important
regulators of gene expression are cyclin dependent kinases (CDKs), which transduces signal
by phosphorylation of its substrate. CDKs are broadly classified into two groups — cell cycle
CDKs and transcriptional CDKs(tCDKs). Due to limited structural and functional
knowledge of tCDKs, till date it remains to be a fascinating field of research. One of the
early functions discovered for tCDKs is the phosphorylation of the C-terminal domain
(CTD) of RNA polymerase II (Pol II), but the knowledge remains poorly understood 7 vive
till date. This phosphorylation cycle of Pol II CTD is crucial to co-ordinate between different
transcriptional processes namely initiation, pause release, elongation, as well as termination
of transcription. Additionally, tCDKs can also interact with other proteins in transcription
cycle for orchestrating regulation intertwined with chromatin accessibility and epigenetic
mechanisms. Since the discovery of tCDKs, scientists have been trying to unravel the
functional mystery of the individual kinases in transcriptional cycle regulation. tCDKs are
structurally and functionally conserved, therefore dissecting the role of individual kinases is
a challenging task. This thesis work presents a collaborative effort to piece together the
transcriptional kinase puzzle by defining the primary role of individual tCDKs in
transcription cycle. This will eventually lead to uncover the detailed molecular mechanism
of tCDKs and their impact on transcriptional regulation. Research focused on tCDKs for
functional interpretation are mostly done with chemical inhibitors e.g., THZ1 which has off
target effects as well as longer inhibition duration introduces secondary effects. To
circumvent these limitations, the studies presented in the thesis uses an analog sensitive
kinase approach as a powerful tool to study the function of individual kinases with specific
inhibition 7z vive. Restricting the inhibition duration to a shorter time span allows to
investigate the primary function of the individual kinases. Precisely, we investigated the
function of three different kinases, CDK7, CDK12 in human cell line and CDKS in yeast.
To obtain novel insights into the underlying mechanism, we combined complementary
functional genomic methods, for example, Transient Transcriptome Sequencing (TT-seq)
and mammalian Native Elongating Transcript Sequencing (mNET-seq) with proteomics
and structural studies which gives us promising results to determine the exact functionality
of the individual tCDKSs. This broadens our knowledge in the field of tCDK mediated
transcriptional regulation and its involvement in all of the relevant biological processes.
More careful analysis needs to be done to interpret how kinases interact under physiological
conditions, but the work presented in this thesis significantly contributed to the
understanding of individual tCDKs function 7z vzo. In recent times, tCDKs have been
implicated in cancer and their inhibition in cancer therapy and presence as biomarkers are
being explored extensively. The knowledge of individual tCDK function will help us to
manipulate the activity of these kinases to substantially increase the therapeutic potential.
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CHAPTER1

INTRODUCTION

The aim of this chapter is to provide the reader with the relevant biological concepts for

comprehension of the thesis. This chapter is written with sources from published review

articles. Each subsection is wrapped up with the relevant literature information.

N-terminal helix

L d
CDKI12-cyclin K CDK13-cyclin K



Introduction

11 Central dogma of molecular biology

The eukaryotic cell nucleus contains the genetic blueprint of an organism in the form of
deoxyribonucleic acid (DNA) organized in chromosomes (Watson and Crick, 1953). The
genetic information encoded in the double helix DNA sequence is transferred into proteins
through the ribonucleic acid (RNA) intermediate. This flow of genetic information is
referred to as the central dogma of molecular biology (Figure 1.1), a phrase first enunciated
by Francis Crick in 1958 (Crick, 1970). The underlying biological processes, namely DNA
replication, transcription into RNA, and translation into proteins ensure the transfer in a
deterministic manner and are crucial for the development and function of all living
organisms (Crick, 1970).

Replication
(DNA polymerase)

DNA  YDOOBA

> &

Translation -
Protein

(Ribosomes)

Figure 1.1 | The central dogma of molecular biology. The flow of genetic information along the
three important classes of biopolymers: DNA, RNA and protein. DNA is transcribed (copied) to
mRNA which is translated to proteins using amino acids. Adapted from (Crick, 1970).

RNA, one of the three important biopolymers, is a highly versatile compound. It functions
in the process of translation as tRNA and tRNA, contributes to the gene expression
regulation as eRNA, miRNA, siRNA and other non-coding RNA, or the mRNA acts as a
pure messenger. The underlying mechanisms, with the extensive and crucial roles they play
in a biological system, are of high interest for their association with diseases (Li and Liu,

2019; Statello e# al., 2020; Bhatti e# al., 2021).

1.2 Gene transcription in eukaryotes

The first step in the flow of the genetic information pathway is transcription of genes from
DNA template to produce complementary single-stranded RNA (Crick, 1970). The enzyme
that carries out transcription is the DNA dependent RNA polymerase (Pol) (Hurwitz, 2005).

While bacteria and archaea have only one type of RNA polymerase, eukaryotic cells have
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five different nuclear RNA polymerases that perform transcription of the nuclear genome:
Pol I, 11, 111, IV and V (Hurwitz, 2005). Different RNA polymerases synthesize functionally
distinct transcripts. Pol I synthesize ribosomal RNAs (tRNAs). Pol II produces protein-
coding RNAs (mRNA) as well as small nuclear (snRNAs) and small nucleolar RNAs
(snoRNAs). Pol I11 is responsible for the synthesis of transfer RNAs (tRNAs), the 58 rRNA
and other small RNA molecules (Carter and Drouin, 2009). The plant-specific enzymes Pol
IV and Pol V produce small interfering RNAs (siRNAs) that are involved in gene silencing
(Zhou and Law, 2015). All polymerases are structurally related and consist of a conserved
10-subunit core and specific additional subunits (Cramer, 2019a; Barba-Aliaga, Alepuz and
Pérez-Ortin, 2021).

1.3 RNA polymerase II (Pol II)

The synthesis of eukaryotic mRNA is carried out by RNA polymerase II (Pol II) (Kornberg,
1999; Cramer, Bushnell and Kornberg, 2001). Pol 11, is a multi-subunit complex composed
of 12 subunits, termed Rpb1-12 and is the only polymerase containing a flexible C-terminal
domain (CTD) on its largest subunit Rpb1 (Cotden e7 a/., 1985). CTD consists of multiple,
highly conserved heptapeptide tandem repeats. While the CTD of the yeast S. cerevisiae
contains 26 heptapeptide repeats, the human Homo sapiens CTD is composed of 52 repeats
(Figure 1.2) (Stiller and Hall, 2002). Control of Pol II activity is specifically regulated at
individual genes and is absolutely crucial for homeostasis of the cell (Osman and Cramer,

2020; Schier and Taatjes, 2020).

S. cerevisiae H. sapiens

1 FSPTSPT 1 YSPTSPA —  YTPTSPN
YSPTSPA YEPRSPGG YSPTSPS
YSPTSPS YTPQSPS YSPTSPS
YSPTSPS YSPTSPS 30 YSPTSPS
YSPTSPS YSPTSPS YSPSSPR
YSPTSPS YSPTSPN YTPQSPT
YSPTSPS YSPTSPS YTPSSPS
YSPTSPS YSPTSPS YSPSSPS
YSPTSPS YSPTSPS YSPTSPK

10  YSPTSPS 10 YSPTSPS YTPTSPS
YSPTSPS YSPTSPS YSPSSPE
YSPTSPS YSPTSPS YTPTSPK
YSPTSPS YSPTSPS YSPTSPK
YSPTSPS YSPTSPS 40 YSPTSPK
YSPTSPS YSPTSPS YSPTSPT
YSPTSPS YSPTSPS YSPTTPK
YSPTSPA YSPTSPS YSPTSPT
YSPTSPS YSPTSPS YSPTSPV
YSPTSPS YSPTSPS YTPTSPK

20 YSPTSPS 20 YSPTSPS YSPTSPT
YSPTSPS YSPTSPS YSPTSPK
YSPTSPN YSPTSPN YSPTSPT
YSPTSPS YSPTSPN YSPTSPKGST
YSPTSPG YTPTSPS 50 YSPTSPG
YSPGSPA YSPTSPS YSPTSPT

26 YSPKQDE 26 YSPTSPN — 52 YSLTSPA
QKHNENENSR ISPDDSDEEN

Figure 1.2 | The Pol II C-terminal domain. Comparison of yeast and human Pol II CTD
sequences. Adapted from (Boehning ez a/., 2018).
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1.4 The RNA polymerase II (Pol II) transcription cycle

A transcription cycle is a collective set of biochemical reactions that control RNA
polymerase activity, from promoter binding to polymerase recycling, at every active gene in
any genome (Kang ez al, 2020). The transcription cycle integrates multiple sources of
information serving as a command center to ensure that RNA synthesis across genomic loci
is tailored precisely to the needs of the cell and organism. In eukaryotic organism,
transcription by Pol II is orchestrates in three major parts, namely initiation, elongation,

termination and re-initiation (Figure 1.3) (Hantsche and Cramer, 2016).

e ———

Initiation Elongation Termination

TSS Elongation poly(A)
factors l
| a

Initiation Termination

factors
|
Termination window

factors
|

Promoter

5 cap

A

mRNA

Figure 1.3 | Pol II transcription cycle. During transcription initiation, Pol II binds the promoter
of a gene close to the transcription start site (ITSS) with the help of general transcription factors.
During elongation, the nascent mRNA chain (red) is extended. The polyadenylation (poly(A)) site
marks the end of the gene where the mRINA is cleaved. Further downstream, Pol 11 is displaced from
the DNA template and freed for a new round of transcription. The mRNA is co-transcriptionally
processed through addition of a 5' cap (red dot) and a poly(A) tail (A,) at the 3' end. The Pol II C-
terminal domain is omitted in the structure for clarity. Adapted from (Hantsche and Cramer, 2016).

1.41 Initiation

Pol II transcribes through a chromatin environment and regulation of chromatin structure
is linked to Pol II initiation (Kulaeva, Gaykalova and Studitsky, 2007). Transcription
initiation requires access of Pol II to promoter DNA at the transcription start site of a gene
(Nikolov and Burley, 1997). I vivo, DNA is compacted through binding to octameric histone
complexes like “beads on a string” (Woodcock, Safer and Stanchfield, 1976). Each histone
octamer is composed of two histone H2A/H2B dimers and one histone H3/H4 tetramer,
which together with 147 bp of wrapped DNA form the nucleosome, the fundamental
building block of chromatin (Luger e a/, 1997). The accessibility of the DNA template is
strongly impaired by this packaging structure of DNA or chromatinization, and chromatin

remodelers, chromatin-modifying enzymes, coactivators and mediator are recruited to
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remodel the chromatin architecture to ensure accessibility (Zhang ef a/, 2016). In active
transcription units, promoters are generally located in nucleosome-depleted regions to
provide access for the transcriptional machinery to the DNA (Kujirai and Kurumizaka,

2020).

Transcription initiation requires the assembly of the pre-initiation complex (PIC) comprising
the general transcription factors (GTFs) TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH
together with Pol II at the core promoter (Petrenko e al, 2019). GTFs position Pol II on
the promoter for transcription start site (I'SS) selection to facilitate transcription initiation
(Osman and Cramer, 2020). TFIIH plays a key role in this process - it opens the double-
stranded promoter DNA at the TSS through its ATP-dependent translocase activity (‘open
PIC’) which allows the translocation of the template strand into the Pol II active site, and
promotes the polymerization of a complementary RNA strand via a conserved catalytic
mechanism (‘initially transcribing complex’) (Steitz and Steitz, 1993; Brueckner, Ortiz and
Cramer, 2009). Once the transcript exceeds a critical length, the growing RNA chain clashes
with TFIIB, strongly destabilizing the PIC (Pal, Ponticelli and Luse, 2005). Simultaneously,
the trimeric TFIIH kinase module containing the cyclin dependent kinase(CDK) 7 kinase
(Kin28 in yeast) phosphorylates the Pol II CTD at the heptad positions Ser5 and Setr7, which
further facilitates PIC disassembly and promoter escape (Hantsche and Cramer, 2016;

Osman and Cramer, 2020; Schier and Taatjes, 2020).

1.4.2 Elongation and CTD phosphorylation

The transition from transcription initiation to eatly elongation happens when Pol II gets
stable by the growing DNA-RNA hybrid and the initiation factors dissociate (Nechaev and
Adelman, 2011). The transition is known as promoter clearance or promoter escape
(Jonkers, Kwak and Lis, 2014). If not terminated by abortive initiation, Pol II enters into the
productive elongation phase to form a processive transcription elongation complex
(Nechaev and Adelman, 2011) . Upon promoter escape, Ser5-phosphorylated CTD recruits
the capping enzyme to modify the 5’-end of the nascent mRNA with a stabilizing methylated
guanosine nucleotide (Cho ez a/., 1997). Thus, the nascent mRNA receives a 5’- cap when it
reaches a length of 25-30 nucleotides (Ramanathan, Robb and Chan, 2016). In metazoans,
the Pol II elongation complex temporarily pauses in the promoter-proximal region ~50 nt
downstream of the TSS, representing a regulatory checkpoint for transcriptional control
during elongation (Core and Adelman, 2019). Pol II pausing is stabilized by the negative
elongation factor (NELF) and DRB sensitivity-inducing factor (DSIF) (Vos ez al, 2018).
Pause release by the CDK9 kinase subunit of the positive elongation factor b (P-TEFDb)
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results in displacement of NELF by the elongation factor complex PAF, binding of the
elongation factor SPT6, and Ser2-phosphorylation of the Pol II CTD (Vos ef al., 2018).
While pause sites are generally located upstream of the first (+1) nucleosome, further
transcription of the gene body necessitates Pol II passage through nucleosomes (Teves,
Weber and Henikoff, 2014). Recruitment of positive elongation factors as the histone
chaperone SPTG6 to the Ser2/Set5-hyperphosphorylated CTD can enable efficient
nucleosome passage to facilitate elongation (Kasiliauskaite e# a/, 2022). As transcription
elongation proceeds through the gene body, the phosphorylated CTD coordinates co-
transcriptional pre-mRNA maturation through the direct interaction with components of
the splicing apparatus (Hantsche and Cramer, 2016; Cramer, 2019b; Osman and Cramer,
2020; Schier and Taatjes, 2020).

1.4.3 Termination and re-initiation

Termination of Pol II transcription, the final phase of the transcription cycle is reached when
Pol II reaches the poly (A) site (pA site) of the transcribed gene (Tran ez a/, 2001). The
elongation factors are then replaced by termination factors (Kecman e7 4/, 2018). At the pA
site the transcript is cleaved off, Pol II transcribes a little further downstream and is finally
terminated (Proudfoot, 2016). During these steps, the mRNA receives a 3’-poly(A) tail
(Wahle and Riegsegger, 1999). After termination, transcription can be initiated again either
by recruitment of the complete transcription machinery to the promoter region or by
facilitated re-initiation due to the promoter bound scaffold complex (Kang e7 a/., 2020). This
remainder of the initial transcription machinery, including TFIIA, TFIID, TFIIE, TFIIH
and mediator, enables rapid PIC formation and thus efficient successive initiation (Shino
and Takada, 2021). The underlying processes of termination are highly regulated and coupled
to RNA processing events, which often occur far downstream of the poly (A) site (Cramer,

2019b; Osman and Cramer, 2020; Schier and Taatjes, 2020).

1.5 Regulation of the Pol II transcription cycle by CTD

The Pol II CTD is necessary for transcription cycle regulation (Hsin and Manley, 2012).
Each of the seven amino acids in the highly conserved heptad peptide (YS:P5T.S5PeSy)
repeat of CTD may undergo different modifications and each repeat may have a different
post-translational modification pattern (Zaborowska, Egloff and Murphy, 2016a).
Therefore, the CTD potentially exhibits a large and complex pattern collectively called the
CTD code (Figure 1.4) (Aristizabal and Kobor, 2016). The CTD code, in particular the
levels of Ser2P, Ser5P, and Ser7P during three stages of transcription, is critical for

transcriptional control (Kim e /, 2010). In general, before transcription starts, Ser2, Ser5,
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and Ser7 are all unphosphorylated, and the initiation of transcription requires Ser5P and
Set7P (Calvo and Garcfa, 2012). However, the Ser5P and Ser7P level declines when gene
transcription enters the elongation stage (Z. L. Zheng, 2022). Ser2P levels increase during
productive elongation, and a full-length RNA transcriptis synthesized by a stable elongation
complex (Zhou, Li and Price, 2012). All CTD phosphorylation decrease at the termination
stage for Pol II to enter another transcriptional cycle (Z. L. Zheng, 2022). This can be
referred to as the CTD phosphorylation cycle which is associated with the transcription cycle
(Hsin and Manley, 2012). The dynamic CTD phosphorylation pattern during transcription
is tightly regulated by various CDKs and CTD phosphatases (Zaborowska, Egloff and
Murphy, 2016a). The CTD also functions as a general platform to recruit many regulatory
factors involved in transcription, mRNA processing and histone modification (Heidemann

et al., 2013; Zaborowska, Egloff and Murphy, 2016c¢).

( Termination | [ nitiation |

Re-Initiation
;e
'l \\

Promoter

TSS
Early
elongation

Productive

elongation

Y1P S2P T4P S5P S7P

pPA

Elongation factors
(termination factor recruitment impaired) snRNA 3'-processing

Figure 1.4 | Extended “CTD code” for transcription cycle coordination. During the cycle,
levels of CTD phosphorylation at Tyrl, Ser2, Thr4, Ser5 and Ser7 residues change differently, as
illustrated by gradients of violet (Tyr1P), green (Ser2P), orange (Thr4P), red (Ser5P) and blue (Ser7P)
in five semicircles. Upon PIC assembly, Ser5 and Ser7 residues are phosphorylated next to the
transcription start site (T'SS). Ser5P facilitates promoter escape as well as recruitment of the capping
enzyme. While Ser5P levels are diminished towards the 3' end, Ser2P, Thr4P and TyrlP levels
increase during elongation. Before the polyadenylation (pA) site, Tyr1P is erased, while Ser2P levels
remain high and leads to mRNA 3' end processing and termination of transcription. After
dephosphorylation of CTD, RNAPII is released and can reenter another round of transcription.
Adapted from (Heidemann ez a/., 2013).

1.6 Transcription-associated cyclin dependent kinases (tCDKs)
Cyclin dependent kinases (CDKSs) are a family of approximately 20 serine/threonine kinases

that are engaged in fundamental cellular processes such as cell cycle regulation, transcription,
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epigenetic regulation, neuronal functions, metabolism, hematopoiesis, angiogenesis, DNA
damage and repair, stem cell self-renewal, proteolysis and spermatogenesis (Malumbres,
2014a). They are broadly divided into two major subclasses: (i) cell cycle—associated CDKs
(including CDK1, CDK2, CDK4, and CDKO0) that directly regulate progression through the
phases of the cell cycle and (ii) transcription-associated CDKs (including CDK7, CDKS,
CDK9, CDK12, and CDK13) that regulate gene transcription by phosphorylating the CTD
of Pol II as well as other targets (Espinosa, 2019a).

1.6.1 Evolution of transcription-associated CDKs (tCDKS)

CDKs in yeast and human have evolved in a structurally and functionally conserved manner.
Kin28, Srb10, Burl and Ctk1 are the yeast orthologs of CDK7, CDKS8, CDK9 and CDK12,
respectively (Figure 1.5) (Malumbres, 2014a). The CDK20 and CDKI10/CDKI11
subfamilies are not represented in yeast. Orthologs of CDKs in yeast and human have almost

identical Ser-specificity (Malumbres, 2014b; Z. Zheng, 2022).

Transcription-related CDKs

H. sapiens cok2o | [ coks | [ cok1o] [f
cok19] | cok11 ) |t

Figure 1.5 | Transcriptional CDKs from yeast (S. cerevisiae) and human (H. sapiens). The
vertical line indicates an orthologous relationship. CDKs in color represent the two major regulators
that are involved in cell cycle and transcriptional control. Adapted from (Zheng, 2022).

1.6.2 Activation of transcription-associated CDKs (tCDKS)
Each of the tCDKs binds to a specific activating cyclin partner to regulate gene transcription,

which directs the activity of the tCDK (Figure 1.6).

CDKY7 binds to cyclin H and the accessory protein MAT1 to function as a CDK-activating
kinase (CAK) (Peissert ¢ al., 2020). CDKS8 and its paralog CDK19, associates with cyclin C,
MED12, and MED13 to form a complex known as the CDK8/CDK19 module which can
associate with the mediator complex, a multimeric transcriptional coactivator complex
(Hoeppner, Baumli and Cramer, 2005). CDK9 binds to either cyclin T or cyclin K for its
kinase activity. The CDK9 complex with cyclin T, referred to as the positive transcription

elongation factor b (P-TEFDb), is a general transcription factor (GTF) (Lin ef al., 2002).
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Figure 1.6 | Brief description of yeast and mammalian transcription-associated CDKs and
cortesponding cyclins for mammalian tCDKs. Adapted from (Malumbres, 2014b).

Amino-terminal lobe of the CDK12 and CDK13 kinase domain interfaces with the cyclin
box of cyclin K to create heterodimers, which then further dimerize (Kohoutek and Blazek,
2012). CDK10 associates with Cyclin M as the cyclin partner and CDK11 associates with I.-
type cyclins with presumed roles in transcription. tCDKs share a core set of features and

activation requires phosphorylation of their ‘activating T-loops’ by a CDK activating kinase
(CAK) (Malumbres, 2014b; Z. Zheng, 2022).

1.6.3 Regulation of the Pol II transcription cycle by tCDK mediated CTD
phosphorylation

Pol II transcription cycle are orchestrated by the enzymatic activity of transcription-
associated CDKs, all of which cooperate to guide the Pol II through the nucleosome (Hsin
and Manley, 2012). Functionally, transcription-associated CDKs and their cyclin partners
control phosphorylation of the Pol II CTD (Z. L. Zheng, 2022). The pattern of
phosphorylation of the Pol II CTD dictates the transition between the initiation, elongation,
and termination phases of transcription (Buratowski, 2009). Yeast Kin28 and human CDK7
are subunits of transcription factor TFIIH, that preferentially phosphorylates Ser5 and Setr7
of the Pol II CTD (Rimel and Taatjes, 2018). These marks predominate on Pol II
transcribing the promoter-proximal and upstream regions of genes, implicating functions
early in the transcription cycle during initiation and promoter clearance. Following initiation,
Pol II enters transcriptional pausing, during which NELF and DSIF are loaded onto RNA
Pol II. The P-TEFb/CDKY9 complex is then recruited to paused Pol II where CDK9
phosphorylates the CTD in Ser2, as well as DSIF and NELF, to release RNA Pol II for

productive elongation. This cascade of events controls the switch from transcriptional
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initiation to elongation of RNA Pol II. In addition to CDK7 and CDKY9, CDKI12 and
CDK13 also preferentially phosphorylate the CTD at Ser2 and Ser5 when it is
prephosphorylated at Ser7. CDK9 an ortholog of Burl, also contributes to phosphorylation
of the Ser2 mark at the 5' ends of genes (Figure 1.7). Transcript termination results in
dephosphorylation of Pol 11, making it ready for another round of re-initiation (Zaborowska,

Egloff and Murphy, 2016b; Chou e al., 2020).
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Figure 1.7 | Transcriptional CDKs contribute to the CTD phosphorylation pattern over the
course of transcription. Adapted from (Egloff, Dienstbier and Murphy, 2012).

1.6.4 Regulation of the Pol II transcription cycle by tCDK beyond CTD
phosphorylation

Transcription-associated CDKs has transcriptional targets apart from the Pol II CTD to
regulate the transcription cycle, which are not completely understood. These targets have
been shown to regulate splicing, intronic polyadenylation, genomic stability, epigenetic

modifications, and translation (Bury e# al, 2021; Yukasik, Zatuski and Gutowska, 2021).
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Thus, transcription-associated CDKs function throughout the transcription cycle (Figure

1.8).

Transcriptional CDKs (tCDKs)

Transcription Initiation Pausing Elongation RNA processing Termination

cycle:

CDK7 @ @ ® @

CDK8 @ (@)

CDK9 @ &) [©)
CDK12 @ @ (@]

CDK 13 &)

. Positive roles J Kinase independent inhibitory effect of CDK8 on Mediator-RNAPII interaction and preinitiation complex formation . Indirect roles of CDK7

Figure 1.8 | Chief roles of the transcription-associated CDKs span throughout the Pol II
transcription cycle. Adapted from (Galbraith, Bender and Espinosa, 2018; Sundar ez a/., 2021).

CDKT7 is able to phosphorylate and activate other CDKSs, thus acting as a CDK-activating
kinase (CAK) . Kin28 does not have this activity, which is mediated in yeast by a different
kinase unrelated to CDKs, Cakl. As a CAK, CDKY7 functions are executed throughout the
Pol II transcription cycle, starting from promoter clearance, 5-end capping of the nascent
transcript and promoter-proximal pausing extending to mRNA 3"-end formation and
termination. CDK7 and Kin28 also plays role in dissociating Pol II from the mediator

complex that bridges the PIC and upstream regulatory elements (Fisher, 2019).

