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Abstract

The human pol lI-dependent small nuclear (sn)RNAs are non-coding RNAs which function
as small nuclear ribonucleoproteins (SnRNPs) and play key roles in the processing of other
RNAs, including splicing of pre-mRNA. Unlike most mRNAs, these shRNAs are not spliced
or polyadenylated, and 3’ end formation is directed by a gene-specific 3’ box rather than a
poly(A) site. Cleavage by the Integrator complex upstream of the 3’ box produces pre-
snRNAs that are further processed in the cytoplasm. In addition, these snRNA genes have
a specialised promoter comprising an enhancer-like DSE and an essential PSE that
functions as the core promoter. The enzymatic activity of several transcriptional cyclin-
dependent kinases (CDKs) regulates the transcription of protein-coding genes and the
processing of the transcripts. CDK9 has been shown to regulate the processing of shnRNA
gene transcripts by ensuring the recruitment of the Integrator complex. However, the role of
other CDKs is not yet clear. | have used analog-sensitive CDK cell lines, RT-gPCR, and
chromatin immunoprecipitation to investigate the role of other transcriptional CDKs in the
expression of human snRNA genes. | have found that the activity of either CDK12 or CDK13
is required for the 3’ end processing of snRNA gene transcripts, and inhibition of both
CDK12 and CDK13 causes failure to recognise the 3’ box. In addition, CDK12 and CDK13,
as well as the elongation factor, SPT6, help to recruit Integrator subunits to snRNA genes.
Using ChIP-gPCR, | have demonstrated that inhibition of CDK12 or CDK13 affects
phosphorylation of CTD residues other than Ser2 and Ser 5 during the transcription of U2
snRNA genes. This work provides new insights into factors that regulate the 3’ end

processing of SnRNA genes and the potential mechanisms underlying their function.
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Chapter 1 | Introduction

1.1 Eukaryotic gene expression

Transcription is the process by which the inherited genetic blueprint, DNA, is copied
into RNA. It is one of three fundamental processes of the central dogma of
molecular biology, which includes DNA replication, RNA synthesis (transcription)
and protein synthesis (translation) . In contrast to prokaryotes and bacteriophages,
eukaryotic genetic information in chromosomes is tightly stored in the nucleus as
nucleoprotein complexes called Chromatin 2 (Fig. 1.1). The fundamental repeating
block of chromatin is the nucleosome, which consists of approximately 146-147
base pairs of DNA wrapped 1.65 times around an octamer of four highly conserved
core histone proteins, H2A, H2B, H3 and H4 3*° (Fig. 1.1). There are two major
chromatin regions on the chromosomes: Heterochromatin and Euchromatin®’.
Heterochromatin is a higher-order chromatin structure characterised by highly
compacted nucleosome structures (~30 nm) due to the activity of a linker histone
H1 protein and the interaction of neighbouring nucleosomes through flexible N-
termini histone tails. As a result, heterochromatin is transcriptionally silent.
Euchromatin is the transcriptionally active, extended chromatin structure with
single nucleosome units connected by short linker DNA fragments (Fig. 1.1) and is

described as an array of ‘beads-on-string’ structures (~10 nm) &.
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Figure 1.1 Eukaryotic gene expression

Schematic showing how chromosomes unravel to allow access to the genetic
information in DNA. Chromatin consists of DNA tightly packed histone protein,
forming compact structures known as heterochromatin. In contrast, euchromatin
represents the more extended and transcriptionally active form, where DNA is less
condensed, allowing access to regulatory proteins and the transcriptional

machinery.

The initiation of eukaryotic gene expression is regulated by modifying local
chromatin structure through histone modification and the activity of ATP-dependent
chromatin remodelling enzymes °'°. Histone proteins are highly enriched in basic
amino acid residues, particularly arginine and lysine. Post-translational
modifications (PTMs) of histones alter their electrostatic charges, subsequently
influencing their DNA-binding capacity and the overall chromatin structure. Histone
acetylation and methylation are the most studied PTMs in transcription. However,

other modifications, such as phosphorylation and ubiquitination also play a

14
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significant role in chromatin organisation and gene expression "2, Acetylated lysine
residues, such as H3K9ac and H3K27ac, promote a relaxed and open chromatin
structure and gene activation '*'5, Whereas lysine methylation, such as H3K9Me3,
can facilitate the interaction of neighbouring nucleosomes to form the
heterochromatin and recruit histone deacetylases and heterochromatin protein-1
(HP1), which promotes gene silencing '8, However, methylation of these side
chains does not always imply transcriptional repression, as H3K4Me, H3R2Me, and
H4R3Me are also associated with gene activation 2!, These histone PTMs create
an open euchromatin structure that exposes DNA sites recognised by specific
effector protein domains to enhance gene activation 22. For example,
bromodomains recognise K-Ac sites, while chromodomains recognise KMe sites.
Activator proteins with these domains bind to these sites to further remodel
chromatin and open promoter regions to the binding of transcriptional factors and

RNA polymerase 2224,

1.2 RNA Polymerase Il

RNA polymerases are central to the transcription of all genes. The activity of RNA
polymerases was observed as early as 1959 in both prokaryotic and eukaryotic
systems %2, Roeder and Rutter et al., along with Chambon et al., subsequently
showed that transcription of the eukaryotic genome is achieved by three specialised
polymerases: |, I, and Ill 332, RNA polymerase (Pol) | is a multiprotein complex
comprising 14 subunits. It is located in the nucleolus of eukaryotic cells and is

responsible for synthesising 47S pre-ribosomal RNA (rRNA), the precursor molecule

15



for 5.8S, 18S and 28S rRNA *'. RNA polymerase (Pol) Il and Il consist of 12 and 17
subunits, respectively, and are located in the nucleoplasm *'. Pol Il synthesises a
diverse range of RNAs, including messenger RNA (mRNA), most small nuclear RNA
(snRNA), micro-RNA (miRNA), and long non-coding RNAs (IncRNAs), among others.
Pollll synthesises transfer RNA (tRNA), 5S RNA, U6 snRNA, 7SKsnRNA and 7 SLRNA
3334 The structures of all three polymerases are highly conserved, sharing several
subunits. Notably, Rpb5, Rpb6, Rpb8, Rpb10 and Rpb12 are common to all three
polymerase complexes *°.

The carboxyl-terminal domain (CTD) of the largest subunit of Pol Il, Rpb1, consists
of atandemly repeated heptapeptide with the consensus sequence Tyr1-Ser2-Pro3-
Thr4-Ser5-Pro6-Ser7 (Y1-S2-P3-T4-S5-P6-S7) 6%, This sequence is conserved in
eukaryotes, and there is a correlation between the complexity of an organism and
the number of repeats. For example, Saccharomyces cerevisiae contains 26
repeats, Drosophila melanogaster contains 44 repeats, and mammalian CTD
contains 52 repeats *. The significance of these heptads varies across species. For
instance, only 8 CTD heptads are required for cell viability in S. cerevisiae, while
mouse cells require a minimum of 26 CTD heptads for survival ¥4, Similarly, the
importance of each residue is dependent on the species. For example, substituting
Thr4 with valine in chicken DT40 or alanine in human cells results in cell lethality
142 'whereas mutating Thr4 does not impact the viability of budding yeast 3. On the
other hand, mutation of Tyr1, Ser2 or Ser5 residues is lethal in budding yeast *. In
mammalian CTD, 21 of the first 30 repeats at the N-terminal region strictly follow
the consensus sequence, whereas the other 31 repeats, mainly at the C-terminal

half, often present mutations at positions 2, 5 and 7 “*8, Tyr1 and Pro6 are present
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in all repeats, while Ser7 is the least conserved residue and is present in only 26
repeats across the CTD. The C-terminus of the mammalian CTD also contains a
conserved 10-residue sequence after the 52 repeats, ISPDDSDEEN, which

stabilises the CTD #84°.

1.3.1 Cyclin-dependent kinases and Pol Il CTD phosphorylation

Cyclin-dependent kinases (CDKs) are a family of serine/threonine kinases initially
discovered through their roles in regulating the cell cycle *°. As the name suggests,
CDKs are characterised by their dependence on a regulatory cyclin to perform their
enzymatic functions. Since the discovery of the first CDK, 19 other CDKs have been
identified with distinct roles in transcription and the cell cycle *°. These CDKs can
be widely categorised into cell cycle CDKs: CDKs 1-6 and CDKs 14-18, and
transcriptional CDKs (tCDKs): CDKs 7-13, CDK19 and CDK20. Notably, some
cyclins serve as regulatory subunits for multiple CDKs *'-%3, underscoring the
complexity of CDK activities (Table 1.1). Unlike cell cycle CDKs, the regulatory
cyclins for tCDKs are constantly expressed and are not regulated by the cell cycle 2.

This study focuses on the activities of tCDKs.
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Table 1.1 Human transcriptional cyclin-dependent kinases (tCDKs), their
regulatory cyclins and their Pol Il CTD target residue.

List of transcriptional CDKs, their alternative names, regulatory cyclin and
enzymatic activities on Pol Il CTD. The CTD target for CDK10 and CDK19 remains
unknown. However, CDK19 is a paralog of CDK8. Table adapted from Zaborowska et
al. >,

CDKs |Alternative name(s) |Regulatory Cyclin Polll CTD residue target

CDK7  |CAK, MO15, STK1 Cyclin H®® Ser5 and Ser7 5%

CDK8 K35 CyclinC*® Serb 62-64

CDK9 [CDC2L4, PITALRE, Cyclin T Ser2, Thr4, Ser5 and Ser7 376354
6o

CDK10 |PISSLRE CyclinM7® i

CDK11 |CDC2L1,CDC2L2 CyclinL” Ser2 7273

CDK12 [CD2L7, CRKRS, CRK7, [Cyclin K*' Ser2, Serb 847477

CDK13 |[CHED, CDC2L5 Cyclin K*! Ser2, Serb 75767880

CDK19 |CDC2L6, CDKLS8 Cyclin C = -

CDK20 |CCRK Cyclin H %2 i

CDKs regulate the expression of Pol Il transcription through the reversible
phosphorylation of the CTD, which subsequently helps to recruit factors required
for different phases of the transcription cycle **®'. In mammals, cyclin-dependent
kinases are the most prominent kinase family that regulate the phosphorylation of
the CTD, and most tCDKs can phosphorylate the CTD **. Modification of the Pol Il

CTD is involved in regulating several steps during Pol Il transcription, such as

18



chromatin modification '9®2% promoter escape %%, capping %, transcript
elongation °°5, RNA 3’ end processing %', and termination 92, All repeats
except proline 6 (which can undergo isomerisation) are subject to phosphorylation
and dephosphorylation modifications by several conserved kinases and

phosphatases *.

1.3.2 Employing analog-sensitive kinases to study CDK function

All CDKs contain key elements such as the G-loop, T-loop, and ATP-binding pocket
(Figure 1.2). Despite the functional specialisation of CDKs over time, their ATP-
binding sites are highly conserved. This conservation presents a challenge when
investigating the roles of each kinase in cellular processes. For example, THZ1, a
CDK?7 inhibitor, has off-target effects on CDK12 and CDK13 when used at high
concentrations %, Similarly, the available kinase inhibitors for CDK12 lack
specificity due to the high degree of homology between the active sites of CDK12
and CDK13 °.

Targeting CDKs indirectly, such as by inhibiting their regulatory cyclins, is also
difficult to achieve, as some CDKs can function with more than one cyclin partner
% and cyclins are not always exclusive to one CDK. For example, Cyclin K is the
regulatory cyclin for both CDK12 and CDK13 *'. The G-loop positions ATP for the
transfer of the phosphate group ' and the T-loop (activation loop) regulates
nucleotide and substrate binding pockets by adopting different conformations °*
The C- helix stabilises the T-loop'™® (Figure 1.2). Most available commercial

inhibitors are designed to target the ATP-binding site but often lack kinase selectivity
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52107108 CDK degraders have been developed to target the G-loop of CDKs, but

resistance to degradation has been observed in some kinases '°. The T-loop

contains a highly-conserved terminal Asp-Phe-Gly (DFG) peptide motif, making it

challenging to design kinase-specific inhibitors '%’. To address this issue, | adopted

the analog-sensitive kinase approach to specifically target kinases (See Chapter 3).

This involves mutating the gatekeeper residue, which controls the capacity of the

ATP binding pocket, to an amino acid with a smaller side chain, such as glycine or

alanine. This enlarges the active site of the kinase, making it susceptible to

competitive bulky ATP-analog inhibitors such as 1-NM-PP1 or 1-NA-PP1 (Chapter 3,

Fig. 3.1A) %" Due to the specificity of the mutation, this method of inhibition is

highly selective for the kinase of interest.
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Figure 1.2 Schematic of the core Motifs of the human transcriptional cyclin-

dependent kinases
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Schematic of the primary structure of transcriptional CDKs showing the G-loop (ATP
binding domain), C- helix (cyclin-binding domain) and the T-loop (activating
domain). The T-loop is marked by the HRD motif at the start and the APE or PPE motif
atthe end. The DFG/ DMG motif is required for the structural regulation of the active
site, and the activation residues are phosphorylation targets to activate respective
kinases. Blue boxes represent the G-loop region; orange represents the C-helix
motif; the T-loop motif is depicted in green, and the activation site is highlighted in
darker green. Figure adapted from Lim et al.%'.

1.4 Expression of Protein-coding genes

1.4.1 Transcription initiation

The presence of a hypo-phosphorylated CTD tail marks the commencement of a
new transcription cycle. This unphosphorylated Pol Il requires the assembly of
general transcription factors (GTFs) to bind to core promoters and form the pre-
initiation complex. Core promoters have conserved consensus sequences and can
be categorised into focused and dispersed promoters, which govern the pattern of
initiation "'>"'%, Focused promoters allow transcription initiation from a single site or
a specific cluster of sites. Conversely, dispersed promoters initiate transcription
from several sites spanning 50-100 nucleotides and are primarily observed in CpG
islands. Indeed, approximately 60% of Pol Il promoters are located in CpG islands
114115 Most focused core promoter motifs are recognised by Transcription factor Il D
(TFIID). The TFIIB recognition element (BRE) is recognised by TFIIB ''¢. The TATA box
and Initiator element (Inr) are the most common promoter motifs. The TATA box was
the first promoter sequence to be discovered ' and is similar to the prokaryotic

Pribnow box. However, these sequences are not homologous 8. It was named after
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its consensus sequence, TATA(A/T)AA(G/A), although a limited number of human
promoters contain this sequence 6119120,

TFIID can independently bind to the TATA box without the assistance of other TFs, as
it contains the TATA-binding protein (TBP) and a core set of TBP-associated factors
(TAFs). The binding of TFIID to the promoter induces a conformation in the local
DNA, bending it by approximately 90° and causing it to unwind 222, This alteration
facilitates the recruitment of additional transcription factors (Table 1.2) that enable
the formation of the pre-initiation complex. TFIIB binds to DNA to stabilise the TBP-
promoter interaction and promotes the recruitment of the TFIIF to RNA polymerase
to form a closed complex on the DNA. Following this, TFIIE is recruited, which is
required for promoter melting and promotes the recruitment of TFIIH. TFIIH has
helicase activities, which promote DNA melting and opening of the DNA duplex to
form a transcriptional bubble called the open complex. Additionally, the CDK7

subunit of TFIIH phosphorylates the CTD during transcription initiation 823,

Table 1.2 RNA Polymerase Il general transcription initiation factors and their
functions

Factor Function

TFIID Binds the TATA box; initiates pre-initiation complex assembly, recruits

TFIIB.124125

TFIIB Stabilises the TATA-TFIID complex, recruits Pol lI-TFIIF complex '2¢.

TFIIF Targets Pol Il to the promoter; promotes elongation 27128 |

TFIIE Facilitates ATP independent promoter melting; promoter clearance;

recruits TFIIH 2°.
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TFIIH Promoter melting; promoter clearance; helicase and kinase activities

129,130

During transcription initiation, the Pol Il CTD is largely unphosphorylated, which
facilitates its interaction with the mediator complex 33, a 30-subunit complex
comprising head, middle and tail subcomplexes, which plays a role in Pol IlI-
mediated transcription initiation and elongation °'**, The head unit interacts with
the CTD, the middle region controls the conformation of a mediator to ensure it
maintains the correct orientation to bind DNA ™5 and the tail interacts with
regulatory transcriptional activators and repressors, acting as a bridge to relay
information to the transcriptional complex *¢'3¢, The Mediator complex binds to Pol
Il and its associated transcription factors (Table 1.2) to complete the pre-initiation
complex (PIC). Following PIC formation, the Mediator complex stimulates the
activity of CDK7, which induces mediator release, facilitating promoter escape (see
1.4.2.1) and transcription initiation . RNA polymerase produces burst synthesises
of short ~15 nucleotides long RNA in a process known as abortive transcription
139140 The transcription bubble formed during this process is further unwound
downstream to enable transcription. Following the synthesis of approximately
seven nucleotides of the nascent RNA, the upstream end of the bubble is then
rewound ''. Structural studies have shown that this nascent RNA clashes with
TFIIB, signalling the end of transcription initiation '*2. However, this interaction does

not displace the TFIIB 43,
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1.4.2 Transcription elongation

1.4.2.1 Promoter escape

The first step towards transcription elongation is an intermediary phase where RNA
polymerase is released from its host of general transcription factors (GTFs) in a
process known as promoter escape '*4. The rewinding of the bubble during abortive
transcription leads to the dislodging of TFIID and TFIIB. However, TFIIE and TFIIH are
still present. CDK7, the kinase component of TFIIH, phosphorylates CTD Ser5 to
stimulate the loss of the mediator complex and facilitate promoter escape 58,
Phosphorylated Ser5 (pSer5) also promotes the recruitment of capping enzymes,
which co-transcriptionally adds 7-methyl guanosine ‘cap’ to the 5’ end of nascent
RNA, subsequently protecting it from degradation '“*'%6, The recruitment of
elongation factors negative elongation factor (NELF) and DRB-sensitivity inducing
factor (DSIF) as the nascent RNA is further synthesised promotes the eviction of
TFIIE and TFIIH#7"#8, DSIF, a heterodimer of SPT4 and SPT5 subunits, associates
with the Pol Il complex through SPT5 '#° and NELF subunits (NELF A, B, C/D, and E)
subsequently interact with Pol Il by recognising the SPT5-Pol Il interface °. The
exact mechanism by which TFIIF is displaced is unknown. However, the loss of TFIIF

coincides with the recruitment of other elongation factors .

1.4.2.2 Promoter-proximal pausing

The binding of NELF and DSIF facilitates Pol Il promoter escape by causing a loss of
GTFs, stabilises the transcriptional complex, and inhibits Pol Il from further RNA

synthesis ™81 This forms 5 regylatory early-elongation checkpoint involving promoter-
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proximal pausing 2. The paused Pol Il complex, which occurs after synthesising
approximately 25-50 RNA nucleotides '5*'%°, faces two possible outcomes:

productive elongation or premature termination.

1.4.2.2.1 Productive elongation

The release from this checkpoint into productive elongation requires the activity of
positive transcription elongator factor b (P-TEFb), which comprises CDK9 and cyclin
T '** Elongation factors, such as PAF1 and SPT6, are also required for Pol Il release
into productive elongation '*¢%7, CDK9 phosphorylates Ser2 of the CTD, the NELF-E
subunit of NELF, the SPT5 subunit of DSIF and the RPB1 CTD linker $%156.158,159
Phosphorylation of NELF facilitates its dissociation from Pol I, which allows the
recruitment of PAF1. The binding of PAF1 and NELF are mutually exclusive.
Therefore, the recruitment of PAF may inhibit the rebinding of NELF '¢. The
phosphorylation of SPT5 converts it from a negative to a positive elongation factor,
and the phosphorylation of the CTD linker promotes the association of SPT6 with Pol
[1°21%¢ The phosphorylation of the CTD and association of PAF1 and SPT6 leads Pol
Il into productive elongation. SPT6 is a histone chaperone, facilitating pol Il
transcription through nucleosomes while maintaining chromatin structure '*°. The
activity of CDK9 facilitates transcription but is also highly regulated. CDK9 primarily
exists in an inactive form, sequestered within the 7SK snRNP complex, while the
active form is found mainly in the super elongation complex (SEC)**'¢"-'62, SEC is a
multi-protein complex comprising AFF1, AFF4, AF9, ELL/EAF and CDK9 subunits "¢,
SEC subunits promote transcription elongation and interact with multiple factors

that facilitate the recruitment of CDK9 to the paused transcriptional complex ',
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including the Med26 subunit of the mediator complex. The mediator complex is
proposed to function as a transcriptional regulator, which facilitates the loss of TFIID

and provides a docking site for the SEC complex.

1.4.2.2.2 Premature termination

The failure to progress into productive elongation leads to premature termination of
transcription. This process is mediated by a multisubunit complex named Integrator
-Protein phosphatase 2A, INTAC) '%%'%  The Integrator complex (Integrator) is a
conserved machinery comprising at least 15 subunits (IntS 1-15). The first 12
subunits were initially discovered through their role in coupling the pol Il CTD to the
3’ end processing of U1 and U2 snRNA gene transcripts %% IntS11, the
endonuclease subunit, and its binding partner IntS9 are paralogs of the cleavage
and polyadenylation specificity factor-73 (CPSF73) and CPSF100, respectively.
CPSF73 and CPSF100 are the catalytic subunits of the CPSF cleavage module,
which co-transcriptionally cleaves mRNA at the 3’ end of the gene '%7:'%°, The activity
of the Integrator was initially thought to be specific to snRNA genes. However, it has
been demonstrated to play diverse roles in the transcription of other Pol II-
transcribed (or protein-coding) genes %7917 |ntegrator interacts with Pol Il, DSIF
and NELF and recruits phosphatase, PP2A, to form the INTAC complex 6172173 The
presence of the INTAC complex prevents the association of PAF and SPT6 with Pol
72, Following this, the Integrator positions PP2A to dephosphorylate the Pol Il CTD
and DSIF; the nascents are then cleaved using the endonuclease activity of the
Integrator and degraded by Xrn2 74, consequently inhibiting gene transcription,

productive elongation, and terminating the transcription cycle '6:170.175.176,
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1.4.3 Transcription termination

At the end of the RNA synthesis cycle, pre-mRNA must be cleaved to release it from
Pol Il and the DNA template, facilitating downstream export and resetting Pol |l for
another transcription cycle. For protein-coding genes that encode polyadenylated
mMRNA, this termination process is initiated by the recognition of two sequences
which flank the cleavage site —the upstream Polyadenylation signal (PAS), AAUAAA,
recognised by the cleavage and polyadenylation specificity factor (CPSF), and the
GU-rich downstream sequence element (DSE) recognised by the cleavage
stimulatory factor (CstF) '7'78, CPSF subunits, CPSF160, CPSF30, WDR33, and
FIP1, mediate the PAS recognition, while CPSF100 and CPSF73, in association with
symplexin, cleavage factor | (CFl) and cleavage factor Il (CFlI11), mediate mRNA
cleavage "7°'8, Poly(A) polymerase is also recruited to facilitate cleavage, after
which it catalyses the addition of poly (A) tails (a stretch of adenosine nucleotides)
to the cleaved 3’-OH end '®'. The length of the poly (A) tail is crucial to its stability
and essential for its export into the cytoplasm 28 Following initial
polyadenylation, poly(A) binding proteins further extend and regulate the length of
the poly (A) tail. A notable outlier to this termination mechanism is the replication-
dependent histone mRNAs, which are not polyadenylated . Thus, a different 3’
end machinery involving the stem-loop binding protein (SLBP) is required for
CPSF73 to 3’ process these mRNAs (see section 1.6.1.2)

MRNA processing is coupled to the transcription termination of protein-coding
genes '®. Following mRNA cleavage, transcription termination involves the torpedo
model pathway. The torpedo model suggests that transcription past the PAS

facilitates the phosphorylation of Ser2 by CDK9 858 This enables the recruitment
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of termination factors, such as PCF11, which interacts with phosphorylated Ser2
(Ser2P) and disassembles the elongation complex '®-'®°, The association of PCF11
consequently reduces Pol Il processivity, allowing CPSF73 to cleave the nascent
RNA at the poly(A)site *%'%° The downstream RNA remains attached to the
transcription machinery, is no longer protected by a cap, and is degraded by Xrn2, a
5’ to 3’ exoribonuclease, promoting termination™'"**, This model also accounts for
anti-termination factors, such as SR-related CTD-associated factor (SCAF) 4 and
SCAF8, which bind to Ser2P and Ser5P and are redundant in preventing the use of

early polyadenylation sites’®.

1.5 Pre-mRNA splicing

Splicing, the excision of introns from pre-mRNA, is a major co-transcriptional RNA
processing event alongside capping and polyadenylation '¢'97_ This process is not
only required for the accurate translation of mMRNA but can also increase transcript
diversity from a single mRNA through alternative splicing '*®. The fundamental
chemistry of splicing is two transesterification reactions, where the number of
phosphodiester bonds remains unchanged (Fig. 1.3A). Thus, the primary
mechanism does not require ATP hydrolysis or an energy source to occur. However,
the process is catalysed by a multi-megadalton spliceosome complex, which
requires ATP . The spliceosome complex consists of five small nuclear RNAs
(snRNAs), which are associated with other proteins in their complexes and form
small nuclear ribonucleoproteins (snRNPs). snRNPs form the building blocks of the

spliceosome and assemble with RNA splicing factors and ~ 200 proteins to form the
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spliceosome complex 2°°. The pre-mRNA precursor contains consensus sequences
on the 5’ splice site (SS) and exon-intron 3’ end SS, which provide the signal and
docking site for the recruitment of the spliceosome complex. The 5’ end of the intron
generally contains the GU/AU sequence and the AG/AC sequence at the 3’ end.
Additionally, introns contain an internal branch site located upstream of their
pyrimidine-rich region (polypyrimidine tract) at their 3’ end, which is required for
splicing. Assembly of the spliceosome complex is dependent on the sequence
present at the 5’ and 3’ SS. The GU-AG sequence promotes the assembly of the
major spliceosome, while an AU-AC sequence facilitates the assembly of the minor
spliceosome 207294, Assembly of the major spliceosome complex occurs in a
stepwise process 2%, Spliceosome assembly is initiated by the association of
factors at the 5’SS, branch point, and 3’SS. U1 snRNP and splicing regulatory (SR)
proteins bind to the 5’ splice site, the branch-point binding protein (BBP) binds to
the branch point, and U2AF65-U2AF35 heterodimer binds to the polypyrimidine
tract and 3’ splice site, respectively. The SR proteins interacts with U2AF to bridge
these complexes, which form the E complex, and the base-pair association of the
U2 snRNP with the branchpoint forms the A complex. Following this, the U4/U6 and
U5 tri-complex bind to form the mature spliceosome which undergoes
conformational changes, called the B complex. Firstly, U1 and U4 snRNPs are
released. This allows U6 snRNP to interact with the 5’SS and bind directly to the U2
snRNP to form the catalytically active spliceosome, and both transesterification

reactions occur in the C complex (Fig. 1.3B).
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Figure 1.3 Spliceosome assembly and mechanism

A. Splicing occurs by two esterification reactions. In the first step, A nucleophilic
hydroxyl group of the branch point nucleotide initiates a nucleophilic attack on the
5’ splice site, leading to the cleavage of the first exon and the formation of a lariat
intermediate. In the second step, the free hydroxyl group of the released exon
performs a nucleophilic attack on the 3’ splice site, joining the two exons and
excising the lariat intron. B. Assembly of the spliceosome complex on pre-mRNA
occurs in a stepwise manner. The E complex is formed through the association of
the U1 snRNP with the 5’ splice site, U2AF proteins binding to the polypyrimidine
site and 3’ splice sites, and the interaction of BBP and SR proteins. U2 snRNP binds
to the branchpoint to form the A complex. U4 and U6 snRNP subsequently bind to
form the B complex, and U1 and U4 snRNPs are lost during activation, which forms
the catalytic C complex.

snRNPs are not only essential for mRNA synthesis through their roles in the
spliceosome, but splicing is also required for efficient mMRNA 3’ end processing 2%,
This highlights the importance of snRNPs in the overall expression of mRNA genes.
Furthermore, it emphasizes how the roles of other RNAs, such as snRNAs, facilitate

the expression of protein-coding genes.
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1.6 snRNA gene expression: from transcription to
functional shnRNPs.

The uridine-rich (U) snRNAs are a class of non-coding RNA transcribed in the
nucleus by RNA polymerase I, with the exceptions of U6, U6atac and 7SK snRNAs,
which are transcribed by RNA polymerase lll. shRNAs are functional units of the
spliceosome required to splice pre-mRNAs and are highly expressed within the cell
207 _Forinstance, the U1 snRNA genes are loosely clustered and repeated 4 times on
human chromosome 1, and the U2 snRNA genes are tandemly repeated 10 - 20
times within an approximately 6.0 Kb repeat unit on human chromosome 17 208-219,
Pol II- transcribed snRNAs undergo the co-transcriptional addition of an N’-methyl
guanosine cap (m7G) to the 5’ end, which signals and is required for snRNA nuclear
export upon cleavage at the 3’ end 2'2'3, The m7G cap binds to the nuclear cap-
binding complex (CBC), facilitating the interaction of phosphorylated adaptor for
RNA export (PHAX) 2. Phosphorylated PHAX acts as an adaptor to bind to nuclear
export factors CRM1, XPO1, and RanGTP to form the export complex 2'*. snRNA is
then exported into the cytoplasm, where PHAX is dephosphorylated, and RanGTP is
hydrolysed to form RanGDP, subsequently causing the dissociation of the export
complex. The SMN complex then facilitates the assembly of Sm proteins, which are
assembled onto the snRNA in a stepwise manner to form the specific snRNP core
domain 2'°2®, The formation of the core domain initiates snRNP biogenesis and is
required for the hypermethylation of the m7G cap, resulting in the formation of the
N227-trimethyl guanosine (m3G) cap 2'9??°, The core domain and m3G cap then
facilitate the snRNA 3’ end trimming by Target of EGR1 (TOE1) exonuclease #'?2and

import of the snRNP back into the nucleus by binding to importin 8 22%. The presence
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of the m3G cap ensures the nuclear retention of newly imported snRNPs, after
which coilin targets them to Cajal bodies, where they are processed and then

distributed within the nucleus to play specific roles ?*#?% (Fig. 1.4).
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Figure 1.4 Schematic pathway of snRNA gene expression, shRNA maturation,
and assembly into functional snRNPs.

The snRNA gene is transcribed by its RNA polymerase ll, co-transcriptionally
capped and cleaved by the Integrator complex to generate the pre-snRNA transcript.
The m7G cap interacts with CBC, phosphorylated PHAX, XPO1 and RanGTP to form
the export complex and is exported into the cytoplasm. PHAX is dephosphorylated
in the cytoplasm, and RanGTP is hydrolysed to form RANGDP, facilitating the
disassembly of the export complex. snRNAs then interact with Sm proteins to start
snRNP complex formation. snRNAs then undergo cap hypermethylation and 3’ end
trimming before reimporting into the nucleus through association with Importin f.
snRNPs are transported into Cajal bodies, where they undergo further maturation,
interact with functional proteins and function in various cellular processes.
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Abbreviations: CBC: cap-binding complex, PHAX: phosphorylated adaptor for RNA
export, XPO1: Exportin1, SMN: survival motor neuron.

1.6.1 snRNPs mediate various cellular processes

While most shRNPs are components of the spliceosome complex, facilitating pre-
snRNA splicing (see section 1.5), not all snRNPs function in this capacity. For
example, U3 snRNPs are essential for rRNA processing and ribosome biogenesis 2%,

and U7 snRNPs are involved in the 3’ end formation of histones mRNA 227228,

1.6.1.1 U3 snRNPs are required for pre-rRNA processing

The rRNA precursors for the 60S and 40S eukaryotic ribosomes are synthesised in
the nucleolus by RNA Pol | 33, The synthesised 35S pre-rRNA transcript contains the
28S and 5.8S rRNA, two of the three rRNA components of the 60S ribosomal
subunit, and the 18S rRNA for the 40S ribosomal subunit 2%°. The third rRNA
component of the 60S subunit, 5S rRNA, is synthesised by RNA Pol Il **. The 35S
primary rRNA transcript contains four transcribed spacer units which separate rRNA
precursor transcripts (Fig. 1.5) 2°°. The 5’ external transcribed spacer (ETS) is located
upstream of the 18S rRNA, two internal transcribed spacers, ITS 1 and ITS2, flank
the 5.8S rRNA, and the 3’ ETS following the 28S rRNA %' (Fig 1.5A). The maturation
of the 35S rRNA involves a multistep co-transcriptional cleavage process of the
transcribed spacer units to yield 28S, 5.8S, and 18S rRNA 22, This process begins
with the association of various non-ribosomal proteins, endonucleases,
exonucleases and small nucleolar RNPs (snoRNPs) 21233235 The assembly of these
factors occurs at the 5’ ETS of the 35S rRNA to form a macromolecular complex

called the small subunit (SSU) processome 233235,
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snoRNAs, the core components of snoRNPS, are a class of non-coding RNAs with
two major functions: modifications of rRNA and pre-rRNA cleavage *®. These
modifications include 2’-O- ribose methylation, directed by C/D box snoRNAs 237:2%,
and pseudouridylation, which is directed by H/ACA box snoRNAs 23%24°_ Together,
these processes are critical for the maturation and biogenesis of ribosomes. The U3
snRNA contains the C/D box motif, which localises it to the nucleolus #*' where it
functions as a snoRNP required for ribosome biogenesis ?*2. During the formation of
the SSU, processome complex, the U3 snoRNP base-pairs to the 5’ ETS, and the
18S rRNA providing a guide for the cleavage of the 35S rRNA, and a platform for the
interaction of other SSU processome proteins 243244, Following the SSU processome
complex formation, the 35S RNA is cleaved at the A0, A1 and A2 positions, leading
to the formation of the 20S rRNA 245, The 20S RNA, as part of the ribosome, is
subsequently exported to the cytoplasm, where it undergoes further maturation
245248 gnd is further cleaved into 18S rRNA 247248 the precursor to the 40S ribosome.

The cleaved 5’ ETS is degraded by the nuclear exosomes and Xrn2 249:2%0,
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Figure 1.5. snRNPs mediate ribosome biogenesis and histone mRNA 3’ end
formation.

A. Schematic showing the 37S rRNA, the precursor to the 60S and 40S eukaryotic
ribosome subunits. The rRNA encodes the 18S rRNA precursor to the 40S, and 5.8
and 28S rRNA, precursors to the 60S ribosome. These rRNA sequences are
interspersed with external and internal transcribed spacers (ETS and ITS,
respectively), that are cleaved out during maturation. Cleavage of the 5’ ETS, which
releases the 18S rRNA, requires the formation of a small subunit processome
complex. U3 snoRNP is an integral part of the assembly and function this complex
by base pairing with the 18S rRNA and 5’ ETS, facilitating their cleavage B. Histone
mMRNA contains a stem-loop structure and HDE at the 3’ end as opposed to a poly(A)
tail. U7 snRNP binds to the HDE and is stabilised by FLASH and SLBP. The LSM11
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SM protein binds to FLASH, while ZFP100 bridges the interaction between SLBP and
U7 snRNP. Following the formation of the SLBP-FLASH-LSM100 complex, histone
mMRNA processing factors are recruited, and CPSF73 cleaves the mRNA.
Abbreviations: HDE: histone downstream element, SLBP: Stem-loop binding
protein, FLASH: FLICE-associated huge protein.

1.6.1.2 U7 snRNPs are required for the 3’ end processing of histone

MmRNAs.

As earlier described, histones are a primary component of chromatin and play a key
role in regulating gene expression (see section 1.1). Replication-dependent histone
MRNAs encode for these histones and are highly expressed in the S-phase to
package and store newly synthesised DNA 2522, Histone mRNAs are not normally
polyadenylated. Instead, their 3’ end contains a highly conserved stem-loop
structure 2° (Fig. 1.5). Therefore, the 3’ end formation of histone mRNAs requires an
additional set of factors, including the stem-loop binding protein (SLBP), ZFP100
and U7 snRNPs %%, SLBP contains an RNA-binding motif which binds to the stem-
loop sequence 2°*2%¢, while U7 snRNP binds to the histone downstream element
(HDE) 2%:22°. ZFP100, a histone hairpin binding protein, interacts with both SLBP and
U7 snRNP, bridging both complexes %’ (Fig. 1.5B) and so stabilising the u7 snRNP
complex 8, FLICE-associated huge protein (FLASH) also interacts with and
stabilises the U7 snRNP %*°, The U7 snRNA contains a non-consensus SM-binding
site, which ensures the recruitment of slightly different SM proteins. This different
SM binding site recruits LSM10 and LSM11 SM proteins 2°°?%° as opposed to SMD1
and SMD2 SM proteins, which are directed to spliceosomal snRNAs %', The LSM11
has larger structure compared to other SM proteins and contains an extended N-

terminal region, which is required for histone mRNA processing 2%°%2 and is
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proposed to provide a platform for association of histone-mRNA-specific
processing factors 26262, U7 snRNA also interacts with FLASH using this extended
LSM11 N-terminus 2%, Following the interaction of SLBP with the U7 snRNP, the
LSM11-FLASH-SLBP complex leads to the recruitment of CPSF73, CSF100 and

symplexin, which cleaves histone mRNA (Fig. 1.5B).

1.7 snRNA gene expression

snRNA genes are generally regarded as a model system for transcription due to their
small size and simplicity (Fig. 1.6). They have a more compact structure than most
protein-coding genes and have a simple specialised promoter consisting of two
elements: the distal sequence element (DSE), which acts as an enhancer and the
proximal sequence element (PSE), which functions as the core promoter 25425, |n
addition, snRNA transcripts are intronless, non-polyadenylated, and 3' end
formation is directed by a 3' box rather than a poly-A site (Fig. 1.6) 2¢. Furthermore,
the 3' box is only recognised if transcription is initiated by an snRNA-specific
promoter, indicating an obligate coupling of transcription initiation and formation of

the 3’ end of pre-snRNA 267:268,

1.7.1 snRNA gene transcription initiation

The transcription of snRNA genes follows the conserved sequential order of
initiation, elongation and termination. For the U2 gene, transcription is initiated
when Oct1, Sp1 and STAF bind to sequences in the DSE. Oct-1 stabilises the binding

of basal transcription factor, PSE transcription factor (PTF), to the PSE. PTF, also
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known as PSE-binding protein (PBP) %° or snRNA activating protein complex
(SNAPc) 779 is a multiprotein complex consisting of PTFa (SNAP190), PTFB
(SNAP50), PTF3 (SNAP45), PTFy (SNAP43) and SNAP19 2¢4, The PTF complex is
essential in forming the preinitiation complex and regulating transcription through
its interaction with various activators and repressors. For example, PTFa and PTFy
interact with the p53 tumour repressor protein?®. Also, the interaction of PTFa with
the activator protein, Oct-1, promotes stable recruitment of PTF to the PSE and
formation of the pre-initiation complex, which contains TFIIA, TFIIB, TFIIE, TFIIF and
TFIIH, a specialised TBP/TAF complex termed snTAFc and, finally, Pol || 26%:271-273,

Unlike protein-coding genes, TAFs 1-4, TAF10 and TAF12 are not required to initiate
U2 snRNA gene expression. Instead, TAF5, TAF6, TAF8, TAF9, TAF11 and TAF13
interact with the TBP to form a distinct snRNA TAF complex (snTAFc) on the U2
snRNA gene ?7. Interestingly, the TFIID subunit TAF7, which plays a role in promoter
escape and recruitment of the mediator complex, is not found on the U2 snRNA
gene. TAF7 is, however, present on the U1, U4, U5, and U11 snRNA genes, indicating

thatthe U2 genes may use an alternative mechanism for mediator recruitment 27427,
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Figure 1.6 Schematic structure of the human Pol Il transcribed snRNA gene
showing cis-elements which regulate shRNA expression.

Structure of the human Pol Il- transcribed snRNA gene showing the cis-acting
elements required for the expression of a functional snRNA transcript and their
location relative to the transcription start site (TSS). The distal sequence element
(DSE) functions as a transcription enhancer; the Proximal Sequence Element (PSE)
is the core promoter regulatory element which recognises the snRNA activator
protein complex; the 3’ box regulates the 3’ end processing of the snRNA transcript
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and the CT-rich region which provides a binding platform for the CTCF protein. The
TATA box, which directs pol lll recruitment, is absent in pol Il transcribed snRNA
genes. The black arrow represents the TSS.

1.7.1.2 Polymerase recruitment

Human pollll-transcribed snRNA genes, such as U6 snRNA and 7SK snRNA, contain
an additional cis-element, the TATA box, which directs the association of a different
set of factors to recruit pol 111 276277, In contrast, the TATA box is absentin most human
snRNA genes, which paradoxically still allows RNA pol Il recruitment. However, the
presence of a TATA box is not the key determinant of polymerase specificity in all
species. A. thaliana U6 and U2 snRNA genes both contain the TATA box yet recruit
different polymerases (Fig. 1.7). Indeed, the polymerase specificity in A. thaliana is
determined by the distance between the TATA box and the upstream sequence
element #78, Similarly, in D. melanogaster, B. mori, A. gambiae, and A. mellifera
SsnRNA genes, a variation in the PSEA sequence determines the specificity of

polymerase recruitment 2’° (Fig. 1.7).
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H. sapiens

Pol II PSE |_>
TCACCNTNA(G/C)NNNAA(A/T)(G/AN
Pol Il — PSE TATA
T(C/T)ACCNTAANNNN(A/G)AN(A/G)N T(A/T)(5.14)
A. thaliana
_ 3334bp
Polll — USE - TATA —L
RTCCCACATCG TATAAATA
_ 23-24bp
Pol Il — USE - TATA —L
RTCCCACATCG TTTATATA
D. melanogaster
Pol Il — PSEA PSEB |_>
TAATTCCCAACTG(G/C)TTCT(G/A)GC (C/A)ATGGA(G/A)(A/T)
Pol Ill = PSEA TATA |_>
TAATTC-CAA-T-CTTTTTCC TATATATA

Figure 1.7 Different factors govern polymerase recruitment to snRNA genes
Organization of the genomic elements that determine RNA polymerase recruitment
in Homo sapiens, Arabidopsis thaliana and Drosophila melanogaster snRNA genes.
PSE(A) and USE are cis-promoter elements required for transcription. The
determinants of RNA polymerase llI/lll recruitment are highlighted in red, and the
consensus sequence of each elementis in green, below its respective element.
Numbers and letters under boxes represent the distance from TSS or consensus
sequence. Abbreviations: TSS; transcription start site, DSE: Distal sequence
element PSE; Proximal sequence element, USE; Upstream sequence element.