CDKD along with cyclin T phosphorylates the DRB sensitivity—inducing factor (DSIF) and
negative elongation factor (NELF), to relieve promoter pausing and promote transcription
clongation. CDKO9 can be described as a “signaling hub” for transcriptional control for the

roles in gene and enhancer transcription, RNA processing, chromatin regulation (Anshabo

et al., 2021).

CDKS8 and CDK19 are the mediator-associated kinases with roles in enhancer-promoter
communication, transcriptional memory, metabolism, and, in the case of CDK19, kinase
independent roles in transcriptional control. CDKS8 associated with the mediator complex
can transmits signals from transcription factors to RNA Pol II. The CDKS8/Cyclin C
complex also targets CDK7/cyclin H via phosphotylation, repressing the ability of TFIIH

to activate transcription and its CTD kinase activity. CDKS8 has also been described to
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restrain activation of super enhancers, affecting global gene expression in a cell type—specific
fashion. CDK19 can also associate with the mediator complex to regulate transcription in a
gene-specific manner. CDK8 and CDK19 phosphorylate other proteins associated with
chromatin modification, DNA repair, and transcription (Sundar e @/, 2021; Luyties and

Taatjes, 2022).

Despite structural similarities between CDK12 and CDKI13, each seems to regulate the
expression of a distinct set of genes implying shared but nonoverlapping functions between
CDK12 and CDK13. These tCDKSs are perhaps the least understood members of this family
having roles in mRNA processing and genome stability. In addition, although both CDK12
and CDK13 directly interact with splicing machinery, they affect the processing of different

sets of genes and noncoding RNAs (Greenleaf, 2019).

Amongst other transcription-associated CDKs, CDK10 has been implicated as a tumor-
suppressive kinase in estrogen-driven cancers. CDKI11 associates with the splicing
machinery as well as proteins involved in transcriptional initiation and elongation and is
highly expressed in triple-negative breast cancer (TNBC), multiple myeloma, and
liposarcoma (Pilarova, Herudek and Blazek, 2020).

1.6.5 Transcription-associated CDKs as targets and biomarkers for cancer therapy
Several recent studies implicate the role of transcription-associated CDKs (tCDKs) in
driving and maintaining cancer cell growth, particularly in cancers primarily driven by
dysregulated transcription factors (Galbraith, Bender and Espinosa, 2019). The tCDKs are
less developed as therapeutic targets, and small-molecule inhibitors of tCDKSs have not yet
entered routine clinical use (Ettl, Schulz and Bauer, 2022). Mounting evidence suggests that
inhibiting tCDKs may have important therapeutic relevance (Galbraith, Bender and
Espinosa, 2019). Given the critical roles that tCDKs play in regulating gene expression, they
have emerged as putative targets in cancer and other diseases (Galbraith, Bender and

Espinosa, 2019; Bury ez al., 2021; Y.ukasik, Zaltuski and Gutowska, 2021).

1.7 Methods to study transcription-associated kinases

Protein kinases can be removed by genetic knockout or by RNA interference-mediated
downregulation (Agrawal ez al., 2003). Alternatively, the activity of kinases can be inhibited
by chemical inhibitors of varying specificity (Klaeger ¢# a/., 2017). Such inhibitors are of high
therapeutic interest, as many kinases are involved in human cancer (Bhullar ez 4/, 2018). Most
of these inhibitors are structurally similar to ATP and compete for binding in the active site

with this nucleotide (Klaeger e a/, 2017). Since the active site structure has been well
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conserved through evolution, it can be difficult to find drugs that are specific for one
particular protein kinase (Eswaran and Knapp, 2010). For example, a covalent CDK7
inhibitor called THZ1 provides some selectivity, but THZ1 also has weak activity against
CDK9, CDK12, and CDK13 (Sava ez a/,, 2020). In addition, the biological functions of non-
essential protein kinases can be studied with protein kinase-dead mutants (Rauch ez a/, 2011).
The protein kinases whose activities are indispensable for cell are considered as essential and
analysis of biological functions of these kinases remains challenging (Wilson e# al, 2018).
Furthermore, continuous perturbation or condition specific inactivation can mask the exact
functions of the analyzed protein kinases making substrate identification highly unreliable
(Wilson ez al., 2018). Loss of particular protein kinase activity forces cells to substitute the
phosphorylation of affected proteins by other protein kinases, thus hampering the

identification of protein kinase substrates (Jurcik ez a/, 2020).

The development of analog sensitive kinase technology advances the understanding for the
phosphorylation of a substrate by a specific kinase  vivo. Analog sensitive (AS) kinase
technology, a chemical-genetic technique was conceptualized by (Shokat ez a/., 2000) that
enables systematic generation of highly specific inhibitors for individual kinases by taking
advantage of structural information (Figure 1.9). This biochemical engineering approach
comprises of two parts: engineering functional analog sensitive kinases and identifying ATP
analogs as small-molecule inhibitors to inhibit the kinase activity (Michael S. Lopez,
Kliegman and Shokat, 2014). The structurally conserved position in the active site (ATP
binding pocket) of most kinases have an amino acid residue with a large bulky group
(methionine, leucine, phenylalanine, threonine, etc.) at the back of the pocket (Zhang ez al.,
2013). This residue is known as the gatekeeper (Zhang ez al, 2013). To engineer an analog
sensitive kinase, the gatekeeper residue is mutated from the natural amino acid to a residue
with a smaller side chain (glycine or alanine) (Garske e a/, 2011). The mutation creates a
space within the ATP binding pocket not found in wild type (WT) kinases without
compromising kinase activity (Krishnamurty and Maly, 2010). A bulky ATP-analog that
complements the shape of the enlarged mutant ATP pocket can potently and specifically
inhibit the target kinase activity (Michael S. Lopez, Kliegman and Shokat, 2014). The bulky
ATP-analog cannot inhibit any wild type kinases due to steric hindrance (Michael S. Lopez,
Kliegman and Shokat, 2014). AS kinase technology is a simplistic and general approach for
probing kinase-signaling pathways with small molecule inhibitors. The application of this

method to study kinases has elucidated the physiological function of individual kinases and
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the transcriptional events controlled by Pol II phosphorylation (Bishop ez 4., 2000; Blethrow
et al., 2004; Michael S Lopez, Kliegman and Shokat, 2014).
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Figure 1.9 | Scheme of the analog sensitive kinase design method. (A) Chemical structure of
bulky ATP analogs which selectively inhibit analog sensitive CDKs. (B) Sequence alignhment shows
highly conserved ‘gate-keeper’ phenylalanine residue among CDKs, mutated into glycine or alanine
to create AS mutants. (C) Structural modeling of CDK12 WT (light blue ribbon) and AS mutant
(wheat ribbon) illustrates how steric hindrance between the ‘gate-keeper’ residue and bulky ATP-
analog (yellow stick) becomes a determinant for selective inhibition. Adapted from (Kim e /., 2021).

1.8 Genome wide multi-omics approach to comprehend transcription-associated
cyclin dependent kinase (tCDK) mediated transcriptional regulation

Transcriptional regulation by cyclin dependent kinase is a highly complex and dynamic
mechanism comprising of a series of biochemical events governed by phosphorylation. The
phosphorylation by CDKs synchronizes the transcription cycle which is interconnected with
chromatin accessibility and other epigenetic mechanisms such as enhancer-promoter
looping, which is necessary for a successful gene transcription. The additional complexity of
transcriptional regulation is derived from different RNA maturation events, such as 5-end
capping, co-transcriptional splicing and polyadenylation as well as the involvement of non-
coding RNAs (ncRNAs). The systematic operation of transcriptional regulation by cyclin

dependent kinase can be explained by genome wide studies, rather than the necessary study
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of individual genes and proteins, owing to the complexity (Casamassimi and Ciccodicola,

2019).

Most of the biological phenomena relating to transcriptional gene regulation can be
measured genome wide using high-throughput experimental techniques. High-throughput
methods aim to quantify or locate the genetic and epigenetic landscape that harbors the
biological feature (expression, occupancy, etc.) of interest and is a prominent way to study
biological function. Genome wide high-throughput techniques can answer complex
biological questions and new variant of the existing techniques comes along in response to
a new question. There are several genome wide high-throughput experiments coupled with
massively parallel sequencing, known as next generation sequencing (NGS) in
transcriptomics. A particular high throughput sequencing technology reveals a particular
part of the complex transcriptional regulation. Thus, different high throughput sequencing
techniques presents different ways to look at the underlying activities of the cells. For
example, RNA-seq can measure global transcription expression profile, TT-seq can quantify
newly synthesized RNA expression profile, transcription associated protein binding site can
be detected by ChIP-seq whereas genome organization and contact can be revealed through
Hi-C or Capture-C, and nucleosome occupancy profile can be determined from MNase-seq.
NGS has completely revolutionized transcriptome analysis at an unprecedented level. These
multi-dimensional transcriptomics NGS datasets and computational biology enables to
integrate different layers of information from biophysical, biochemical, and molecular cell
biology studies to untangle the complex transcriptional regulatory network (Churko e al.,
2013; Lightbody et al., 2019; Mccord, Kaplan and Giorgetti, 2020; Prudéncio ef al., 2020;
Furlan, De Pretis and Pelizzola, 2021). The complex regulatory networks can further be
studied with kinetic model of transcription which gives us a quantitative output of
transcriptional regulation (Gressel e7 al., 2017; Gressel, Schwalb and Cramer, 2019; Caizzi ef
al., 2021; Choi, Lee and Park, 2021; Mazzocca et al., 2021; Zumer et al., 2021; Shao et al.,
2022).

1.9 Rationale and aim of the thesis

Transcription-associated cyclin dependent kinases (tCDKs) play critical roles in regulating
gene expression by phosphorylation at different phases during the transcription cycle. In
principle, all these phases are rate limiting, adding an important layer to transcriptional
regulation. Despite this critical importance, our understanding of the transcription cycle
regulation by tCDKs is limited (Espinosa, 2019b). This lack of knowledge hampers our

ability to manipulate transcriptional activity both in basic research and the applied sciences.
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The main challenges remain to identify the relevant targets of individual tCDKs at each step
of the transcription cycle which in turn provides us with a comprehensive understanding of
the function. In addition, these tCDKSs also have structural redundancies and they interact
with each other to regulate transcription cycle. Discretely and as a family, the mechanism by

which the tCDKs affect the transcriptional cycle remains to be fully elucidated.

This thesis aims to unravel the function of individual tCDKs in the transcription cycle. For
this purpose, the concept of specific inhibition of tCDKs is exploited which would provoke
the effects of the transcriptional deregulation. To eliminate the possibility of an off target
effect by other kinases, analog sensitive (AS) kinase approach is used to generate analog
sensitive kinases by CRISPR/Cas9 engineering which renders the specificity along with the
possibility to study the primary effect of a particular kinase. AS kinase inhibition act on the
upstream and downstream regulatory pathways of transcription which helps to uncover
fundamental insights into the particular kinase mediated transcriptional regulation pathways.
Combining the approach with genome wide high throughput sequencing techniques for
multi-omics dataset for individual kinases helps to draw inferences which transcriptional
process rely on which particular tCDKSs in biological systems. This provides us with crucial
and detailed understanding of the associated pathways and interactors and ultimately the

mechanism of transcriptional regulation by tCDKs.

In this context, the main objective of this thesis is culminated as

e Identifying the primary functions and targets of the individual tCDKs by rapid,
reversible, and highly specific inhibition of individual engineered kinases.
e Explore possible mechanisms of tCDKs in transcriptional cycle and thus better

define the general landscape of kinase mediated transcriptional regulation.

The objective of the thesis is applied for three different tCDKs, CDK7 and CDKI12 in
human cells and CDKS is yeast cell, to unravel the underlying mechanism of kinase mediated

transcriptional regulation.

As transcription-associated CDKs are emerging as important targets and biomarkers in
oncology, understanding the primary function of individual CDKs can be further exploited

therapeutically.
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CHAPTER 2
METHODS

The aim of this chapter is to familiarize the reader with the experimental setup and analysis

performed to draw the inferences in this thesis. The chapter is divided into two sections.

e The first section contains general experimental setup, Next Generation Sequencing
(NGS) analysis pipeline, kinetic parameters and mathematical model applied in the
thesis.

e The second section contains details of project specific data analysis.

v' Experiments were not performed by the author of this dissertation, but a general
outline is included in this chapter for a comprehensive understanding of the data
analysis pipeline.

v' All the analysis were performed by the author of this dissertation unless otherwise
stated. If applicable, a list of contributions can be found at the beginning of each

subsection or paragraph.
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SECTION ONE

2.1 Experimental design
2.1.1 Analog-sensitive kinase technology
2.1.1a CRISPR/Cas9 engineering of analog-sensitive kinase cell lines

The human analog-sensitive kinase (CDKas) cell lines were generated and validated by Dr.
Shona Murphy (Murphy laboratory) using CRISPR/Cas9 engineering technology where
the bulky amino acid Phenylalanine (F) was replaced with small amino acid Glycine (G)
(Figure 2.1).

HEK?293 cell line

gatekeeper
mutation
Fo1>G F97>G F813>G
v
asCDK7 | asCDK8 | ascDki2 |

Figure 2.1 | CRISPR/Cas9 engineering to generate human analog-sensitive kinase (CDKas)
cell lines.

The yeast CDKS analog-sensitive kinase (CDKas) strain was provided by Steven Habn (Liu
et al.,, 2004) .

2.1.1b ATP analogs as small-molecule inhibitors to inhibit the kinase activity

The adenine analog 1-NM-PP1 was used for highly specific inhibition of individual
engineered human analog-sensitive kinases and 1-NA-PP1 was used for yeast CDKS8as
(Stb10) inhibition.
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An overview of the NGS experiments included in this thesis is shown on (Figure 2.2).
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Figure 2.2 | An overview of the NGS experiments performed. RNA-seq, TT-seq, mNET-seq,
ChIP-seq and MNase-seq were performed on CDKas cells subjected to control or inhibitor

treatment.
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2.2 Next-generation sequencing data analysis

Next Generation Sequencing produces enormous quantities of data that need careful
bioinformatic analysis to extract the biological information on a genome-wide scale in a
shorter time frame. A general analysis scheme for next-generation sequencing (NGS) dataset

used in this thesis is shown on (Figure 2.3).
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Figure 2.3 | A schematic overview of next-generation sequencing data analysis.
2.2.1 Sequencing platform: Illumina sequencing

All data presented in the thesis are sequenced in Illumina Next-seq 500 on paired-end mode
unless otherwise stated.

Lllumina sequencing was performed in-house by Dr. Kerstin Mater and Dr. Petra Rus
(Max Planck Institute for Multidisciplinary Sciences, Department of Molecular Biology).

2.2.2 Sequencing data preprocessing
2.2.2a Demultiplexing

Sequencing raw data are demultiplexed with Illumina bcl2fastq demultiplexing software

provided the barcodes for each of the samples.
2.2.2b Raw reads quality control and preprocessing

The paired-end reads generated in the sequencing process can be subjected to assess the
quality to ensure good quality to begin with and increase reliability of downstream analysis.

For this purpose, all raw sequencing data were quality checked with FastQC (Babraham-
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Institute) which provides a general view on number and length of reads and quality of

sequences (Andrews, 2010).
2.2.2¢ Trimming

To improve the initial quality of data to more accuracy, it is important to carry out
pretreatment of data, such as trimming of low-quality bases, trimming of adapters, filter
bases by quality scores, filter reads by lengths and filter duplicated reads. Cutadapt (Martin,
2011) is used to quality filter the sequencing data.

2.2.2d Read alignment

After checking the quality and necessary preprocessing of data and the next step is mapping,
also called aligning, of reads against an annotated reference genome or reference

transcriptome.
i. Reference genomes

Bioinformatics analysis pipelines rely on the use of a reference genome. For model
organisms the reference genome can be downloaded. Several reference genome assembly
and release version can be available for model organisms. For example, there are a couple
of reference genomes for Homo sapiens e.g., Homo sapiens GRCh37 vs Homo sapiens GRCh38.
The numbers correspond to versions (or “builds”) of the reference genome. The higher the
number, the more recent the version. To maintain consistency in analysis, the same genome

version is used throughout an analysis.
ii. Reference genome annotation

Genome annotation is the process of identifying the locations of genes and all of the coding
regions in a genome and assign the functions. The choice of a genome annotation has a big
impact on the accuracy of downstream data analysis. On the basis of conception and

hypothesis of an analysis, a reference annotation is chosen.
* Reference genome annotation from databases

Reference genome annotation can be downloaded from RefSeq (O’Leary et al., 2016) or
GENCODE (Frankish et al., 2019). RefSeq is the oldest sequence database built by the
National Center for Biotechnology Information (NCBI). GENCODE is the default gene
annotation for the Ensembl project. The GENCODE Basic set is very similar to RefSeq but
GENCODE Comprehensive set is richer in novel CDSs, novel exons, nonsense transcripts,

such as long non-coding RNAs (IncRNAs), pseudogenes, and alternative splicing.
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= Transcript annotation from transcript expression dataset

Transcript annotation can also be obtained from transcription expression dataset as

described in the following subsections -
v Major isoform annotation from RNA-seq

The major isoform annotation can be done with Salmon (version 1.5.2) (Patro, Duggal,
Love, Irizarry, & Kingsford, 2017) using RNA-seq data. Salmon calculates transcript
abundances in transcripts per million (TPM) units by quantifying RNA-seq data for the
human transcriptome. For curated RefSeq annotated transcript isoforms, the major isoform
is determined as the one with maximum mean Transcripts Per Million (TPM) value across

RNA-seq samples.
v' Transcript Unit annotation from TT-seq

Annotation of different transcript classes, in particular enhancer RNAs (eRNAs), can be
done with GenoSTAN (Zacher, Lidschreiber, Cramer, Gagneur, & Tresch, 2014) as in
(Lidschreiber et al., 2021). In brief, genome-wide coverage is calculated from all TT-seq
fragment midpoints in consecutive 200 bp bins throughout the genome. A two-state hidden
Markov model with a Poisson-Log-Normal emission distribution is learned in order to
segment the genome into ‘transcribed’ and ‘untranscribed’ states. Consecutive ‘transcribed’
states were joined, if its gaps were smaller than 200 bp, within an annotated mRNA or
lincRNA, or showed uninterrupted coverage supported by all TT-seq samples. Resulting
transcribed units (TUs) are further filtered using a minimal expression threshold that was
defined based on overlap with genes annotated in GENCODE. The threshold is optimized

using the Jaccard index criterion.

Transcript classification

enhancer states
mRNA B B
)

|
i ‘
conRNA asRNA intergenic RNA

uaRNA

Figure 2.4 | Definition of transcript classes and putative enhancer RNA (eRINA) annotation.
Adapted from (Lidschreiber et al., 2021).

TUs that overlapped at least 25% of an annotated protein-coding gene and overlapped with
an annotated exon of the corresponding gene are classified as mRNAs. Remaining TUs are

annotated as non-coding (nc)RNAs and further classified according to their genomic
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location relative to protein-coding genes: upstream antisense RNA (uaRNA), convergent
RNA (conRNA), antisense RNA (asRNA), and intergenic RNA. ncRNAs located on the
opposite strand of an mRNA were classified as asRNA if the TSS was located > 1 kbp
downstream of the sense TSS, as uaRNA if the TSS was located < 1 kbp upstream of the
sense TSS, and as conRNA if the TSS was located < 1 kbp downstream of the sense TSS.
All remaining ncRNAs are classified as intergenic (Figure 2.4). Further classification of
intergenic and asRNAs as eRNAs is done on an experiment specific manner.

iii. Mapping

Choosing the most appropriate mapping platform according to the requirements of the work
is imperative and depends on the type of analysis to be carried out. Two types of mapping
strategies - spliced mapping and unspliced mapping are applied for different dataset. STAR
(Dobin et al., 2013) or Tophat2 (Kim et al., 2013) spliced mappers are used to map raw reads
of transcriptomic expression (RNA-seq or TT-seq) data and Pol II occupancy (mNET-seq)
data to a reference genome taking into account the presence of splice junctions. In
comparison to Tophat2, STAR works fast with being very accurate and precise and
compatible for both short and long reads. For ChIP occupancy data, to map only continuous
reads to a reference genome, unspliced mapper Bowtie2 (Langmead, Trapnell, Pop, &
Salzberg, 2009) is used. For nucleosome occupancy data, we exploited the function of STAR
mapper (Dobin et al.,, 2013) as unspliced mapper by setting the parameter of maximum

intron length to one.
2.2.2e Post alignment processing

After mapping of reads, mapping quality is checked with Samtools (Li et al., 2009), as some
of the biases in the data only show up after the mapping step. Mapping quality can be
improved with precision mapping and processing of the mapped reads. This greatly

improves the accuracy and quality of further downstream analysis.
2.2.2f Quantification of features

HTSseq (Anders, Pyl, & Huber, 2015) is used to compute feature counts from mapped reads.
It takes as input a mapped reads file, and uses an annotated reference genome to produce a
mapped reads counts file, indicating how many reads overlap each feature specified in the

genome’s annotation.
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2.2.2g Calculation of the number of transcribed bases

Aligned duplicated fragments are discarded for each sample. Of the resulting unique
fragment isoforms only, those are kept that exhibited a positive inner mate distance. The
number of transcribed bases (#)) for all samples is calculated as the sum of the coverage of
evident (sequenced) fragment parts (read pairs only) for all fragments smaller than 500 bases
in length and with an inner mate interval not entirely overlapping a Refseq annotated intron

in addition to the sum of the coverage of non-evident fragment parts (entire fragment).
2.2.3 Downstream processing of NGS data

Following sequence alignment to a reference genome, the data needs to be analyzed in an
experiment-specific fashion. Alighment serves as a basis for many types of downstream
analysis such as calculating transcript /gene expression, differential gene expression, signal

visualization in the genomic browsers, and so forth.
2.2.3a Visualizing mapped reads in Genome browser

The standard tool for visualization of mapped reads is the Genome Browser (Hahne &
Ivanek, 2016). Genome Browser allows to browse a specific genomic position or a specific
feature helping to better understand NGS data considering their nature and allows to focus

on most important findings.
2.2.3b Normalization

Next generation sequencing of transcriptomics data involves the conversion of RNA to
cDNA, fragmentation and amplification of double-stranded cDNA by polymerase chain
reaction (PCR) as library preparation kits require specific volumes and concentrations of
cDNA material as input for sequencing. These introduces technical noise, if not corrected,
can conceal the biological variations between samples. Normalization is done to calibrate

for technical noise between groups of samples.
i. Correction for global variations by sequencing depth

If spike-ins are included in an NGS experiment, spike-in normalization strategy is commonly
used to account for global variations between samples from different experimental
conditions. Spike-ins can be synthetic RNAs of known abundance or RNA from a related
organism used as internal standard, such as Saccharomyces cerevisiae or Drosophila melanogaster
RNA for Homo Sapiens expression or occupancy measurements. The spike in normalizations

stated in this thesis are based on synthetic spike-ins for 4sUseq, TT-seq and RNA-seq data,
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Saccharomyces cerevisiae spike-ins for mNET-seq data and Drosophila melanogaster spike-ins for

ChIP-seq data.
Calculation of sequencing depth

Normalization strategy for 4tU/4sU-seq or TT-seq, along with total RNA (RNA-seq), uses
spike-ins as described in (Schwalb et al., 2016). This spike-in normalization uses both
unlabeled and labeled spike-ins where unlabeled spike-ins exemplifies total RNA fragments
and labeled spike-ins imitate signifies newly synthesized RNA fragments. Sequencing depth

(0) as normalisation factors are calculated from these spike-in read counts.

®  For TT-seq and RNA-seq experiments in human CDKas cell lines, sequencing depth
(0) from spike-in (RNAs) were calculated across libraries with tCube function
SpikeinNormalization (Villamil, Wachutka, Cramer, & Gagneur, n.d.). The function
fits negative binomial distribution and maximum likelihood (ML) using generalized
linear model (GLM) to calculate normalization factor.