TBP is recruited to human snRNA genes regardless of the presence of a TATA box
and is part of the PIC for both pol Il and pol lI-transcribed snRNA genes. TBP then
recruits TFIIB or BRF2 (TFIIB-related factor 2) and its GTFs to pol Il or pol lll genes,

respectively 272289281 TF|IB and BRF2 are structural homologs with similar core
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domains and a zinc domain for interaction with their respective RNA polymerases
282 TFIIB and BRF2 also bind to the PSE-PTF complex via protein-protein interactions
(with PTF), and both have similar binding pockets. TFIIA is then recruited to pol IlI-
dependent genes to stabilise the TBP-TFIIB complex on pol Il shRNA genes and
promote TFIIB-specific recruitment by acting as a competitive inhibitor to BRF2.
TFIIA can also be recruited to pol lll-transcribed snRNA genes 283, However, the
binding of TFIIA to TBP structurally restricts the binding of BRF2 to TBP 284, Likewise,
BDP1, a pollll-specific transcription factor, stabilises the BRF2-PTF-TBP complex to
ensure pol lll recruitment. TBP, TFIIA, TFIIB, TFIIF, TFIIE, TFIIH and Pol Il form the pre-
initiation complex on Pol lI-dependent shnRNA genes. In contrast, TBP, BDP1, BRF2
and the TATA are sufficient to form the pre-initiation complex on pol lll-dependent

snRNA genes 2%,

1.7.2 snRNA transcription elongation

1.7.2.1 The Little elongation complex

The Little elongation complex (LEC) comprises ELL, EAF, ICE1 and ICE2 core
subunits, which are associated with ZC3H8 and USPL1 proteins 2%6. The ELL and EAF
subunits are shared with the SEC of protein-coding genes. The ICE1 and ICE2
subunits are snRNA-gene specific for transcription. However, the ICE1 subunit has
been recently shown to interact with the exon junction complex on pre-mRNA 2%,
The discovery of the SEC and LEC subunits stemmed from the identification of ELL
as an elongation factor on protein-coding genes %28 EAF was subsequently

discovered as the ELL binding partner 2*°, and two separate elongation complexes,
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SEC "®®and LEC %%¢, were later characterised for their roles on protein-coding 63291:292
and snRNA genes %52% respectively. ICE1 is critical for the formation of the LEC
complex and the recruitment and stabilisation of Pol Il to shRNA genes, and the
knockdown of ICE1 results in the loss of Pol Il, ELL, and ICE2 from the U11 and U12
snRNA gene promoters %3, Similarly, ELL is a key factor for Pol Il elongation on
snRNA genes. While knockdown of ELL does not impair Pol Il recruitment, it
prevents Pol Il from elongating, resulting in its accumulation at the 5’ end of the
gene?®®, ICE1 has also been shown to interact with snRNA 3’ end processing and
termination factors such as Integrator complex subunits and the CBC-Arsenic
resistance protein 2 (CBCA) complex ?*. This suggests that the role of LEC may
extend beyond elongation, potentially influencing 3’ box-dependent RNA
processing and termination of transcription of snRNA genes. The role of ICE2 in the
expression of shRNA genes remains unknown. However, it is related to protein
families with RNA 5’ end exonuclease activity 2°°. Although ICE2 lacks the motif that
confers exonuclease activity, it was proposed that the molecular function of ICE2

may involve binding to the 5’ end of RNA%%®,

1.7.2.2 The initiation to elongation checkpoint on snRNA genes

The 30-subunit mediator complex functions as a transcriptional hub due to its
ability to interact with various initiation and elongation transcription factors
136,137,274.296-299 " Indeed, the highly conserved NTD of Med26 shares a common ARM
repeat with protein-coding elongation factors SPT6, IWS1, and Elongin A 299:3%,
Med26 recruits the LEC complex to the snRNA genes by binding to the EAF subunit

of LEC with its NTD domain #743%_ Interestingly, the sequence through which EAF
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interacts with Med26 is highly conserved and shares similarities with the sequence
used by TAF7 to interact with Med26. However, these factors do not interact with
Med26 in a mutually exclusive manner 3%, TAF7 has been shown to inhibit the
interaction of EAF with the mediator complex in vitro and repress the recruitment of
the LEC subunits to the snRNA genes 3. Notably, the knockdown of TAF7 causes an
increase in snRNA gene expression 3%, This led to a model where Med26 acts as a
bridge between transcription initiation and elongation 3%, Essentially, TAF7 binds to
Med26 to prevent premature transition into elongation, after which TAF7 releases
Med26, allowing the interaction of EAF and LEC and productive elongation®®. The
depletion of Med26 causes a loss of ICE1, the LEC scaffold, and the loss of
transcription of snRNA genes . The EAF subunit is common to both LEC and SEC
complexes. ENL, a SEC subunit, binds to the enhancers and promoter of protein-
coding genes and is required for SEC recruitment 3°'. Therefore, it is thought that
ENL, in addition to Med26, directs the recruitment of SEC 2%, Similarly, it was
proposed that a subunit of the LEC complex or an snRNA transcription factor is

required to direct the specific recruitment of LEC in association with Med26 2%,

1.7.3 Regulation of snRNA gene expression by cyclin-dependent

kinases.

During the expression of snRNA genes, CDK7, as part of the TFIIH complex,
phosphorylates Ser5 and Ser7 CTD residues at transcription initiation 5697:1%

Phosphorylation of Ser5 likely facilitates the recruitment of capping enzymes to cap
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the nascent snRNA, similar to the process observed during the transcription of

protein-coding genes 8:146:302,

1.7.3.1 snRNA 3’ end processing

Upon CDK?7 activity, RNA Pol ll-associated protein 2 (RPAP2), a Ser5 phosphatase,
binds to Ser7P and dephosphorylates Ser5P ®. RPAP2 also co-recruits specific
Integrator subunits, including IntS1, IntS4, IntS5, IntS6, and IntS7, via protein-
protein interactions (Fig. 1.8). Notably, RPAP2 does not interact with nor co-recruit
the endonuclease subunit IntS11 or its binding partner IntS9. However, these non-
catalytic subunits are essential for IntS11 recruitment, as RPAP2 knockdown results
in the loss of IntS11 %°. Atthe 3’ end of the gene, CDK9 phosphorylates Ser2 %43% and
the presence of a phosphorylated Ser7 and an adjacent phosphorylated Ser2
facilitates the recruitment of IntS11 and IntS9, which are required for cleavage of
nascent RNA upstream from the 3’ box % (Fig. 1.8). Therefore, in addition to the
requirement of an snRNA-specific promoter 267268 CDK9 activity is required for the
3’ end processing of nascent snRNA3%2% This model of snRNA 3’ end processing
indicates that the Integrator complex is recruited in a stepwise manner. However,
beyond the subunits discussed here, it remains unclear how the other noncatalytic
Integrator subunits are recruited to the snRNA gene or whether the complete
Integrator complex is required for snRNA cleavage. Notably, specific Integrator
subunits can function in sub-complexes independently of the complete Integrator
complex. For example, IntS3 and IntS6 are subunits of the sensor of the single-
stranded DNA (SOSS)1 and SOSS2 complexes, which are essential for double-

stranded DNA break (DSB) repair process 3°523%, Similarly, IntS13 is recruited to
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enhancers and plays a role in enhancer activation and myeloid differentiation 3'°,
IntS10, IntS13, and IntS14 form an independent functional module with an affinity
for nucleic acids, preferentially RNA hairpins 3''. Integrator subunits also play
unique pathophysiological roles in metazoans, ranging from hematopoietic
development to carcinomatosis %3233 Taken together, it is plausible that specific
Integrator subunits are recruited to snRNA genes by different transcription factors,
for example, CDK9 %39 with the whole complex assembling when the 3’ end
processing signal is reached. For instance, SPT6, a histone chaperone and a key
elongation factor for transcription of human protein-coding genes 634319 s present

on snRNA genes and is required for IntS3 recruitment to snRNA genes 3%°,
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Figure 1.8 CDKs mediate the expression of snRNA genes through CTD
phosphorylation

CDK7 phosphorylates Ser5 and Ser7 of the CTD after transcription initiation. RPAP2
binds to pSer7 and dephosphorylates pSer5. Additionally, RPAP2 associates with
non-catalytic subunits of the Integrator complex. CDK9 phosphorylates CTD Ser2.
Upon the recognition of the 3’ box, the presence of pSer7 and an adjacent pSer2
facilitates the recruitment of IntS9/11, the endonuclease module.
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1.7.3.2 Potential Roles of tCDK in snRNA Gene Expression

Transcriptional CDKs (tCDKs) may also play a role in recruiting Integrator subunits
and other transcriptional factors to facilitate snRNA expression. For example,
CDK12 was recently shown to be present on all snRNA genes 3%, and its regulatory
cyclin, Cyclin K, was significantly enriched at the 3’ box of U2 snRNA genes.
Additionally, PTFa (alternatively SNAP190 or SNAPC4) was found to have
significantly decreased phosphorylation upon inhibition of CDK12 and CDK13
together 7°. CDK12 or CDK13 knockdown also affects snRNA gene expression .

While the roles of many tCDKs in snRNA gene expression remain unclear, these
kinases may play a role through CTD phosphorylation, similar to CDK7 and CDK9.
CDK8 is known to phosphorylate Ser5 32", while CDK10 and CDK11 can
phosphorylate Ser2 72322, Both CDK12 and CDK13 are capable of phosphorylating
Ser2 and Ser5 77:80:323.324 . Additionally, the roles of CDK9 on snRNA gene expression
may extend beyond Ser2 phosphorylation as CDK9 is known to target Thr4 ', Ser5

87 and Ser7 %* residues of the CTD.

1.7.4 snRNA transcription termination

Similar to protein-coding genes, the processing of snRNA gene transcripts is
generally believed to be coupled with transcription termination *?°., Termination is
highly dependent on the recruitment and activity of the Integrator complex, as
evidenced by the termination defects caused upon the loss of IntS11 and IntS9 3%,
Interestingly, recent studies suggest that snRNA termination can occur

independently of the RNA cleavage by the Integrator complex, indicating the
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existence of an alternative or complementary mechanism 3%, In human U1 and U2
snRNA genes, Pol Il travels approximately 600 nucleotides past the 3’ box, where it
supposedly encounters nucleosomes and, in response, terminates transcription
825327 Nucleosome repositioning and open-state chromatin are required for Pol Il
accessibility during transcription 3%, Indeed, it has been demonstrated that the PTF
complex maintains a constitutionally open chromatin state across the U2 snRNA
gene during interphase to facilitate gene expression 325%2°, NELF is recruited and
accumulates at the end of the nucleosome-free region, approximately 800bp
downstream of the transcription start site, where it plays a role in termination 3,
Importantly, this position is very close to the CTCF binding site 3*°. CTCF is a versatile
protein which plays a role in enhancer-blocking insulation to prevent unwanted
promoter-enhancer interactions 3*'. CTCF binding also plays a role in nucleosome
repositioning *¥2 and can cause Pol Il pausing ***. However, CTCF does not function
as an enhancer-blocking insulator on snRNA genes as it is recruited at the 3’ end of
the gene 3%, Instead, CTCF recruits SPT5, the large subunit of DSIF *4, CDK9, which
is required for 3’ end processing 3% and NELF, an essential termination factor®®,
thereby coupling 3’ end processing to termination *°. The current model for human
snRNA transcription proposes a “late” elongation checkpoint, where CTCF binds to
its binding site downstream of the 3’ box, repositions nucleosomes to slow down
Pol Il, then may recruit CDK9 for 3’ processing, and NELF and DSIF for transcription
termination.

Despite the orthologous relationship between yeast and human snRNA genes and
the similarities in termination mechanisms of protein-coding genes in both species,

the termination of transcription of yeast snRNA genes follows a different pathway,

49



which requires the recruitment of Nrd1, Nab3, and Sen1 proteins 3. Nrd1 is a CTD
interaction and RNA-binding protein, which binds to Ser5P at the 5’ end of the gene
337-33% Nrd1 also interacts with Nab3, an RNA-binding protein and Sen1, a helicase
proposed to disrupt the elongation complex. This termination complex is also
associated with the exosome complex through interactions of Nrd1, facilitating 3’
end processing *°, Termination of transcription of human snRNA is more similar to
the process in human protein-coding genes than in yeast snRNA genes. As RNA
processingis coupled to termination, protein-coding 3’ end processing factors such
as PCF11, SSU72 and CstF are also found on human snRNA genes. However, they
function as termination factors %2°. SCAF4, the human ortholog of Nrd1, is an
antitermination factor on protein-coding genes '°. There is no known human
ortholog of Nab3, and Senataxin, the human ortholog of Sen1, plays a role in R-
loops resolution and protein-coding termination 34'*42 but its knockdown does not

affect snRNA gene transcription®?,

1.7.5 Overlap of regulatory factors in protein-coding and snRNA

genes: distinct functional roles

Several transcription factors are shared between protein-coding genes and Pol II-
transcribed snRNA genes, although some exhibit distinct functions depending on
the gene type. Advances in identifying novel and shared factors have enhanced our
understanding of transcriptional regulation across both gene types. Nevertheless,
many questions persist. For instance, transcription factors whose activity is at the

5' end or gene body of protein-coding genes, such as CTCF, are often involved in
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processes at the 3' end of snRNA genes 33235, Could this be because snRNA genes
are shortandintronless? Moreover, do shRNA gene-specific factors, such asthe PTF
complex and ICE1 and ICE2 of the LEC complex, contribute to the obligate coupling
between the snRNA promoter and the 3’ box? Beyond RPAP2 recruitment, the
mechanisms by which other non-catalytic Integrator subunits are recruited remain
unknown. Furthermore, could other tCDKs, in addition to CDK7 and CDK9, play

roles in snRNA expression?

1.7.5.1 How does obligate coupling of an shRNA promoter to 3’ box function

work?

Transcription and RNA 3’ end processing are tightly coupled during the expression
of protein-coding and snRNA genes %43, The RNA cleavage of the transcript of both
genes involves the activity of the respective homologous endonucleases, CPSF73
for protein-coding genes and IntS11 for snRNA gene transcripts *4. However,
different mechanisms are required for 3’ end processing and formation of the
cleavage machinery. In both cases, this process requires Pol ll. As earlier described
(1.4.3), on protein-coding genes, the CPSF complex binds to the Poly (A) site, and
the interaction of CstF with the DSE stimulates the endonuclease activity of CPSF73
to cleave nascent mRNA just downstream of the poly (A) signal 3% (Fig. 1.9). The
activity of Polll is required for this process to occur as these complexes interact with
the CTD, and the truncation of Pol Il CTD leads to an mRNA processing defect 343347,
Also, the CPSF complexis recruited earlier in transcription by TFIID, and it docks on
phosphorylated Pol Il at the start of elongation 3*, essentially travelling with Pol I

until the requirement for nascent mRNA cleavage. Similarly, Pol Il acts as a 3’ end
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processing co-factor during the expression of snRNA genes by promoting the
recruitment of the Integrator cleavage module through the interaction with its

phosphorylated Ser 2 and an adjacent Ser7 *¢ (Fig. 1.9).

Protein-coding gene

nascent mMRNA CTD

cleavage site

snRNA gene

pre snRNA
3

Integrator

Figure 1.9 Pol Il couples transcription and 3’ end processing in protein-coding
and snRNA genes

Schematic illustration of the involvement of Pol Il in coupling transcription to 3’ end
processing during expression of protein-coding and snRNA genes. CPSF and CstF
interact with Pol Il, and upon their association with their respective cis-elements
and recruitment of other cleavage factors, pre-mRNA cleavage occurs. Similarly, Pol
Il CTD is phosphorylated at Ser2 and Ser7 to recruit the cleavage module of the
Integrator complex to snRNA genes.

Similar to how CPSF travels with Pol Il along the protein-coding gene and how non-
catalytic Integrator subunits are recruited early in the expression of shRNA genes
99348 the factor which controls snRNA promoter and 3’ box coupling likely interacts
with and/or regulates the Pol Il CTD. This coupling conundrum can be likened to a

navigational system, where the PSE initiates transcription and tells Pol Il when to
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terminate transcription while also informing the transcriptional complex of
regulatory checkpoints such as the 3’ box. The 3’ box serves as a critical checkpoint
to avoid transcriptional readthrough, analogous to a traffic light signalling a car to
stop. However, other factors (i.e. inhibition of CDK9 %:3%) can also contribute to
similar transcriptional outcomes. To better understand why the recognition of this
checkpoint fails, it is essential to study the factors that regulate Pol ll, particularly at

this ‘traffic light’ point of misregulation —the 3’ end of the gene.

1.8 Project aims

This project aims to identify the factors involved in the transcription of sSnRNA genes
and the processing of the transcripts to identify the specific mechanisms regulating
the expression of these genes. This work uses the RNU2 gene in the Human
Embryonic Kidney (HEK) 293 cell line as the model gene for Pol lI-transcribed snRNA
gene expression, as the RNU2 genes are tandemly repeated approximately 15 times
in the haploid human genome 2'%%°  and the U2 locus is likely triploid in HEK293
cells %°.

Chapter 2 lists the materials and methods employed in this study.

Chapter 3 focuses on elucidating the roles of transcriptional CDKs in the
recognition of the 3’ box and snRNA 3’ end processing.

Chapter 4 investigates the involvement of tCDKs in Pol Il CTD phosphorylation.
Chapter 5 explores the mechanisms by which redundant CDKs may regulate 3’ box
recognition by identifying novel factors potentially involved in snRNA gene

expression.
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Chapter 6 summarises the findings from the previous chapters, highlights models
by which potential new factors are involved in snRNA 3’ end processing and

discusses future work needed to test these models.
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Chapter 2 | Materials and Methods

2.1 Cell culture

Human Embryonic Kidney (HEK) 293 were cultured at 37°C and 5% CO.in Gibco
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% heat-
inactivated Foetal Bovine Serum (FBS) (Sigma Aldrich, F9665), 2mM L-Glutamine
(Gibco, 25030024) and 100U/ mL Penicillin streptomycin (Gibco, 15140122).
HEK293 is the parental cell line for all analog-sensitive (AS) and degron-tagged
(dTAG) cell lines that were created. Thus, AS and dTAG cell lines were cultured
accordingly. Cells were passaged every three days at approximately 80% confluency
using PBS containing 1 mM EDTA. All cell culture was performed in a Class Il laminar

flow hood.

2.1.1 Cell line storage

Cells were grown to 80% confluency in a T-75 flask and resuspended in 1 ml 100%
FBS; 900 pl of this was added to 100 ul DMSO (Merck, D8418) in a cryogenic vial

(Starlab, E3090-6222) and stored at -70°C.

2.2 Transfection into HEK293 or AS cells

Transfection was performed using jetPRIME reagent (Polyplus) according to the
manufacturer’s instructions. Cells were seeded in a 6-well plate and grown

overnight to approximately 70% confluency. Subsequently, 2 ug of plasmid DNAwas

55



diluted in 200 pl jetPRIME buffer, jetPRIME reagent was added, and the mix was

incubated at room temperature (RT) for 10 minutes and added to cells.

2.3 alamarBlue HS Cell Viability Assay

Cells were grown to approximately 80% confluency and seeded into 95 ul of 250
cells perwellin a clear-bottom 96-well plate (Greiner Bio-one, 655090). The top row
of the 96-well plate contained media only to assess the background signal of the
assay. Cell proliferation was read every 12h or 24h by adding 5 yl alamarBlue HS cell
viability reagent (ThermoFisher, A50101). Fluorescence was measured with a 560
nm excitation and 590 nm emission wavelength, respectively, and reading was

taken after 1 hour using a fluorimeter, according to the manufacturer’s instructions.

2.4 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

2.4.1 Western blot

SDS-PAGE gels were prepared according to the molecular weight of the protein of
interest. Table 2.1 details the composition of one 5% gel castin a 1.5mm plate. The
formulation for different % gels can be adjusted accordingly. Cells were harvested
in media and centrifuged at 13,000 x g for 2 min at RT. The pellet was lysed in
Laemmli buffer containing 100 mM Dithiothreitol (DTT). Samples were then
sonicated using QSonica Thermocube Q800R (QSONICA) at 100% Amplitude, with
a cycle of 2 min on and 2 min off. After sonication, samples were heated at 95°C for
5 minutes to denature proteins. Gels were run in 1x SDS-running buffer (250 mM Tris,

1.9 M Glycine, 34 mM SDS) at 100V at 4°C.
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Table 2.1 SDS protein gels components for 5% gel

Reagent Resolving gel Stacking gel

30% Acrylamide (Avantor, J61505.K2)({1.6 ml 0.9 ml

Distilled H,O 5.7 ml 3.6 ml

Resolving or stacking buffer 2.7 ml resolving1.5 ml stacking buffer
buffer

25% Ammonium persulphate (APS)40 pl 20 ul

(Sigma, A3678)

TEMED (Merck, T9281) 8 ul 15 pl

Proteins were transferred to the nitrocellulose membrane (ThermoFisher, 88018)
using the wet transfer method. The gel was transferred with a wet transfer buffer
containing ethanol. The membranes were then blocked using 2.0% Bovine Serum
Albumin (BSA) in Tris Buffered Saline containing 0.1% Tween-20 (TBS-T) for 30
minutes and incubated with primary antibodies diluted in 2.5% BSA in TBS-T
overnight at 4°C. Membranes were washed three times, 5 minutes each, with TBS-T
at RT and incubated with HRP conjugated secondary antibody diluted in 1% BSA in
TBS-T at RT for an hour. Following antibody incubations, membranes were washed
twice, for 5 minutes each, with TBS-T and once for 10 minutes with TBS. The protein
bands were then detected using ECL chemiluminescent reagent (ThermoFisher),
according to manufacturers’ instructions and visualised using the iBright FL1000

imaging system (ThermoFisher).
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2.5 Chromatin Immunoprecipitation (ChlIP)

2.5.1 Crosslinking

Cells were seeded on 15 cm dishes and grown to 80% confluency overnight. Cells
were then treated with the respective drug/vehicle and subsequently crosslinked
with 1% formaldehyde (F8775, Sigma) for 10 minutes at RT. Glycine was added to a
final concentration of 125 mM and incubated for 5 minutes at RT to quench

formaldehyde activity.