® For 4sU-Seq experiment in Saccharomyces cerevisiae, sequencing depth from spike-in

(RNAs) were calculated for each sample jaccording to

, kij
0; = median; A

with read counts k;; for the labelled spike-ins 7 in sample j and [; for the length of
labelled spike-ins 7 Sequencing depth are further standardized by

0'.
g =—
01

mNET-seq normalization factor was calculated from Saccharomyces cerevisiae spike-ins
count data with DEseq2 package function estimateSizeFactors (Anders & Huber, 2010b;
Love, Huber, & Anders, 2014) which fits negative binomial distribution and likelihood ratio
test (LRT) using generalized linear model (GLM) to calculate normalization factor across

libraries.

mNET-seq and ChIP-seq data was also normalized by scaling factor RPKM (reads per
kilobase of per million reads mapped) and FPKM (fragments per kilobase of per million
mapped fragments using Deeptools2 package function bamCoverage. The calculation of

RPKM or FPKM feature 7 is performed as

RPKM;or FPKM; = (lq?) x 109
r2j4j
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where qiare raw read or fragment counts, [; is feature (i.e., gene or transcript) length, and

2.j q; corresponds to the total number of mapped reads or fragments.
ii. Correction for antisense bias

Next generation sequencing of transcriptomics data is centered on cDNA-based library
preparation where RNA to converted to cDNA by the reverse transcription reaction. This
tends to produce false or spurious reads originating from the opposite strand. To correct for

the experimental bias, antisense bias ratio ¢; were calculated for each sample j according to

k antisense )
Y

Cj = me(iilan <W
ij

for all available spike-ins z The antisense bias ratio ¢; is used to correct read counts or
coverage s; for any feature 7in sample jas
_ Sij — GAij
LR

j
where S; and Aj are respectively the observed read counts or coverage on the sense and
antisense strand.

iii. Correction of TT-seq and RNA-seq data for labeling bias

NGS experiments with metabolically labeled RNA samples (4tU/4sU-seq/TT-seq) requires
an additional normalization to account for cross contamination, proportion of unlabeled
reads purified in the labeled RNA samples. Cross-contamination rate €, was calculated for

each sample ; as
(ki
€; = median (T>/O'J

using the unlabeled spike-ins 7 for TT-seq samples. €; is set to 1 for RNA-seq samples as
RNA-seq samples do not undergo 4sU-labeled pull-down purification, and thus have
maximal amounts of unlabeled RNA. The antisense bias corrected read counts or coverage

s; for any feature 7in sample jis corrected for cross-contamination as

TT—-seq RNA-seq
ij ij
—€ ( )
TT—se RNA-se
0. q ] o q

-
-

=
2.2.3c¢ Expressed gene set for analysis

For downstream analyses, expressed feature sets are defined based on the antisense bias

corrected Read counts Per Kilobases (RPKs) as measure of expression. RPKs are calculated
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using antisense bias corrected read counts (s;;) falling into the region of feature divided by

feature length in kilobases.
2.2.3d Reproducibility

NGS experiments are performed in two or three biological replicates to generate sample
NGS libraries to ensure reproducibility. Consistency of replicates data were checked by

spearman correlation coefficient by comparing counts of feature reads.
2.2.3e Statistical test

Statistical significance is performed using the non-parametric Wilcoxon rank-sum test to

compare between samples.
2.2.4 Downstream analysis
2.2.4a Differential gene expression analysis

Mapped reads count, which quantifies the expression of each gene can be analyzed using
software such as DESeq2 (Anders & Huber, 2010a), which runs a statistical analysis of gene
expression under the different conditions studied, to identify differentially expressed genes.
DESeq2 uses a negative binomial distribution to model the counts for each gene with a
given set of parameters (i.e., normalization factor, dispersion) and fit the normalized count
data to it. After model fitting, coefficients (log2 fold changes) are estimated for each sample
group along with their standard error. The result is explained with log-fold change in base
2, the fold-change in average expression of a gene between two groups. DESeq2 also
computes a p-value for each gene by the Wald test where a low p-value (typically less than
0.005) is viewed as evidence that the gene is differentially expressed. In addition, performing
multiple testing allows by Benjamini and Hochberg method to assess significance as the false
discovery rate. The False discovery rate (adj p-value) is a corrected version of the p-value,
which accounts for multiple testing correction. Typically, an FDR less than 0.05 is good
evidence that the gene is differentially expressed. For analysis purposes, differentially
expressed genes can be filtered by maximum acceptable false discovery rate, up regulation
or down regulation and minimum log, fold change (Log,FFC). To observe global effects on
RNA expression, spike-in—derived normalization factors were used for differential gene

expression analysis.
2.2.4b Functional and pathway enrichment analysis

Functional annotation of target genes is based on Gene Ontology (GO)(Carbon etal., 2019).
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2.2.5 Estimation of kinetic parameters

Kinetic modeling was designed by Dr. Bjirn Schwalb. The original model was published in (Gressel,
Schwalb, & Cramer, 2019; Gressel et al., 2017). The model is adapted for specific requirements of
different excperimental hypothesis.

i. RNA amount per cell

A conversion factor RNA amount per cell [cell '] can be calculated given the known
sequence and mixture of the RNA spike-ins as described. The sequence of spike-ins allows

to calculate their molecular weight M (assuming perfect RNA extraction) as
M =A,x329.2 + (1— 7) XU, 306.2 + C,x 305.2 + G,x 3452 +T X 4sU,x 322.26 + 159

whete Ay, Uy, Cy, G, and 45U, are the number of each respective nucleotide within each
spike-in polynucleotide. For labeled spike-ins 7 is set to 0.1 and otherwise 0. The addition of

159 corresponds to the molecular weight of a 5 triphosphate.

The number of spike-in molecules per cell N [cell''] was calculated as

N—mN
=g Na

where 72 1is the number of spike-ins in a particular number of cells, M is the molecular weight

of the spike-ins and N, is the Avogadro constant.

The conversion factor to RNA amount per cell k [cell'] then can be calculated for all labeled

spike-ins 7 with length L; as

. th;
k = mean| median; (Li - N)

ii. Productive initiation frequency

Productive initiation frequency is a quantification of Pol II initiation event that exits the
promoter-proximal pause site to enter productive elongation measured by the transcribed
bases. Productive initiation frequency I; can be calculated for each feature 7 using sequencing
depth and antisense bias corrected number of transcribed bases tb; quantified from TT-seq
coverage on exons spanning a defined window downstream of the TSS excluding the first

exon to eliminate the possibility of splicing bias to downstream of the TSS, as

with labelling duration t and length L;.
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iii. Detection of Pol II pause or arrest site

Pol II pause or arrest site #* is calculated by calling the maximum peak of mNET-seq signal
p; in a defined window 7z downstream of the TSS (exceeding three times the median signal

Pim) for the sense strand
Pi = MaAXPim
m
iv. Detection of nucleosome arrest site

Nucleosome arrest sites are calculated with the same principle described in section 2.4. For
nucleosome arrest sites, the defined window  spans from 100 bp upstream of the annotated

nucleosome dyad position to the nucleosome dyad position for the sense strand.

2.2.6 Multi-omics analysis

i. Pause duration calculation

The pause duration 4 was calculated for the expressed feature with annotated promoter
proximal pause sites and nucleosome arrest sites. Pause duration is defined as the time a
polymerase needs to pass through a defined ‘pause window’ around the pause site or arrest
site. The pause duration 4 was calculated in the pause window as

Y P
I;

di=S'

where P; is the mNET-seq coverage values in the pause window and [; is the productive

initiation frequency.
ii. Elongation velocity estimation

The elongation velocity was calculated as described (Caizzi et al., 2021; Zumer et al., 2021).
Elongation velocity is defined as the RNA synthesis per pol II as a function of time. As TT-
seq measures the nascent RNA synthesis profile of Pol II during the labeling time and
mNET-seq measures the Pol IT occupancy profile (Gressel et al., 2017), the TT-seq/mNET-
seq signal ratio can be quantified as a proxy for elongation velocity. For each expressed
feature 4, the elongation velocity can be calculated for a window downstream of the TSS as

S thl
L= — %
Vi t*x k ZPL

where tb; is the sequencing depth and antisense bias corrected TT-seq coverage and and P;

is the sequencing depth normalized mNET-seq coverage values in the defined window.
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2.2.7 Kinetic modeling of transcription

Kinetic modeling was conceived by Dr. Bjorn Schwalb. The original model was published in (Gressel et
al., 2017). The model is extended and adapted by the anthor of the thesis for specific requirements of different
experimental hypothesis.

2.2.7a Kinetics of gene transcriptions

Transcription of a typical gene by RNA polymerase II (Pol II) initiates at transcription start
site (TSS) with a certain elongation velocity. Elongation velocity denotes the speed with
which a polymerase moves along a typical gene during transcription. Along the gene
template polymerase encounters the first checkpoint in the promoter proximal pause region
with a pause. The polymerase then moves along the gene body up to transcription
termination site (I'TS) to produce a functional mRNA. The elongation velocity along the
gene template can be obtained by tracking of the movement of a single polymerase along
the gene template over time. This tracking of single polymerase can be termed as elongation
velocity profile (Figure 2.5).
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Figure 2.5 | A Schematic diagram illustrating transcription kinetics with single polymerase
movement over time.
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2.2.7b Simulating elongation velocity profile

The elongation velocity profiles v(t) along a typical gene can be used to model the
positioning of the polymerase on a DNA template. Elongation velocity denotes the speed
with which a polymerase moves along a typical gene during transcription. This can be
calculated as the number of transcribed bases/nucleotides a polymerase can

synthesize/incorporate per time into RNA.

The positioning of the polymerases can further be used to calculate the RNA/transcription
levels as coverage of a gene. The positioning of the polymerases can simulate the mNET-

seq coverage whereas the RNA/transcription levels can simulate the TT-seq data (Figure
2.6).
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Figure 2.6 | Simulating elongation velocity profile to recapitulate transcription kinetics.
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2.2.7c Implementation of the simulation model based on kinetic parameters

In order to mimic observed elongation velocity along a typical gene, we assume the

acceleration (a) of the polymerase to be a logarithmic decreasing function

a(t) = ——— ey

(t+1)log (10)

with a to adjust the maximum elongation velocity in an asymptotic manner and log (10) to
modulate the steepness of the acceleration curve. Thus, the velocity function can be

derived as

v(t) = [, a(t)dt
which can be solved as

_ alog (t+1)
v(t) = log (10) 2

The elongation velocity profile v(t) can be used to calculate the number of elongated

positions of the polymerase t(t) at timepoint t as

() = [ v(Ddt
which can be solved as

_ a[(t+1)log(t+1)—t]
(t) = log (10) )

Given the transcription start site 7(0) the number of elongated positions 7(t) can be used to
determine the end of an emerging nascent fragment f. Based on that we determined the start
position of a fragmentas 7 (max(t — tlab, 0)) for each labeling duration ' as the position of
the polymerase at the beginning of the labeling process. Given a pre-defined initiation rate,
a numeric value indicating the number of polymerases initiating transcription per minute
and the above defined integral, elongating polymerases are propagated at nucleotide
resolution along the template in a time-dependent manner. Each position of elongating
polymerases t* can be mapped to its respective time of transcription t*with the elongation

velocity profile v(t) as
v = [ vt

which can be solved as

« _ a[(t"+1)log(t*+1)—t"]
r= log (10) (4)
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Consequently, the progression of a polymerase at any given position v* with velocity

v(t*) for time t, can be calculated as

1, (O = [ v(Ode - [ v(©dt = [P v(e)dt

which can be solved as
T, () = (e, +t")— 7(t*) 5)
while v(t) is the current velocity function at absolute time.

The equation (5) can be solved as

" log (10)—

A ©6)

with @ # 0 and @ # p*log (10) and where W is lambert W function, also called the product

logarithm.

The equation in (7) can calculate the duration of transcription for any transcription

elongation window.

To simulate polymerase pausing the elongation velocity profile can be adjusted for any given
pause position and pause duration. Pause position is a numeric value indicating the pausing
position of polymerase in promoter-proximal regions [set to 0 for no pausing] whereas pause
duration is a numeric value indicating the duration of pausing of Polymerase in promoter-
proximal regions [set to 0 for no pausing; set to a non-zero value as pausing duration in
minutes/seconds]. The argument “breaks” is used to introduce pausing in the

implementation.

The velocity function in (2) can be adjusted for pausing as

__ alog(t—b +1)
U(t) - log (10) (7)

The feasibility of pause-initiation combination was calculated according to the ehrensberger

inequality.
2.2.7d Simulation of TT-seq and mNET-seq data

By providing elongation velocity profiles v(t), a labeling duration ¢, indicating the 4sU
labeling period in minutes and a uracil content dependent labeling bias Iy on the model
described the previous section, for a particular gene length in a given number of cells to be
used in parallel where initial initiation events are forced to be equidistant among number of
cells, we can simulate TT-seq and mNET-seq coverage values. Uracil content dependent

labeling bias can be calculated as
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lp=1—(1-plab)*s

where p'® denotes the labeling probability (set to 0.01) and #u; the number of uracil

residues of a given fragment f (set to 0.28 times fragment length).
2.2.7e¢ Dynamic progression
i. Steady state transcription

The equation stated in (5) can track the movement of single polymerases over the course of
labeling duration. Start and end positions of fragments can be derived given the positions of
any given polymerase at 7(t, t — t'?) for a particular transcription time. The snapshot of the

steady state transcription can thus be achieved by providing particular transcription duration.
ii. Perturbed/Altered transcription

If variable parameters such as the initiation rate, pause duration or elongation velocity is
changed subsequently, the altered movement of single polymerases can also be derived from
altered start and altered end positions of fragments for a given transcription time. These

altered positions provide us with the snapshot of the altered transcription.

We also used the number of uracil residues present in the RNA fragment #u, to weight the
amount of coverage contributed by this fragment as ;. Additionally, we applied a size
selection similar to that in the original protocol for fragments below 80 bp in length with a

sigmoidal curve that mimics a typical size selection spread.
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SECTION TWO

Project-specific data analysis

The general bioinformatics workflow for next generation sequencing (NGS) data is adapted
to cater to the outcome of each project.

This section list project specific data analysis for

3.0 CDKY7 kinase activity promotes transcription factor exchange and the initiation-

elongation transition
4.0 The CDKS kinase module regulates Mediator-RNA polymerase II interaction

5.0 CDK12 globally stimulates RNA polymerase II transcription elongation and carboxyl-

terminal domain phosphorylation

6.0 Kinetic modeling of transcription predicts dynamic RNA synthesis and polymerase

occupancy profiles

All the analysis were performed by the author of this dissertation unless otherwise stated. If
applicable, a list of contributions can be found at the beginning of each subsection or

paragraph. Detailed author contributions can be found on publications.



3.0 CDKY7 kinase activity promotes transcription factor exchange and the initiation-

elongation transition
NGS libraries generated in this study

AUNGS libraries were generated by Taras 1 elychko
(Max: Planck Institute for Multidisciplinary Sciences, Department of Molecular Biology)

Experiment Replicate | 15 minutes | 30 minutes | 60 minutes
TT-seq 2 v v v
RNA-seq 2 v v v
mNET-seq 2 v V4 X
ChIP-seq Pol 11 3 X V4 X
ChIP-seq Med26 3 X V4 X
ChIP-seq TFIIB 3 X V4 X
ChIP-seq TFIIE 3 X v X
ChIP-seq NELF 3 < % N
MNase-seq 2 X X
31 Reference genome and reference annotation

For all the analysis, the human genome, transcriptome and annotation were obtained for
human genome assembly GRCh38.p13 (RefSeq assembly accession GCEF_000001405.39)
from NCBI.

i. Major isoform annotation

The major isoform annotation was done with Salmon (1.5.2) (Patro e a/., 2017) as described
in section 2.2.2d subsection ii (Transcript annotation from transcript expression dataset -
Major isoform annotation from RNA-seq). The final major isoform annotation excludes

overlapping genes as well as isoforms located on chromosomes X, Y and M [n =12,585].
ii. GenoSTAN annotation of transcription units (TUs, CDK7as)

Transcription unit annotation from TT-seq samples for HEK293 CDKas was done with
GenoSTAN as described in section 2.2.2d subsection ii (Transcript annotation from
transcript expression dataset - Transcription unit annotation from TT-seq data) resulting in

32,789 TUs.
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Transcript classification (HEK293 CDK7as)

Transeript classification was performed by Dr. Michael 1idschreiber

(Max Planck Institute for Multidisciplinary Sciences, Department of Molecular Biology)

Annotated TUs were classified as mRNAs, upstream antisense RNA (uaRNA), convergent
RNA (conRNA), antisense RNA (asRNA), and intergenic RNA as defined in Figure 2.4
and corresponding paragraph. Intergenic and asRNAs were further classified as eRNAs, if
their TSS * 500 bp overlapped with an enhancer state annotated by GenoSTAN (Zacher e#
al., 2014). In addition, antisense eRNAs set was restricted to only those overlapping with
publicly available DHS and H3K27ac peaks (ENCODE ENCFF680DCW and
ENCFF451UZW), and intergenic eRNAs to only those originating from regions with TT-

seq detected transcription on both strands.
3.2 Analysis of TT-seq data and RNA seq data

Raw FASTAQ files of paired-end 75 base reads with additional 6 base reads of barcodes were
obtained for each of the samples. Reads were demultiplexed and mapped using STAR
(v2.6.1b) (Dobin et al, 2013) to the GRCh38.p13 genome assembly merged with the
synthetic RNA spike-in sequences (Schwalb et al. 2016) with maximum 2 percent
mismatches and only unique alignments were retained. SAMtools (v1.3.1) (Li ez al., 2009)
was used to quality filter SAM files, whereby alignments with MAPQ smaller than 7 (-q 7)
were skipped and only proper pairs (-f2) were selected. Read counts for features and spike-

ins were calculated using HTSeq (Anders, Pyl and Huber, 2015).
i. TT-seq and RNA-seq data processing with global normalization parameters

Global normalization parameters antisense bias ratio, sequencing depth and cross-
contamination rate were calculated based on the spike-in (RNAs) normalization strategy
described in (Schwalb, Michel, Zacher, Hauf, ¢f a/, 2016). Calculations for each parameter
are described in section 2.2.3b in detail. The number of transcribed bases or read counts
for major isoform transcripts were corrected for antisense bias and normalized by
sequencing depth as described in section 2.2.3b. The cross-contamination rate estimates

for TT-seq in CDK7as HEK293 were very low and were thus not corrected for.
ii. Expressed gene set for analysis

For downstream analyses, the expressed gene set are defined as described in section 2.2.3c.
Based on the antisense bias corrected RPKs, a group of expressed major transcript isoforms

[n= 8,950] was defined to comprise all transcript isoforms with a median RPK of 20 or
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higher in all of TT-seq DMSO samples. An RPK of 20 corresponds to approximately a

coverage of 4 per sample due to an average fragment size of 200.
iii. Response ratio

For each condition ; (control or CDK7as inhibited) the antisense bias corrected number of
transcribed bases tb; was calculated for all expressed major transcript isoform 7 exceeding
10 kbp in length. 5 response ratio was calculated for a window from the TSS to 10 kbp
downstream (excluding the first 500 bp) and 3’ response ratio was calculated for a window

pA-10kbp to pA for each expressed major transcript isoform 7 as

tbiCDK7as inhibited

=
tblg?ontrol

iv. Response to inhibitor treatment
Response to inhibitor treatment was calculated for a window from the TSS to 10 kbp

downstream (excluding the first 500 bp) for each expressed major transcript isoform 7 as

tbiCDK7as inhibited

= 1-—
Control
th¢

where negative values were set to 0.

3.3  Analysis of mNET-seq data

For all samples, paired-end 45 base reads were trimmed for adapters (-a
TGGAATTCTCGGGTGCCAAGG -A GATCGTCGGACT) and low-quality bases (<
Q20) were removed with Cutadapt (v 1.9.1) (Martin, 2011). Reads were then mapped to the
GRCh38.p13 genome assembly merged with the yeast genome version SacCer3 using STAR
(v 2.5.2b) (Dobin ez al., 2013) with maximum 2 percent mismatches. Only unique alighments
were retained. Samtools (Li ef a/., 2009) was used to quality filter SAM files, where alignments

with MAPQ smaller than 7 (-q 7) were skipped and only proper pairs (-f 2) were selected.
i. mNET-seq data normalization

Read counts (4;) for yeast genes for each condition ; (control or CDK7as inhibited) were
calculated using HTSeq (Anders, Pyl and Huber, 2015). The counts data was used to
generate normalization factors with DESeq2 (Anders and Huber, 2010) to normalize the

mNET-seq data as described in section 2.2.3b
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3.4  Analysis of ChIP-seq data

Al ChIP-seq data except Polll was analysed by Dr. Michael 1idschreiber.

(Max Planck Institute for Multidisciplinary Sciences, Department of Molecular Biology)

For all samples, paired-end 43 base reads were mapped using Bowtie2 (v 2.3.4.1) (Langmead
et al., 2009) to the GRCh38.p13 genome assembly merged with Drosophila (BDGP6.28)
genome assembly. SAMtools(v 1.3.1) (Li ez al, 2009) was used to quality filter SAM files,
whereby alighments with MAPQ smaller than 7 (-q 7) were skipped and only proper pairs (-
f2) were selected. Further data processing was carried out using the R/Bioconductor
environment. Duplicate fragments and fragments longer than 100 bp were excluded from
further analysis. ChIP-seq coverages were obtained from piled-up fragment midpoint counts

for every genomic position.
i ChIP-seq data normalization

To adjust for differences in sequencing depth, Pol II coverages were normalized using a
Drosophila chromatin spike-in approach. Normalization factors were obtained from total
Drosophila fragment counts. For all other factors, which exhibited a peak-like binding
behavior, normalization factors were obtained from total human fragment counts. To obtain
normalized ChIP-seq coverages for subsequent analyses, coverages were divided by the

respective normalization factors and then summed over replicates.
3.5  Analysis of MNase-seq data

For all samples, paired-end 45 base reads were trimmed for low quality bases, random
matches and for a minimum length [trimming parameters: -q 20,20 -O 12 -m 25] with
Cutadapt (v 1.9.1)(Martin, 2011). Processed reads were then mapped to the GRCh38.p13
genome assembly using STAR (v 2.6.1b) (Dobin ef 4/, 2013) with maximum 2 percent
mismatches and only unique alignments were retained. Samtools (Li ez @/, 2009) was used to
quality filter SAM files, where alignments with MAPQ smaller than 7 (-q 7) were skipped
and only proper pairs (-f 2) were selected. The resulting BAM files for each condition were
merged and converted to BED files with bedtools (v 2.29.1)(Quinlan and Hall, 2010).

i. Detection of +1 and +2 nucleosome positions

The BED files were processed by DANPOS3 algorithm (dpos) to determine nucleosome
positions for each condition. Further data processing was carried out using the
R/Bioconductor environment. For annotation of the +1 nucleosome, the closest

nucleosome that was found downstream of the TSS and within the window TSS+200 bp
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for each gene was chosen. Similarly, the succeeding nucleosome downstream of the
annotated +1 nucleosome and within the window TSS+400 bp for each gene was annotated
as the +2 nucleosome. The midpoint of the annotated nucleosome positions was determined
as the positions of the +1 and +2 nucleosome dyads. The final expressed gene set includes

7938 +1 and +2 nucleosome positions for further analysis.
ii. MNase-seq data normalization

Read counts for expressed major transcript isoforms were calculated using HTSeq (Anders,
Pyl and Huber, 2015). Size factors for each sample were then estimated as described by
Equation (5) in DESeq package (Anders and Huber, 2010) to correct for library size and
variations as described in section 2.2.3b. These size factors were then used for normalizing

the read coverage profiles.
3.6 Reproducibility

All treatments were performed in two biological replicates to generate sample NGS libraries,

except ChIP-seq, for which three replicates were collected.
3.7 Downstream analysis
3.7a  Differential expression analysis

Differential gene expression analysis was performed with the DESeq2 package (Anders and
Huber, 2010) to observe changes in RNA synthesis (TT-seq) after inhibition. The sizeFactor
parameter was set to the spike-in normalization strategy derived sequencing depth. The
significant changes were denoted for the padj cutoff set to 0.05 and fold changes greater

than 1.5-fold.
3.8 Kinetic parameter estimation
i. Productive initiation frequency

The productive initiation frequency was calculated as described in section 2.2.5 (i) for all
major transcript isoforms 7 exceeding 10 kbp in length. The productive initiation frequency
was calculated for each condition ; (control or CDKT7as inhibited) using sequencing depth
and antisense bias corrected TT-seq coverage on exons spanning a window from the

TSS+500 to 10 kbp downstream, excluding the first exon, for 10-minute labelling duration.
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ii. Detection of promoter proximal pause sites

The major transcript isoform set for this analysis includes expressed protein-coding isoforms
with first exon greater than 30 bp (to exclude possibilities for 5 capping bias). Promoter
proximal pause site #* for Pol II was annotated as described in section 2.2.5 (iii) of the
control samples. For major transcript isoforms with +1 nucleosome position downstream
of the first exon, 7 was defined from the TSS + 30 bp to the end of the first exon (excluding
the last 5 bases) and for major transcript isoforms with +1 nucleosome within the first exon,

the 7 was defined from the TSS + 30 bp to the +1 nucleosome dyad position.

al |I il alllil ;,LL“JJ,

promoter

t - | P
> Wﬁm
47 T | T 1 W b Wh | H.ﬂ jhl
TSS +30 100 ‘200 300 ‘ 400 500
Tv‘\ nucleosome T +2 nucleosome

2

Position [bp]
Figure 3.1 | Detection of promoter proximal pause and nucleosome arrest sites as described
in (3.8-ii and -iii)
iii. Detection of nucleosome atrest sites

Annotation of nucleosome arrest sites was done as described in section 2.2.5 (iv) for the
expressed gene set with annotated +1 and +2 nucleosome positions. For +1 nucleosome
arrest sites the defined window 7 was from 50 bp downstream of the annotated promoter
proximal pause site to the +1 nucleosome dyad position and the +2 nucleosome arrest sites
were calculated within a window » from 100 bp upstream of the annotated +2 nucleosome
dyad position to the +2 nucleosome dyad position for the sense strand of the control

samples.
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3.9 Multi-omics analysis

i. Pause duration

The pause duration ¢ was calculated as described in section 2.2.6 (i) for the expressed major
isoform set with annotated promoter proximal pause sites and nucleosome arrest sites. Pause
window is defined as a 40 bp window located +20 bp around the promoter proximal pause
site or nucleosome arrest site. For each condition / (control or CDK?7as inhibited), the pause
duration & was calculated in the pause window as

ZiZOPi
*
I;

di=S

where P; is the mNET-seq coverage values in the pause window and [; is the productive
initiation frequency. The median pause duration (DMSO) was calibrated to resemble pause
duration of previous experiments in K562 cells with a calibration factor s obtained in

(Gressel et al., 2017; Gressel, Schwalb and Cramer, 2019).
ii. Elongation velocity estimation

The elongation velocity was calculated as described in section 2.2.6 (ii). For each expressed
major transcript isoform 7 exceeding 10 kbp in length, the elongation velocity was calculated

for a window from TSS to 10 kbp downstream (excluding the first 500 bp).
3.10 Visualization metagene profiles

For visualization, normalized read coverages were summed up over replicates and visualized

using the LSD package.
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4.0 The Cdk8 kinase module regulates Mediator-RINA polymerase II interaction

The study design and analysis presented in this section have been published (Osman ef a/,
2021). The published text was adapted to match the style of this thesis and thus deviate from
the published version.

This section is a modified excerpt from (Osman e# al., 2021)
NGS libraries generated in this study

AN NGS libraries were generated by Dr. Sara Osman and Dr. Kerstin Meyer.
(Max Planck Institute for Multidisciplinary Sciences, Department of Molecular Biology)

Experiment Replicate
4tU-seq (steady state) 2
4tU-seq (heat shock) 2

4.1 Reference genome

For all the analysis, 5. cerevisiae genome (sacCer3, version 64.2.1) was used.
4.2 Reference annotation

TIF-seq derived TSS and pA site annotations for 5578 protein-coding genes for yeast

genome was obtained from (Pelechano, Wei and Steinmetz, 2013)
4.3 Analysis of 4tU-seq data

Raw FASTQ files of Paired-end 75 base reads (for steady-state experiment) and 42 base
reads (for heat shock experiment) with additional six base reads of barcodes were obtained
for each of the samples. Reads were demultiplexed and low-quality bases were removed
using Cutadapt (version 1.9.1) (Martin, 2011) with parameters -q 20,20 -0 12 -m 25. Trimmed
reads were then mapped to the S. cerevisiae genome (sacCer3, version 64.2.1) merged with the
synthetic spike-ins (Schwalb, Michel, Zacher, Hauf, e a/, 2016) using STAR (v 2.5.2b)
(Dobin ez al.,, 2013). Samtools (Li ez al, 2009) was used to quality filter SAM files. Alignments
with MAPQ smaller than 7 (—q 7) were skipped, and only proper pairs (—f 2) were selected.
A spike-in (RNAs) normalization strategy as described in section 2.2.3b allows for
observation of global changes in the 4tU-Seq signal. Read counts for protein-coding genes
and spike-ins were calculated using HTSeq (Anders, Pyl and Huber, 2015). Further

processing of the 4tU-Seq data was carried out using the R/Bioconductor environment.
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4.4 Downstream analysis

i Differential expression analysis

Differential gene expression analysis was performed with the DESeq2 package (Anders and
Huber, 2010) using the spike-in—derived normalization factors. An adjusted p-value cutoff
of 0.1 was used to call significant changes. Whether a gene's expression is significantly
changed depends on both its log, fold change and its dispersion estimate. If the dispersion
estimates from replicates, quantified by within-group variability, are higher the significance
of log, fold changes decreases. This explains why some genes with similar log, fold change
can appear as nonsignificant and significant in Figure 8.3, 8.6, 8.8, respectively. To examine
the effects of CDKS inhibition during steady-state growth, the 1-NA-PP1 samples were
compared with the DMSO samples. To verify induction of temperature response genes
(Gene Ontology: 0009266) upon heat shock, the 12-min heat shock DMSO samples were
compared with the steady-state DMSO samples. To examine the effect of CDKS inhibition
on gene expression during heat shock, the 12 min heat shock 1-NA-PP1 samples were
compared with the 12-min heat shock DMSO samples. To examine the effect of CDKS8
inhibition on induction of heat shock genes, the 12-min heat shock 1-NA-PP1 samples were

compared with the steady-state 1-NA-PP1 samples.
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5.0 CDK12 globally stimulates RNA polymerase II transcription elongation and

carboxyl-terminal domain phosphorylation.

The study design and analysis presented in this section have been published (Tellier ez a/,
2020). The published text was adapted to match the style of this thesis and thus deviate from

the published version.

This section is a modified excerpt from (Tellier ez al., 2020)

NGS libraries generated in this study

The TT-seq and RNA-seq libraries were generated by Dr. Livia Caizzi and Taras 1 elychko.

(Max Planck Institute for Multidisciplinary Sciences, Department of Molecular Biology)
All other libraries were generated by collaborators from Murphy laboratory.

Experiment Replicate | 15 minutes | 30 minutes
TT-seq Wild Type 2 v V4
TT-seq CDK12as 2 N4 N4
RNA-seq 2 v v
mNET-seq | Pol 1T 2 N4 X
mNET-seq | Ser2P 4 N4 X
mNET-seq | Ser5P 2 N4 X
ChIP-seq | WT Pol II 2 V4 X
ChIP-seq | CDK12as Pol I 2 v X
ChIP-seq | Ser2P 2 v X
ChIP-seq | Ser5P 2 v X
ChIP-seq LEO1 2 V4 X
ChIP-seq SPT6 2 V4 X
ChIP-seq CPSFE3 2 v X

5.1 Reference genome

For all the analysis, the human genome assembly GRCh38 was obtained from Human

Genome Reference Consortium (https://www.ncbi.nlm.nih.gov/grc).
5.2

Genome annotation and definition of transcription units

The genome annotation was obtained for UCSC RefSeq genome assembly GRCh38. For
each annotated gene, transcription units (RefSeq-TUs) were defined as the union of all

existing inherent transcript isoforms.
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5.3 Analysis of TT-seq data and RNA seq data

Raw FASTQ files of paired-end 75 base reads with additional 6 base reads of barcodes were
obtained for each of the samples. Reads were demultiplexed and mapped using STAR
(v2.5.2b)(Dobin et al., 2013) to the merged human genome assembly with synthetic spike-
ins (Schwalb, Michel, Zacher, Hauf, ¢/ a/, 2016) with maximum 2 percent mismatches and
only unique alignhments were retained. SAMtools was used to quality filter SAM files,
whereby alighments with MAPQ smaller than 7 (-q 7) were skipped and only proper pairs (-
f2) were selected. Read counts for RefSeq-TUs and spike-ins were calculated using HTSeq.

i. Expressed gene set for analysis

For downstream analyses, the expressed gene set was defined as described in section 2.2.3c.
Based on the antisense bias corrected RPKSs, a group of expressed TUS [n= 11,282] was
defined to comprise all TUs with a median RPK of 20 or higher in two summarized
replicates of TT-seq 15 minutes DMSO samples. An RPK of 20 corresponds to

approximately a coverage of 2 per sample due to an average fragment size of 200.
ii. TT-seq and RNNA-seq data processing with global normalization parameters

Global normalization parameters antisense bias ratio, sequencing depth and cross-
contamination rate were calculated based on the spike-in (RNAs) normalization strategy
described in (Schwalb, Michel, Zacher, Frihauf, ez a/., 2016). Calculations for each parameter
are described in section 2.2.3b in detail. The number of transcribed bases or read counts
for RefSeq-TUs were corrected for antisense bias and normalized by sequencing depth as
described in section 2.2.3b. The cross-contamination rate estimates for TT-seq in CDK12as

HEK?293 were very low and were thus not corrected for.

Additionally, all TT-seq samples were subjected to a more robust normalization procedure.
First a subgroup of expressed RefSeq-TUs [n= 5631] were selected based on the antisense
bias corrected RPKs of 100 or higher in two summarized replicates of TT-seq 15 minutes
control samples. An RPK of 100 corresponds to approximately a coverage of 10 per sample
due to an average fragment size of 200. Within this subgroup, a subset of TUs having a
length greater than 50 kb [n=1867] was used to identify the non-Differentially Expressed
(non-DE) TUs for both time points over the response of 1-NM-PP1(CDK12as inhibitor)
using DESeq2 package (Anders and Huber, 2010).
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The antisense bias corrected coverage s; of TU 7in sample / was normalized for sequencing
depth section 2.2.3b where o, was balanced between replicates via classical size factor

normalization to gain statistical power in the differential expression analysis.

On the resulting 140 non-differentially expressed RefSeq-TUs, size factors for each sample
were then estimated as described by estimateSizeFactors function in DESeq package
(Anders and Huber, 2010) depth as described in section 2.2.3b to correct for library size

and sequencing depth variations.
iii. Simulation of TT-seq data based on elongation velocity profiles

Based on the kinetic model described in section 2.2.7 TT-seq coverage values were

simulated for templates resembling genes of sizes ~0,1-2000 kbp. The resulting gene-wise

RNA synthesis profiles were subsequently accumulated to yield meta-gene profiles.
5.4  Analysis of mNET-seq data

mINET-seq data were processed and analysed by collaborators from Murphy laboratory.

adapters were trimmed with Cutadapt in paired-end mode with the following parameters: -
q 15, 10 —minimum-length 10 —A GATCGTCGGACTGTAGAACTCTGAAC -a
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC. Trimmed reads were mapped
to the human hg38 reference sequence with Tophat2 and the parameters —g 1 — 3000 —no-
coverage-search. SAMtools was used to retain only properly paired and mapped reads (-f 3).
A custom python script was used to obtain the 3' nucleotide of the second read and the
strandedness of the first read. Strand-specific bam files were generated with SAMtools.
FPKM normalized bigwig files were generated for each bam files with Deeptools2
bamCoverage tool (-bs 1 —p max —normalizeUsing RPKM).

i mNET-seq normalization

The total pol II mNET-seq treated with DMSO and NM 15 min were re-normalized to a
set of 140 genes found to be non-affected in the spiked-in TT-seq analysis after 15- and 30-
min inhibition. The re-normalization factor was calculated from the average fold change on
total pol II signal between DMSO and the NM conditions across the gene bodies of this set
of non-affected genes found in TT-seq. For the total pol II mNET-seq metaprofiles and
total pol II quantification, the re-normalization factors for NM 15 min R1 and R2 are 0.90
and 1.11, respectively. The Ser2P and Ser5P 15 min were normalized to the CTD

phosphorylation signals in histone genes with the following normalization factors for the
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merged biological replicates: Ser2P MABI0602: 0.626, Ser2P ab5095: 0.544 and Ser5P
ab5131: 0.791.

5.5 Analysis of ChIP-seq data: processing and normalization

ChIP-seq data were processed and analysed by collaborators from Murphy laboratory.

Adapters were trimmed with Cutadapt in paired-end mode with the same parameters as
mNET-seq. Obtained sequences were mapped to the human hg38 reference genome with
Bowtie2. Properly paired and mapped reads were filtered with SAMtools. PCR duplicates
were removed with Picard MarkDuplicates tool. FPKM normalized bigwig files were
generated for each bam files with Deeptools2 bamCoverage tool (-bs 10 —p max —
normalizeUsing RPKM —e). For the HEK293 ChIP-seq, the pol 11 signal was normalized to
the KPNB1 gene body (TSS + 500 bp to poly(A) site, NM normalization factor: 0.494) as
this gene was found to be non-affected by pol II ChIP-qPCR. CDK12as pol II ChIP-seq
NM normalization factors are 1.345 and 0.840 for replicates 1 and 2, respectively. Ser2P NM
normalization factors are 1 and 1.429 for replicates 1 and 2, respectively. Ser5SP NM

normalization factors are 1.275 and 1.269 for replicates 1 and 2, respectively.
5.6 mNET-seq and ChIP-seq metagene profiles
Data were analysed by collaborators from Murphy laboratory

Metagene profiles of genes scaled to the same length were then generated with Deeptools2
computeMatrix tool with a bin size of 10 bp and the plotting data obtained with plotProfile
—outFileNameData tool. Graphs representing the (IP — Input) signal (ChIP-seq) or the
mNET-seq signal were then created with GraphPad Prism 8.4.0. Metagene profiles are

shown as the average of two biological replicates.
5.7 P-values and significance tests

P-values were computed with an unpaired two-tailed Student's t test. Statistical tests were

performed in GraphPad Prism 8.4.0.
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6.0 Kinetic modeling of transcription predicts dynamic RNA synthesis and

polymerase occupancy profiles
6.1 Simulation of TT-seq and mNET-seq data as metagene profiles

The simulation according to the model described section 2.2.7 for altered transcriptional
parameters (initiation frequency, pausing duration and elongation velocity) was done for
templates resembling genes of sizes ~0,1- 2000 kbp. The resulting gene-wise RNA synthesis
profiles (TT-seq) and polymerase positioning profiles (mMNET-seq) were subsequently

accumulated to yield meta-gene profiles.
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CHAPTER 3

RESULTS and
DISCUSSIONS

The aim of this chapter is to present the reader with the inferences drawn from the

experiments and analysis as results and discussions. The chapter is divided into four

sections. Fach section lists project specific results and discussions for

7.0 CDK7 kinase activity promotes transcription factor exchange and the initiation-

elongation transition
8.0 The CDKS kinase module regulates Mediator-RNA polymerase II interaction

9.0 CDK12 globally stimulates RNA polymerase II transcription elongation and carboxyl-

terminal domain phosphorylation

10.0Kinetic modeling of transcription predicts dynamic RINA synthesis and polymerase

occupancy profiles

v" Experiments were not performed by the author of this dissertation, but are included in

this section for a coherent presentation of the obtained findings.

v All the analysis were performed by the author of this dissertation unless otherwise
stated. If applicable, a list of contributions can be found at the beginning of each

subsection or paragraph.
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CDKY7 kinase activity promotes transcription factor exchange and the initiation-elongation transition

The project was conceived as an In'havs (internal) collaboration (Department of Molecular
Biology, Max: Planck Institute for Multidisciplinary Sciences, Gattingen). The study is in the process

of being culminated into the published manuscript.

Experiments and analysis that were not performed by the author of this dissertation, but are
included in this section for a coherent presentation of the obtained findings, are stated at

the beginning of each subsection (i italz).
PROJECT SUMMARY

Studies throughout the years have illuminated CDK7 functions during the Pol II
transcription cycle, starting from promoter clearance, in both promoter-proximal pausing
establishment and release, to mRNA 3"-end formation and termination (Fisher, 2019).
However, the precise role CDK7 plays in transcription remains controversial. The project
was conceived to elucidate the primary effect of CDK?7 activity on transcription. To
understand the function of the kinase activity of CDK?7 in transcription, CRISPR/Cas9 gene
engineering was used to mutate the endogenous CDK7 gene in HEK293 cells to produce
an analog-sensitive CDK7 (CDKT7as) that can be selectively inhibited by bulky ATP analogs.
The use of CDK7as cell line was combined with functional genomics methods TT-seq,
mNET-seq, ChIP-seq and MNase-seq to monitor the direct effects of rapid CDK7
inhibition on transcription activity, Pol II, transcription factor and nucleosome occupancy

in human cells.
INTRODUCTION

CDK7 constitutes part of the human general transcription factor TFIIH in which it forms
the cyclin activating kinase-subcomplex with cyclin H (CCNH) and CDK activating kinase
assembly factor MAT1 (MAT1) (Roy et al. 1994; Serizawa et al. 1995) . TFIIH unwinds the
double stranded DNA in the promoter region to facilitate passage of the Pol II on the
template strand (Fishburn et al. 2015; Tsutakawa et al. 2020). The kinase module of TFIIH,
CDKY7, phosphorylates Pol II CTD in Ser5 and Ser7 in CTD (Christopher C Ebmeier et al.
2017; Glover-Cutter et al. 2009) which aids the recruitment of Pol II from phase-separated
polymerase clusters to the promoter region of genes (Boehning et al. 2018). Current studies
suggest CDK?7 facilitates transcription initiation by phosphorylation of Ser5P on the Pol 11
CTD conferring an affinity reduction of the polymerase to the mediator complex ultimately
resulting in the promoter escape (Wong, Jin, and Struhl 2014). Additional functions of
CDKY7 in transcription includes functioning as a TFIIH-free CDK7 complex form called
CDK-activating kinase (CAK) that phosphorylates various other CDKs involved in
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CDKY7 kinase activity promotes transcription factor exchange and the initiation-elongation transition |

transcription, for example, CDK9 (Anshabo et al. 2021). Therefore, CDK7 can regulate
promotor-proximal pausing (Fisher 20192a). CDK7 has also been shown to be important in
mRNA 5 end capping (Nilson et al. 2015), termination of transcription and mRNA 3’ end
polyadenylation (Christopher C Ebmeier et al. 2017). CDK7 also has role in histone
modifications (Christopher C. Ebmeier et al. 2017; Fisher 2019b). Outside of transcription,
CAK complex is also needed to activate cell cycle-controlling CDKs, therefore indirect

involvement of CDKY7 in cell cycle is observed (Fisher 2019b).

In recent years CDK7 has further gained attention due to its therapeutic relevance in
numerous oncological malignancies. The kinase is perceived as a regulator of various cancer-
specific pathways and thus has been targeted by several small molecule inhibitors such as
THZ1 and ICEC0942 (Liang et al. 2021). Importantly, ICEC0942 and THZ1-related SY-
1365 are also being tested in phase I clinical trials (Sava et al. 2020). Despite the multitude
of available CDKY7 inhibitors, the use of many of these small molecules, including widely
studied inhibitor THZ1, has been accompanied by off-target effects on other kinases such
as CDK12 and CDK13 (Olson et al. 2019). Aiming to address the function of CDK7 in
transcriptional regulation by highly specific inhibition, we utilize a chemical genetics
approach for kinase inhibition (Lopez, Kliegman, and Shokat 2014) with multi-omics
dataset. Our study suggests on CDK?7 kinase function as a global regulator of transcription
initiation. We also perform a proteome-wide regulation and interaction analysis
accompanied by the determination of phosphorylation targets, which provides us insight
with plausible underlying molecular mechanism by which CDK7 kinase activity controls

transcriptional initiation.
RESULTS
7.1 Rapid and specific CDK7as inhibition in human cells

CDK7as HEK293 cell line, nsing CRISPR/ Cas9, where the gatekeeper phenylalanine residue (codon
I'T'T) is mutated to glycine (codon GGT) was generated and validated by Dr. Shona Murphy.
CDK7as HEK293 cell line allows rapid and selective inhibition of CDK?7 kinase activity

with a bulky ATP-analog 1-NM-PP1 (NM).
7.2 CDXK?7 inhibition results in global downregulation of new RNA synthesis

All excperiments in this section were conducted by Taras 1 elychko
(Department of Molecular Biology, Max Planck Institute for Multidisciplinary Sciences, Gottingen)

To elucidate the primary role of CDKY7 in transcription, we monitored changes in RNA

synthesis by TT-seq (Schwalb e7 a/, 2016) before and after CDK?7 inhibition. CDK7as cells
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were treated with 7.5 pM of DMSO and 1-NM-PP1 for 15, 30 and 60 minutes with an RNA
labeling time of 10 minute (Figure 7.1A). Across all time points, differential expression
analysis upon CDK?7 inhibition showed a global downregulation of newly synthesized RNA
(Figure 7.1B). The percentage of significantly downregulated genes increased from 54%

after 15 minutes to 97% after 60 minutes of inhibition.
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Figure 7.1 | CDK7as inhibition globally decreases RNA synthesis. (A) Experimental design of
TT-seq (B) Logy fold change upon 1-NM-PP1(NM) treatment for 15 minute (left), 30 minute
(middle) and 60 minutes (right) versus the average expression as normalized mean read count across
replicates and conditions for CDK7as HEK293cells. Significantly up- or downregulated major
transcript isoforms (adjusted p-value<0.05) are marked in red.

To analyze the pattern of global downregulation, the TT-seq signals averaged overexpressed
genes in CDK7as cells were visualized as metagene profiles. Upon inhibition, metagene
analysis of 15 minutes showed a stronger decrease in TT-seq signal at the 5” end compared
to the 3’ end of genes whereas a stably decreased TT-seq signal across gene bodies was
observed for 30 and 60 minutes (Figure 7.2A). This observation indicates that less Pol 11
was initiating and/or released from the promoter-proximal pausing into gene bodies. To
investigate this further, we calculated CDK?7 inhibition response ratios comparing the
change in TT-seq signal at the 5’ and 3’ end of short, medium and long genes (Figure 7.2B).
The 5’ end response ratios showed reduced RNA synthesis irrespective of gene length and
CDKY7 inhibition time, confirming defective RNA synthesis in the beginning of genes
(Figure 7.2B). In contrast, the 3’ ends of long genes were largely unaffected after 15 minutes
of CDKY7 inhibition, indicating continued RNA synthesis by Pol II that had been released
before CDK?7 inhibition. This is further exemplified at the ATF7IP gene, which showed
downregulation of RNA synthesis atits 5' end already after 15 minutes of CDK?7 inhibition,
but it took until 60 minutes of inhibition to observe uniform downregulation up to the end

of the gene (Figure 7.2C).
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Figure 7.2 | CDK7as inhibition globally decreases RINA synthesis. (A) Metagene analysis of
TT-seq signal for expressed genes after treatment of cells with DMSO (grey) versus 1-NM-PP1(INM)
treatment (red) for 15 minute (left), 30 minute (middle) and 60 minute (right). The TT-seq coverage
was merged and aligned at their transcription start sites (TSSs) and polyadenylation (pA)-sites.
Shaded areas around the average signal (solid lines) indicate confidential intervals. (B) Box plot
showing the response ratio for 5’ end (right) and 3’ end (left) of the major transcript isoform for 15
minute (upper panel), 30 minute (middle panel) and and 60 minute (lower panel) inhibition of
CDK7as compared to control. (C) TT-seq signal before (grey) and after (red) CDK7 inhibition at
the ATF7IP gene locus (116,937 [bp]) on chromosome 12 15 minute (upper panel), 30 minute
(middle panel) and and 60 minutes (lower panel). Two biological replicates were merged.

Next, to determine the relative response of genes to CDKY7 inhibition, we calculated
response to inhibitor treatment within a scale of 0% to 100% where 100% indicates fully
responding genes. The response to inhibitor treatment decreased over the time course
indicating a recovery of RNA synthesis activity (Figure 7.3A). The recovery may be
attributed to Pol II mediated RNA synthesis without CDK7 kinase activity, or it may stem
from incomplete or reversible CDK7 inhibition. However, assuming that the inhibitor is
evenly distributed across and within cells, the proportion of CDK?7 that has not been fully

inhibited must be very small.

TT-seq also allowed us to quantify ‘productive initiation rate’, that is the number of
polymerases that initiated and successfully transitioned into productive elongation (Gressel

et al., 2017a; Gressel, Schwalb and Cramer, 2019). We observed a decrease in ‘productive
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initiation rate’ for all time points after CDK?7 inhibition (Figure 7.3B). Taken together, these
results show that inhibition of CDK7 kinase activity causes transcriptional repression at the

beginning of genes.
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Figure 7.3 | CDK7as inhibition globally decreases RNA synthesis. (A) Violin plot showing
the relative response to CDK7 inhibition for major transcript isoform for 15 minute (left), 30 minute
(middle) and and 60 minutes (right) for a window from the TSS to 10 [kbp] downstream, excluding
the first 500 [bp]. Red line indicates the median response. (B) Distributions of gene-wise initiation
rates before (grey) and after (red) CDKDY inhibition for 15 minute (left), 30 minute (middle) and and
60 minute (right).