2.5.2 Cell lysis and sonication

Cells were washed twice with 10 ml of cold PBS, centrifuged at 500 x g and
resuspended in 2 ml Lysis buffer (10 mM Tris-HCl pH 8.0, 0.25% Triton X-100, 10 mM
EDTA, and 1% SDS) prepared with protease and phosphatase inhibitors (cOmplete,
EDTA-free Protease Inhibitor Cocktail, Sigma and PhosSTOP, Roche, respectively),
which were added freshly to all buffers whenever required throughout the ChIP
protocol. For ChlP-sequencing (seq), 10% crosslinked SNH mouse cells were added
for spike-in. Cells were incubated with lysis buffer on ice for 10 minutes, splitinto 2
x ml samples and centrifuged at 1500 x g, 4°C for 5 minutes, and the 2 ml was split
into 2 x 1 mlsamples. Cells were then resuspended in Tmlwash buffer (0.2 M NaCl,
10 mM Tris-HCL, and 1 mM EDTA) each and centrifuged at 1500 x g, 4°C for 5 minutes.
Cell pellet was resuspended in 300 ul sonication buffer (100 mM NaCl, 10mM Tris-
HCl pH 8.0, TmM EDTA, 0.1% SDS, and prepared with fresh protease and

phosphatase inhibitors), transferred into sonication tubes (Diagenode, C30010016)
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and chromatin was sheared to approximately 250bp using Bioruptor Pico sonication

device (Diagenode, B0O1080010) or QSonica Thermocube Q800R.

2.5.3 Immunoprecipitation (IP)

The sheared chromatin was centrifuged at 20 000 x g for 20 minutes, and the
supernatant of the 2 x 300 uyl samples was combined and transferred into DNA
LoBind tubes (Fisher Scientific, 10051232). Samples were subsequently quantified,
and 100 pg per IP was precleared using 20 ul of Dynabeads G (Life Technologies,
10004D) washed in 200 pl of RIPA buffer (10mM Tris-HCL pH 8.0, 150 mM NaCl, 1
mM EDTA, 0.1% SDS, 1% Triton X-100, 0.1% Sodium deoxycholate, and prepared
with fresh protease and phosphatase inhibitors) and rotated at 16 rpm, 4°C for 30
minutes. Precleared samples were incubated with antibodies/ IgG and rotated at 16
rpm, 4°C overnight. For ChlP-seq, 7 Ips were performed per condition. Another 20 pl
of Dynabeads G per IP was washed in 200 ul ChIP buffer, saturated with 4 mg/ml
BSA in 100 pl of RIPA buffer, and rotated at 16 rpm, 4°C overnight. The blocking
solution was subsequently removed from beads and washed twice in lysis buffer
(prepared with protease and phosphatase inhibitors) using a DynaMag magnetic
rack (ThermoFisher, 12321D). Sonicated extracts were then incubated with blocked
beads and rotated at 16 rpm, 4°C for an hour. Following this, IgG supernatant was
saved as totalinputand stored onice, and both IgG and antibody-bound beads were
washed three times with 300 ul of pre-chilled RIPA buffer, three times with pre-
chilled high-salt wash buffer (10mM Tris-HCLl pH 8.0, 500 mM NaCl, 1 mM EDTA,

0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate), two times with 200 pl of
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prechilled LiCl buffer (10mM Tris-HCL pH 8.0, 250 mM LiCl, TmM EDTA, 1% NP-40,
1% Sodium deoxycholate) and two times with 600ul of pre-chilled TE buffer (10mM
Tris-HCLl pH 7.5, 1TmM EDTA). IP samples were then resuspended in 50 pl of elution
buffer (100 MM NaHCO3, 1% SDS, and prepared with freshly added 10 mM DTT) and
mixed at 1400 rpm, RT for 15 minutes on Eppendorf Thermomixer (Merck,
EP5387000030). The elution process was repeated once, and eluates were

combined. The total input was also diluted 1:10 in the elution buffer.

2.5.4 Decrosslinking and DNA Purification

All samples were treated with 1ul of 10 mg/ml RNase A (ThermoFisher, EN0531),
200mM NaCl and were incubated for 5 hours before chromatin was precipitated
using Ethanol. Samples were centrifuged for 20 min at 20 000g, 4°C, and the pellet
was dissolved in 100 pl of TE buffer. Proteins were degraded by treating the sample
with 1.5 pyl Proteinase K (ThermoFisher, 53155) in 25ul of 5X Proteinase K buffer (50
mM Tris-HCLl pH 7.5, 25 mM EDTA, 1.25% SDS) for 2 hours. DNA was purified using
QIAQuick PCR purification Kit-250 (Qiagen, 28106) according to the manufacturer’s
instructions and eluted in 50 pl. For ChlP-Seq, a single column was repeatedly used

during the elution stage.

2.5.5 DNA shearing assessment

Following DNA purification, 2 ul of the purified sample was diluted in 10X orange
DNA loading dye, and the size of the DNA fragment was visualised on a 2% agarose

gel.
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2.5.6 ChIP-gPCR

A serial dilution of the 1/10 input was performed to generate the following
concentrations: 1:5, 1:25, 1:125 and 1:625. A master mix comprising of 1ul ChIP
sample or input dilution,1ul primer mix (5% left primer, 5% right primer and 95%
buffer), 3 pl nuclease-free water (Life Technologies, AM9937) and 5ul SYBR Green
(Qiagen, 204145) was run on in triplicates on the Rotor-Gene Q Thermocycler
(Qiagen, 9001862) with a thermal cycling protocol of 15 minutes at 95°C, 40 cycles
of 15 seconds at 94°C, 15 seconds at 57°C, 15 seconds at 72°C and 10 minutes melt
curve from 50°C to 99°C. A standard curve was generated using serial dilutions
quantitation on the Qiagen Rotor-Gene Q software (Qiagen, version 2.3.1.49). The
quantitation data was analysed relative to input dilutions, and IgG levels were

subtracted during analysis.

2.5.7 ChIP-Seq

2.5.7.1 Library preparation

DNA was converted into libraries for next-generation sequencing using the NEBNext
Ultra™ Il DNA Library Prep Kit (NEB, E7645S/E7103S) and was performed according
to the manufacturer’s instructions. Notably, 500 pg of fragment DNA was used as
starting material for end repair and less than 5ng of input was used for adaptor
ligation. SPRIselect beads (Fisher Scientific, 15676104) were used for the cleanup
of adaptor ligation, and the thermal cycling protocol for adaptor amplification was
as follows: 1 cycle at 98°C for 30 seconds, 11 cycles of 98°C for 10 seconds and 65°C

for 75 seconds and 1 cycle of 65°C for 5 minutes. PCR reaction cleanup was
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performed twice, and the library fragment (approximately 400bp) was visualised
using the TapeStation system (Agilent, G2991BA). Sample DNA concentrations were
quantified using Qubit HS DNA assay, pooled, and sent for partial lane sequencing
with 200G raw data per sample at Novogene.

Table 2.2 Primer sequence for ChIP-qPCR

Region |Forward sequence Reverse sequence

Negative GGAGCGGAGCGTTCTCTGTCTCCCCAGAGTGTGAGCCCTCATTCACGCCC

DSE TGGCTCGATACGAACAAGGAAG GTTCCCGGGCTTTCATTTCG

upPSE |GGGAACGCCGAAGAAGCACGGG |CCCCAGCCTCGCTCCTTGCCC

PSE ATGAGAGTGGGACGGTGA CACTTGATCTTAGCCAAAAGG

3’Box |ACGAGTCCTGTGACGCGCCGGCTTGCTCCGGGTGGGTCCCATTCCTTTAA

CT-rich |CCTCCCCGCCTCTCCCTCGCTC GGACAAATAGCCAACGCATGCGG

2.5.7.3 Bioinformatic analysis

*This subsection (2.5.7.3) was written in collaboration with Dr Henfrey, whose work
on this project is acknowledged with thanks*

Dr. Callum Henfrey, a postdoc and bioinformatician in the lab, performed
bioinformatic analysis. The datasets were downloaded in fastq.gz format from
Novogene, and read quality metrics were assessed using FASTQC (version 0.12.1)
31, Adapters were trimmed with CUTADAPT (version 1.18) in paired-end mode with
the following options: -minimum-length 10 -qg 15,10 - 16 -A
GATCGTCGGACTGTAGAACTCTGAAC -a
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC. Alignment of trimmed reads to
the human genome (hg38), using the Gencode V44 annotation, was performed with
STAR version 2.7.8a with the parameters runThreadN 16 --readFilesCommand
gunzip -c¢ -k --limitBAMsortRAM 20000000000 --outSAMtype BAM

SortedByCoordinate. SAMTOOLS was used to retain the properly paired and
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mapped reads (-f 3) and to remove PCR duplicates for paired-end sequencing.
Reads mapping to the DAC Exclusion List Regions (accession: ENCSR636HFF) were
removed with BEDTOOLS version 2.29.2 %2, Read counts were scaled to the SNH
spike-in by normalising all files using the number of reads mapping to the Mus
musculus genome. FPKM-normalized bigwig files were created with DEEPTOOLS2
bamCoverage tool with the parameters -bs 10 -p max —e —normalize using RPKM.
Bigwig files were used to generate read matrices using the DEEPTOOLS2 compute
matrix function, set to scale-regions mode, splitting each gene body into 400 bins
with 2.5kb upstream of the TSS and 2.5kb downstream of the TES. Reads were
separately mapped to the RNU2 gene and normalised for library size to determine

U2 metagene profiles.

2.6 RNA extraction

Cells were seeded on 15 cm dishes and grown to 70% confluency overnight. Cells
were then treated with the respective drug or vehicle, harvested and centrifuged at
20 000 x g for 5 minutes. The cell pellet was resuspended in 100 ul RNA lysis buffer
(140 mM NaCl, 1.5 mM MgCl,, 10mM Tris-HCLl pH 7.5, 0.5% v/v NP-40) and 100 pl of
2X HSB buffer (280 mM NaCl, 10mM KCl, 1.5 mM Na,HPO4, 12 mM Glucose, 50mM
HEPES pH 7.05) was added. Samples were treated with 5 units of DNase | (NEB,
MO0303S) and incubated at 30°C for 5 minutes, after which Proteinase K mix (0.4
mg/ml Proteinase K, 0.6% SDS) was added, and samples were incubated at 37°C for
30 minutes. Following DNase and Proteinase K treatment, 30 ul of 4AM ammonium

acetate and an equal volume of Phenol: chloroform pH 4.5 (ThermoFisher, AM9722)
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were added, and samples were vortexed and centrifuged at 20 000 x g for 10
minutes. The RNA in the aqueous phase (top layer) was precipitated using ethanol,
and samples were centrifuged at 20,000 x g for 10 minutes. The pellet was
resuspended in 100 pyl DNase buffer (10mM Tris-HCLl pH 7.5, 10mM MgCl,) and
treated with 10 units of DNase | at 37°C for an hour. Following this, 10ul 3M NaOAc
and an equal volume of Phenol: chloroform pH 4.5 were added to the samples, and

RNA was precipitated in ethanol and stored at -20°C.

2.7 First-strand complementary DNA (cDNA) synthesis

Ethanol-precipitated RNA was centrifuged at 20,000 x g at 4°C for 20 minutes, and
the pellet was resuspended in 50 pl nuclease-free water. Following this, 1ug of RNA
per condition was diluted in 14.75 of water, and 2ul Primer mix (1 ul 10mM dNTPs;, 1
MM 100 uM reverse gene-specific primer) was added to the sample. Samples were
subsequently incubated at 65°C on a PCR thermocycler, and 8.25 pul of superscript
mix (5ul 5 X FS buffer, 1.25 pul 0.1M DTT, 1l Superscript lll, 1 ul RNase out) was
added. Samples were vortexed, pulse-centrifuged, and run in a thermocycler with
the protocol: 55°C for an hour, 70°C for 55 minutes and 4°C for 5 minutes. cDNA

samples were subsequently stored at -20°C.

2.8 Reverse transcription qPCR (RT-qPCR)

cDNA samples were diluted in equal volume of nuclease-free water. A master mix

comprising of Tul cDNA sample, 1yl primer mix, 3 pl nuclease-free water (and 5ul
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SYBR Green was run in triplicates on the Rotor-Gene Q Thermocycler (Qiagen,
9001862) with the thermal cycling protocol of 15 minutes at 95°C, 40 cycles of 15
seconds at 94°C, 15 seconds at 57°C, 15 seconds at 72°C and 10 minutes melt curve
from 50°C to 99°C. Average CT values from housekeeping samples are then
deducted from experimental sample CT values before CT values in the gene-
specific primer are normalised to their respective control. The fold change in
expression is then derived by the formula 2 - ¢"vave  where CT value has been
normalised to control and housekeeping gene.

Table 2.3 Primer sequence for RT-qPCR

Name Forward sequence Reverse sequence

Pre snRNA ATCTGATACGTCCTCTATCCGA(GAAACACGTTGTATCCCCGG

Readthrough snRNAAGAGGGAGGTAAGAGACGGT |[CCTTCCCAAAGCGCAGTAG

7SK snRNA CTGATCTGGCTGGCTAGGCGG |GAAGACCGGTCCTCCTCTATCG
G G

2.9 Cell lines creation

2.9.1 Analog-sensitive cells (AS)

*This subsection (2.9.1) was written in collaboration with the Genome Engineering
Oxford (GEO) facility, whose work on this project is acknowledged with thanks*

Professor Murphy created the CDK12AS cells, as described in Tellier et al. 7. GEO
and Professor Murphy collaborated on the CDK13AS and CDK12/13AS cell lines.
The CDK12 (accession: NM_016507) mutation was performed using CRISPR-
Cas12, while the CDK13 (accession: NM_003718.5) mutation was performed using
the CRISPR-Cas9 system. The guide and HDR template sequences can be found in

Table 2.4.
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2.9.1.1 Guide RNA complex

Cas9 guide RNA complexes were formed by mixing the crRNA and tracrRNA (IDT) at
afinal concentration of 100 uMin IDT Duplex Buffer (30 mM HEPES, pH 7.5, 100 mM
potassium acetate), heating the mixture to 95 °C, and slowly cooling it to room

temperature.

2.9.1.2 RNP formation

For Cas9 RNP formation, 5 ug Cas9 HiFi protein (IDT) was mixed with 0.5 pl
guide RNA complexes from the previous step in a total volume of 2 ul IDT Duplex
Buffer and incubated at 37°C for 5 minutes. For Cas12a RNP formation, 2 ug Cas12a
ULTRA protein (IDT) was mixed with 15 pmol of each crRNA in a total volume of 2 pl
IDTE Buffer (IDT, 11-05-01-04), resuspended 5 times and incubated at 37°C for 5

minutes. Resulting RNP mixes were added directly to cells before nucleofection.

2.9.1.3 RNP nucleofection

Cells were washed twice with PBS, resuspended in 8 pl buffer R and mixed with 2 pl
RNP solution from the previous step, 2 ul of a 2.16 uM Alt-R Cas12a electroporation
enhancer (IDT, 1076300), diluted in IDTE buffer, and 125 pmol ssODN homology-
directed repair (HDR) template. This mixture was resuspended five times ina 10 pl
Neon nucleofector tip and nucleofected with the Neon Transfection System using
the following settings: 1700V, 20 ms, 1 pulse (program “J”) or 1325V, 10 ms, 3 pulses

(program “J2”). Upon nucleofection, cells were transferred directly into a single well
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of a 24-well plate containing 500 pl pre-warmed complete DMEM and recovered
overnight in a humidified incubator at 37°C, 5% CO,. Media was replaced the
following morning, and cells were cultured to 70-80% confluency and genotyped
using PCR and Sanger sequencing of the target amplicon. The gDNA and cDNA were
prepared as described in Tellier et al. 7. CDK12 fragment was amplified using
GGTGGCAGAGTGAGAGTCTG forward primer and CCTTCCATTAGCTGTTTCATGAA
backward primer. CDK13 fragment was amplified using
GAAGGTACTTACGGACAAGTTTA forward primer and CCAAGGATACAGCCACAGCTC

reverse primer.

Table 2.4 Guide and HDR template sequences used for AS cell creation

Name Sequence (5°-3’)

CDK12 guide 1 |AGTATATGGACCATGACTT
CDK12 guide 2 |CCTTGTATTTGAGTATATA
CDK13 guide 1 [TTATCTGGTGTTTGAATATA

CDK13 guide 2 |CCAGTAGTCCCATCAGATCA
CDK12 HDR T*T*AATTTTTTTTCGTCTTTATGTAGGTGCCTTTTACCTTGTAGGCGAGT

template ATATGGACCATGACTTAATGGGACTGCTAGAATCTGGTT*T*G
CDK13 HDR A*A*TGTATTAATTATTCTCATTCTTAGGTGCATTTTATCTGGTGGGCGA
template ATATATGGACCATGATCTGATGGGACTACTGGAATCAGGC*T*T

2.9.2 Degron-tagged cells

STP6 (accession: NM_001320755.2), ICE2 (accession: NM_024611.6) and IntS3
(accession: NM_001324475.2) HDR template containing degradation, SMASH and
3X FLAG tags were designed by Gilbert Ansa (a DPhil student in the Murphy lab) and

constructed by Prof. Murphy (Table 2.5, Figure 2.1) and cloned into the mammalian
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expression vector pCDNAG/TR, which carries a blasticidin resistance gene. The
SPT6 HDR template was transfected into HEK293 cells along with pX462, which
carries a puromycin resistance gene, expressing dCas9 and gRNAs (Table 2.5).
Transfected cells were seeded on 96-well plates with DMEM supplemented with
20% FBS, 2mM L-Glutamine and 100U/ mL Penicillin and selected using Blasticidin
S and Puromycin antibiotics. Cells were subsequently grown until visible colonies
were formed. Mrs Barker and | screened and validated the engineered cells using
western blotting to identify homozygous clones. A list of HDR templates and guide

RNA sequences used can be found in Table 2.5

Homolqu arm Homology arm
corresponding to -1Kb corresponding to +1Kb
(upstream TSS) 1SS (downstream TSS)
_}
il il F )
e 3XFLAGH dTAG  BxTEN§ i )
+1

restriction sites

Figure 2.1 Schematic representation of the dTAG, 3x FLAG and XTEN linker
relative to the transcription start site (TSS) of the construct in pCDNAG6/TR that
was transfected. The figure illustrates the transfected construct in pCDANG6/TR and
highlights the positions of the tags, XTEN linker, restriction sites on the HDR
template, and homology arms corresponding to the sequences (1kb) upstream or
downstream from the transcription start site of the gene of interest.