7.3 CDK?7 inhibition results in decreased Pol II gene occupancy

All excperiments in this section were conducted by Taras 1 elychko

(Department of Molecular Biology, Max Planck Institute for Multidisciplinary Sciences, Gottingen)

The observed reduction in TT-seq signal at the beginning of genes upon CDK?7 inhibition
may be the result of either a direct or indirect decrease in initiation events, where an indirect
decrease would be due to an increase in promoter-proximal pause duration. To distinguish
between the two possibilities, we performed mNET-seq to map actively engaged Pol II in
CDKT7as cells after 15 and 30 minute of inhibitor treatment (Figure 7.4A). Metagene
profiles of mNET-seq signals indicated decreased mNET-seq signal at the beginning of
genes (Figure 7.4B) as well as across the gene body (Figure 7.4C). In contrast, upon
inhibiton of CDKY9, which facilitates Pol II pause release, mNET-seq signal increased at the
beginning of genes and decreased in the gene body, resulting in promoter proximal pausing
mediated decrease in productive initiation events (Gressel ¢f al., 2017b; Gressel, Schwalb and
Cramer, 2019). The striking dissimilarity between the Pol II occupancy profile changes
prompted us to exclude the possibility of an indirect decrease in initiation events and
emphasize on the fact that CDK7 regulates gene expression by directly altering the initiation

frequency at human genes.
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Figure 7.4 | Inhibition of CDK7as decreases Pol II gene occupancy. (A) Experimental design
of mNET-seq. (B) Metagene analysis of mNET-seq signal for expressed genes after treatment of
cells with DMSO (grey) versus 1-NM-PP1(NM) treatment (red) for 15 minute (left) and 30 minute
(right). The mNET-seq coverage was merged and aligned at their transcription start sites (T'SSs) and
polyadenylation (pA)-sites.(C) Metagene analysis of mNET-seq signal for expressed genes after
treatment of cells with DMSO (grey) versus 1-NM-PP1(NM) treatment (red) for 15 minute (left) and
30 minute (right). The mNET-seq coverage was merged and aligned at their transcription start sites
(TSSs). Shaded areas around the average signal (solid lines) indicate confidential intervals for
metagene profiles.

7.4 CDK?7 inhibition leads to the accumulation of the preinitiation complex
upstream of the TSS

All excperiments in this section were conducted by Taras 1 elychko.
All ChIP data except Pol I was analysed by Dr. Michael Lidscreiber
(Department of Molecular Biology, Max Planck Institute for Multidisciplinary Sciences, Gottingen)

To further support this hypothesis, we performed MNase-ChIP-seq of Pol II after 30-
minute inhibition of CDK7as cells (Figure 7.5A). The high resolution of MNase-ChIP-seq
allowed us to distinguish Pol II complexes at pause sites from those upstream of the TSS.
Metagene profiles of ChIP-seq signal centered around the TSSs of expressed genes showed

the altered profile of Pol II that shifted from downstream pause sites toward the TSS
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(Figure 7.5B). This transition of Pol II from pause sites to the TSS can be interpreted as
the new “poised” preinitiation complexes that localize to the TSS but are unable to transition
to the pause sites without CDK7 kinase activity. This is further exemplified at the RPL.70.A4
gene, which showed a similar overall Pol II occupancy change upon CDKT7 inhibition
(Figure 7.5C). Together, these data strongly support the role of CDK?7 kinase activity in

transcription initiation.
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Figure 7.5 | Inhibition of CDK7 leads to the PIC accumulation upstream of the TSS. (A)
Experimental design of MNase-ChIP-seq. (B) Metagene analysis of ChIP-seq signal for expressed
genes after treatment of cells with DMSO (grey) versus 1-NM-PP1(NM) treatment (red) for 30
minute. The ChIP-seq coverage was merged and aligned at their transcription start sites (TSSs).
Shaded areas around the average signal (solid lines) indicate confidential intervals for metagene
profiles.(C) ChIP-seq signal around TSS at the RPL10A gene locus before (grey) and after (red) 30
minute CDK?7 inhibition. Two biological replicates were merged.

7.5 Efficient release of preinitiation factors requires CDK7 activity

All excperiments and analysis in this section were conducted by Dr. Iwan Parfentev.
(Bioanalytical Mass Spectrometry Group, Max Planck Institute for Multidisciplinary Sciences ,Gottingeny
Institute of Clinical Chemistry, University Medical Center Gattingen, 37075 Gittingen, Germany)

To gain further insights into CDK7 kinase function, we performed proteomics experiments
with 30-minute inhibition of CDK7as cells (Figure 7.6A). Chromatin phosphoproteomics
upon CDKY7 inhibition allowed us to identify the changes in chromatin-associated protein
composition and phosphorylation status of proteins in respect to inefficient transcription

initiation events.

Chromatin proteomics analysis for each condition identified 4507 proteins amongst which
18 were most affected by inhibition of CDK?7 (adj p-value < 0.05) (Figure 7.6B). We found
a significant increase in all TFIIH kinase module components including CDK7, cyclin H,

and MAT1. Moreover, upstream components of the transcription initiation machinery such
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as general transcription factor IIE (TFIIE) and general transcription factor IIF (TFIIF)
subunits were also significantly enriched. Collectively, the recruitment of these proteins
highlights increased cellular demand for transcription initiation factors, potentially trying to
overcome an impaired Pol II initiation. Curiously, the subset of significantly decreased
proteins was strongly dominated by the NELF family proteins. Specifically, NELF A, NELF
B, NELF C/D and NELF E were lost from the chromatin fraction hinting at putative
compensations via Pol II promoter-proximal pausing release. Furthermore, we identify a
reduction of anti-termination factors SCAF4 and SCAF8, which require Ser2P and Ser5P

for Pol II association and suppress eatly polyA site selection and termination.
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Figure 7.6 | Efficient release of preinitiation factors requires CDK7 activity. (A) Experimental
design of quantitative proteomics. (B) Log> fold change versus average abundance (-logio p-value)
plot showing chromatin proteomics analysis from 3 independent experiments. With adj p-value <
0.05, enriched proteins and lost proteins from chromatin are shown in blue and orange, respectively.
Other proteins are shown in dark grey. (C) Loga fold change of Pol 1I-associated complexes. Each
dot indicates a subunit of each complex that was detected in our proteomics data. Dashed lines

indicate no change.

Next, we normalized protein levels to RNA Pol II abundance in each condition and examine
relative changes of RNA Pol II-associated complexes (Figure 7.6C). Chromatin binding of
mRNA capping, splicing, integrator and termination complexes were largely unchanged. In
accordance with the previous results, levels of NELF, DSIF and elongation factors were

decreased while mediator and PIC-associated GTFs were enriched in the chromatin.
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Strikingly, we also observed enrichment of P-TEFB which might explain the significant loss

of NELF from the chromatin as a potential compensation mechanism.

To understand how CDKY7 kinase activity regulates transcription initiation, we analyzed
phosphor-proteome of the chromatin-bound proteins upon its inhibition. We identified
13,030 phosphopeptides amongst which we found 281 phosphosites (100 proteins) to be
significantly decreased (adj p-value < 0.05) upon inhibition of CDKT7, whereas 92
phosphorylations (55 proteins) increased (Figure 7.7A). Analyzing all significantly changed
phosphopeptides, we detected a significant reduction in RPB1 CTD phosphorylation, while
the phosphorylation status of PIC-associated GTFs remained largely unchanged. The RPB1
phosphorylation changes are largely affecting serine residues alighing with the function of
CDKY7 as a Ser5 and Ser7 phosphorylating kinase. Specific mapping of the altered
phosphosites to CTD positions remains impossible due to the inability of common MS
setups to reliably identify CTD peptides. Focusing further on Pol II transcription-related
proteins, we found that CDK7 phosphorylation is decreasing on Ser164 upon its inhibition.
This residue constituting part of the CDK7 T-loop has been described as critical for CDK7-
cyclin-H-MAT1-complex stability and CTD kinase activity 7z vivo (Larochelle ez a/., 2001).

Contrastingly, we found increased phosphorylation levels of transcription elongation factor
NELFE. NELFE phosphorylation on Serl115 was shown to facilitate its dissociation from
the chromatin, aiding Pol II pause release and the transition to elongation (Borisova ez al.,
2018). While no direct effect of CDK?7 inhibition can be assumed, we predict a
compensatory effect aiming to reduce pausing by NELF phosphorylation (Wu e a/, 2003;
Lu et al., 20106).

Aligned structures of PIC and paused transcription complexes showed that CDK7 as a part
of CDK-activating kinase (CAK) binds the same Pol Il interface as NELF, and pre-initiation
factors TFIIE and TFIIF bind at the same Pol II location as DSIF (Figure 7.7B). Thus, for
transitioning from initiation to productive elongation, release of pre-initiation factors is
essential. In agreement with this model, zz silico reconstruction of the structure of the PIC
indicated a close location of the CAK to TFIIE (He ez al., 2013). After TFIIE release, DSIF
would be loaded on Pol II together with NELF to induce Pol II pausing.
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Figure 7.7 | Efficient release of preinitiation factors requires CDK7 activity. (A) Volcano plot
showing the CDK7 phosphoproteome upon inhibition. Most significantly up- and downregulated
(adj p-value < 0.05) phosphopeptides are annotated in blue and orange, respectively. (B) Aligned
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Taken together, the proteomics analysis suggests a possible mechanism of CDK7 kinase
activity for the efficient release of initiation factors with further recruitment of elongation
factors. Inhibited CDK7 cannot phosphorylate CTD of Pol II and this hinders the
dissociation of the pre-initiation factors. This lack of CDKT7 activity also results in stalled
Pol IT around TSS and increased occupancies of TFIIE and Mediator downstream of TSS.
7.6 Defective elongating Pol II struggles to transcribe through nucleosomes

All excperiments in this section were conducted by Taras 1 elychko.

(Department of Molecular Biology, Max Planck Institute for Multidisciplinary Sciences, Gottingen)
Next, we sought to gain insight into how the defective exchange of initiation factors for
elongation factors affects the transcription kinetics of RNA Pol II during the early stages of
transcription. Our proteomics data suggests that in the absence of CDK?7 kinase activity
DSIF and NELF loading on Pol II is compromised. Loading of DSIF together with NELF
on Pol II induces Pol II promoter-proximal pausing and CDK?7 has been implicated in two
opposing functions with respect to pause establishment and release (Larochelle ez 4/, 2012;
Kwiatkowski ¢z al., 2014; Ebmeier e al., 2017). Downstream of the TSS, Pol II accumulation
is an indicator of Pol II arrest or pausing, which can be observed with Pol II occupancy

profiles obtained by mNET-seq.

To investigate the role of CDKY7 in promoter-proximal pausing, we inspected our mNET-

seq profiles downstream of the TSS (Figure 7.8A), where the highest Pol II accumulation
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peak is shifted slightly downstream upon inhibition. Loss of NELF has previously been
shown to regulate a distinct early elongation step associated with the +1 nucleosome acting
as a barrier rather than with promoter proximal pausing (Aoi ez al., 2020). With respect to
the loss of NELF subunits from our proteomics data, we performed MNase-seq after 15-
minute inhibition of CDK7as cells. MNase-seq metagene profiles aligned at the TSS that the
observed downstream shift may correspond to a nucleosome barrier during transcription

(Figure 7.8B).
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Figure 7.8 | Defective elongating Pol II struggles to transcribe through nucleosomes. (A)
Metagene analysis of mNET-seq signal for expressed genes after treatment of cells with DMSO
(grey) versus 1-NM-PP1(NM) treatment (red). The mNET-seq coverage was merged and aligned at
their transcription start sites (ITSSs). Shaded areas around the average signal (solid lines) indicate
confidential intervals for metagene profiles. (B) Metagene analysis of MNase-seq signal for expressed
genes after treatment of cells with DMSO (grey) versus 1-NM-PP1(NM) treatment (red). The
mNET-seq coverage was merged and aligned at their transcription start sites (TSSs). Shaded areas
around the average signal (solid lines) indicate confidential intervals for metagene profiles.

To further investigate this, we quantified the Pol II residence time in the promoter-proximal
pause region and in the +1 nucleosome and +2 nucleosome arrest regions. Whereas Pol 11
residence time in the promoter proximal pause region decreased (Figure 7.9A), the

residence time upstream of +1 (Figure 7.9B) and +2 nucleosomes increased (Figure 7.9C).
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Figure 7.9 | Defective elongating Pol II struggles to transcribe through nucleosomes. (A)
Distributions of gene-wise pause duration 4 [a.u.] before (control; grey) and after (red) CDK7
inhibition on promoter proximal pause position. (B) Distributions of gene-wise pause/arrest
duration 4 [a.u.] before (control; grey) and after (red) CDK?7 inhibition on+1 nucleosome arrest
position. (C) Distributions of gene-wise pause/artest duration 4 [a.u.] before (control; grey) and after
(red) CDKY7 inhibition on+2 nucleosome arrest position.

In accordance with our proteomics data, these results suggest that in absence of CDK7
kinase activity Pol II is unable to establish promoter proximal pausing due to defective
exchange of initiation factors with elongation factors. These observations are further
supported by ChIP coverage changes of Med20, initiation factors TFIIB and TFIIE and
pausing factor NELF upon CDK?7 inhibition (Figure 7.10B-E). Thus, Pol II travels with
the associated mediator subunit, initiation factors TFIIE and TFIIB and consequently

struggles to transcribe through nucleosomes for productive elongation.
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Figure 7.10 | Efficient release of preinitiation factors requires CDK7 activity. (A)
Experimental design of MNase-ChIP-seq. (B-E) Metagene analysis of ChIP-seq signal for expressed
genes after treatment of cells with DMSO (grey) versus 1-NM-PP1(NM) treatment (red) for 30
minute. The ChIP-seq coverage was merged and aligned at their transcription start sites (TSSs).
Shaded areas around the average signal (solid lines) indicate confidential intervals for metagene
profiles.

This loss of productive elongation is supported by a decreased elongation velocity (Figure

7.11).

A 3000 e value < 22410
—_—
3 B
2 2000 ! ,
5 i
k=] | |
g | '
S |
& 1000 :
j=2
=4 S ——- -
o
m | ) -: i
1
0 1 1
T T
Control CDK7# inhibition

Figure 7.11 | Distributions of gene-wise elongation velocity [a.u.] before (control; grey) and
after (red) CDK7 inhibition.

Together, our results show that CDKY7 is a global regulator of efficient transcription
initiation and suggest the kinase activity of CDK?7 is required to maintain a productive

transcription cycle by an efficient exchange of factors during the early stages of transcription.
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DISCUSSION

In this study, we have used CDK analog sensitive cell line for specific inhibition of CDK7
in human cells. Multi omics analysis monitor genome-wide immediate changes in RNA
synthesis from TT-seq, global changes from RNA-seq, actively transcribing Pol II from
NET-seq and stalled Pol II from ChIP-seq. Our multi-omics data ranges from 15 minutes
up to 60 minutes which can capture both primary and secondary effect on transcription
dynamics upon CDKZ7 inhibition. In contrast to previous studies which have reported that
CDKT7 kinase activity is dispensable for global transcription (Ganuza et al. 2012; Kanin et
al. 2007), our genome-wide experiment results suggests that CDK?7 kinase activity is required
for global transcription initiation. To further delineate the role of CDK?7 kinase activity, we
combined our multi-omics data with proteomics data. Quantitative proteomics results
provide insight into a probable mechanism of CDK?7 mediated transcription initiation
regulation. Our proteomics results show an enrichment of initiation factors and depletion
of pausing and elongation factors upon CDK?7 inhibition. This result suggest that CDK7
can play role in exchange of initiation factors with elongation factors in agreement with
previous predictions (Compe et al. 2019; He et al. 2013; Larochelle et al. 2012; Nilson et al.
2015). This result is also supported by genome wide transcription factor occupancy
measurements by ChIP-seq which shows an increased occupancy of basal transcription
factor Med26, TFIIB, TFIIE and decreased occupancy of NELF. This results is significant
as mediator interacts with CDK7, TFIIE, and TFIIH and is involved in promoter-proximal
pausing (Conaway and Conaway 2013; Rengachari et al. 2021). The role of CDK7 in
promoter-proximal pausing is questionable (reviewed in (Coin and Egly 2015; Fisher 2019)).
Our multi-omics analysis of Pol II occupancy profiles and nucleosome occupancy profiles
suggests due to an inefficient exchange of initiation factors to elongation factors in the
absence of CDK?7 kinase activity, Poll II pause duration in promoter proximal region is
decreased and Pol II arrest duration near +1 nucleosome increases. Based on all our
observation and analysis, we suggest a model for CDK?7 kinase activity (Figure 7.12). In the
absence of CDKY7 kinase activity, mediator, TFIIE and TFIIB cannot dissociate from PIC.
This results in defective loading of NELF and DSIF on Pol 11, which is unable to establish
promoter proximal pause resulting in decreased pausing in this region. The PIC travels with
basal transcription factors and gets arrested by +1 nucleosome due to the absence of
elongation factors. Taken together, CDKY7 is required in human cells to maintain efficient

transcription regulation.
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Figure 7.12 | Proposed model of CDK7 function in transcription (as described in
discussion section).

CONCLUDING REMARKS

In conclusion, our data for the first time suggests that specific and rapid inhibition of CDK7
causes a global initiation defect demonstrated by multi-omics analysis of TT-seq and mNET-
seq data which is further supported by Pol II ChIP-seq. Additional proteomics and ChIP
studies imply a plausible mechanism for this defect. Taken together, our data suggests,
phosphorylation by CDK7 prompts basal transcription factor exchange with elongation
factors for the transition of transcription initiation to elongation. Future studies may gather
additional justification for the initiation to elongation switch by CDK?7. Finally, our results
imply that CDK?7 is a global regulator of Pol II mediated transcription initiation. Prospective
structural and functional studies are necessary to validate our findings to unravel molecular

mechanisms by which CDK7 contributes to global downregulation of initiation.
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The project was initialized with focus on biochemical and structural 7z vitro study of CDKS8
kinase module (CKM). In line with the observations of the aforementioned studies, the
vivo experiment and analysis were conceived as an In'havs (internal) collaboration
(Department of Molecular Biology, Max Planck Institute for Multidisciplinary Sciences, Gottingen). The

collective 7 vitro and in vivo study was further culminated into the published manuscript.

The results presented in this section comprises of the 7z wvivo experiment and analysis
performed during the preparation of the manuscript. Experiments were not performed by
the author of this dissertation, but are included in this section for a coherent presentation
of the obtained findings. Contribution in conducting the experiments can be found at the
beginning of each subsection (i ialic). Detailed author contributions can be found on

publications.

The published text was adapted to match the style of this thesis. Numbering and
references to figures as well as references to the literature thus deviate from the published

version.

PROJECT SUMMARY

This section is a modified excerpt from (Osman ez al., 2021)

Al excperiments in this section were conducted by Dr. Sara Osman (in vivo experiments were conducted
together with Dr. Kerstin Meyer)
(Department of Molecular Biology, Max Planck Institute for Multidisciplinary Sciences, Gottingen)

The CDKS8 kinase module (CKM) is a dissociable part of the coactivator complex
mediator, which regulates gene transcription by RNA polymerase II. The CKM has both
negative and positive functions in gene transcription that remain poorly understood at the
mechanistic level. In order to reconstitute the role of the CKM in transcription initiation,
we prepared recombinant CKM from the yeast Saccharomyces cerevisiae. We showed that
CKM bound to the core mediator (cMed) complex, sterically inhibiting cMed from binding
to the polymerase II preinitiation complex (PIC) 7z vitro. We further showed that the
CDKS kinase activity of the CKM weakened CKM-cMed interaction, thereby facilitating
dissociation of the CKM and enabling mediator to bind the PIC in order to stimulate
transcription initiation. We next advanced our biochemical and structural iz vitro
observations of CDKS8 kinase module (CKM) with 7z w»io 4tU-seq experiments
observations to explain a plausible model for the functions of the CDKS kinase module

(CKM) with mechanistic detail.
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RESULTS

Text in this section is an unmodified excerpt from. (Osman ef al, 2021). Figures in this
section are adapted from the manuscript version and presented in a simultaneous manner
with results. Additional figures are included for comprehensive understanding of the
results.

All excperiments in this section were conducted by Dr. Kerstin Meyer and Dr. Sara Osman
(Department of Molecular Biology, Max Planck Institute for Multidisciplinary Sciences, Gottingen)

8.1. CDKS kinase activity is required for transcription activation during heat shock

To investigate the role of the CDKS8 kinase activity z vivo, we used a CDKS8 analog-
sensitive yeast strain (Liu ez a/, 2004a) allowing us to specifically inhibit CDKS8 using the
ATP analog 1-Naphthyl-PP1 (1-NA-PP1). We applied either 1-NA-PP1 at a final
concentration of 6 pM or dimethyl sulfoxide (DMSO) for 12 min, followed by 5 min of
RNA labeling with 4-thiouracil (4tU) (Figure 8.1).

4tU
labelling
12 minutes 5 minutes

DMSO (control)
2 replicates
1-NA-PP1 Inhibition | ‘

Experiment : steady state

Figure 8.1 | Experimental setup of the steady state 4tU-seq experiment in Saccharomyces
cerevisiae. 4tU-seq experiments were performed in two independent biological samples.

This allowed us to isolate newly transcribed RNA following the perturbation. We then
sequenced the newly synthesized RNA and mapped it to the Saccharomyces cerevisiae genome
(sacCer3). We performed each condition in two biological replicates and added spike-ins
before RNA extraction to normalize RNA counts for quantification. The biological

replicates correlated well (Figure 8.2).
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Figure 8.2 | Assessment of reproducibility of 4tU-Seq data (steady state). Comparison of
replicate measurements for 4tU-seq of the DMSO samples (left panel) and 1-NA-PP1 samples
(right panel) under steady state conditions. The scatterplot compares read counts of ORF-Ts.
Spearman correlation coefficient is mentioned in the respective figures.
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We found no statistically significant changes resulting from CDKS inhibition under steady-
state growth conditions, as demonstrated by genome-wide differential gene expression

analysis comparing the inhibited sample to the DMSO control (Figure 8.3).

1-NA-PP1 vs DMSO : 4tUseq

= 1 Steady state

log, fold change
0
|

1e+00 le+02 Te+04 le+06

mean of normalized counts

Figure 8.3 | MA plot shows differential gene expression between the CDKS8 inhibited
sample (1-NA-PP1) and DMSO control for all protein coding genes (n = 4928) under
steady-state conditions. Log, fold changes are plotted against the mean of spike-in normalized
counts over all samples. No significantly changed genes were detected (adjusted p value < 0.1).

We then performed a second experiment, where we once again applied 1-NA-PP1 or
DMSO for 12 min and then raised the temperature of the yeast cultures to 37 °C to
impose heat shock for 12 min (Figure 8.4). The biological replicates of the heat shock
(HS) 4tU-seq experiment correlated well (Figure 8.5).

4l
labelling,
12 minutes 12 minutes 5 minutes

ﬁwz—

Experiment : heat shock

DMSO (control)

2 replicates
1-NA-PP1 Inhibition |

Figure 8.4 | Experimental setup of the heat shock (HS) 4tU-seq experiment (at 37 °C) in
Saccharomyces cerevisiae. 4tU-seq experiments were performed in two independent biological
samples.
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Figure 8.5 | Assessment of reproducibility of 4tU-Seq data upon heat shock (HS).
Comparison of replicate measurements for 4tU-seq of the DMSO samples (left panel) and 1-NA-
PP1 samples (right panel) under heat shock conditions. The scatterplot compares read counts of
ORF-Ts. Spearman correlation coefficient is mentioned in the respective figures.

The effect of heat shock treatment was validated by genome-wide differential gene
expression analysis comparing the heat shock DMSO sample to the steady-state DMSO
sample (Figure 8.6). Differential gene expression analysis identified significant
upregulation of 7.7% and downregulation of 37% of genes, matching the expected pattern

for the heat shock response in yeast.

Steady state vs Heat shock : 4tUseq

-+
o HSP26
- . .

o 5 e :[;mz.
o .. n‘?é’._‘ .
&n - .
= 1SP78
= .
[ . .
o o - b
=
0 o
(] '\0-
o A
20
=

(\‘l -

2
.
‘\1" -

le+00 le+02 Tle+04 le+006

mean of normalized counts

Figure 8.6 | MA plot shows differential gene expression between 12-min heat shock
DMSO samples and the steady-state DMSO samples. Significantly changed genes are shown
in red (adjusted p value < 0.1). Temperature response genes (Gene Ontology: 0009266) are
encitcled in blue.

Page | 65



The Cdk8 kinase module regulates Mediator-RNA polymerase II interaction |

Gene ontology analysis showed that heat shock genes (encircled in blue) are enriched

within the induced group (Figure 8.7).

translational elongation MSN4
sporulation resulting in formation of a cellular spore HSF1
iron ion transport AFT2
transport ACE2
response to temperature stimulus MSN2
response to stress NRG1
vacuolar protein catabolic process HAP1
biological_process RCS1
metabolic process UMEG6
oxidation—reduction process SKN7
I B B B I I B B |
0 20 40 60 80 100 0 20 40 60 80 100

Figure 8.7 | Gene ontology analysis of genes induced upon application of heat shock
shows that temperature stimulus response genes (GO:0009266) are enriched in this group (left).
Specific transcription factor target gene groups that were found to be enriched are shown on the
right.