Table 2.5 HDR templates and guide RNA sequences for degron cell lines.
Abbreviations: UPF: upstream forward; UPR: Upstream reverse; DNF:
downstream forward; DNR: downstream reverse

HDR template
Name Forward Reverse
SPT6 GTACGGTACCTGTAATCCCAGCA [TAGTCCATGGCTGCAGCTTCTCACT
upstream |C C
CTTGGGAG TGCC
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SPT6 GATCGGATCCTCTGATTTTGTGGA GATCGCGGCCGCGAAGTCATTTCG
downstream [AAGCGAGGC TGGTTCTACTC
IntS3 GTACGGTACC TAGTCCATGGCTGCAGCCAGGAGC
upstream
IntS3 GATCGGATCCGAGTTGCAGAAGG | GATCGCGGCCGCGTTGGCCAGGA
downstream |GAAAAGGGG TGGTCTCGATCTC
ICE2 GTACGGTACCGAAAGGCCTAAGA TAGTCCATGGTCCTAGATTTCTGCTT
upstream  [TTCCTGATATC CACTCTAGC
ICE2 GATCGGATCCAGCTCCAAGATGG GATCGCGGCCGCCCTTGGCTGGC
downstream TCATAAGTG TTAGTAAATGTG
Guides
SPT6 Guide 1 CACCGATACAATGATGAAGGCGAGG
upstream Guide 2 AAACCCTCGCCTTCATCATTGTATC
SPT6 Guide 1 CACCGACAAATTTCTTGGTGACTCG
downstream |Guide 2 AAACCGAGTCACCAAGAAATTTGTC
IntS3 Guide 1 CACCGCCGGCTCCTGGCTGCAGCCA
upstream Guide 2 AAACTGGCTGCAGCCAGGAGCCGGC
IntS3 Guide 3 CACCGCCATGGCTGCAGCCAGGAGC
downstream |Guide 4 AAACGCTCCTGGCTGCAGCCATGGC
ICE2 Guide 1 CACCGCTAGAGTGAAGCAGAAATCT
upstream Guide 2 AAACAGATTTCTGCTTCACTCTAGC
ICE2 Guide 3 CACCGTAGGAAGATGAGCTCCAAGA
downstream |Guide 4 AAACTCTTGGAGCTCATCTTCCTAC

Table 2.6 List of antibodies used for ChlIP and Western blot (WB) analysis




Antibodies Company Application
Mouse anti-Flag M2 Merck, F3165 WB

Rabbit anti-BRAT1 Abcam, 11657-1-AP ChlIP

Rabbit anti-CDK?9 (D-7) Santa Cruz ChIP

Rabbit anti-Cyclin K Bethyl, A301-939A ChIP

Rabbit anti-ICE2 (NARG2)

Life Technologies, PA598485\WB

Rabbit anti-ICE2 (NARG2)

Life Technologies, BS-5968R WB

Rabbit anti-IntS11

Novus, NB100-6

0638 ChIP, WB

Rabbit anti-IntS3

ProteinTech, 16620-1-AP ChlIP, WB

Rabbit anti-IntS9

ProteinTech, 11657-1-AP ChlIP, WB

Rabbit anti-Nucleolin Abcam, ab305947 WB
Rabbit anti-Oct1 Bethyl, A301-717A WB
Rabbit anti-RNA Pol Il RPB1 NTD Cell signalling, 14948 ChlP, WB
Rabbit anti-RNA Pol Il Phospho Ser2 |Abcam, 5095 ChiIP
Rabbit anti-RNA Pol Il Phospho Ser5 |Abcam, 5131 ChiIP
Rabbit anti-RNA Pol Il Phospho Tyr1 |Active Motif, 61383 ChIP
Rabbit anti-SPT6 Novus, NB100-2582 ChlIP, WB
Rat anti-RNA Pol Il Phospho Ser 7 Merck, 4E12 ChlIP, WB
Rat anti-RNA Pol Il Phospho Ser2 Active Motif, 61083 WB

Rat anti-RNA Pol Il Phospho Serb5 Active Motif, 61085 WB

Table 2.7 List of inhibitors used

Inhibitor Company

1-NA-PP1 Cayman Chemical, 10954,

1-NM-PP1 Cayman Chemical, 13330,

5,6-Dichlorobenzimidazole 1-B-D-ribofuranoside/Sigma Aldrich, D1916,

(DRB)

Calyculin A Cayman Chemical,19246

dTAG-"1 Tocris, 6914

Tautomycetin Tocris Bioscience, 2305

THZ531 MedChemExpress, HY-
103618
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Chapter 3| CDK7, CDK9, CDK12 and CDK13 all
play roles in the expression of human U2 shnRNA
genes.

3.1 Background

Cyclin-dependent kinases (CDKs) have a highly conserved structure, which
presents a significant challenge to studying their function as it is difficult to
specifically inhibit an individual kinase %%'°71%_To counteract specificity issues, |
adopted a chemical biology approach, genetically modifying endogenous CDKs to
make them susceptible to rapid and specific inhibition by ATP analogs '"°. The
gatekeeper residue, a conserved amino acid that controls the capacity of the ATP
binding pocket typically due to its bulky side chains, is mutated to an amino acid
with a smaller side chain, such as glycine or alanine. This enlarges the active site of
the kinase, making it susceptible to competitive bulky ATP-analog inhibitors such as
1-NM-PP1 or 1-NA-PP1 (Fig. 3.1A) """, Due to the specificity of the mutation, this
method of inhibition is highly selective for the kinase of interest %3354, |n addition,
these bulky ATP analogs do not bind covalently to the active site, making the
inhibition reversible. Importantly, the inhibition of the kinase occurs in minutes and
allows the inhibition of the engineered kinases without affecting the protein level of
the kinase in cells.

The first step in developing an analog-sensitive (AS) kinase is identifying the
gatekeeper residue within the kinase domain. The canonical amino acid sequence

of the human CDK of interest can be alighed with kinases with known gatekeeper

71



residue sequences, such as F103 of human CDK9 %%, In most protein kinases, the
gatekeeper residue is preceded by two non-polar, aliphatic amino acids (typically
isoleucine/leucine and valine) and followed by a polar, acidic amino acid, typically
glutamate, and two additional non-polar amino acids *°. The identified residue is
then mutated using CRISPR-mediated homology-directed repair and replaced with
glycine or alanine to enlarge the binding pocket 3%,

This chapter describes the generation and characterisation of analog-sensitive
kinase CDK12AS, CDK13AS and CDK12AS/13AS cell lines using genome
engineering, comparison of their growth relative to the wild=type cell lines, and
establishment of the concentration of the analog, 1-NM-PP1 (NM), required to
inhibit the kinases selectively. This is followed by the determination of the effect of
inhibiting these kinases and the previously engineered CDK7AS ®°and CDK9AS **¢on
the recognition of the U2 snRNA gene 3’ box using a newly developed RT-qPCR

assay.

3.2 Cell line generation

It was previously shown that the inhibition of CDK9 with 5, 6-dichloro-1-B-D-
ribofuranosylbenzimidazole (DRB), a small molecule inhibitor, causes a loss of
recognition of the 3’ box during U2 snRNA gene expression 3%, | sought to
understand the roles of other transcriptional kinases on the 3’ end processing of U2
snRNA transcripts. The Murphy lab has previously developed HEK293 analog-
sensitive cell lines for many transcriptional CDKs, including CDK7AS ¢, CDK9AS 3¢,

and CDK12 77, CDK13, a paralog of CDK12 3%, has also recently been identified as
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an important transcriptional kinase. Therefore, | created analog-sensitive CDK13
and CDK12AS/13AS HEK293 cell lines.

In addition to being paralogs, CDK12 and CDK13 share the same regulatory protein,
cyclin K®'. CDK12 and CDK13 also often share the same targets—for example, Ser2
and Ser5 of RNA Polymerase Il (Pol Il) CTD 758, Therefore, it was important to create
cell lines where treatment with the drug inhibits both kinases. CDK12/13AS
indicates a cell line where the active site of CDK12 was mutated before that of
CDK13. CDK13/12AS indicates a cell line where the active site of CDK13 was
mutated first. | tried both methods of creating a double mutant cell line to ensure
that the order of making the double mutant did not affect the growth of the cell line
or the response to inhibition.

CDK12AS, CDK13AS, CDK12AS/13AS, and CDK13/12AS cell lines were generated in
collaboration with Genome Engineering Oxford (GEO) and Professor Murphy
(Chapter 2.9.1). The CDK12AS cell line was generated before | arrived in the lab. For
the CDK13AS, CDK12AS/CDK13AS, and CDK13/12AS cell lines, the colonies of the
transfected cells were then sorted into single wells, and PCR was used to create
sequencing templates for gDNA, and RT-PCR was used to create sequencing
templates for cDNA to identify mutated cell lines. The PCR products were run on an
agarose gel to check the size, purified, and sequenced to verify the HDR template

insertion at the genomic (gDNA) and mRNA level (cDNA) (Fig. 3.1B).
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CRISPR-Cas9/ Coaé‘IZ mediated HDR mutation
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HEK293 WT cDNA HEK293WT gDNA CDK12AS cDNA CDK12AS gDNA
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Fig.3.1 Creation of analog-sensitive cell lines

A. Schematic showing the CRISPR-Cas9 directed HDR mutation of the gatekeeper
residue in the active site of cyclin-dependent kinases. The gatekeeper residue,
phenylalanine (TTT), is mutated to a smaller amino acid, glycine (GGC), to enlarge
the ATP binding pocket and make it sensitive to bulky non-hydrolysable ATP analogs.
B. Sanger sequencing chromatogram showing the cDNA and gDNA of the CDK12,
CDK13, CDK12/13, and CDK13/12 analog sensitive (AS) cells.

3.3. Cell Viability Assessment

Having confirmed that the selected cells carry the AS mutation, | compared the cell
proliferation and viability of the mutant cell lines to the wild-type parental HEK293
cell lines. Cells were grown to approximately 90% confluency, and 250 cells were

counted and seeded into each well of four 96-well clear bottom plates. The
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proliferation of the cells was measured every 24 hours over four days; each plate

represents a time point (Oh, 24h, 48h and 72h).

The number of viable cells was then detected using the alamarBlue HS cell viability
assay Chapter 3, and the fluorescence of viable cells was measured at an excitation
of 530 nm and emission of 590 nm. To account for background, the fluorescence
read of the media alone and cells untreated with alamarBlue reagent was
subtracted from the final value of the cell count in each well. The average
fluorescence unit of analog-sensitive cells was then compared to HEK293WT cells
(Fig.3.2A). All AS cells initially grew slightly better than or at the same rate as the
wild-type cells, and at 72 hours, the number of viable cells in the AS cell line and
parental cell line was similar, which indicates that the gatekeeper mutation to

create analog-sensitive cells did not negatively affect cell growth and proliferation.
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Fig. 3.2 Analog-sensitive mutation does not affect cell growth.

A.Time course of the growth of AS cells, compared to the wild-type HEK293 parental
cell line. Cell growth was measured using the alamarBlue HS Cell viability assay.
n=6 biological replicates.
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B. Time course of the growth of AS cells compared to the wild-type HEK293 parental
cell line. Respective concentrations of 1-NM-PP1 or DMSO were added at 36 h, as
indicated by a black arrow. Cell growth was measured using the alamarBlue HS Cell
viability assay. n=6 biological replicates. Statistical test = two-tailed unpaired t-test,

* = p <0.05, ** = p<0.01, *** = p <0.001, **** =p <0.0001.

3.3.2 Cell drug treatment

| also sought to determine the optimal concentration of 1-NM-PP1 (NM) for treating
the AS cells using the alamarBlueHS cell viability assay. Similar to the cell viability
assay, 250 cells were seeded into five 96-well clear bottom plates, and cells were
initially measured at 0 and 24 hours. At 36 hours, the remaining three plates were
treated with different concentrations of NM (5 uM, 7.5 uM and 10 pM) or DMSO
(vehicle). The viability of parental and AS cells was then measured immediately after
drug (or vehicle) addition (36 h), 12 hours after drug addition (48h total time), and 36
hours after drug addition (72 h total time). All concentrations affected the growth of
the CDK12AS, CDK13AS, and CDK12/13AS cells. 5.0 uM and 7.5 yM have no
significant effect on the HEK293 parental cell line, in agreement with the same
analysis carried out previously on CDK12AS HEK293 made using ectopic expression
of Cas 9 and guides from plasmids (Tellier, NAR 2020). In line with Tellier et al. 77,

7.5uM was chosen as the concentration for specific inhibition.
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3.4 Establishing a quantitative reverse transcription PCR
(RT-qPCR) assay for U2 pre-snRNA 3’ end formation

An RNase protection assay was previously used to measure the efficiency of 3’ end
formation of U2 pre-snRNA. This technique uses a complementary radiolabelled
RNA probe to hybridise and protect the pre-snRNA and complement from RNase/T1
digestion. The amount of the protected radioactive product of the correct size
allows quantitation of 3’ end formation 303:304.335,

To eliminate the use of radioactivity, Dr Joanna Guiro, a previous DPhil studentin the
lab, and | optimised an RT-qPCR technique to measure pre-snRNA and snRNA
readthrough quantity (Fig. 3.3A). Cells were treated with the respective drug/vehicle,
after which they were harvested and centrifuged. The cell pellet was then lysed and
treated with DNase and proteinase K, and total RNA was extracted using phenol-
chloroform. We initially synthesised the complementary (cDNA) using random
primers. However, despite trying different conditions, the positive controls failed
(data not shown). We therefore designed gene-specific primers to quantitatively
amplify different regions of the U2 snRNA gene transcript. The primers were
designed according to the types of transcripts produced, i.e. pre-snRNA and
readthrough snRNA. gPCR was subsequently used to amplify and analyse the level
of pre-snRNA 3’ end processing. (Fig. 3.3A).

To validate the technique, | inhibited CDK9 by treating CDK9AS cells 3*¢with 15 yM
1-NA-PP1 for 1 hour, as the CDK9 inhibitor DRB has been shown to affect pre-U2
snRNA 3’ end formation in 1 hour 3%. 1-NA-PP1 was used instead of 1-NM-PP1 as
the active site of CDK9AS contains the larger amino acid, alanine. 1-NA-PP1

contains an extra methyl group, which maximises its binding in an active site pocket
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containing alanine **%, and 1-NA-PP1 is effective in inhibiting CDK9AS **¢, Cells were
also treated with DRB as a positive control. The RT-gPCR showed a significant
increase in readthrough snRNA produced when CDKO9AS is inhibited or cells are
treated with DRB (Fig. 3.3B). This agrees with previously published data
demonstrating that CDK9 inhibition causes failure of snRNA 3’ box recognition,
resulting in a lack of nascent snRNA gene transcript cleavage to produce pre-
snRNA. The effect of CDK9 inhibition on pre-snRNA 3’end processing provides a

positive control for future experiments.

3.5 CDK12 and CDK13 are redundant for pre-U2 snRNA 3’
end formation.

As mentioned previously, inhibition of CDK9 has been shown to affect the 3' end
processing of snRNA genes 3%, In addition, Dr Guiro had previously tested the roles
of analog-sensitive transcriptional CDKS in U2 pre-snRNA 3’ end processing and
highlighted the possible roles of CDK12 and CDK13 3%, However, these cell lines
were found to be puromycin-resistant. Therefore, | wanted to test the effect of drug
treatment on the newly-created analog-sensitive CDK12 and CDK13 cell lines to
check the roles of these kinases in snRNA gene expression.

CDK12AS, CDK13AS, CDK12/13AS, and CDK13/12AS cells were treated with 7.5 uyM
1-NM-PP1 for an hour to assess their effect on U2 pre-snRNA 3’ end processing
using RT-gPCR (Fig. 3.3B). Inhibition of CDK12 or CDK13 independently does not
affect the production of pre-snRNAs and does not affect the recognition of the 3’

box. However, inhibiting CDK12 and CDK13 together results in a 9-fold increase in
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the readthrough snRNAs produced, indicating pre-snRNA 3’ end misprocessing.
Drug treatment of either the CDK12/13AS or CDK13/12AS cell line increases the
level of snRNA readthrough, suggesting that the order of kinase mutation to create
the double cell line did not affect the reaction to inhibition (Fig. 3.3B). DRB, a

positive control, causes an approximately 8-fold increase in readthrough (Fig. 3.3B).

Inhibition of both CDK12 and CDK13 causes an increase of pre-snRNA on both
double AS cell lines, although this was not statistically significant for the CDK12/13
cell line. | determined the ratio of readthrough RNA to pre-snRNA produced to
confirm that this increase in readthrough snRNA was not simply a result of pre-
snRNA accumulation. The ratio of readthrough snRNA to pre-snRNA also indicates
a significant increase in readthrough snRNA, consistent with previous results (Fig.
3.3B). This suggests that the observed readthrough is due to snRNA 3’ end

misprocessing and not solely due to increased transcription.
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Figure 3.3. CDK12 and CDK13 are redundant for snRNA 3’ end processing

A. Scheme of the reverse transcription gPCR. Cells are treated for 1 hour and
harvested in media. The cell pellet is then lysed and treated with DNase and
Proteinase K, and total RNA is isolated using phenol-chloroform extraction.
Complementary DNA is synthesised using gene-specific reverse primers, and pre-
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and readthrough snRNA levels are analysed using gPCR. B. Quantification of the
pre-snRNA and readthrough snRNA transcripts produced after treating analog
sensitive CDKs with drug or drug vehicle (DMSO) for an hour. DRB, which inhibits
CDK0, is a positive control for loss of 3’ box function. Transcripts were normalised
to DMSO and the ratio to the transcribed 7SK transcript was determined. n=3
biological repeats. Statistical test = two-tailed unpaired t-test, * = p <0.05, ** =
p<0.01, *** = p <0.001, **** =p <0.0001.

The time course of CDK12AS/13AS inhibition indicates that 30 minutes is sufficient
to affect 3’ box recognition and produce more readthrough snRNA (Fig. 3.3C). | also
inhibited the wild-type parental cell line, Human Embryonic Kidney (HEK)-293 cells,
with a range of concentrations of the well-known CDK12 and CDK13 inhibitor,
THZ531, for 1 hour (Fig. 3.3C). Treating cells with 500nM and 1uM of THZ531 causes
a 4-fold and 13-fold increase in readthrough snRNA transcripts, respectively. This
further confirms the finding that although inhibiting CDK12 and CDK13
independently does not affect 3’ box recognition, inhibiting both kinases leads to a
defect in pre-U2 snRNA 3’ end processing. Thus, either activity is sufficient for
efficient 3’ end formation of pre-U2 snRNA, indicating that CDK12 and CDK13 are

functionally redundant in this process.

3.6 Effect of CDK7 inhibition on U2 snRNA 3’end formation

CDK7 phosphorylates Ser7 of the Pol [l CTD, and CTD Ser7P plays a role in shRNA
expression as it may help to recruit the integrator cleavage module (IntS9/11), which
consequently causes cleavage of the nascent snRNA just upstream from the 3’ box

9.100 Prior to my arrival at the lab, Prof. Murphy and Dr Ivan Ferrer-Vicens generated
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and characterised a CDK7 analog-sensitive cell line ®. | inhibited CDK7AS cells with
7.5 UM NM to investigate the role of CDK7 in U2 pre-snRNA 3’ end processing (Fig.
3.3D). Initial analysis of the RT-qPCR indicates that inhibition of CDK7 does not
cause an increase in readthrough snRNA (Fig. 3.3D). However, a significant
decrease in the levels of pre-snRNA is observed. A reduction of pre-snRNA levels is
likely to mean lower transcription levels, and this is also observed on protein-coding
genes when CDK7 is inhibited . When | deteremined the ratio of readthrough
snRNA to pre-snRNA, there is an approximately 4-fold increase in the level of
readthrough snRNA relative to pre-snRNA produced, which supports the results of
previous studies implicating CDK7 in snRNA 3’ end processing °%. These results
suggest that CDK7 inhibition affects the 3’ end processing of snRNA gene
transcripts and impairs transcription. Little effect was seen when wild-type parental
cells were treated with various concentrations of 1-NM-PP1 for 1 hour, indicating
that the effects observed with all AS cells is due to inhibiting specific kinases

(Fig.3.3E).

83



CDK12/13AS TIME COURSE HEK293WT + THZ531 TREATMENTS

14 sokokok o7
DMSO = DMSO sFkkk
15 min
3omi 50nM ok

min
45 min ** 500nM !
1h M *l*
DRB DRB

goonnt
INRNR

jjﬂ

Fold change (normalised to DMSO & 7SK)
=
1

6 *

Fold change (normalised to DMSO & 7SK)

Pre snRNA Readthrough snRNA Pre snRNA Readthrough snRNA

CDK7AS Readthrough / Pre-snRNA + CDK? inhibition
274 sokokok 154 Aok
== DMSO 1 *
24+ == 1-NM-PP1 ]
= DRB 1

kkkk

6
kokokok kkokok
3 1

| i
Pre snRNA Readthrough snRNA DMSO NM DRB

o

Fold change (normalised to DMSO & 7SK)
o
1

Fold change (normalised to DMSO & 7SK)

E HEK293 vs 1-NM-PP1 HEK293 + Tautoycetin and Calyculin-A
*

(o2}
]

DMSO
?Lvl N?O Tautomycetin (TT)

7.5uM Calyculin A (CA)

10uM TT+CA

DRB

nonnn
(0nnt

DRB

IS
1

j,

*
o4 M 1

Fold change (normalised to DMSO & 7SK)
>
1
Fold change (normalised to DMSO & 7SK)

o
|
o

Pre snRNA Readthrough snRNA Pre snRNA snRNA Readthrough

Fig 3.3 C. Time course of inhibition of CDK12 and CDK13 together with 7.5 uM of 1-
NM-PP1 or DMSO up to 1 hour and quantification of transcripts produced after
treating the HEK293 parental cell line with THZ531, a CDK12 and CDK13 inhibitor,
foran hour. D. RT-gPCR analysis of pre-snRNA, readthrough (RT), and RT/Pre-snRNA
transcripts after inhibition of CDK7AS with 7.5 uM of 1-NM-PP1 or DMSO for an hour.
E. Treatment of HEK293 parental wild-type cells with different concentrations of 1-
NM-PP1 for an hour and quantification of transcripts produced after treating the
HEK293 parental cell line with PP1 and PP2A inhibitors. DRB acts as a positive
control for loss of 3’ box function. Transcripts were normalised to DMSO and the
ratio to the transcribed 7SK transcript was determiend. n=3 biological replicates,

84



error bars = SEM, Statistical test = two-tailed unpaired t-test, * =p <0.05, ** = p<0.01,
*** = p <0.001, **** =p <0.0001.