Under this condition, we found that CDKS8 inhibition resulted in a global downregulation
of gene transcription by ~1.5-fold (Figure 8.8), as indicated by differential expression
analysis of the inhibited sample compared with the DMSO control. More specifically, the

group of genes induced during the heat shock response in yeast fails to be induced upon

CDKS inhibition (Figure 8.9).
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Figure 8.8 | MA plot shows differential gene expression between the CDKS inhibited
sample and DMSO control under heat shock conditions. Significantly changed genes are
shown in red (adjusted p value < 0.1).
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Figure 8.9 | CDKS activity is required for transcription activation during heat shock. Box
plots showing log> fold changes in expression of induced heat shock response genes (Figure 8.6)
comparing 12-min heat shock DMSO samples to the steady-state DMSO samples (left) and
comparing the 12-min heat shock CDKS8 inhibited samples to the steady state CDKS8 inhibited
samples (right) (Wilcoxon rank sum test, p value = 0.0002).
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These observations show that CDKS8 kinase activity is required for heat shock gene

activation during the heat shock response.

DISCUSSION

Text and figure in this section are a modified excerpt from. (Osman ez 4/, 2021).

The catalytic subunit of the CKM, the CDKS kinase, has previously been shown to
phosphorylate a host of targets. CDKS8 phosphorylates the pol II CTD in yeast
(Hengartner ez al, 1998; Borggrefe ez al., 2002; Liu ez al., 2004b) and human (Knuesel ¢z 4/,
2009). In addition, CDKS8 phosphorylates various activators in both organisms. CDKS8
phosphorylation of the activator Gal4 is necessary for galactose-inducible transcription
(Sadowski e¢7 al,, 1991; Liao ef al., 1995; 1, C and R, 1996; Hirst ¢# al, 1999; Rohde, Trinh
and Sadowski, 2000; Ansari ez al., 2002). CDKS8 phosphorylation of activators involved in
gluconeogenesis and stress response have also been shown to result in gene activation
(Vincent ez al, 2001; Lenssen e al, 2007). Conversely, CDKS8 phosphorylation of other
activators involved in pathways of starvation and stress response has been found to
increase their turnover or nuclear exclusion (Chi ez al., 2001; Nelson ez al, 2003; Raithatha
et al., 2012). It has remained unclear how the presence and phosphorylation activity of the
CKM regulates transcription. The CKM is generally construed as a repressive molecule,
but a large body of evidence has affirmed a positive role of its CDKS8 kinase on gene
transcription in both yeast (Sadowski e# @/, 1991; 1, C and R, 1996; Hirst ez al., 1999;
Rohde, Trinh and Sadowski, 2000; Vincent e 2/, 2001; Liu e# /., 2004b; Lenssen ef al.,
2007) and human (Chen et al., 2017; Galbraith ez al., 2017; Garibaldi, Carranza and Hertel,
2017; Steinparzer et al, 2019). Indeed, we report that the kinase activity of CDKS is
required for gene activation during the stressful condition of heat shock z vivo but not
under steady-state growth conditions. We found that CDKS inhibition impaired induction
of heat shock genes in yeast, corroborating a positive role in gene activation. This apparent
paradox is mitigated by our biochemical observation that the CDKS8 kinase activity
facilitates the release of the CKM from mediator, which would free up its pol II-interacting
surface needed for gene activation. As such, active CDKS ensures that mediator is free to

establish its interaction with the PIC to stimulate transcription initiation.

In summary, the CKM plays a dual function—a repressive structural function and an
activating CDKS8-dependent function that counteracts repression during stress response.
Our results converge with previous literature on a simple model for the role of the CKM
module in gene activation (Figure 8.10) (Allen and Taatjes, 2015). A stable complex of

activators, mediator and the CKM is present at UASs (or at enhancers in metazoan cells).
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This complex may represent an inactive form of mediator that is unable to activate genes
because of masking of its pol Il-interacting surface by the CKM. This may explain the
presence of the mediator complex on UASs or enhancers, irrespective of the activity status

of their target genes, in both yeast (Andrau e/ a/., 2006) and human (Griinberg ¢z /., 2016).
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Figure 8.10 | Model of CKM steric repression and Cdk8-mediated release during stress
response. CKM occludes mediator's PIC interacting intetface resulting in a “gene off” status (left).
Upon heat shock, Cdk8-dependent phosphorylation frees up the mediator-PIC interaction block,
resulting in a “gene on” status (right).

In our model, the CKM serves to uncouple mediator presence from mediator activity at
target genes by steric obstruction. This may be important to retain mediator near target
genes and enable their rapid activation upon an external signal. Finally, we suggest that
gene activation may involve activation of the CDKS8 kinase, which weakens CKM-
mediator interaction, thereby liberating mediator and enabling its binding to the PIC. Our
observation that CDKS inhibition produces more pronounced transcriptomic effects
under conditions of heat shock is consistent with similar observations during nutrient
stress (Holstege ef al., 1998) , oxidative stress (Stieg, Cooper and Strich, 2020), and in
human cells (Galbraith ez a/, 2013, 2017; Chen e al, 2017) and argues that the CDKS8
kinase is not constitutively active. Indeed, stress and developmental signaling cascades
culminate in phosphorylating various mediator or CKM complex subunits (Chang,
Howard and Herman, 2004; Van De Peppel ez al., 2005; Kim ez al., 20006). Signaling-
dependent exchange of activator-bound mediator from its CKM bound to its free form
has previously been reported (Van De Peppel ¢ al., 2005). The mediator complex and the
rest of the CKM may thus act as a conduit of signals to the CDKS8. CDKS activity is
sensitive to the location of a Med12 activation helix (Klatt ez a/, 2020), an observation

suggestive of allosteric signal transduction translated into an output of CDKS activity. This
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may allow CDKS8 to support rapid activation of genes within specific transcriptional
programs, imparting improved adaptability to stress, and accounting for its eatly

occurrence and high degree of evolutionary conservation (Bourbon, 2008).

Our model describes an important facet of the complex events taking place at the UAS-
promoter axis. We have distilled a general functional principle of the CKM from the yeast
system, in which no additional homologs of this complex are present. However, more of
the CDKS8 functions in metazoans still remain unaccounted for, in congruence with the
added regulatory complexity underpinning multicellularity and development (Allen and
Taatjes, 2015). The evolution of homologs may have allowed a lateral diversification of
regulatory programs, as evidenced by the observation that CDKS8 and its homolog CDK19
control different gene sets (Steinparzer ef al., 2019). It also remains unclear what role the
other phosphorylation targets of CDKS8 in metazoans (Poss ¢# al., 2016) including histone
proteins and combinatorial effects on the TFIIH kinase CDK7 (Knuesel ¢7 a/., 2009) and
the PIC (this study) may play. In addition, CDK8/19 inhibition was found to further
activate gene expression at superenhancers in pluripotent and embryonic stem cells in
mouse and human (Pelish e 4/, 2015; Lynch ez al., 2020), implying a different function in

the superenhancer context.

CONCLUDING REMARKS

This section is a modified excerpt from (Osman ez al., 2021)

In summary, our observation of CDKS8-dependent release of the CKM-mediator occlusion
provides a crucial missing link that explains how the CKM's steric repression and the
observed activating effects of its CDKS8 kinase on target gene transcription can be
reconciled. Based on these results, we propose a model in which the CKM negatively
regulates mediator function at upstream-activating sequences by preventing mediator
binding to the PIC at the gene promoter. However, during gene activation in response to
stress, the CDKS kinase activity of the CKM may release mediator and allow its binding to
the PIC, thereby accounting for the positive function of CKM. This may impart improved
adaptability to stress by allowing a rapid transcriptional response to environmental
changes, and we speculate that a similar mechanism in metazoans may allow the precise

timing of developmental transcription programs.
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The project was conceived in collaboration with Murphy laboratory of Dr. Shona Murphy,
Sir William Dunn School of Pathology, University of Oxford, United Kingdom.
Experiments and analysis that were not performed by the author of this dissertation, but
are included in this section for a coherent presentation of the obtained findings, are stated
at the beginning of each subsection (i italic). Detailed author contributions can be found

on publications.

The published text was adapted to match the style of this thesis. Numbering and
references to figures as well as references to the literature thus deviate from the published

version.
PROJECT SUMMARY

This section is a modified excerpt from (Tellier ez al., 2020)

Cyclin-dependent kinase 12 (CDK12) phosphorylates the carboxyl-terminal domain (CTD)
of RNA polymerase II (pol II) but its roles in transcription beyond the expression of DNA
damage response genes remain unclear. The project was conceived to elucidate the primary
effect of CDKI12 activity on transcription. To understand the function of the kinase
activity of CDK12 in transcription, CRISPR/Cas9 gene engineering was used to mutate
the endogenous CDK12 gene in HEK293 cells to produce an analog-sensitive CDK12
(CDK12as) that can be selectively inhibited by bulky ATP analogs (Blethrow e al., 2004).
The use of CDK12as cell line was combined with two complementary functional genomics
methods TT-seq (Schwalb e7 a/., 2016) and mNET-seq (Nojima, Gomes, Grosso, Kimura,
Michael | Dye, et al, 2015; Nojima et al, 2016) to monitor the direct effects of rapid
CDK12 inhibition on transcription activity and CTD phosphorylation in human cells.

RESULTS

The text of this section is an unmodified excerpt from (Tellier ez a/., 2020). Figures in this
section are adapted from the manuscript version and presented in a simultaneous manner
with results. Additional figures are included for comprehensive understanding of the
results.

Al excperiments are performed by the collaborators from Murphy laboratory except T'1-seq.
TT-seq was conducted by Dr. Livia Caizzi and Taras 1 elychko.
(Department of Molecular Biology, Max Planck Institute for Multidisciplinary Sciences, Gottingen)

9.1 Rapid and specific CDK12as inhibition in human cells

Several studies using RNAi-mediated knockdown of CDK12 have highlighted roles for
this kinase in CTD phosphorylation and expression of DDR genes (Bartkowiak ez a/., 2010;
Blazek ef al., 2011; Davidson, Muniz and West, 2014). To assess whether these effects are
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mediated by CDK12 kinase activity, the loss of CDK12 itself, or indirect effects due to the
long time-frame of knockdown, we produced a CDK12as HEK293 cell line, using
CRISPR/Cas9, where the gatekeeper phenylalanine residue (codon TTT) is mutated to
glycine (codon GGT) (Figure 9.1A). This allows rapid and selective inhibition of CDK12
kinase activity with a bulky ATP-analog 1-NM-PP1 (NM) (Lopez, Kliegman and Shokat,
2014; Bartkowiak and Greenleaf, 2015; Bartkowiak, Yan and Greenleaf, 2015), without
affecting levels of the protein itself, which has been shown to interact with other
components of the transcription/RNA processing machinery (Liang e al, 2015; Yu et al.,
2015; Tien et al., 2017). Importantly, the growth rate of the CDK12as cells is not lower
than that of the parental HEK293 cell line (Figure 9.1B).
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Figure 9.1 | Characterization of the CDK12as HEK293 cell line (A) Cartoon depicting the
creation of CDK12as by altering the ‘gate-keeper’ residue in the kinase active site (left, top).
CRISPR/Cas9 genome engineering was used to mutate F (TTT) to G (GGT) (left, bottom). Sanger
sequencing tracks of gDNA and ¢cDNA from CDKI12 WT HEK293 control and CDK12as are
shown. (B) Time-course of the growth of viable HEK293 and CDK12as cells after seeding, as
measured using alamarBlue HS. n = 6 biological replicates.

Also, CDKI12 and Cyclin K protein levels are unchanged in CDK12as cells compared to

the parental cell line, as measured by western blot analyses (Figures 9.2A and 9.2B).
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Figure 9.2 | Characterization of the CDK12as HEK293 cell line (A) Western blots of parental
HEK?293, and CDK12as cell whole cell extracts with the antibodies noted at the right. Tubulin and
histone H3 were used as loading controls. (B) Relative protein levels of CDK12, Cyclin K, and
loading controls in CDK12as cells compared to HEK293 cells. Error bars = s.em. (n = 2
biological replicates). Statistical test: two-tailed unpaired t test, ns = not significant.
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To determine which concentration of NM to use, we followed the growth of CDK12as
and the parental HEK293 cells after the addition of 5, 7.5, and 10 pM of NM to the
medium using either an alamarBlue HS cell viability assay or continuous label-free
monitoring by xCelligence (Figures 9.3A and 9.3B). In both cases, 7.5 uM NM affects the
viability and growth of CDK12as cells with less effect on HEK293, whereas 10 pM NM
affects both cell lines. This is in agreement with previously published data on CDK12as
inhibition in Hel.a cells (Bartkowiak, Yan and Greenleaf, 2015).
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Figure 9.3 | Characterization of the CDKI12as HEK293 cell line (A) Time- course of the
growth of viable HEK293 and CDK12as cells after seeding using alamarBlue HS. Error bars=
s.e.m. (n = 6 biological replicates). Statistical test: two- tailed unpaired t test, *** p < 0.001. The
noted concentrations of NM were added at the 36 hours’ time point as indicated by the arrows.
(B) Time-course of the growth of the HEK293 and CDK12as cells measured by xCelligence (n =
6 biological replicates). NM was added 36 hours after seeding, indicated as the O hour time point
on the figure and indicated by the arrows.

Importantly, short-term treatment of HEK293 and CDK12as cells with 7.5 uM NM does
not affect the protein levels of CDK12 and Cyclin K (Figures 9.4A and 9.4B) and takes
many hours to affect cell viability (Figure 9.3A).
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Figure 9.4 | Characterization of the CDK12as HEK293 cell line (A) Western blots of parental
HEK?293, and CDK12as cell whole cell extracts treated with DMSO or 7.5 uM NM for 15 or 30
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minutes with the antibodies noted in the middle. Histone H3 was used as a loading control. (B)
Quantitation of protein levels of CDK12, Cyclin K, and histone H3 in HEK293 and CDK12as
cells after NM treatment relative to the control. Error bars= s.e.m. (n = 3 biological replicates).
Statistical test: two-tailed unpaired t test, ns = not significant.

We have therefore treated cells with this inhibitor concentration for 15 or 30 minutes, in
order to determine the immediate effect of CDKI12 inhibition. Importantly, pol II
distribution on expressed transcription units in the parental cells is not affected by short-
term NM treatment as measured by pol II chromatin immunoprecipitation followed by
quantitative PCR (ChIP-qPCR) of KPNB7 and ChIP-sequencing (ChIP-seq) (Figures
9.5A and 9.5B).

A Tss KPNB1 pA B
Mmb +18kb +20kb +22kb -4kb -2kb +|2kb +|dkb
vt —3-------
T§S+ TS_S+ TS_S+ pJ; - pAT - pA_— pA:-
02kb 3.2kb 202kb  4.8kb 2.9kb 0.4kb1.4kb
151 Total pol Il ChIP-gPCR 3007 Total pol Il ChIP-seq
in CDK12 WT HEK293 cells in CDK12 WT |
HEK293 cells |
W DMSO 15 min | Expressed genes
101 O NM 15 min 2007 1 n=11,249
i — DMSO 15 min

NM 15 min

100

Total pol Il (% input)
Read density (FPKM)

25 TSIS po\y(AI) site +2I.5
Distance from TSS or poly(A) site (kb)

Figure 9.5 | Characterization of the CDK12as HEK293 cell line (A) ChIP-qPCR of pol II on
KPNBT after treatment of HEK293 cells with DMSO or 7.5 pM NM for 15 minutes. A schematic
of KPNBT is shown above. (B) Meta-analysis of Pol II ChIP-seq of scaled expressed genes
performed on the parental HEK293 cells treated with DMSO (black) or with 7.5 uM NM (blue)
for 15 minutes.

9.2 CDK12as inhibition globally decreases RNA synthesis
To monitor changes in RNA synthesis upon CDK12as inhibition, we performed TT-seq
with RNA spike-ins after 15 and 30 minutes of NM treatment (Figure 9.7A). Also using

this analysis, treatment with NM has no effect on transcription in the parental cells

(Figures 9.6B and 9.6C).
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Figure 9.6 | Characterization of the HEK293 WT cell line (A) Experimental design. (B) Log
fold change upon 7.5 uM NM treatment for 15 min (left) 30 min (right) versus mean of normalized
counts across replicates in parental HEK293 cells. (C) Meta-analysis of TT-seq data of expressed
genes after treatment of HEK293 cells with DMSO (black) or 7.5 uM NM (blue) for 15 or 30
minutes.

However, metagene profiles of TT-seq signals averaged over expressed genes in CDK12as
cells show a decreased TT-seq signal across gene bodies after 15 minutes of inhibition,
indicating reduced RNA synthesis, either as the result of reduced elongation or loss of
polymerase, in 11,182 transcription units, including 10,393 protein-coding genes and 789
unclassified transcription units (Figures 9.7B-D). CDK12as inhibition for 30 minutes
instead leads to a recovery of RNA synthesis activity at the beginning of genes (Figures

9.7C, right, 9.7D lower panel).
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Figure 9.7 | CDK12as inhibition globally decreases RNA synthesis. (A) Experimental design.
(B) Metagene analysis of TT-seq signal for expressed genes after treatment of cells with DMSO
(black) versus 7.5 uM NM treatment (blue) for 15 min (left) or 30 min (right). The TT-seq
coverage was averaged and aligned at their transcription start sites (TSSs) and polyadenylation
(pA)-sites. Shaded areas around the average signal (solid lines) indicate confidential intervals. (C)
Box plots of different length classes show the ratio of transcribed bases after 15 min (left) and 30
min (right) inhibition of CDK12as compared to control. (D) Metagene analysis for different length
classes comparing the average TT-seq signal before (DMSO treatment, black) and after
CDK12as inhibition (7.5 uM NM treatment, blue) for 15 min (upper panel) and 30 min (lower
panel). The TT-seq coverage was averaged and aligned at their transcription start sites (TSSs) and
polyadenylation (pA)-sites. Shaded areas around the average signal (solid lines) indicate confidential
intervals. (E) Schematic representation of TT-seq signal changes along the gene body upon
elongation velocity change. Upper panel: steady state transcription. Lower panels show TT-seq
signal recovery spreading from the TSS.
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Recovery of the TT-seq signal after 30 minutes could be explained by a higher density of
slower polymerases spreading from the transcription start site and gradually populating the
gene body (Figure 9.7E). This effect would not require any changes in initiation
frequencies, but could stem only from an increase in polymerase density over genes due to
slower clongation. After CDKl12as inhibition, polymerases dramatically slow down,
resulting in a lower amount of RNA synthesis, which may be successively restored by a
higher number of polymerases occupying the gene body provided the same number of
initiation events. This model predicts that recovery of RNA synthesis takes longer for long
genes and shorter for short genes (Figures 9.7C-E). As human genes take on average
longer than 30 minutes to be transcribed, recovery of RNA synthesis and TT-seq signal
would be limited to the 5’-region of genes and not observed for many 3’-regions, leading

to the observed slope in the TT-seq metagene profile (Figures 9.7C-E).

To test this model further, we simulated TT-seq metagene profiles based on a kinetic
model that computes RNA synthesis at each gene position based on initiation rates and
clongation velocities. The model readily recapitulates the observed TT-seq profiles if we
assume that CDKI12 inhibition induces rapid and global downregulation of RNA
elongation without affecting transcription initiation frequency (Figures 9.8A and 9.8B).
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Figure 9.8 | CDK12as inhibition globally decreases RNA synthesis. (A) Simulated metagene
profiles of expected RNA synthesis (TT-seq signal) in steady-state (left) and upon changes in
elongation rate for 15 minutes (middle) and 30 minutes (right). (B) Simulated metagene profiles of
expected RNA synthesis (TT-seq signal) upon changes in initiation frequencies, 0.5X (left), 1X
(middle), and 2X (right), and elongation rate for 15 minutes (top) and 30 minutes (bottom). In
comparison to the steady state elongation rate profile (black), altered 1/4 elongation rate profile
(blue) shows lower coverage of different magnitude for above stated initiation frequencies. With an
initiation frequency 2X (right) the altered elongation rate profile (blue) shows a higher coverage
close to the transcription start site which decreases along the gene body for the given time window.
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Thus, TT-seq analysis and kinetic modelling supports the notion that CDK12 is required
for normal transcription elongation, and the eclongation defect resulting from its
inactivation is readily observed after rapid inhibition followed by immediate monitoring of

RNA synthesis.
9.3 Inhibition of CDK12as affects transcription elongation

To confirm that the observed decrease in RNA synthesis activity results from reduced
elongation, we performed mNET-seq of total pol II in CDK12as cells after 15 minutes of
NM treatment (Figure 9.9A). mNET-seq identifies the last nucleotide transcribed by
sequencing the RNA present in the active site of immunoprecipitated pol II (Nojima,
Gomes, Grosso, Kimura, Michael J. Dye, e al, 2015). The mNET-seq data were

normalized to a set of genes found to be unaffected in TT-seq.
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Figure 9.9 | Inhibition of CDK12as affects transcription elongation. (A) Experimental design.
mNET-seq using an antibody against total pol 11 was performed in CDK12as HEK293 cells after
treatment with 15 min of DMSO solvent control or 7.5 uM NM. (B) Metagene analysis comparing
the average mNET-seq signal before and after CDK12as inhibition for 15 min of expressed genes.
(C) Violin plots of the different length classes noted show the ratio of mNET-seq signal after 15
min inhibition of CDK12as compared to control. (D) Metagene analysis for the different length
classes noted comparing the average mNET-seq signal before and after CDK12as inhibition for 15
min. The mNET-seq reads were averaged and aligned at their TSSs and (pA)-sites.
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Inhibition of CDK12as results in an increase of pol 1I signal in the gene body of the vast
majority of expressed pol II-transcribed genes within 15 minutes of inhibition (Figures
9.9B and 9.9C), consistent with higher densities of more slowly-elongating pol II. ChIP-
seq of pol II gives a similar picture after 15 minutes inhibition of CDK12as (Figure
9.10A). We have confirmed this increase of pol Il occupancy in the gene body of a model
gene, KPNBT, by performing pol II ChIP-qPCR after 15- and 30-minutes treatment of
CDK12as cells with NM (Figure 9.10B). The higher pol II signal results from an
increased pol II residence time in gene bodies due to slower elongation, and not from an
increased amount of pol II entering elongation, as shown by the decrease in RNA

synthesis in TT-seq (Figure 9.7).
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Figure 9.10 | CDKI12 inhibition affects elongation of transcription beyond the EEC. (A)
Meta-analysis of Pol 1I ChIP-seq of scaled expressed genes performed on the CDK12as cells
treated with DMSO (black) or with 7.5 pM NM (blue) for 15 minutes. (B) ChIP-qPCR of pol 11
on KPNBT after treatment of CDK12as cells with DMSO or 7.5 uM NM for 15 or 30 minutes.
Error bars= s.e.m. (n = 3 biological replicates). Asterisks indicate statistical significance (* p <
0.05), based on unpaired, two-tailed Student’s t test. A schematic of KPINB7 is shown on the top.

Further analysis shows that transcription of pol II-transcribed genes of all lengths is
affected by CDK12as inhibition, with a wave of elongation-compromised pol II reaching
the ends of the shortest genes first (Figure 9.9D). Genes <9 kb have a less pronounced
elongation defect after CDK12as inhibition than genes >9 kb as measured by both TT-seq
and mNET-seq (Figures 9.7D and 9.9D). In addition, the elongation defect increases
with increasing distance from the TSS for all gene length classes (Figure 9.7D). This is
more apparent after analysis of TT-seq and mNET-seq data for the first few kilobases of
genes >0.5 kb (Figures 9.11A and 9.11B). Thus, the effect of CDK12as inhibition starts
early in the transcription cycle and increases with increasing distance from the TSS
(Figures 9.11A and 9.11B). Many of the genes <9 kb will therefore be too small to exhibit
a major effect of CDK12as inhibition on elongation as pol II will reach the end of genes

soon after the elongation defect starts to occur.
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Figure 9.11 | CDKI2 inhibition affects elongation of transcription beyond the EEC. (A)
Meta-analysis of TT- seq data for the first 6 kb of expressed genes > 6.5 kb in length after
treatment of CDK12as cells with DMSO (black) or 7.5 uM NM (blue) for 15 minutes. (B) Meta-
analysis of mNET-seq data for the first 6kb of expressed genes > 6.5 kb in length after treatment
of CDK12as cells with DMSO (black) or 7.5 uM NM (blue) for 15 minutes.

Interestingly, on genes longer than 21.1 kb, pol II increases in the gene body but is

specifically reduced downstream of the poly(A) site (Figure 9.9D), before the wave of

slower polymerases reaches this region. Single gene examples of this phenomenon are

shown in (Figure 9.12) and this can also be observed by pol II ChIP-qPCR of the KPNB7

gene (Figure 9.10B).
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Figure 9.12 | Total pol II mNET-seq profiles across the 3’end of KPNB1, DHXY, and

PRMT2.

Since transcription of intron-containing protein-coding genes is affected by short-term

inhibition of CDK12as, we investigated whether transcription of intronless (n = 5,396),

histone (n = 118), and snRNAs (n = 306) genes is also altered (Figures 9.13A and 9.13B).
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Figure 9.13 | CDK12 inhibition does not affect transcription of histone genes. (A) Meta-
analysis of TT-seq data of intronless, histone, and snRNA genes after treatment of CDK12as cells
with DMSO (black) or 7.5 uM NM (blue) for 15 or 30 minutes. (B) Meta-analysis of total pol 11
mNET-seq data of intronless, histone, and snRNA genes after treatment of CDK12as cells with
DMSO (black) or 7.5 pM NM (blue) for 15 minutes.

TT-seq signals for intronless and pol II-transcribed snRNA genes decrease after 15- or 30-
minutes inhibition, whereas mNET-seq signals on intronless genes are not markedly
affected and slightly reduced on snRNA genes. We interpret this to mean that pol II is
slower on these genes but pol II is not building up as they are relatively short (the
intronless and snRNAs have an average size of 948 bp and 150 bp, respectively). TT-seq
signals for histone genes instead are either unaffected or slightly increased and mNET-seq
signals unaffected by CDK12as inhibition. We therefore conclude that transcription of
histone genes does not require CDK12 activity. We have confirmed this by pol II ChIP-
qPCR for five different histone genes (Figure 9.14).
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Figure 9.14 | CDK12 inhibition does not affect transcription of histone genes. ChIP-qPCR
of pol 1II, Ser2P (ab5095), and Ser5P (ab5131) on the gene body of five different histone genes
after treatment of CDK12as cells with DMSO or 7.5 pM NM for 15 minutes. Error bars= s.e.m.
(n = 3 biological replicates). Asterisks indicate statistical significance (ns: not significant), based on
unpaired, two- tailed Student’s t test.

The primary effects of CDK12as inhibition on transcription of intron-containing protein-
coding genes are therefore an elongation defect in gene bodies and loss of pol II
downstream of the poly(A) site. Taken together, the results indicate that CDK12 plays a
role in maintaining efficient transcription elongation velocity and processivity on these
human genes. Efficient transcription of intronless genes and snRINA genes also appears to
require CDK12, although the defects are less apparent. Histone genes, on the other hand,

are transcribed efficiently in the absence of CDK12.
9.4 CDK12 phosphorylates transcribing pol I1

mNET-seq can also be carried out with CTD phospho-site-specific antibodies to detect
nascent RNA associated with particular pol II phospho-isoforms (Nojima e al., 2016).
Accordingly, we have used mNET-seq to investigate the primary effect of CDK12as
inhibition on CTD phosphorylation. As short-term inhibition of CDK12as is sufficient to
cause global changes in transcription (Figures 9.7 and 9.9), we treated CDK12as with
NM for 15 minutes and obtained mNET-seq profiles for pol II CTD phosphorylation at
Ser2P and Ser5P using antibodies against each of these phospho-forms (Figure 9.15).
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Figure 9.15 | CDKI12 phosphorylates transcribing pol II. (A) Meta-analyses of scaled
expressed genes of mNET-seq for Ser2P with and without normalization to pol 11 after treatment
of CDK12as cells with DMSO (black) or 7.5uM NM (orange) for 15 min. (B) Meta-analyses of
scaled expressed genes of mNET-seq for Ser5P with and without normalization to pol II after
treatment of CDK12as cells with DMSO (black) or 7.5 uM NM (red) for 15 min. (C) mNET-seq
profiles across CCIND2 using a total pol II antibody, two Ser2P antibodies and one Ser5P antibody.

As transcription of histone genes is relatively unaffected by CDK12as inhibition, we have
investigated whether pol II CTD Ser2P and Ser5P levels are affected by CDK12as
inhibition. Ser2P and Ser5P ChIP-qPCR for five different histone genes indicates that
Ser2P and Ser5P, ratioed and unratioed to pol 1I levels, is unaffected by NM treatment
(Figure 9.14), indicating no requirement for CDK12 for CTD phosphorylation during
transcription of these genes. Interestingly, the level of Ser2P relative to pol II on histone is
generally much lower than on other protein-coding genes (a ratio of up to 0.6 on histone
genes and a ratio of >40 at the end of KPNB7 with ab5095) (Figures 9.13 , 9.14 and 9.16),

which is consistent with the relative lack of requirement for a Ser2 kinase.
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Figure 9.16 | CDK12 regulates phosphorylation of the CTD of engaged pol II. (A) ChIP-
qPCR of Ser2P and Ser5P after treatment of CDK12as cells with DMSO or 7.5 uM NM for 15
minutes. Error bars= s.e.m. (n = 3 biological replicates). Asterisks indicate statistical significance (*
p < 0.05; ¥ p < 0.01; **¥* p < 0.001), based on unpaired, two-tailed Student’s t test. A schematic of
KPNBT is shown above. (B) Ratio of the ChIP-qPCR for Ser2P and Ser5P to pol I after treatment
of CDK12as cells with DMSO or 7.5 uM NM for 15 minutes. Error bars= s.e.m. (n = 3 biological
replicates). Asterisks indicate statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001), based
on unpaired, two-tailed Student’s t test. (C) ChIP-qPCR of total pol 11, Ser5P, and RNGTT on the
TSS of KPNB7 and CCND? after treatment of CDK12as cells with DMSO or 7.5 uM NM for 15
or 30 minutes. Error bars= s.em. (n = 3 biological replicates). Asterisks indicate statistical
significance (* p < 0.05), based on unpaired, two-tailed Student’s t test. (D) Ratio of the ChIP-
qPCR of Set5P to pol II or of RNGTT ratioed to Set5P/pol 1T after treatment of CDK12as cells
with DMSO or 7.5 uM NM for 15 or 30 minutes. Error bars = s.e.m. (n = 3 biological replicates).
Asterisks indicate statistical significance (* p < 0.05), based on unpaired, two-tailed Student’s t test.
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We have therefore used the levels of Ser2P and Ser5P on histone genes to normalize our
mNET-seq Ser2P and Ser5P data. We have displayed the results with and without
normalisation of the mNET-seq signals to total pol II levels to take changes of pol II
occupancy into account (Figures 9.15A and 9.15B). (Figure 9.15C) shows the genome
browser track of the unratioed mNET-seq results for the CCND2 gene, a ~32 kb long
gene displaying increased pol II signal in the gene body and a loss of pol II downstream of
the poly(A) site. The mNET-seq signals for two different Ser2P antibodies and for the
Ser5P antibody show a decrease after CDK12as inhibition when ratioed to the total pol 11
level (Figure 9.15A and 9.15B). The same effect of CDK12as inhibition on Ser2P and
Ser5P phosphorylation is seen using ChIP-seq of Ser2P and Setr5P and ChIP-qPCR on
KPNBT (Figures 9.17A, 9.17B, 9.16A and 9.16B).
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Figure 9.17 | ChlIP-seq analysis of CDK12 phosphorylation of transcribing pol II. (A) Meta-
analyses of scaled expressed genes of ChlP-seq for Ser2P (ab5095) with and without normalization
to pol 1II after treatment of CDK12 cells with DMSO (black) or 7.5uM NM (orange) for 15 min.
(B) Meta-analyses of scaled expressed genes of ChIP-seq for Ser5P (ab5131) with and without
normalization to pol 1I after treatment of CDK12 cells with DMSO (black) or 7.5 pM NM (red)
for 15 min.

Interestingly, we observed a loss of Ser5P phosphorylation at the TSS of genes after
CDK12as inhibition, indicating that CDK12 acts as a Ser5 kinase at this step and could
affect mRNA capping, which relies on Ser5P (Ho and Shuman, 1999) (Figure 9.16B). We
first confirmed the loss of Ser5P by ChIP-qPCR on the TSS of KPNB7 and CCND2 after
15- and 30-minutes inhibition of CDK12as (Figures 9.16C and 9.16D). To investigate a
possible effect on mRNA capping, we performed ChIP-qPCR of RNGTT, the enzyme

responsible for the first two catalytic steps of the cap formation, and found a decrease in
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signal at the TSS following CDK12as inhibition consistent with the reduction in Ser5P

relative to total pol II (Figures 9.16C and 9.16D).

We also carried out western blot analyses on chromatin-associated pol II with antibodies
against different pol II CTD phospho-isoforms after treating cells with NM for 15 and 30
minutes (Figures 9.18A and 9.18B). In line with the results of mNET-seq analysis
(Figures 9.15A and 9.15B), inhibition of CDK12as markedly affects Ser2 and Ser5
phosphorylation within 15 minutes, as measured with two different antibodies against
these modifications (Figures 9.18A and 9.18B). Both Ser2P and Ser5P continue to be
affected after 30 minutes, with a further decrease in phosphorylation observed for Ser2P
MABI0602 and Ser5P MABIO603 (Figures 9.18A and 9.18B). In contrast, no loss of
Ser2P or Ser5P occurs when HEK293 cells are treated with NM for 15 or 30 minutes
(Figures 9.18C and 9.18D). Loss of Ser2P and Ser5P after 15 minutes of inhibition of
CDK12as was also confirmed by performing immunoprecipitation of total pol II followed
by western blotting with a Ser2P (ab5095) and Ser5P (ab5131) antibody (Figure 9.18E).
These results are consistent with previous z vitro kinase assays and analysis of CDK12as
Hela cells (Bosken ez al,, 2014; Bartkowiak, Yan and Greenleaf, 2015). Taken together, the
western and mNET-seq analyses indicate that CDK12 contributes to phosphorylation of

the CTD of engaged pol II with activity towards both Ser2 and Ser5.
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Figure 9.18 | CDK12as inhibition causes changes to CTD phosphorylation. (A) Western
blots of CDK12as cell chromatin extracts. Cells are either treated with 7.5 pM 1-NM-PP1 or
DMSO for 15 and 30 minutes as noted. The antibodies used are indicated on the left. Histone H3
was used as a loading control. (B) Quantitation of protein levels of total pol 11, Ser2P, Ser5P and
histone H3 in CDK12as cells relative to DMSO controls. Error bars = s.em. (n = 3 biological
replicates). Statistical test: two- tailed unpaired t test, ns = not significant, * p < 0.05, ** p < 0.01,
0k p < 0.001. (C) Western blots of chromatin extracts of DMSO-treated and NM-treated parental
HEK?293 cells with the antibodies noted on the left. Histone H3 was used as a loading control. (D)
Quantitation of protein levels of total pol 11, Ser2P, Ser5P and histone H3 in HEK293 cells relative
to DMSO controls. Error bars = s.em. (n = 3 biological replicates). Statistical test: two-tailed
unpaired t test, ns = not significant. (E) Co- immunoprepication of total pol II (MABIO601)
followed by western blot with total pol II (MABIO601), Ser2P (ab5095), and Ser5P (ab5131)
antibodies.

CDKI12 activity is required for stable association of elongation and termination

factors

Our results indicate that CDK12 is required for normal transcription elongation of most
pol Il-transcribed genes (Figures 9.7 and 9.9). However, the mechanism remains unclear.
CDK12 activity may be required for the recruitment of elongation factors to transcribing
pol II or for the stabilization of their interactions with pol II. We have therefore tested by
ChIP-seq and ChIP-qPCR whether the levels of the LEO1 and CDC73 subunits of the
elongation factor PAF1 complex (PAF1C) and the elongation factor SPT6 detected in
chromatin are affected by CDK12as inhibition (Figure 9.19A-C and 9.20). We have
displayed the LEO1 and SPT6 ChIP-seq results with or without normalisation to pol II, to
take the changes in pol II levels into account (Figure 9.19A and 9.19B). The level of
LEOT1 and SPTG6 associated with expressed genes appears to be affected genome-wide. In
addition, LEO1 appears to be selectively lost from the newly-elongating pol II as long
genes (e.g. >41.3 kb) have a reduction in the ratio of LEO1 to total pol 11 at the 5' end, but
not at the 3' end, where the pol II that initiated before treatment is still elongating
(Figure 9.19C). In contrast, SPTG6 is reduced more globally as a decrease in signal is also
observed at the 3'end of long genes, albeit less than at the 5' end of genes (Figure 9.19D).
In addition, the association of CDC73 and SPT6 by ChIP-qPCR with KPNB7, with or
without normalisation to pol 11, is reduced after 15 min inhibition of CDK12as (Figure
9.20C).
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Figure 9.19 | CDKI12 activity is required for stable association of elongation factors with
chromatin. (A) Meta-analysis of LEO1 subunit of the PAF1 complex (PAF1C) ChIP-seq across
scaled expressed genes. (B) Meta-analysis of SPT6 ChIP-seq across scaled expressed genes. (C)
Meta-analyses of LEO1 ChlIP-seq ratioed to the total pol II signal before and after
CDK12 inhibition for 15 min across scaled expressed genes for the different length classes noted.
(D) Meta-analyses of SPT6G ChIP-seq ratioed to the total pol Il signal before and after
CDXK12s inhibition for 15 min across scaled expressed genes for the different length classes noted.
(E) Western blots of CDK12# cell chromatin extracts. Cells are either treated with 7.5 uM 1-NM-
PP1 or DMSO for 15 and 30 min as noted. The antibodies used are indicated on the right. Histone
H3 was used as a loading control. (F) Quantitation of chromatin protein levels of SPT6, LEO1,
CDC73, and histone H3 in CDK12ss cells relative to DMSO controls. Error bars = s.e.m. (7= 3
biological replicates). Statistical test: two-tailed unpaired 7 test, ns = not significant, * P < 0.05,
wRk P < 0.001.
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Figure 9.20 | CDKI12 activity is required for stable association of elongation factors with
chromatin. (A) Meta-analyses of LEO1 ChlP-seq ratioed to the total pol II signal across scaled
expressed genes for the different length classes noted. (B) Meta-analyses of SPT6 ChIP-seq ratioed
to the total pol 11 signal across scaled expressed genes for the different length classes noted. (C)
CDC73 and SPT6 ChIP-qPCR unratioed (top) or ratioed to pol II (bottom) across KPINB7 gene
after treatment of CDK12as cells with DMSO or 7.5 uM NM for 15 minutes. Error bars = s.e.m.
(n = 4 biological replicates). Asterisks indicate statistical significance (* p < 0.05, ** p < 0.01),
based on unpaired, two-tailed Student’s t test.

Similarly to LEO1, the level of CDC73 on KPNBT, which is ~34 kb long, is decreased in

the gene body but not at the 3' end by CDK12as inhibition. Western analyses also indicate
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that inhibition of CDK12as decreases the association of SPT6, LEO1, and CDC73 with
chromatin (Figure 9.19E and 9.19F).
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Figure 9.21 | CDKI12 activity is required for stable association of elongation factors with
chromatin. (A) Western blots of CDK12as cell nucleoplasmic extracts. Cells are either treated
with 7.5 pM 1- NM-PP1 or DMSO for 15 minutes as noted. The antibodies used are indicated on
the right. Nucleolin was used as a loading control. (B) Quantitation of nucleoplasmic protein levels
of SPT6, LEO1, CDC73, and nucleolin in CDK12as cells relative to DMSO controls. Error bars =
s.e.m. (n = 3 biological replicates). Statistical test: two-tailed unpaired t test, ns = not significant, *
p < 0.05, (C) Western blots of HEK293 cell chromatin extracts. Cells are either treated with 7.5
uM 1-NM-PP1 or DMSO for 15 and 30 minutes as noted. The antibodies used are indicated on
the right. Histone H3 was used as a loading control. (D) Western blots of HEK293 cell
nucleoplasmic extracts. Cells are either treated with 7.5 uM 1-NM-PP1 or DMSO for 15 minutes
as noted. The antibodies used are indicated on the right. Nucleolin was used as a loading control.
(E) Quantitation of chromatin protein levels of SPT6, LEO1, CDC73, and histone H3 in HEK293
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cells relative to DMSO controls. Error bars = s.e.m. (n = 3 biological replicates). Statistical test:
two-tailed unpaired t test, ns = not significant. (F) Quantitation of nucleoplamsic protein levels of
SPTo6, LEO1, CDC73, and nucleolin in HEK293 cells relative to DMSO controls. Error bars =
s.e.m. (n = 3 biological replicates). Statistical test: two-tailed unpaired t test, ns = not significant.
(G) Western blots of HEK293 (left) or CDK12as (right) cell whole cell extracts. Cells are either
treated with 7.5 uM 1-NM-PP1 or DMSO for 15 and 30 minutes as noted. The antibodies used are
indicated in the middle. B-tubulin was used as a loading control. (H) Quantitation of whole cell
extract protein levels of SPT6, LEO1, CDC73, and B-tubulin in HEK293 (left) or CDK12as (right)
cells relative to DMSO controls. Error bars = s.e.m. (n = 3 biological replicates). Statistical test:
two-tailed unpaired t test, ns = not significant.

The loss of SPT6, LEO1, and CDC73 from chromatin is mirrored by an increase in the
level of these proteins in nucleoplasm fraction after CDK12as inhibition, with a
particularly marked increase in nucleoplasmic SPT6 (Figure 9.21A and 9.21B). These
results are in line with a loss of association of these factors with chromatin, although we
cannot rule out that changes in post-translation modifications are affecting antibody
reactivity. Importantly, no loss of these factors from chromatin is observed when HEK293
cells are treated with NM (Figures 9.21C-F). Also, the decrease on chromatin of SPTO,
LEO1, and CDC73 is not due to protein degradation, as the global protein level of these
elongation factors remains stable after NM treatment, both in HEK293 and CDK12as
cells (Figure 9.21G and 9.21H).
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Figure 9.22 | CDKI12 inhibition causes loss of detectable SPT6 associated with pol II. Co-
immunoprecipitation of total pol II (MABI0601) from CDK12as cells treated with DMSO or 7.5
uM NM for 15 minutes and washed with 150 mM (A/) or 300 mM (B/) NaCl followed by western
blot with total pol II (MABIO601) and SPT6 antibodies. B- tubulin and nucleolin are used as
loading controls. Ratios of SPT6 to total pol 11 are indicated below each western blot.
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The results of immunoprecipitation of total pol II from cell extracts followed by western
analyses of total pol II and SPTG after 15 min inhibition of CDK12as also suggest that
SPT6 association with pol 11 is reduced (Figure 9.22).

Taken together, these results support the notion that CDK12 activity plays a key role in
ensuring that the critical elongation factors PAF1C and SPTG6 are part of the pol II
elongation complex (Yu ez al, 2015; Yang et al, 2016; Vos et al, 2018). Loss of these

factors could readily explain the elongation defect that we observe after CDK12 inhibition.

>

ChiP-seq CPSF73 ChiP-seq CPSF73 ratioed to total pol It

-~ DMSO 15 min
NM 15 min

Read density (FPKM)

Ratio CPSF73/ total pol 11

25 TS

poly(A) ste w25

Poiy(A) site

Distance from TSS or poly(A) site (kb)

3
3

<90kb — DMSO 15 min

— DMSO 15 min
NM 15 min NM 15 min

Distance from TSS or poly(A) site (kb)

ChiP-seq CPSFT73 ratioed to total pol It

90-21.1kb 211-413K0

197 — pMsO 15 mn
NM 15 mn

Ratio CPSF73 /total pol Il
o

Ratio CPSF73 /total pol Il

Ratio CPSF73 /total pol Il
N

VVN\/‘%HM..

PR BPT

AR Ay,

B -
s poly(A) e

Distance from TSS or poly(A) site (kb)

T ]
poly(A) site 25 25

Distance from TSS or poly(A) site (kb)

TS poly(A) site 25 Tss

Distance from TSS or poly(A) site (kb)

413-87.8kb — OMSO 15mn >87.8kb

NM 15 mn

2 2
1 1-
gs g
: TSl e T
I L
TSS Poly(A) site s Tss Poly(A) site 25
Distance from TSS or poly(A) site (kb) Distance from TSS or poly(A) site (kb)
Cc

KPNB1

55 pA
E ‘l\n Wb Gk +10KD *20KD 22D 44D im y X gl ot
TS5+ TSSe 1SS+ pA- pA pA-  pA+ pAe pAs

[T ABkb 20kb  O4kd 14kb26KbA N

CPSF73 CPSF73/ total pol Il

W DMSO
O NM 15 min

°
2

W DMSO
O NM 15 min

°
2

CPSF73 (% Input)
o
2
Ratio CPSF73/ pol Il

o
8

o
8

000 o
CP PP PP

PORPEE R R R

Cd
»>

PP PSPPI
F & T T TFIS
& &

Figure 9.23 | CDKI12 activity is required for stable association of the polyadenylation factor
CPSF73. (A) Meta-analyses of scaled expressed genes of ChIP-seq for CPSF73 with and without
normalization to pol II after treatment of CDK12as cells with DMSO (black) or 7.5pM NM (red)
for 15 minutes (B) Metagene analyses for the different length classes noted comparing the CPSF73
signal ratioed to the total pol II mNET-seq signal before and after CDK12as inhibition for 15
minutes. (C) CPSF73 ChIP-qPCR unratioed (left) or ratioed to pol II (right) across KPINB7 gene
after treatment of CDK12as cells with DMSO or 7.5 pM NM for 15 minutes. Error bars = s.e.m.
(n = 3 biological replicates). Asterisks indicate statistical significance (* p < 0.05, ** p < 0.01, *** p
< 0.001), based on unpaired, two-tailed Student’s t test.
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It was previously shown that CDKI12 is required for the recruitment of
polyadenylation/transcription termination factors (Davidson, Muniz and West, 2014;
Eifler ez al., 2015). To investigate further whether the loss of Ser2P and PAF1C following
CDK12as inhibition affects the recruitment of termination factors, we performed ChIP-
seq of CPSF73, the enzyme responsible for the cleavage of the pre-mRNA at the poly(A)
site (Figure 9.23). We observed a general loss of CPSEF73 levels after 15 min of CDK12as
inhibition (Figure 9.23A). Importantly, the level of CPSF73 is unaffected at the 3'end of
long genes (> 41.3 kb), suggesting that, similarly to LEO1 and CDC73, CPSF73 is lost
from the newly-elongating pol II (Figure 9.23B). We confirmed the drop in CPSF73
levels detected at the same point as newly-initiated pol II after CDK12as inhibition by

ChIP-gPCR on the KPNBT gene (Figure 9.23C).
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Figure 9.24 | Ser2P is unaffected at the 3’end of long genes. (A) Meta-analyses of mNET-seq
for Ser2P (MABIOG02 and ab5095) ratioed to pol 11 across genes > 87.8 kb after treatment of
CDK12as cells with DMSO (black) or 7.5uM NM (orange) for 15 minutes. (B) Meta-analyses of
mNET-seq for Ser5P (ab5131) ratioed to pol II across genes > 87.8 kb after treatment of
CDK12as cells with DMSO (black) or 7.5pM NM (red) for 15 minutes.

These results are in agreement with the finding that Ser2P is retained relative to pol II at
the 3' end of long genes (Figure 9.24). In contrast Ser5P is reduced relative to pol II at the
end of long genes (Figure 9.24).
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DISCUSSION

This section is a modified excerpt from (Tellier ez al., 2020)

Here, we have established a protocol to rapidly and specifically inhibit CDK12 in human
cells and immediately monitor changes in RNA synthesis and the occupancy of engaged
pol II genome-wide. We have restricted our analysis to the first 30 minutes after inhibition
to capture the primary effect of loss of CDKI12 kinase activity. An additional benefit of
our strategy is the potential to lose the activity of the kinase independently of losing the
protein itself. In contrast to previous studies, our results indicate that CDK12 activity is
required for efficient elongation of transcription of the vast majority of expressed pol II-
dependent genes, indicating that it is a general transcription kinase, rather than playing a
specific role in transcription of genes longer than 45 kb (Krajewska ef a/, 2019). Our
results further suggest that CDK12 plays an increasing role in elongation after pol II has
passed the CDK9-regulated early-elongation checkpoint (EEC) and entered productive
elongation (Figures 9.11A and 9.11B) (Jonkers and Lis, 2015). It has been shown that the
pol 1II elongation rate increases during transcription (Jonkers, Kwak and Lis, 2014) and
CDKI12 may therefore play a key role in pol II speeding up as it travels away from the
EEC, explaining the increase in the elongation defect as pol II moves further from the
TSS. Expression of long genes will therefore be disproportionately affected by an
elongation defect and this will be amplified over time. This would therefore explain why
CDK12 knockdown experiments show a loss of expression of long genes, in particular
DDR genes. In addition, as CDK12 makes important contacts with RNA processing and
elongation factors (Eifler ef al, 2015; Liang ez al., 2015; Yu et al., 2015), the long-term loss
of the protein itself may contribute to the gene-type-specific defects in the level of mRNA
from long DDR genes. A recent study with CDK12as HCT116 cells also indicates that
CDK12 kinase activity is specifically required for transcription of long DDR genes
(Chirackal Manavalan ez 4/, 2019). However, in this case, pol II ChIP-seq was performed
after 4.5 hours inhibition, which will result in a bias in the analysis towards detection of a

defect on long genes.
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Figure 9.25 | Model of CDKI2 function in transcription. During the transcription cycle,
CDK12 phosphorylates Ser2 and Set5 of the pol II CTD and possibly other factors involved in
transcription such as SPT6. Inhibition of CDK12 affects the pol 11 elongation rate by affecting the
recruitment and/or stability on the chromatin of LEO1 and CDC73 from the PAF1 complex
(PAF1C) and SPT6. CDKI12 inhibition does not affect pol II pause release, which is mediated by
CDKO. Orange line with ‘cap’ capped mRNA; orange and red dot: Ser2P and Ser5P, respectively.
Red and violet arrows: phosphorylation mediated by CDK9 and CDK12, respectively.