3.7 Inhibition of Protein phosphatase (PP) 1 or 2A does not
affect pre-U2 snRNA 3’ end formation.

PP1 and PP2 are well-known serine/threonine phosphatases that play a role in
various cellular processes, including regulating protein-coding gene expression
165,175,176,356,359,.360 pP1 and PP2A are also known to dephosphorylate some of the
targets of CDK9 17531362 |t was previously shown that the inhibition of PP1 with
Tautomycetin (TT) causes a termination defect on protein-coding genes, and
inhibition of PP2A with Calyculin-A (CA) causes an RNA processing defect on
protein-coding genes 3¢ To determine whether PP1 and PP2 play any role in the
expression of snRNA genes, | inhibited wild-type HEK293 with 25nM TT and 2.5nM
CAfor 30 minutes. | also inhibited both phosphatases together to check for possible
redundancies in regulating the 3’ end processing of pre-snRNA. RT-gPCR analysis
indicates that the inhibition of PP1 and PP2A independently or together does not

affect pre-U2 3’ end formation (Fig3.3E).

3.8 Summary & Discussion

In addition to regulating protein-coding genes, CDKs play a significant role in the
expression of snRNA genes. A major limitation in studying the role of these kinases
in human gene expression is the availability of selective inhibitors. Here, | have used

the analog-sensitive kinase system developed by Shokat and colleagues '"° to target
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transcriptional kinases CDK12 and CDK13 independently and together, using the

bulky ATP analog 1-NM-PP1 and to inhibit CDK7 and CDK®9.

Previous studies have shown that multiple cis-acting sequences and trans-acting
factors mediate the recognition of the 3’ box 267:28:303_Eg|off et al. also demonstrated
that Pol |l CTD Ser7 phosphorylation and an adjacent Ser2 are required to recruit the
integrator cleavage module (ICM), which cleaves nascent snRNA °. CDK7 is
recognised as the primary kinase for Ser7 phosphorylation, which would explain the
effect on 3’ box recognition when CDK7 is inhibited. Inhibition of CDK7 also causes
a dramatic loss of pre-snRNA, indicating a reduction of transcription. This agrees
with previous studies where the mutation of every Ser7 in the Pol Il CTD to alanine
caused a decrease in U2 snRNA gene transcription®:°7:19,

CDK9 is the major CTD Ser2 kinase 46:95:98:302.363-365  However, Ser2 can also be
phosphorylated by CDK12 and CDK13 475777980 | have shown here that inhibiting
CDK12 and CDK13 together but not independently leads to failure to recognise the
3’ box. Still, it is unclear whether CDK12 and CDK13 affect the snRNA 3’ end
processing through phosphorylation of CTD Ser2, other CTD residues, or other
substrates, particularly since CDK9 should still be functional.

It has been shown that the 3’ box is only recognised if transcription is initiated from
an snRNA-specific promoter, indicating an obligate coupling of the promoter to the
3’ box %728 Additionally, Fan et al. ”® showed that phosphorylation of PSE-
transcription factor (PTF)-a, the large subunit of the PSE-binding complex, is
decreased upon CDK12 and CDK13 inhibition 7. This suggests that CDK12 and

CDK13 may modulate 3’ box recognition by phosphorylating promoter-binding
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proteins at the 5’ end of snRNA genes. Immunoprecipitation of PTFa followed by
mass spectrometry could provide a better understanding of how the inhibition of
these kinases may regulate the interaction of key factors involved in pre-snRNA 3’
end formation. The significantincrease in pre-snRNA levels upon CDK13/12AS cell
inhibition may reflect an effect on transcription. This increase can also be seen
when the CDK12/13AS cells are inhibited, although this is not statistically
significant. The DRB-treated positive controls in the treatment of CDK9AS cells,
HEK293 with THZ531 and HEK293 with PP1/2A inhibition, also showed increased
levels of products using the pre-snRNA primer. As this pre-snRNA increase is
inconsistent across all positive controls, it may reflect that CDK9 inhibition using
DRB has variable effects on transcription.

The inhibition of phosphatases has been shown to affect the termination of
transcription of protein-coding genes 165175.176:356,359,360,366.367 " However, my results
indicate that the loss of these phosphatases independently or together does not
affect the 3’ end processing of U2 snRNA genes. Interestingly, inhibition of PP2A
reverses the effect of CDK9 inhibition on the termination of transcription of protein-
coding genes 3%, A future direction for this project will be to investigate if the lack of
3’ box recognition caused by CDK9 or CDK12 and CDK13 inhibition can also be

reversed by PP1 and/or PP2A inhibition.

3.9 Limitations of these experiments

Upon generation of the cell lines, their growth and proliferation of the cell were

monitored using an alamarBlue HS viability assay. This assay recognises
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metabolically active cells by testing the reducing power of the mitochondria.
Resazurin, the active component of the assay, is blue and non-fluorescent. The
reducing activity of metabolically active mitochondria reduces resazurin to
resorufin, a pink and highly fluorescent compound subsequently detected with a
fluorimeter. While this assay is highly reliable, the metabolic activity of a cell does
not always directly correlate with cell viability, which could be a limitation of this
method. This could be improved by incorporating an alternative technique with this
assay. For example, the 5-Bromo-2’-Deoxyuridine (BrdU) proliferation assay directly
measures a viable cell's DNA synthesis by incorporating a thymidine analogue,
BrdU, into newly synthesised DNA. Cells containing BrdU are subsequently
detected using anti-BrdU antibodies through flow cytometry 3¢, In addition, a
negative control could be incorporated into this experiment to provide a baseline for
the assay. Cells could be treated with hydrogen peroxide, which causes oxidative
stress or detergents such as Triton-X to disrupt cell membranes and reduce cell
viability *°%7°, However, the alamarBlue HS assay did not detect any growth defects

in the cell lines created.
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Chapter 4 | Inhibition of transcriptional CDKs
affects Pol Il CTD phosphorylation on U2
snRNA genes.

4.1 Background

The heptapeptide repeats at the C-terminal of Pol 1l CTD undergo post-translational
modifications, which generate a ‘code’ for the recruitment of transcriptional and
co-transcriptional factors that direct the expression of Pol lI-transcribed genes 5%,
Phosphorylation is the most studied post-translation modification, with many
potential combinations of phosphorylated tyrosine, serine, and threonine %,
Despite the similarities between protein-coding and snRNA genes, the roles of
many transcriptional (t)CDKs in Pol Il CTD phosphorylation in the expression of
snRNA genes remain largely unexplored. CDK12 and CDK13 are redundant for U2
snRNA 3’ end processing (Chapter 3). This chapter details experiments
investigating the roles of CDK12, CDK13 and other tCDKs in Pol II CTD

phosphorylation using ChlP.
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4.2 Inhibition of CDK7AS, CDK9AS and CDK12AS/13AS
affects the profile of Pol 1l RPB1 across U2 snRNA genes.

To further understand the roles of CDK12, CDK13, CDK7 and CDK9 on Polll actively
transcribing U2 snRNA genes, the respective analog-sensitive kinases were
inhibited with 7.5 uM of 1-NM-PP1 (CDK7AS, CDK12AS, and CDK13AS) or 15 pM of
1-NA-PP1 (CDK9AS) for 30 minutes and the Pol Il (RPB1 NTD) profile was analysed
using ChIP-qPCR (Fig. 4.1). ChIP-gPCR data shows that the inhibition of CDK7, the
main Ser7 kinase 359371372 causes an approximate 50% loss of Pol Il across the
promoter, 3’ box, and CT regions of the gene, indicating a loss of transcription. This
result agrees with previously published studies where Ser7AS mutation inhibition
causes a loss in transcription °. Upon inhibition of CDK9AS cells, the ChIP-qgPCR
profile showed no significant changes in the Pol Il profile across the promoter and
the 3’ box regions. However, there is an increase in the levels of Pol Il across the CT-
rich region of the genes. The separate inhibition of CDK12AS or CDK13AS for 30
minutes does not affect the profile of actively transcribing Polll on U2 snRNA genes.
However, an increase in Pol Il is observed at the promoter region, 3’ box and CT-
rich, upon the inhibition of CDK12AS and CDK13AS together, further exhibiting the

redundancy of these kinases in the expression of U2 snRNA genes.
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Figure 4.1. Inhibition of CDK7AS, CDK9AS and CDK12AS/13AS affects the
profile of Pol Il RPB1across U2 snRNA genes. ChIP-qPCR of Pol Il across U2
snRNA gene upon inhibition of analog-sensitive transcriptional kinases with 7.5uM
1-NM-PP1, 15uM 1-NA-PP1 or DMSO (negative control) for 30 minutes. n=3
biological repeats. Statistical test = two-tailed unpaired t-test, * = p <0.05, ** =
p<0.01, *** = p <0.001, **** =p <0.0001.

4.3 Phosphorylation of the Pol Il CTD upon inhibition of
analog-sensitive kinases

To better understand the roles of tCDKs on the expression of snRNA genes, the AS
cell lines were inhibited for 30 minutes, and the phosphorylation profiles of the key
CTD marks —Tyr1, Ser2, Ser5, and Ser7 were assessed by ChIP-qPCR. The profile of
these marks has also been analysed in terms of their ratio to Pol Il (CTD phospho-

residue/ Pol Il) to account for the possible redistribution of Pol Il across the genes

upon kinase inhibition.
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4.4 The pTyr1 ChIP-gPCR profile changes upon CDK12AS
and CDK13AS inhibition

Although the role of pTyr1 in the transcription of protein-coding genes is unclear,
this mark is highest at the 5’ end of mammalian protein genes 3*75, On the human
U2 snRNA genes, pTyr1 peaks over the 3’ box (Fig 4.2), suggesting that it may play a
role in RNA 3’ processing. The inhibition of CDK12AS causes a loss of pTyr1 relative
to Pol ll, decreasing pTyr1/Pol Il levels by at least 50% across all assessed regions
of the U2 snRNA gene (Fig 4.2). Inhibition of CDK13AS instead causes a slight
increase in pTyr1/Polll level across the PSE and 3’ box region, with a significant loss
of pTyr1 at the CT-rich region. The inhibition of CDK12AS and CDK13AS together
causes a further loss of pTyr1/Pol Il across all assessed regions of the gene
compared to when inhibiting CDK12AS alone. This suggests that CDK13 cannot
compensate for the absence of CDK12 in phosphorylating Tyr1 of the CTD at the
promoter and 3’ box region. Still, both kinases are required for Tyr1 phosphorylation
at the CT-rich region. Interestingly, the drastic loss of pTyr1 at the CT-rich region
when both kinases are inhibited is only observed when the pTyr1 level is expressed
with ratio to Pol Il, as Pol Il accumulates at this region when both kinases are

inhibited (Figure 4.1)
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Figure 4.2. The pTyr1 ChIP-qPCR profile changes upon CDK12AS and CDK13AS
inhibition. (Top) ChIP-gPCR of the ratio of pTyr1 to Pol Il across the U2 snRNA gene
after treatment of CDK12 and CDK13 AS cells with 7.5uM 1-NM-PP1 or DMSO for 30
minutes. (Bottom) ChIP-gPCR of pTyr1 across U2 snRNA gene upon inhibition of
respective AS cells. n=3 biological repeats. Statistical test = two-tailed unpaired t-
test, * = p <0.05, ** = p<0.01.

4.5 CDK9, CDK12 and CDK13 phosphorylate Ser2 of the Pol
I CTD on U2 snRNA genes

pSer2 has a major role in cleavage and polyadenylation of transcripts from protein-
coding genes "7*7¢378 and has been shown to help recruit the Integrator complex to
cleave transcripts from human snRNA genes at the 3’ end 3% (Chapter 1).
Inhibition of CDK12AS and CDK13AS independently causes some loss of pSer2/Pol
Il across assessed regions of the gene (Fig. 4.3A). However, there is a further

decrease in pSer2/Pol Il across the 3’ box and CT-rich region of the U2 snRNA gene
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when both kinases are inhibited, which suggests that both kinases are required for
pSer2 at the 3’ end of the gene. Surprisingly, there is an increase in pSer2/Pol Il at
the promoter region when both kinases are inhibited together.

CDK7 is primarily known for phosphorylating Ser5 and Ser7 on Pol Il CTD %%, but it
has also been implicated in the phosphorylation of pSer2 at the 3’ end of protein-
coding genes such as c-Myc and GAPDH . Therefore, CDK7AS cells were inhibited
to assess whether CDK7 may influence snRNA 3’ end-processing through Ser2
modification (Fig 4.3B). ChIP-gPCR analysis shows a moderate Ser2/Pol Il loss at
the PSE and 3’ box regions. However, there is an increase in pSer2/Pol Il at the CT-
rich region. This may indicate a role of CDK7 in regulating Ser2 kinases or recruiting
phospho-Ser2 phosphatases to the 3’ end of the snRNA gene.

CDK9 is recognised as the main Ser2 kinase °*”° and is implicated in the 3’ end
processing of transcripts from U2 snRNA genes as small molecule CDK9 inhibitors,
including DRB, cause a major defect in 3’ box recognition %:3033% Therefore, the
pSer2 profile was also analysed following the inhibition of CDK9AS (Fig. 4.3B).
CDKO9AS inhibition significantly reduces pSer2/Polll levels by over 70% at the 3’ box
and CT-rich region of the U2 snRNA gene. This marked decrease at the 3’ end of the
gene confirms the critical role of CDK9 in phosphorylating Ser2 to activate U2 pre-

snRNA 3’ end processing 96:275:303.304,
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Figure 4.3 CDK9, CDK12, and CDK13 phosphorylate Ser2 of the Pol 1l CTD on U2
snRNA genes. A. (Top) ChIP-qPCR of the pSer2 to Pol Il ratio across the U2 snRNA
gene after treatment of CDK12AS and CDK13AS with 7.5uM 1-NM-PP1 or DMSO for
30 minutes. (Bottom) ChIP-qPCR of pSer2 across U2 snRNA gene upon inhibition of
respective analog-sensitive cells B. (Top) ChIP-gPCR of the ratio of pSer2 to Pol ll
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across the U2 snRNA gene after treatment of CDK7 and CDK9AS with 7.5uM 1-NM-
PP1 or 15uM 1-NA-PP1, or DMSO for 30 minutes. (Bottom) ChIP-gPCR of pSer2
across U2 snRNA gene upon inhibition of respective AS cells. n=3 biological
repeats. Statistical test = two-tailed unpaired t-test, * = p <0.05, ** = p<0.01, ***=p
<0.001, **** =p <0.0001.

4.6 Inhibition of CDK7, CDK12 and CDK13 affects the
pSer5 ChIP-qPCR profile on U2 snRNA genes

pSer5 plays a major role in the capping of Pol Il transcripts, which can enhance
downstream RNA processing events, including snRNA gene 3’ box recognition
88,146,380 (see section 1.3.1 of the Introduction). In addition to CDK7, the major
mammalian Ser5 kinase %6-%0371.372° CDK12 and CDK13 have been identified as
potential Ser5 kinases on protein-coding genes **75. Therefore, these kinases were
inhibited to analyse their possible roles in snRNA gene expression. ChlIP-gPCR
analysis indicates a loss of pSer5/Pol Il at the CT-rich region upon CDK12AS
inhibition (Fig. 4.4A), while the inhibition of CDK13AS causes a more evident loss of
pSerb across the gene, with a significant loss of pSer5/Pol Il at the 3’ box region (Fig.
4.4A). The inhibition of both kinases causes a reduction in pSer5/Pol Il levels across
U2 snRNA genes. The accumulation of Pol Il across the gene upon CDK12AS/13AS
double inhibition makes it challenging to detect the loss of pSerb at the PSE and 3’
box regions when it is not normalised to Pol Il levels (Fig. 4.4A). However, the
pSer5/Polll levels at the 3’ box region upon CDK12AS/13AS inhibition do not reflect
the loss of pSer5/ Pol Il caused by inhibiting CDK13AS alone. Itis possible that other
Ser5 kinases (e.g. CDK7 and/or CDK9 ) may compensate when CDK12 and CDK13

are inhibited together.
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During snRNA gene expression, pSerb is dephosphorylated after initiation to allow
the recruitment of integrator factors and downstream processing of 3’ end
processing %. Therefore, the pSer5 profile on U2 snRNA genes upon CDK7AS
inhibition was also analysed (Fig. 4.4B). ChIP-gPCR indicates an approximate 60%
loss in Ser5 levels at the promoter region and at least 80% loss at the 3’ box and CT-
rich regions when CDK7AS is inhibited. However, these losses are largely due to
changes in Pol Il levels as the pSer5/Pol Il profile shows a minimal loss of pSer5 at
the promoter, an approximate 50% reduction at the 3’ box region and an increase at

the CT-rich region.
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Figure 4.4 Inhibition of CDK7, CDK12 and CDK13 affects the pSer5 ChIP-qPCR
profile on U2 snRNA genes. A. (Top) ChIP-qPCR of the pSer5 to Pol Il ratio across
the U2 snRNA gene after treatment of CDK12AS and CDK13 AS with 7.5uM 1-NM-
PP1 or DMSO for 30 minutes. (Bottom) ChIP-gPCR of pSer5 across U2 snRNA gene
upon inhibition of respective AS cells B. (Top) ChIP-gPCR of the ratio of pSer2 to Pol
Il across the U2 snRNA gene after treatment of CDK7 and CDK9AS with 7.5uM 1-
NM-PP1 or 15uM 1-NA-PP1, or DMSO for 30 minutes. (Bottom) ChIP-qPCR of pSer2
across U2 snRNA gene upon inhibition of respective AS cells. n=3 biological
repeats. Statistical test = two-tailed unpaired t-test, * = p <0.05, ** = p<0.01, ****
=p <0.0001.
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4.7 Inhibition of CDK7AS, CDK9AS, and CDK12AS/13 AS
affects pSer7 profiles on U2 snRNA genes

Ser7 phosphorylation of the Pol Il CTD is required for snRNA gene expression and
transcript 3’ end processing and has been shown to help recruit the Integrator
complex %7100 Therefore, CDK7AS, CDK9AS, and CDK12AS/13 AS cells were
inhibited to understand how these kinases may regulate Ser7 phosphorylation
across the U2 snRNA gene (Fig. 4.5). CDK12AS and CDK13AS inhibition together
causes a moderate decrease in pSer7/Pol Il levels at the promoter region, with an
approximate 50% decrease in pSer7 at the 3’ box, and a more significant loss at the
CT-richregions. The inhibition of CDK9AS indicates no changesin pSer7/Polll levels
observed at the promoter, but the pSer7/Pol level is reduced by approximately 50%
at the 3’ box region and is significantly lost at the CT-rich regions, comparable to
CDK12AS/13AS inhibition (Fig.4.5). The analysis of CDK7AS inhibition indicates a
near-complete loss of pSer7 at the promoter region and an approximate 70%
decrease at the 3’ box. However, there is an increase in pSer7/Pol Il at the CT-rich
region. This may be explained by the near-total loss of Pol Il at the CT-rich region
upon CDK7AS inhibition. Therefore, the presence of a small amount of residual
pSer7 will show an increase when normalised to Pol Il. This is also observed for

Ser2/Pol Il (Fig. 4.3B) and Ser5/Pol Il (Fig. 4.4B) levels upon CDK7AS inhibition.
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Figure 4.5. Inhibition of CDK7AS, CDK9AS, and CDK12AS/13 AS affects pSer7
profiles on U2 snRNA genes. (Top) ChIP-gPCR of the ratio of pSer7 to Pol Il across
the U2 snRNA gene after treatment of respective AS cells with 7.5uM 1-NM-PP1 or
15uM 1-NA-PP1, or 1-DMSO for 30 minutes. (Bottom) ChIP-qPCR of pTyr1 across U2

snRNA gene upon inhibition of respective AS cells. n=3 biological repeats. * = p
<0.05, ** = p<0.01.
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4.8 Summary and Discussion

The aim of the experiments described in this chapter was to better understand the
roles of CTD kinases in the phosphorylation of Pol Il CTD residues during the
expression of U2 snRNA genes. AS kinase cells were inhibited for a mere 30 minutes
to avoid unwanted secondary effects and because it is the minimum time of
inhibition of CDK12AS and CDK13 AS cells to observe U2 snRNA gene transcript
misprocessing (Chapter 3, Fig. 3.3C). ChIP-gPCR of Pol Il upon CDK12AS/13AS
inhibition showed an accumulation of Pol Il at the promoter, 3’ box and termination
regions of the gene. This suggests potential stalling of Pol Il across these regions,
indicating possible defects in elongation, processing and termination. However,
further studies employing additional techniques, such as Global Run-On
sequencing (GRO-Seq *') and mammalian Native Elongation Transcript sequencing
(mNET-seq %2), which track nascent RNA synthesis, would be required to confirm
this. While CDK12AS/13AS inhibition mirrors the effect of CDK9 inhibition in the 3’
end misprocessing of ShRNA gene transcripts (Chapter 3, Fig. 3.3A), the Pol Il profile
upon CDK9 inhibition shows no Pol Il accumulation across the gene (Fig 4.1), which
confirms previous studies demonstrating that CDK9 functions as an RNA
processing factor in expression of snRNA genes 3%. Additionally, this result
suggests that CDK12/13 may have additional and unique roles in the RNA
processing of snRNA gene transcripts.

Previous studies showed increased Pol Il levels across the body of protein-coding

genes when CDK12AS was inhibited with 7.5 yM NM for 30 minutes in HEK293-
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CDK12AS cells ”’. In contrast, there are no changes in Pol Il levels across the U2
snRNA gene when CDK12AS or CDK13AS are inhibited independently. This
demonstrates how these kinases may exert different functions on different gene
types, similar to CDK9, a transcription elongation and RNA processing factor for
mammalian protein-coding genes 67:95:176:303,383-385

CDK7AS inhibition causes at least a 50% reduction in Pol Il levels across the U2
snRNA gene (Fig. 4.1), which is consistent with the observed resultin Chapter 3 (Fig.
3.3C), where CDK7AS inhibition resulted in a significant loss of pre—snRNA
synthesis, indicating a loss of transcription. However, CDK7 was inhibited for an
hour when investigating the pre-snRNA levels, whereas the CDK7AS cells were
inhibited for 30 minutes when checking Pol Il occupancy. Thus, it is not clear what
level of Pol |l loss from the gene is required to cause a near-total loss of pre-snRNA
synthesis.

CDK12 and CDK13 are Ser2 plus Ser5 kinases and have been shown to regulate
transcriptional processes such as elongation 7>78323 However, the role of these
kinases in phosphorylating other CTD marks on snRNA genes is understudied.
ChIP-gPCR shows that CDK12AS inhibition affects pTyr1 across the U2 snRNA
genes, as at least a 50% drop in pTyr1/Pol Il levels is observed upon its inhibition.
Onthe other hand, CDK13AS inhibition causes a slightincrease in pTyr1/Polll levels
across the PSE and 3’ box and a major decrease in pTyr1 at the CT-rich region of the
gene. The inhibition of both kinases together reflects a higher loss in the Tyr1/Pol ll
profile compared to inhibiting CDK12AS alone, suggesting that although CDK12
may compensate for CDK13 in Tyr1 phosphorylation at the PSE and 3’ box regions,

both kinases are required for Tyr1 phosphorylation. Previous studies suggest that
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the Integrator complex may be recruited to protein-coding genes through pTyr1
residues and that this phosphorylation helps mediate integrator-dependent
termination near promoter regions *%3%7, The present work indicates that inhibiting
CDK12AS alone does not cause a significant 3’ end processing defect (Chapter 3).
However, the inhibition of CDK12/13AS causes a further loss in pTyr1/Pol Il levels
across the gene. It is possible that the function of CDK12/13 in regulating 3’ end

processing could also be mediated by Tyr1 phosphorylation on U2 snRNA genes.

ChIP-gPCR analysis also confirmed the role of CDK12 and CDK13 in Ser2
phosphorylation. Inhibiting each kinase independently causes a reduction in Ser2
across all regions, with and without normalisation to Pol Il (Fig 4.3). Upon inhibition
together, there is a further loss of pSer2/Pol Il at the 3’ box and CT-rich regions,
demonstrating partial redundancy as the activity of either kinase may partially
compensate for the loss of the other. The increase of the pSer2 relative to Pol Il (at
the promoter) when CDK12AS and 13AS are both inhibited may reflect the
regulation of other Ser2 kinases (for instance, CDK9 °*”°) or the loss of a pSer2
phosphatase (e.g. Fcp1 3%%°) as both kinases cause loss of pSer2/Pol Il when
inhibited independently. Further ChIP studies will be needed to investigate the
pSer2/Pol Il profile upon the inhibition of CDK9, CDK12 and CDK13 together and
pSer2 phosphatase profiles when CDK12 and CDK13 are inhibited together.

Unlike CDK12AS and CDK13AS, the inhibition of CDK9AS causes a near-total loss
of pSer2/Pol Il at the 3’ box and CT-rich region. Active CDK12 and CDK13 are
presumably still present when CDK9AS is inhibited but cannot compensate for the

loss of CDK9 activity (Chapter 3, Fig. 3.3A). This begs the question of which kinase
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is upstream. As inhibiting CDK9AS gives the most significant loss of pSer2, CDK12
and CDK13 may control Ser2 phosphorylation by regulating CDK9 activity. However,
itremains possible that CDK9 regulates the Ser2 phosphorylation activity of CDK12
and CDK13. Alternatively, CDK12 and CDK13 may control 3’ end formation through
other pathway/s in addition to phosphorylating Ser2. RT-gPCR of snRNA
readthrough levels upon inhibition of all three kinases together will be required to
confirm this.

CDKZ7 inhibition causes a decrease of pSer5/Pol Il only at the 3’ box region. The lack
of pSerb drop at the PSE may be due to the simultaneous loss of pSer7 at the
promoter region as CDK7 is the major mammalian Ser7 kinase, 35%%371372 gnd pSer7
recruits RPAP2, a Ser5 phosphatase . Hence, the loss of pSer7 at the PSE may
cause less dephosphorylation of Ser5 by RPAP2. Alternatively, CDK9, CDK12 or
CDK13 may contribute to the Ser5 phosphorylation ¢7:7>77:8% jn the absence of CDK7,
or the presence of CDK7, CDK9, CDK12 or CDK13 may be sufficient for Serb
phosphorylation at the promoter region.

ChIP-gPCR also showed the loss of pSer7/Pol |l across the PSE and 3’ box when
CDKZ7 is inhibited, confirming the role of CDK7 in Ser7 phosphorylation of the CTD
on the U2 snRNA genes. There is also a total loss of pSer7/Pol Il at the PSE, which is
not observed when the other kinases are inhibited. This agrees with the current view
of snRNA gene expression, where CDK7 phosphorylates Ser7 after initiation
97.99.100.275 "Interestingly, the inhibition of CDK12AS/13AS also decreases pSer7/Pol Il
levels across the gene, which suggests that their regulation of 3’ end processing
may involve the recruitment of the integrator cleavage module (ICM), as inhibiting

CDK12AS and CDK13AS together causes a loss of both pSer2 and pSer7 at the 3’
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box region. However, ChlP-qPCR analysis of pSer7 and IntS9/11 when both kinases
are inhibited independently will be needed to confirm this.

CDK©9 inhibition causes a loss of Ser7/Pol Il at the 3’ box and CT-rich regions. CDK9
has been previously shown to phosphorylate Ser7 in vitro 5*’? and is required for
snRNA 3’ end processing 9275303304 Thg activity of CDK9 on Ser7 phosphorylation at
the 3’ end suggests that it is possible CDK9 phosphorylates both Ser2 and Ser7 to
recruit the ICM at the 3’ end, while CDK7 primarily phosphorylates Ser7 at the
promoter region. However, further studies, including ChIP of integrator subunits
upon inhibition of these kinases, will be needed to test this.

While these ChIP-qPCR results provide further insight into the roles of CDK12 and
CDK13 in CTD phosphorylation during the expression of snRNA genes, additional
studies will be required to establish how these kinases control CTD modifications

to regulate 3’ end formation of shRNA genes.

4.9 Limitations

A limitation of the experiments described in this chapter is the specificity and
sensitivity of the various antibodies used. Also, ChIP-gPCR monitors actively
transcribing Pol Il, and masking the epitope recognised by the antibody by different
protein-protein interactions will introduce bias to the profile generated.
Conformational changes in phosphorylated residues or neighbouring residues can
also affect the effective binding of the antibodies. To mitigate antibody specificity

issues, multiple repeats were run, only antibodies that gave a sufficient percentage
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input over negative regions were used, and control experiments were carried out

where possible.
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Chapter 5| Cdk12 and Cdk13 are redundant for
the recruitment of key proteins to human U2
snRNA genes

5.1 Background

Transcriptional kinases such as CDK7 and CDK9 mediate the 3’ end processing of
snRNA genes through the phosphorylation of the Pol Il CTD Ser7 and Ser2,
respectively 97:99.100:275.303.304 (e chapter 1.7.3.1 of the Introduction). Modifications
of CTD residues lead to the recruitment of factors that control gene expression. For
example, phosphorylation of Ser7 by CDK7 and an adjacent Ser2 by CDK9 leads to
the recruitment of IntS9 and IntS11 cleavage modules®. RT-gPCR analysis after
inhibiting analog-sensitive cells has shown that CDK12 and CDK13 are redundant
for 3’ box-directed processing of transcripts from U2 snRNA genes (Chapter 3). The
experiments described in this chapter aimed to investigate the mechanism
underlying CDK12 and CDK13 control 3’ box recognition by identifying new factors

which may play arole in the expression of ShRNA genes.

5.2 SPT6 and Cyclin K are present on the U2 snRNA genes.

CRISPR Affinity Purification in situ of Regulatory element (CAPTURE) is a pulldown
technique which uses guide RNAs to direct biotinylated catalytically dead cas9 to
specific regions of a gene, enabling specific pulldown of associated proteins at

these regions followed by identification by mass spectrometry 3%°. Prior to my
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arrival at the lab, Dr Joana Guiro used CAPTURE to pull down proteins associated
with the promoter region of the human U2 snRNA gene *°. Mass spectrometry
analysis identified several proteins which were enriched over the DSE and PSE
regions of the gene. Several transcription factors known to be associated with
snRNA genes were pulled down, such as NELFB, MED23, and IntS3. Other factors
that had not been previously shown to be associated with snRNA genes were also
identified, such as SPT6 and Cyclin K %°3%_SPT6 is a histone chaperone which
recruits SETD2 to deposit the K3K36me3 mark, *'73"%and a known elongation factor
required for the expression of protein-coding genes in yeast *'32 and humans
77:316318.393 Cyclin Kis the regulatory cyclin and binding partner for CDK12 and CDK13
51, Using ChIP-gPCR, | confirmed the presence of SPT6 and Cyclin K on the U2
snRNA gene in HEK293 cells and showed they have similar gene distributions (Fig.
5.1). Previously published studies indicate that siRNA-mediated knockdown of
SPT6 causes a loss of IntS3 from protein-coding genes, promoter enhancers and
long noncoding RNA (IncRNA) genes %' Bioinformatic reanalysis of this data
revealed that SPT6 knockdown also results in a loss of IntS3 across U2 and other
Polll-transcribed snRNA genes 3%°. Additionally, a reanalysis of previously published
chromatin RNA-seq data indicated that chromatin-associated RNA from snRNA
genes is reduced when SPT6 is knocked down, suggesting that SPT6 plays a role in

the expression of these genes %%
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Figure 5.1. SPT6 and Cyclin K are present on the U2 snRNA gene.

ChIP-gPCR analysis of SPT6 and Cyclin K showing the enrichment over the negative
region at the 3’ box of the U2 snRNA gene in HEK293 cells. % input is normalised to
PSE. n=3 biological repeats.

5.3 CDK12 and CDK13 are both involved in SPT6
recruitment to the U2 snRNA gene.

The identification of SPT6 as an snRNA gene-associated protein through CAPTURE,
its role in the recruitment of IntS3 to snRNA genes %, and in the termination of
transcription of IncRNA genes®'® suggests a role for SPT6 at the 3’ end of snRNA
genes. This hypothesis is further supported by the SPT6 ChIP profile, which shows
enrichment at the 3’ box region. To explore the possibility that CDK12 and CDK13
affect SPT6 recruitment, these kinases were inhibited, and SPT6 association was
measured by ChIP-gPCR (Fig. 5.2). CDK12AS inhibition causes a marked decrease
in SPT6 recruitment across the gene. However, most of this reduction is due to the
loss of Pol ll, as SPT6 levels relative to Pol Il (SPT6/Pol Il) show no change at the PSE
and a more modest but not significant decrease at the 3’ end of the gene. In
contrast, CDK13AS inhibition leads to an increase in SPT6 association across the

U2 snRNA gene, both with and without normalisation to Pol ll.
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Interestingly, inhibiting CDK12 and CDK13 AS cells together causes a marked loss
of SPT6 across the gene, particularly at the 3’ box region (Fig. 5.2). This loss is also
apparent when SPT6 is expressed as a ratio to Pol Il and is stronger than the loss
observed when CDK12 alone is inhibited. This result may suggest that CDK12
activity compensates for the loss of CDK13 while CDK13 activity only partially

compensates for the loss of CDK12.
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Figure 5.2. CDK12 and CDK13 are both involved in SPT6 recruitment to the U2
snRNA gene.

(Top) ChIP-gPCR of SPT6 relative to Pol Il across the U2 snRNA gene after treatment
of CDK12 and CDK13 AS cells with 7.5 uM 1-NM-PP1 or DMSO for 30 minutes.
(Bottom) ChIP-gPCR of SPT6 across U2 snRNA gene upon inhibition of respective
AS cells. n=3 biological repeats. Statistical test = two-tailed unpaired t-test, * = p
<0.05, ** = p<0.01.
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5.4 CDK12 and CDK13 are redundant for the recruitment of
Integrator complex subunits.

The regulation of IntS3 recruitment by SPT6 to snRNA genes 3%° and the loss of SPT6
upon CDK12 and CDK13 AS cells inhibition (Fig. 5.2) suggests that CDK12 and
CDK13 may regulate 3’ end processing through the recruitment of Integrator
subunits by SPT6. Therefore, the profile of IntS3 was assessed upon CDK12AS and
CDK13AS inhibition (Fig 5.3A-D). ChIP-gPCR analysis revealed that inhibition of
CDK12 does not affect IntS3 recruitment, CDK13AS inhibition causes an increase
in IntS3/Pol Il levels across the gene, and the levels of IntS3 are decreased by at
least 50% by inhibition of both kinases. A more marked loss is observed when IntS3
is expressed with ratio to Pol Il (Fig. 5.3A). This result suggests that CDK12 and
CDK13 exhibit functional redundancy in the recruitment of IntS3 to the U2 snRNA
gene. The loss of SPT6 and IntS3 when CDK12 and CDK13 AS cells are inhibited
together suggests that CDK12 and CDK13 may regulate IntS3 directly or indirectly
through SPT6 recruitment. ChlP-sequencing (ChlP-seq) of IntS3 upon inhibition of
CDK12 and CDK13 AS cells together was also performed (Fig. 5.3 B-D). The
sequencing results were analysed and plotted by Dr. Callum Henfrey, a postdoc
and bioinformatician in the lab. ChlP-seq analysis on the U2 snRNA gene reveals
that the inhibition of CDK12/13 inhibition causes a loss of IntS3, particularly at the
3’ end. When normalised to Pol Il, the loss of IntS3 is also most evident at the 3’ box
of the U2 snRNA and other snRNA genes (Fig. 5.3B, C). On protein-coding genes, the
inhibition of CDK12 and CDK13 AS cells causes a loss of IntS3 across the gene (Fig.

5.3D). Normalisation to Pol Il shows a slight decrease after the transcription start
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site (TSS) but an increase in IntS3/Pol Il levels at the 3’ end of the gene, which may
be due to a processing or termination defect ”’.

CDK7 and CDK9 regulate 3’ end processing by facilitating IntS9/11 recruitment
9.99.100 To determine whether the activity of these kinases is specific to the cleavage
module orifthey also mediate the recruitment of other Integrator subunits, CDK7AS
and CDK9AS were inhibited, and the IntS3 profile on the U2 snRNA gene was
analysed by ChIP-qPCR (Fig 5.3. E). CDK9 inhibition causes an approximate 50%
loss of IntS3 across the gene, mirroring the IntS3 profile when CDK12/13 are
inhibited together. A more significant loss is observed at the 3’ box and CT-rich
region when IntS3 is normalised to Pol Il after CDK9 inhibition, similar to that seen
after CDK12/13 inhibition. This suggests that CDK9 activity is either necessary to
recruit other Integrator subunits besides the cleavage module or that the cleavage
module is required to recruit IntS3 to the gene or stabilise its interaction. CDK7
inhibition also causes an approximate 50% loss of IntS3 levels across the U2 shRNA
gene (Fig. 5.3E). However, the normalisation of IntS3 to Pol Il shows a significant
increase of IntS3 across the gene. This increase suggests that CDK7 is a negative
regulator of IntS3 recruitment or that other kinases (e.g. CDK9, CDK12 and CDK13)

can compensate for CDK7 inhibition.
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Figure 5.3 (A-E) CDK12 and CDK13 are redundant for recruitment of IntS3 to the
U2 snRNA gene A. (Top) ChIP-gPCR of IntS3 relative to Pol Il across the U2 snRNA
gene after treatment of CDK12 and CDK13 AS cells with 7.5 uM 1-NM-PP1 or DMSO
for 30 minutes. (Bottom) ChIP-gPCR of IntS3 across U2 snRNA gene upon inhibition
of respective AS cells. B. ChlP-seq analysis of Pol Il, IntS3 and IntS3 relative to Pol
Il on U2 snRNA genes upon inhibition of CDK12/13 AS cells with 7.5 uM 1-NM-PP1
or DMSO for 30 minutes. C. ChlP-seq analysis of Pol I, IntS3 and IntS3 relative to
Polll on other snRNA genes upon inhibition of CDK12/13 AS cells with 7.5 yM 1-NM-
PP1 or DMSO for 30 minutes. D. ChlP-seq analysis of Pol ll, IntS3 and IntS3 relative
to Pol Il on protein-coding genes upon inhibition of CDK12/13 AS cells with 7.5 uM
1-NM-PP1 or DMSO for 30 minutes. E. (Top) ChIP-qPCR of IntS3 relative to Pol Il
across the U2 snRNA gene after treatment of CDK9AS or CDK7AS with 15 uM 1-NA-
PP1, 7.5 pM 1-NM-PP1 or DMSO for 30 minutes. (Bottom) ChIP-gPCR of IntS3
across U2 snRNA gene upon inhibition of respective AS cells. Statistical test = two-
tailed unpaired t-test, * = p <0.05, ** = p<0.01, *** = p <0.001, **** = p <0.0001.

Given the role of CDK12 and CDK13 in IntS3 recruitment (Fig. 5.3A), | have also
investigated the recruitment of the Integrator complex cleavage module and its
binding partner, IntS9, when CDK12 and CDK13 are inhibited. | carried out several

ChlIP studies using a commercial IntS11 antibody. However, the results were
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inconclusive as the negative control region did not give a significantly lower IP

pulldown than the U2 snRNA gene (Supp Fig. 1). This is likely due to the antibody

lacking specificity for IntS11. Therefore, the effect on the cleavage module was

assessed using an anti-IntS9 antibody (Fig. 5.3 F, G).
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Figure 5.3 (F, G) CDK12 and CDK13 are redundant for the recruitment of IntS9/11
to the U2 snRNA gene F. (Top) ChIP-gPCR of IntS9 relative to Pol Il across the U2
snRNA gene after treatment of CDK12 and CDK13 AS cells with 7.5 uM 1-NM-PP1 or
DMSO for 30 minutes. (Bottom). ChIP-gPCR of IntS9 across U2 snRNA gene upon
inhibition of respective AS cells. G.(Top) ChlP-seq analysis of IntS9 on U2 snRNA,
other snRNA genes, and protein-coding genes upon inhibition of CDK12/13 AS cells
with 7.5 uM 1-NM-PP1 or DMSO for 30 minutes. (Bottom) ChlP-seq analysis IntS9
relative to Pol Il across respective genes upon inhibition of CDK12/13 AS cells. n=3
biological repeats. Statistical test = two-tailed unpaired t-test, * = p <0.05, ** =
p<0.01, *** = p <0.001, **** = p <0.0001.

Inhibition of CDK12 or CDK13 independently does not affect the recruitment of
IntS9 across the snRNA gene. However, inhibition of both kinases together reduces
the levels of IntS9 across the gene by approximately 50%. However, when
normalised to Pol I, the loss of IntS9 observed across all assessed gene regions is
greater than 50% (Fig. 5.3F). This result indicates that CDK12 and CDK13 are
redundant for IntS9 recruitment to the U2 snRNA gene and may regulate the 3’ end
processing by affecting Integrator recruitment. ChlP-seq analysis of IntS9 upon
CDK12/13 inhibition also shows the loss of IntS9 across the U2 snRNA and other
snRNA genes. This loss is also observed when normalisation to Pol Il is carried out.
Conversely, the observed loss of IntS9 on protein-coding genes reflects a loss of Pol
Il as there is a slight loss of IntS9/Pol Il after the TSS but an increase in IntS9/Pol I

levels at the 3’ end of the gene, similar to IntS3/Pol Il (Fig. 5.3. D)

5.5 CDK12 are CDK13 are required for BRAT1 recruitment
to the U2 snRNA gene.
BRCA1-associated ATM activator 1 (BRAT1), a protein involved in the DNA damage

repair and neuronal differentiation pathways, was recently shown to interact with
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IntS9 and IntS11 %943%_ |t was proposed that BRAT1 binds to IntS11 to preserve its

structural and functional integrity, and BRAT1 mutation causes loss of IntS11

activity, which results in snRNA misprocessing %43%, Given the functional relevance

of BRAT1 in snRNA gene expression and the limitations faced with the anti-

IntS11antibody for ChIP-qPCR, the anti-BRAT1 antibody was used as a proxy to

assess the effects of CDK12AS and CDK13AS inhibition on IntS11 recruitment (Fig.

5.4). Inhibition of CDK12AS and CDK13 AS cells independently causes a loss of

BRAT1 across all regions of the gene (Fig. 5.4). However, a further and more

significant reduction of BRAT1/Pol Il levels is observed when both kinases are

inhibited together, suggesting that CDK12 or CDK13 partially compensates for

BRAT1 recruitment in the absence of the other.
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(Top) ChIP-gPCR of BRAT1 relative to Polll across the U2 snRNA gene after treatment
of CDK12 and CDK13 AS cells with 7.5uM 1-NM-PP1 or DMSO for 30 minutes.
(Bottom) ChIP-gPCR of BRAT1 across U2 snRNA gene upon inhibition of respective
AS cells. n=3 biological repeats. Statistical test = two-tailed unpaired t-test, * = p
<0.05, ** = p<0.01, *** = p <0.001.