The effect of CDK12as inhibition on elongation of transcription is readily explained by the
loss of association of LEO1 and CDC73, which are key components of the PAFIC
elongation complex, and the elongation factor SPT6. We cannot rule out that CDK12as
inhibition causes rapid nuclear export of these factors or that their association with
chromatin appears reduced due to epitope masking caused by changes in post-translational
modifications. However, CDK12as inhibition not only causes a decrease in the level of
elongation factors on chromatin but an increased level in the nucleoplasm as would be
expected if CDKI12 activity is required for their effective recruitment to and/or stable
association with pol II. CDKI12 has already been shown to interact with the PAF1
complex (Yu e al, 2015). It has also recently been shown that the CDK12/CDK13
inhibitor, THZ531, affects phosphorylation of SPT6 (Krajewska e al, 2019).
Phosphorylation of SPT6 by CDK12 could therefore play a role in contacts between SPT6
and other components of the elongation complex, including pol II and PAF1C (Jonkers
and Lis, 2015). In turn, loss of SPT6 association may further destabilize the elongation
complex (Nojima e al, 2018). We therefore favour the notion that CDKI12 inhibition
causes reduced association of elongation factors with pol II through the loss of

phosphorylation of one or more of its targets. Both loss of CDK12 and inhibition of
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CDK12 and CDK13 by THZ531 lead to the activation of gene-internal poly(A) sites and
premature termination of transcription (Dubbury, Boutz and Sharp, 2018; Krajewska ez a/.,
2019), which may be the direct result of slower elongation as suggested (Krajewska ez al.,

2019) (Figure 9.25).

We also observed a loss of the polyadenylation factor CPSF73 from newly-elongating pol
II (Figure 9.22). It was previously shown that CDC73 can interact with CPSF73
(Rozenblatt-Rosen et al., 2009) and our data support this observation as both PAF1C and
CPSF73 are lost from the newly-elongating pol II. CTD Ser2P also plays a role in CPSF73
recruitment (Davidson, Muniz and West, 2014). At the 3” end of long genes, the retention
of CDC73 and Ser2P would therefore be sufficient to recruit CPSF73 to/stabilize its
interaction with the pol II elongation complex, in the absence of CDKI12 activity. As
Ser5P is somewhat lost from the 3’ end of long genes, this mark is likely to be less

important for PAF1C/CPSF recruitment at this point.

Notably, the effect of inhibiting CDK12 differs markedly from the effect of CDK9
inhibition, which causes a drastic loss of elongating pol II downstream of the eatly-
elongation checkpoint (EEC) (Laitem ef al., 2015; Gressel ez al., 2017). CDK9 and CDK12
therefore play non-redundant roles in ensuring efficient transcription of pol II-dependent
genes. However, these two kinases are intimately connected as CDK9 activity is required
for PAF1C recruitment and PAF1C in turn recruits CDK12 (Yu ef al., 2015; Zaborowska,
Egloff and Murphy, 2016). In addition, inhibition of both CDK12 and CDKY9 causes
premature termination close to poly(A) sites where Ser2P is peaking (Laitem e7 al, 2015;
Tellier, Ferrer-Vicens and Murphy, 20106), indicating that the activity of both kinases is
required for the correct transition between elongation and termination, through their

phosphorylation of Ser2 or other targets.

CDK12 knockdown and THZ531 inhibition studies indicate that CDK12 phosphorylates
Ser2 of the human pol II CTD (Bartkowiak ez a/, 2010; Blazek ez al., 2011; Zhang et al.,
2016), whereas 7 vitro CDKI12 has robust Ser5 kinase activity (Bosken er al, 2014
Bartkowiak and Greenleaf, 2015). We find that detectable losses of Ser2P and Ser5P occur
rapidly after CDK12as inhibition, with the biggest effect on Ser5P. Relevant to this,
specific inhibition of CDK12as in HelLa cells results in a decrease in detection of pol II by
both the H14 and H5 antibodies, which recognize Ser5P and Ser2P, respectively
(Chapman ef al., 2007; Heidemann ef al., 2013; Bartkowiak, Yan and Greenleaf, 2015). A
recent study with a CDK12as HCT116 cell line observed a decrease in Ser5P but not of
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Ser2P following CDK12 inhibition (Chirackal Manavalan ez 4/, 2019). We have shown here
that association of a Ser5P-binding capping factor with genes is affected by CDK12as
inhibition. Our results therefore support the notion that CDK12 is a major Ser5 kinase.
However, based on previous findings, we would have expected inhibition of CDK12as to

cause a greater loss of Ser2P. Thus, in at least some human cells, the Ser2 kinase activity of

CDK12 may be somewhat redundant with other Ser2 kinases, such as CDKO9.
CONCLUDING REMARKS

This section is a modified excerpt from (Tellier ez a/., 2020)

In conclusion, we have shown that short-term inhibition of CDK12 causes a genome-wide
defect in pol II mediated transcription elongation by decrease of pol II elongation velocity
and processivity as measured by TT-seq and loss of PAF1C components (elongation
factors LEO1 and CDC73) and SPT6 from the newly-elongating pol II. Our findings also
indicate CDK12 as a global regulator of Ser2 and Ser5 phosphorylation of pol II CTD i#
vivo as measured by mNET-seq and western blot. Taken together, our results imply that
CDKI12 is a general activator of pol II transcription elongation. It remains to be
determined whether CDK12 function in transcription elongation is mediated through pol

IT CTD phosphotylation and/or through phosphorylation of other targets such as SPT6.
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INTRODUCTION

Transcription of the genome is a dynamic process that is regulated mainly during the
initiation and elongation stages. Insights into the temporal dynamics of transcription are
readily obtained by sequencing newly synthesized RNA and by localizing the transcribing
enzyme, RNA polymerase II (Pol II), over the genome at different time points after
cellular perturbation. Understanding such highly complex genome-wide data requires
kinetic modeling of transcription. Available transcription models however generally focus
on particular stages of the process and mostly built on stochastic parameters that usually
do not take dynamics into account (Golding, Paulsson, Zawilski, & Cox, 2005; Honkela et
al., 2015; Xu, Skinner, Sokac, & Golding, 2016; Gorin, Wang, Golding, & Xu, 2020). This
necessitates the implementation of a more complete kinetic model of transcription that can

explain and predict changes in genome-wide profiles as a function of time.

Here we present a kinetic model and simulation platform that can capture the dynamics of
gene transcription. We introduce a mathematical model for calculating elongation velocity
profiles v(t) along a typical gene of length I.. The mathematical model is adopted on the
basis of classical mechanics which describes the behavior of a biological system in terms of
movement as a function of time. If the dynamics of a biological system is known, the
equations are the solutions for the differential equations describing the dynamics.
Implementing the mathematical model with an instance of initial constant acceleration,
elongation velocity profiles v(t) can be derived for the polymerases for a defined time
frame. As a function of time, the elongation velocity profiles subsequently provide us with
a snapshot of the polymerase positions. These parameters modeled as a function of time
captures the dynamics of transcription kinetics. The simulation with an initial set of
constant parameters can capture the instance of steady state transcription in biological

system.

The model also includes variable parameters such as the initiation frequency, the pause
duration and the RNA labeling time. The mathematical model can recapitulate the nascent
RNA expression profiles or RNA pol II occupancy profiles obtained from the
experimental dataset for similar conditions. The nascent RNA expression profiles are
obtained from transient transcriptome sequencing (T'T-seq) (Schwalb et al., 2016) where
the nascent RNA corresponds to the fragmented RNA obtained during 4sU labeling
duration. The RNA occupancy profiles are obtained from mNET-seq which detects the
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actively transcribing RNA through the capture of 3’ end of the RNA (Churchman &
Weissman, 2011; Nojima et al., 2015).

We have previously used kinetic modeling of transcription to investigate a number of
biological phenomena. In particular, we have investigated three major parameters of
transcription regulation, the frequency of initiation (Ze. how many polymerases initiate
transcription at a given gene promoter per minute), the duration of polymerase pausing in
the promoter-proximal region (i.e. how long polymerases spend on average within a pause
window downstream of the transcription start site) and the velocity of transcription
clongation (i.e. the speed of the polymerase within gene bodies). The model was first
conceived in investigating promoter-proximal pausing (Gressel, Schwalb, & Cramer, 2019;
Gressel et al., 2017). Further, we demonstrate the applicability of the model with the use of
datasets obtained after rapid inactivation of three different cyclin dependent kinases
(CDK7, CDKY9, and CDKI12) that have been implicated in regulating transcription
initiation, pausing, and elongation, respectively. This study compared the nascent RNA
expression profiles from TT-seq data for CDK’s with the profiles from the mathematical
model which are highly relatable. Thus, the reliability of the mathematical model can be
emphasized. Using the simulation, a user can input simulation parameters and examine
time dependent dynamic behavior of transcription. This approach presents a new
mathematical model of time dependent dynamic behaviors of gene expression as profiles
for multiple variable parameters. With the validation with time-series data, the simulation
can be implemented to interpret complex dynamic transcription behaviors without making

assumptions.
RESULTS

10.1  Kinetic modeling provides insight into the effect of altered transcriptional
parameters (initiation frequency, pausing duration and elongation velocity) on

transcription

The model presumes that within a cell, steady-state transcript levels are maintained with a
constant initiation frequency, pausing duration and elongation velocity over time. The
kinetic model described in the methods section 2.2.7 can therefore calculate the steady
state transcription level with a set of variable transcriptional parameters to initialize with
and subsequently any alteration in transcriptional levels in response to the change in
transcriptional parameters. The change in the parameters can be assigned by either

increasing or decreasing the value. The altered transcriptional parameters can be visualized
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as TT-seq coverage which simulates the RNA/transcription levels and mNET-seq

coverage which simulates the positioning of the polymerases.

10.2  Simulating initiation defect: perturbing transcription by altering initiation

rate

Transcription can be perturbed on the level of initiation by altering the initiation frequency
(Figure 10.1). An altered lower initiation frequency implies a lower number of polymerases
initiating transcription (Figure 10.1A) whereas higher initiation frequency indicates
initiation event by a higher number of polymerases (Figure 10.1B). As less polymerase
initiates transcription when initiation frequency is lower, initially it results in a decrease of
the transcription level around the transcription start site and less number of polymerases in
the gene body. The steady-state level of transcription in the gene body implies the
transcription of residing polymerases before the initiation frequency is altered. Eventually
the residing polymerases are terminated and the gene body is populated with polymerases
with the new initiation frequency which results in an overall decrease of transcription level
along the gene body (Figure 10.1, left panel). On the contrary, with an altered higher
initiation frequency an increase of the transcription level and polymerase occupancy
around the transcription start site can be observed initially and the signal will gradually
spread throughout the gene body as the population of new polymerases accumulate

(Figure 10.1, right panel).
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Figure 10.1 | Influence of altered initiation rate (/) on RNA synthesis profiles and

polymerase positioning profiles on a single gene. I, I; and I;denotes sequential increasing time
duration. (A) Profiles for altered decreased initiation rate (B) Profiles for altered increased initiation
rate

10.3 Simulating pausing defect: perturbing transcription by altering pause

duration

Change in the pause duration can also alter transcriptional gene expression (Figure 10.2).
A decreased pause duration indicates shorter residing time of paused polymerases in the
promoter-proximal region (Figure 10.2A). This results in an elevated level of transcription
from the transcription start site up to the pause position due to the possibility of more
polymerases initiating transcription as a result of less populated promoter-proximal pause
region. On contrary, longer residing time of paused polymerases in the promoter-proximal
region is implied by increased pause duration. This results in a densely populated
promoter-proximal pause region which inhibits new transcription resulting in a decrease of
the transcription level from the transcription start site to the pause position (Figure

10.2B).
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Figure 10.2 | Influence of altered pause duration (d) on RNA synthesis profiles and
polymerase positioning profiles on a single gene. d, d; and 4> denotes sequential increasing
time duration. (A) Profiles for altered decreased pause duration (B) Profiles for altered increased
pause duration

10.4 Simulating elongation defect: perturbing transcription by altering

elongation velocity

By altering the elongation velocity, transcription can also be perturbed on the level of
elongation (Figure 10.3). An altered lower elongation velocity initially decreases the overall
transcription level as the elongating polymerases residing in the gene body adapt the
altered elongation velocity profile. As new polymerases with the slower elongation velocity
profile initiates transcription, a higher number of slow elongating polymerases accumulate
along the gene body resulting in elevation of the transcript levels to the initial steady-state
(Figure 10.3A). Conversely, the overall transcription level along the gene body is increased
with an alteration to higher elongation velocity as residing polymerases elongate faster. A
flattening of the transcript levels to the initial steady-state will be in effect as the gene body

is gradually populated with faster polymerases (Figure 10.3B).
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Figure 10.3 | Influence of altered elongation velocity (v) on RNA synthesis profiles and

polymerase positioning profiles on a single gene. 7, »; and 1> denotes sequential increasing time
duration. (A) Profiles for altered decreased elongation velocity (B) Profiles for altered increased
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10.5 Simulation of TT-seq and mNET-seq data as metagene profiles

The simulation model described in the methods section 2.2.7 was implemented for steady
state and altered transcriptional parameters (initiation frequency, pausing duration and

clongation velocity) for gene length templates resembling genes of sizes ~0,1- 2000 kbp.
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The resulting gene-wise RNA synthesis profiles (T'T-seq) were subsequently accumulated
to yield meta-gene profiles (Figure 10.4).
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Figure 10.4 | TT-seq metagene profiles from the kinetic model for altered kinetic
parameters. (A) TT-seq metagene profiles comparing steady state transcription (black) and
altered 0.5X initiation frequency (red). (B) TT-seq metagene profiles comparing steady state
transcription (black) and altered 2X initiation frequency (red). Time progression for (A) and (B) is
denoted as I, I; and I.. (C) TT-seq metagene profiles comparing steady state transcription (black)
and altered 0.5X pause duration (red). (D)TT-seq metagene profiles comparing steady state
transcription (black), and altered 2X pause duration (red). Time progression for (C) and (D) is
denoted as do and d; and the pause position is indicated in dotted line. (E) TT-seq metagene
profiles comparing steady state transcription (black), and altered 0.5X elongation velocity (red). (F)
TT-seq metagene profiles comparing steady state transcription (black), and altered 2X elongation
velocity (red). Time progression for (E) and (F) is denoted as »,, 27 and 22.
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10.6 Comparing simulation data with experimental data

To evaluate if the kinetic model described in section 10.5 can recapitulate and explain
profiles from experimental dataset, we compared the RNA synthesis profiles (TT-seq)
from simulation (Figures 10.1-10.4) with TT-seq metagene profiles from time course
experimental dataset generated for analog sensitive kinases inhibited with small molecule
inhibitors (Figure 10.5-10.7). Here we compare the effect of inhibition on three different
kinases implicated in transcription initiation CDKT7, promoter-proximal pause release

CDK9 and elongation CDK12.

10.7 Metagene profiles of CDK7as inhibition mimics the profiles of lower

transcription initiation obtained from kinetic modeling

TT-seq was performed with RNA spike-ins after 15 and 30 minutes of NM-PP1 treatment
on CDK7as HEK293 cells to monitor the immediate changes in RNA synthesis (Figure
10.5A). Metagene profiles of TT-seq signals averaged over expressed genes in CDK7as
cells show a decreased TT-seq signal at the beginning of genes after 15 minutes of
inhibition (Figure 10.5B, left panel). CDK7as inhibition for 30 minutes in turn shows a
decreased TT-seq signal across gene bodies (Figure 10.5B, right panel). The observed
profile of decreased RNA synthesis can be explained by the TT-seq profiles obtained from
the kinetic model with decreased initiation frequencies (Figures 10.1A and 10.4A) which
readily recapitulates the observed TT-seq profiles. Thus, comparison of TT-seq analysis
and kinetic modelling supports the notion that CDK7 is involved in transcription

initiation.
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Figure 10.5 | TT-seq metagene profiles from time course experiment for analog sensitive
CDK?7 kinase inhibited with small molecule inhibitors. (A) Experimental setup for TT-seq for
inhibition of CDKY7 kinase with small molecule inhibitors in analog sensitive cell line. (B)
Metagene profiles of TT-seq signal for expressed genes in CDK7as HEK293 cell line after DMSO
treatment (black) and NM-PP1 treatment (red) for 15 minutes (left) or 30 minutes (right). The TT-
seq coverage is averaged and aligned at their transcription start sites (TSSs) and polyadenylation
(pA)-sites.

10.8  Metagene profiles of CDK9as inhibition replicates the profiles of increased

paused duration generated with kinetic modeling

To capture the changes in actively transcribed RNA, TT-seq was performed with RNA
spike-ins after 15 minutes of NA-PP1 treatment on CDK9as Raji cells (Figure 10.6A). A
decreased TT-seq signal averaged over expressed genes in CDKDYas cells is observed from
the beginning of genes after 15 minutes of inhibition (Figure 10.6B). The decreased RNA
synthesis profile is comparable with the TT-seq profiles obtained from the kinetic model
with increase pause duration (Figures 10.2B and 10.4D). From this comparison, it can be

inferred that CDKO9 plays a role in promoter proximal pausing.
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Figure 10.6 | TT-seq metagene profiles from time course experiment for analog sensitive
CDKO kinase inhibited with small molecule inhibitors. (A) Experimental setup for TT-seq for
inhibition of CDK9 kinase with small molecule inhibitors in analog sensitive cell line. (B)
Metagene profiles of TT-seq signal for expressed genes in CDK9as Raji cell line after DMSO
treatment (black) and NM-PP1 treatment (red) for 15 minutes. The TT-seq coverage is aligned at
their transcription start sites (TSSs).

10.9 The effect of CDKI12as inhibition can be explained by the profiles generated

for altered lower elongation velocity

To monitor changes in nascent RNA synthesis upon CDKI12as inhibition on HEK293
cells, TT-seq was performed with RNA spike-ins after 15 and 30 minutes of NM-PP1
treatment (Figure 10.7A). Metagene profiles of TT-seq signals averaged over expressed
genes in CDK12as cells show a decreased TT-seq signal across gene bodies after 15
minutes of inhibition, indicating reduced RNA synthesis, either as the result of reduced
elongation or loss of polymerase (Figure 10.7B, left panel). CDK12as inhibition for 30
minutes instead leads to a recovery of RNA synthesis activity at the beginning of genes
(Figure 10.7B, right panel). This effect can be recapitulated with the kinetic model with a
decreased elongation velocity and a constant initiation frequency (Figure 5F/8C). Taken
together, CDK12 is required for normal transcription elongation is supported by both TT-

seq analysis and kinetic modelling.
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Figure 10.7 | TT-seq metagene profiles from time course experiment for analog sensitive
CDKI12 kinase inhibited with small molecule inhibitors. (A) Experimental setup for TT-seq
for inhibition of CDK9 kinase with small molecule inhibitors in analog sensitive cell line. (B)
Metagene profiles of TT-seq signal for expressed genes in CDK12as HEK293 cell line after DMSO
treatment (black) and NM-PP1 treatment (red) for 15 minutes (left) or 30 minutes (right). The TT-
seq coverage is averaged and aligned at their transcription start sites (TSSs) and polyadenylation
(pA)-sites.
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The chapter concludes the thesis with the authors view on regulation of transcription by

cyclin dependent kinases.
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Transcriptional cyclin dependent kinases have developed complex regulatory mechanisms
by phosphorylation of their targets to maintain an active transcription cycle. Since the
discovery of tCDKSs, the structure and function of kinases is of great interest in both basic
and applied research. The underlying mechanism of individual tCDKSs activity still remains
a fundamental question in biology. In addition, the interaction network between these CDKs
to regulate biological processes also remains to be more fully elucidated. To understand the
precise biological role and deconvolute kinase mediated transcriptional network it is
necessary to identify specific targets and correlate expression pattern in biological system.
Work presented in this thesis aimed at investigating these mechanisms behind the regulation
of transcription cycle by the CDKSs. This thesis work has provided new insight into the
molecular mechanism of how tCDKs can stimulate the expression of Pol II transcribed
genes. Some of the challenges arising in investigating individual transcriptional kinase activity

are discussed in following paragraphs.
11.1  Evolution of cyclin dependent kinases: All for one and one for all

tCDKSs share considerable structural similarities in their catalytic domain which results in
overlapping function in regulating different transcriptional cycle (Zheng, 2022). However,
sometimes despite being highly conserved, tCDKs use very different mechanisms of
transcriptional regulation. The striking similarity with opposing functions introduces
complexity in dissecting the function of individual kinases. Additionally, tCDKs are normally
activated by their binding partner cyclins. Despite the structural similarity of tCDKs, the
cyclins share little similarity (Malumbres, 2014). Taken together, disentanglement of tCDK
network is a challenging issue. For decades, scientists have been trying to unravel the
enduring mystery of individual kinase function that can provide us with knowledge to piece
together the transcriptional kinase network. But the structural similarity in the catalytic
domain makes it very difficult to achieve desired level of kinase selectivity for the kinase
inhibition.

11.2  Solving the transcriptional kinase puzzle: one kinase at a time

The most common approach to study the function of individual transcriptional cyclin
dependent kinases is the use of chemical inhibitors (Ettl, Schulz and Bauer, 2022). But
chemical inhibition has low specificity for its substrate in other words broad kinase inhibition
profile which deludes us from finding the primary function of a kinase. Additionally, longer
inhibition duration can introduce secondary effect to citcumvent the primary function of

individual kinases. The discovery of analog sensitive kinase inhibition opened a new door to
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systematically analyze the primary function of individual kinases (Lopez, Kliegman and
Shokat, 2014). The success of these method largely depends on synthesizing inhibitors to
specifically inhibit kinase function in addition to functional mutation of the kinase. Most of
the inhibitors in this chemical-genetic approach are designed to be highly specific, but
toxicity of an inhibitor can affect the function of a kinase. Also, most of the inhibitors are
rapid in their effect of inhibiting a kinase but the reversibility is not well studied. Thus, even
with this powerful technology, long term inhibition may provide us with information of
secondary effect of a kinase. To differentiate between the primary effects from the secondary
one, an additional RNA interference-mediated time-course inhibition can be combined with
the analog sensitive approach. The efficacy of the inhibitor is also a crucial point while
applying this technique to study the function of kinases. Despite the limitations, analog
sensitive kinase technology is the best available technology to study the function of
individual kinases in recent times. A short inhibition duration combined with appropriate
methodology can provide us with valuable insight into individual kinase function and
eventually, piecing together the pieces of puzzle, in a larger frame the transcriptional kinase

network.

11.3 Combining -omics with structural studies: two are better than one if two act

as one

The information encoded in multicellular organism is multilayered. Transcription is the first
step to read and transfer the encoded information in a reliable and deterministic manner. To
systematically characterize the transcriptional regulation, the combination of different -
omics approach namely multi-omics is absolutely crucial. Combining transcriptomics with
proteomics and structural genomics gives us novel insight into the exact functionality of
individual CDKSs. Transcriptomics, also known as functional genomics is the study of RNA
functions and interactions. Different functional genomics methods are available to reveal
different layer of information. Careful integration of this layered information is necessary
for accurate interpretation of underlying molecular mechanism mediated by CDKs.
Proteomics study helps to identify particular targets of an individual kinase which helps us
to unravel the associated mechanism combining with transcriptomics. Additionally,
structural studies are an important link to decipher the interaction-based activity of a CDK.
Combining structural studies can help us to determine how structure influences the function
of a CDK and vice versa. Knowing exact molecular mechanism will helps us to understand
its impact on transcriptional regulation. Taken together, -omics studies can give us novel

insight of the human kinome.
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11.4  Transferring basic research to applied science: knowledge shared is power

multiplied

The knowledge generated by leveraging the multi-omics data is necessary to understand the
underlying mechanism of a kinase to exploit its therapeutic potential. This knowledge leads
to identify and test selective inhibitors for therapeutic intervention and gain insight into drug
resistance. The deregulation of tCDK activity is implicated in cancer extensively in recent
times (Bury ez al., 2021; Jhaveri et al., 2021; Thoma, Neurath and Waldner, 2021; Zhang e#
al., 2021; Panagiotou ef al, 2022). Thus, tCDK family has been an intense area of research
to develop more specific chemical inhibitors as drugs to target the tCDK. One prominent
advancement in recent time in this respect is identifying a highly selective inhibitor Q901
which only inhibits CDK7 in the human kinome 7z vivo. This selective inhibition kills cancer

cells with high specificity by targeting aberrant cell cycle and transcription regulation. This

novel cancer therapy is now on clinical trial  (https://www.max-planck-

innovation.com/max-planck-innovation /news/press-releases/press-release /novel-cancer-

therapy-enters-clinical-trials.html ). Convincingly, in the coming years, tCDKs biology

would continue receiving considerable attention promise in oncology.
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