5.6 Can SPT6, IntS3 or ICE2 mediate the 3’ end processing
of snRNA gene transcripts?

Three highly conserved transcription factors have functions exclusive to snRNA
gene expression: PTF complex, the interactor of the little elongation complex ELL
subunit 1 (ICE1), and ICE2 subunits of the little elongation complex (LEC) %%7-%%°, The
snRNA gene-specific promoter is required for the recognition of the 3’ box and
subsequent 3’ end processing 26726, Therefore, LEC subunits involved in
transcription elongation may bridge the gap between transcription initiation and
RNA processing by potentially relaying signals between the promoter and the 3’ box.
In addition, the observed redundancy of CDK12 and CDK13in IntS3, IntS9 and SPT6
recruitment highlights the possible involvement of these factors in snRNA 3’ end
processing. Therefore, Prof. Murphy, Mrs Barker, and | aimed to create dTAG degron
cell lines for SPT6, IntS3 and ICE2 proteins using CRISPR-Cas9 genome editing to
investigate the primary effects of rapid degradation of these proteins. The dTAG
system utilizes the ubiquitination system to target proteins of interest for
degradation upon induction by a small molecule, d-TAGV-1 4°401  Prof Murphy
designed the constructs, which contain a dTAG degron tag, a 3X FLAG tag to
circumvent the limitations of commercial antibodies during immunoprecipitation
experiments, and an XTEN linker to provide flexibility and avoid interference of the

degron or degradation machinery with the structure of the protein of interest (see
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Chapter 2). Mrs Barker and Prof. Murphy performed the cloning, aiming to N-
terminally tag the proteins of interest in the HEK293 parental cell line. | transfected
the parental cell line and screened colonies for positive dTAG cell lines. After drug
selection post-transfection, cells were sorted into single cells in single wells using
flow cytometry. PCR was used to identify colonies with the dTAG that were correctly
integrated. However, the colonies had a very low survival rate following cell sorting,
and PCR was not consistently successful. Therefore, | implemented an alternative
technique where cells were plated sparsely on 15cm dishes after drug selection to
allow the growth of single colonies. Subsequently, these colonies were individually
harvested and screened by western blotting (Fig. 5.5). Unfortunately, generating a
homozygous cell line for SPT6 and IntS3 dTAG cell lines proved unsuccessful.
However, several heterozygous colonies were found, and one clone was selected
(marked by an asterisk). (Fig. 5.5 A, B). Two ICE2 cell lines were generated as
indicated by ICE2 western screening (Fig. 5.5 C). The selected clones were treated
with 1 uM of dTAG"-1 over a 6-hour time course. Western blot analysis shows that
degron-tagged SPT6, IntS3 and ICE2 are degraded within two hours of treatment
(Figure 5.5. A-C). U2 pre and readthrough snRNA transcript levels were assessed
using an RT-gPCR assay when these proteins were conditionally degraded. RT-qPCR
analysis shows that degradation of the tagged SPT6, IntS3, and ICE2 does not affect
the 3’ end processing or levels of pre-snRNA transcripts produced (Fig 5.5 A-C). This
suggests that the activity of the untagged SPT6 and IntS3 is sufficient for 3’ end
processing, and ICE2 may not play a role in the 3’end processing of snRNA gene
transcripts. Alternatively, ICE2 present on the U2 snRNA gene may not be degraded

after a 6-hour treatment. Itis also possible that SPT6 and IntS3 are notremoved from
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the gene in the time of degron activation. ChIP-qPCR of SPT6, IntS3 and ICE2 upon

degradation will be needed to confirm this.
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Figure 5.5. Can SPT6, IntS3 or ICE2 mediate the 3’ end processing of snRNA gene
transcripts?

(Left) Western blot screening for SPT6, IntS3 or ICE2 dTAG mutant with respective
antibodies. Western blot analysis of selected clone (red asterisks) following time
course treatment with 1uM dTAG"-1, DMSO or DRB, using respective antibodies.
(Right) RT-gPCR quantification of the U2 pre-snRNA and readthrough snRNA
transcripts produced after treating the selected clone with 1uM dTAG"-1, DMSO
(negative control), or DRB (positive control) for an hour. Red asterisks indicate the
selected clone.

5.7 CDK9 or CDK12 and CDK13 are required for the 3’ end
processing of shRNA gene transcripts.

The similarity between the roles of CDK9 and the joint role of CDK12 and CDK13 in
Integrator subunit recruitment and regulating shRNA 3’ end processing suggests
that CDK9 functions downstream or upstream of CDK12 and CDK13. ChIP-gPCR
analysis indicates that the inhibition of CDK12AS and CDK13AS together does not
affect the recruitment of CDK9 to the snRNA gene (Fig.5.6A) but could regulate
CDKO9 activity by phosphorylating CDK9 at the Thr186 residue to produce the active
form of this kinase on snRNA genes *+4%2, Alternatively, CDK9 may function upstream
of CDK12 and CDK13. This would require an analysis of the effect of CDK9 inhibition
on CDK12/13 and/or Cyclin K recruitment and activation on snRNA genes.
RT-qPCR was also used to investigate whether CDK12 and CDK13 control the 3’ box
recognition through the same pathway as CDK9 (Fig 5.6B) CDK12/13 AS cells were
inhibited with 7.5 uM NM or 100uM DRB separately, or NM and DRB together for 30
minutes and the levels of pre- and readthrough snRNA transcripts analysed. RT-
gPCR analysis shows that the inhibition of CDK9 independently by DRB, CDK12AS

and CDK13AS, or all three kinases together, causes an snRNA 3’ end processing
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defect. Importantly, the ratio of readthrough to pre-snRNA indicates that the
inhibition of the three kinases together causes a higher increase in snRNA 3’ end
processing than CDK9 inhibition alone or CDK12 and CDK13 together (Fig. 5.6B).
This result indicates that CDK12 and CDK13 may mediate snRNA 3’ end processing,
at least partly, through a different mechanism to CDK9. To confirm that the observed
effect was a combined effect of inhibiting all three kinases and not a result of
inhibiting CDK9 and CDK12 or CDK9 and CDK13. CDK12AS or CDK13AS cell lines
were inhibited with NM and DRB (Fig.5.3C). The inhibition of CDK9 and CDK12AS or
CDK9 and CDK13AS together does not affect the level of readthrough snRNA or pre-
snRNA transcripts produced. This confirms that the previous increase in shRNA

readthrough resulted from inhibiting all three kinases together.
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Figure 5.6 CDK12 and CDK13 do not facilitate the recruitment of CDK9 to the U2
snRNA gene and may regulate 3’ end processing through distinct pathways.

A. ChIP-qPCR of CDK?9 profile across U2 snRNA gene upon inhibition of CDK12/13
AS cells with 7.5uM 1-NM-PP1 or DMSO for 30 minutes. B. (Top) Quantification of
transcripts produced after treating CDK12AS, CDK13AS and CDK12/13 AS cells with
NM, DRB, or DMSO. (Bottom) The ratio of pre-snRNA to readthrough snRNA
transcripts after inhibiting CDK12, CDK13 and CDK12/13 AS cells with NM, DRB, or
DMSO. n=3 biological repeats. Statistical test = two-tailed unpaired t-test, * or #=p
<0.05, ** or ## = p < 0.01*** = p <0.001, **** =p <0.0001. * denotes t-test between
DMSO and drug, # denotes t-test between NM+DRB and other drug treatments.
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5.8 Discussion

The experiments described in this chapter aimed to elucidate how CDK12 and
CDK13 mediate snRNA 3’end processing by identifying factors involved in this
mechanism. We have previously shown the presence of SPT6 and Cyclin K on
human snRNA genes using CAPTURE pulldown %2, A re-analysis of previously
published data confirms that SPT6 is present on snRNA genes and shows that its
knockdown also causes a loss of IntS3 on snRNA genes *'°32°, However, the role of
SPT6 in snRNA gene expression remains unknown. Factors associated with
elongation on protein-coding genes are often associated with 3’ end processing and
termination on snRNA genes. For example, NELF and DSIF accumulate at the
transcription start site of protein-coding genes and bind to Pol Il to form the paused
elongation complex %%, Instead, NELF and DSIF accumulate on snRNA genes at
the 3’ end 7333,

Similarly, PTEF-b, an elongation factor on protein-coding genes, functions at the 3’
end of snRNA genes 3%. This gene-specific regulation, where elongation factors on
protein-coding genes are implicated in the 3’ end processing of shRNA gene
transcripts, led to the hypothesis that SPT6, a histone chaperone and elongation
factor on protein-coding genes, may also exhibit functional duality and be required
to regulate the 3’ end RNA processing or termination of snRNA gene transcripts.
Indeed, SPT6 is implicated in the termination of transcription of other non-coding
RNAs through the recruitment of IntS3 3'°. Furthermore, ChIP-gPCR analysis
indicates that SPT6 recruitment is highest at the 3’ box of the U2 gene, like other

snRNA processing factors, e.g. Integrator subunits (Fig. 5.3). ChIP-gPCR analysis

125



showed that CDK12 and CDK13 are redundant in recruiting Integrator subunits IntS9
and IntS3, indicating that these kinases may mediate the 3’ end processing in an
Integrator-dependent manner. ChiP-seq analysis also shows a loss of Ints3/Pol Il
and IntS9/Pol Il, particularly at the 3’ end of U2 and other snRNA genes when CDK12
and CDK13 AS cells are inhibited. Indeed, CDK12/13 may mediate IntS3
recruitment through SPT6. Therefore, the observed increase in IntS3 recruitment
following CDK13AS inhibition (Fig. 5.3A) may reflect the increase in SPT6
recruitment (Fig 5.2). On the other hand, CDK12AS and CDK13AS inhibition causes
a slight decrease in the levels of IntS3/Pol Il and IntS9/Pol Il after the TSS of protein-
coding genes. However, there is an accumulation of IntS3/Pol Il and IntS9/Pol II
around the TES, which indicates that CDK12 and CDK13 regulate the recruitment of
IntS3 on a gene-dependent basis.

The loss of BRAT1, which has been shown to interact with and be required for the
activity of IntS11 3943%_ observed upon inhibition of CDK12AS and CDK13AS cells
independently suggests that CDK12 and CDK13 may cause moderate loss of the
IntS11 subunit. However, this loss may not be sufficient to cause snRNA gene
readthrough.

We also sought to create degron-tagged cell lines to investigate the possible role of
SPT6, IntS3 and ICE2 in the recognition of the 3’ box. Similarly, SPT6, CDK9 and
CDK12/13 affect the recruitment of IntS3 to the snRNA gene. Given the roles of
these kinases in 3’ end processing, it was necessary to investigate the possible roles
of SPT6 and IntS3 in this process. In addition, ICE2 is a subunit of one of two shRNA-
specific complexes, the little elongation complex 38, which is required for snRNA

gene expression *8, Hence, ICE2 may play a role in mediating the obligate coupling
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of the promoter to 3’ end processing 2¢72%¢, Of all three factors, ICE2 is the only factor
where homozygous degron cell lines were created (Fig.5.3 C). However, the
conditional degradation of ICE2 in two independent cell lines did not affect
recognition of the 3’ box. It is possible that a 6-hour dTAG-mediated degradation of
ICE2 is not sufficient to fully degrade the protein in complexes on the gene, and the
absence of an increase in snRNA readthrough transcripts by RT-qPCR analysis
could reflect the presence of residual ICE2 on the snRNA gene. Similarly, when SPT6
and IntS3 are conditionally degraded, these factors on the gene are not easily
accessible for degradation, allowing snRNA expression to proceed normally. The
lack of homozygous IntS3 and SPT6 degron-tagged cell lines identified in the
screening may also highlight the importance of these proteins for gene expression
in HEK 293 cells. It is also possible that the N-terminal tagging of these highly
conserved proteins changes their structure and, subsequently, their function,
which is lethal to the cell. Therefore, only heterozygotes cell lines survive as the

other allele compensates.

5.9 Limitations

A limitation of these experiments is the absence of SPT6 ChIP profiles after CDK7
and CDK9 inhibition, which would help to elucidate a possible mechanism for their
recruitment. ChIP-gPCR of other Integrator subunits upon inhibition of CDK7,
CDK9, CDK12 and CDK13 AS cells would also provide further insights into how
these kinases regulate the recruitment of the Integrator complex. Additionally, the

possibility that CDK9 functions upstream of CDK12 and CDK13 requires ChIP-gPCR
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analysis of CDK12, CDK13 and Cyclin K after CDK9 inhibition. Also, ChIP-gPCR of
pThr186-CDK9, the active form of CDK9, upon CDK12/13 inhibition will be required
to determine whether CDK12/13 control CDK9 activity on the snRNA genes. Another
limitation of this experiment is the need for more validation that ICE2 is absent from
snRNA genes upon dTAG degradation. ChIP-gPCR analysis of the ICE2 profile upon

dTAG degradation would be needed to investigate this.
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Chapter 6 | Summary and Outlook

The two major processes known to mediate the recognition of the 3’ box during the
transcription of human snRNA genes are transcription initiation by an snRNA-
specific promoter and the enzymatic activity of transcriptional CDKs through the
phosphorylation of Ser2 by CDK9 and phosphorylation of Ser7 by CDK7
96.99,100,267,268,303 The current study investigated the roles of other transcriptional CDKs
in recognition of the 3’ box and uncovered a joint role of CDK12 and CDK13 in RNA
3’ end processing (Chapter 3). However, the mechanism behind this role remains
unclear. The presence of CDK9 and the presumed presence of CDK7 in the absence
of CDK12 and CDK13 activity suggest that Ser2 and Ser7 would still be
phosphorylated. However, a significant loss of pSer2, IntS9 and IntS3 (Chapters 4
and 5) suggests that CDK12 and CDK13 control RNA 3’ end processing in an
Integrator-dependent manner. Additionally, the recruitment of CDK9 to snRNA
genesis notdependent on CDK12 and CDK13, and the inhibition of all three kinases
together causes a significantly higher increase in U2 snRNA readthrough than
inhibiting CDK9 alone or CDK12 and CDK13 together, indicating that these kinases
may work through different pathways (Chapter 5). Furthermore, SPT6 is associated
with the U2 snRNA gene, and the activity of CDK12 and CDK13 together is required
forits recruitment. SPT6 is also required for IntS3 recruitment to snRNA genes *%°, as

are either CDK12 or CDK13 (Chapter 5).
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6.1 The roles of the implicated factors

6.1.1 The Integrator Complex

The Integrator complex comprises 15 canonical subunits (IntS1-IntS15) 67:403.404
which are grouped into several subcomplexes that play various roles in the
expression of protein-coding genes '75:311.386.403.405.406  Notably, IntS11/IntS9
heterodimer and IntS4 make up the cleavage module '%74%, IntS11 and IntS9 are
homologs of CPSF73 and CPSF100, respectively 7. IntS11 functions as the
endonuclease of the cleavage module, IntS9 acts as the heterodimeric binding
partner of IntS11, and IntS4 as a scaffold of the complex, similar to the CPSF73-
CPSF100-Symplexin mRNA cleavage factor 4°54%_ |ntegrator is recruited to protein-
coding genes early in the transcription cycle to cause early termination of
transcription by mediating the dephosphorylation of the paused Pol Il CTD through
protein phosphatase 2A (PP2A) 18538409 gnd cleaving nascent transcripts, which may
allow the degradation of transcripts by exonucleases and Pol Il destabilisation 7441%-
412 In the expression of human snRNA genes, Ints11, as part of the Integrator
cleavage module, cleaves nascent snRNA gene transcripts just upstream from the
3’ box 7. RPAP2 has been shown to help to recruit IntS1, IntS4, IntS5, IntS6, and
IntS7, whereas Ints9 and Ints11 require phosphorylation of Ser2 and Ser7 of the Pol
[l CTD for stable recruitment 9799275 |t is unclear what other IntS subunits are
recruited to human snRNA genes and if the whole Integrator complex may be
necessary. IntS3 may function independently of the Integrator complex and is a

subunit of the sensor of the single-stranded DNA (SOSS)1 and SOSS2 complexes

required for the double-stranded DNA break (DSB) repair process %, IntS3 interacts
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with IntS6 through its C-terminal domain (CTD) and dimerises to facilitate the
formation of a larger SOSS1 complex, which recognises longer single-stranded (ss)
DNA and plays a role in R-loops resolution 309413414 |nterestingly, IntS3 has been
proposed to recruit the Integrator-PP2A (INTAC)-SOSS1 complex to the paused Pol
Il complex due to its ssDNA recognition functions #'5. Until recently, IntS3 has been
excluded from most Integrator complex structural models due to its flexibility
165,386,416 Furthermore, recent structural studies of IntS3 CTD have demonstrated
that this subunit has a stronger affinity for ssRNA over ssDNA despite its role in DNA
damage repair, indicating that IntS3 may have a primary role in RNA processing 4.
My results suggest that IntS3 plays a key role in recruiting or stabilising other
Integrator subunits, including the cleavage module in 3’ box-dependent RNA

processing.

6.1.2 SPT6

SPT6 is a histone chaperone which recruits SETD2 to deposit the K3K36me3
epigenetic mark, *73%and a known elongation factor required for the expression of
protein-coding genes. The knockdown of this factor impairs transcription of coding
genes and causes loss of epigenetic marks such as H3K36me3 56314319 As a histone
chaperone, SPT6 is thought to help Pol Il negotiate transcription through
nucleosomes 3%, Its role in the expression of human snRNA genes is surprising as
these genes are largely nucleosome-depleted *2°. However, previously published
data 319320 and the data presented here suggest that a key role is the recruitment or

stabilization of IntS3.
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6.1.3 CDK9

CDK©9 is a master transcriptional kinase for protein-coding genes and plays roles at
the beginning and end of these genes. For instance, at the 5’ end of the gene, CDK9
phosphorylates NELF, DSIF and CTD Ser2 to allow progression into productive
elongation and coupling elongation to pre-mRNA processing 9295:159417-419 ' At the 3’
end of the gene, CDK9 phosphorylates Xrn2 and PP1 and helps to recruit
polyadenylation factors through Pol Il CTD Ser2 phosphorylation to regulate
termination 3638338 _Dyring snRNA gene expression, CDK9 primarily functions at the
3’ end of the gene 3%. Here, the phosphorylation of Ser2 by CDK9 is required for the
recruitment of IntS11/9 subunits, which facilitates the subsequent RNA 3’ end
processing of the nascent transcript %34, My data suggests that CDK9 may also
regulate the snRNA 3’ end processing through the recruitment of other Integrator
subunits (Chapter 5). The inhibition of CDK9 causes a near total loss of IntS3/Pol I
at the 3’ box and CT-rich regions of the U2 snRNA gene (Fig. 5.3E). CDK9 is required
forthe 3’ end processing of snRNA genes by phosphorylating Ser2, which is required
to recruit the Integrator cleavage module %3339 Previous studies suggest that other
non-cleavage subunits of the Integrator complex are recruited earlier during
transcription through their Integrator subunit association with RPAP2 *°, The data
presented here (Fig. 5.6E) indicates that not only is IntS3 enriched at the 3’ end of

the snRNA genes, but CDK9 is also required to recruit it to U2 snRNA gene.
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6.1.4 CDK12 and CDK13

CDK12 and CDK13 are paralogous CTD kinases which share the same regulatory
cyclin, cyclin K37, and are involved in regulating phosphorylation of Ser2 and Ser5
CTD residues >+76420,

CDK12 and CDK13 are involved in the transcription elongation of protein-coding
genes and pre-mRNA processing 7723378421423 However, not much was known about
the roles of CDK12 and CDK13 in the expression of snRNA genes. Previously
published data and the presented data (Chapter 5) indicate that CDK12 and cyclin
K are associated with U2 snRNA genes *°. Additionally, my data (Chapter 5)
indicates that CDK12 and CDK13 together play roles in the phosphorylation of Tyr1,
Ser2, Ser5 and Ser7 CTD residues (Chapter 4) and can mediate the recruitment of
SPT6 (Fig. 5.1A). In addition, CDK12 and CDK13 are redundant for the recruitment
of integrator subunits, IntS3 and IntS9, and in the 3’ end processing of human U2
snRNA (Chapter 5). However, the exact mechanism by which CDK12 and CDK13

mediate the snRNA 3’ end processing remains unclear.

6.2 Potential mechanisms of actions of CDK12 and CDK13 in
shRNA 3’ end processing.

Several models could explain how CDK12/13 regulate the 3’ end processing of

snRNA genes.

133



6.2.1. CDK12 and CDK13 may recruit SPT6 to function at the 3’ end
of snRNA genes

SPT6 is absent from the recent structural studies of the Integrator pre-termination
complex at the promoter-proximal pausing of protein-coding genes ¢, This is likely
because the presence of SPT6 will facilitate the progression of Pol Il into productive
elongation %6343 and the SPT6 structure sterically clashes with IntS11, the
endonuclease, and IntS6, which has been previously shown to bind to the CTD of
IntS3 72413 In the context of SnRNA gene transcription, SPT6 may be recruited and
stabilised on the snRNA genes by CDK12 and CDK13. CDK7 phosphorylates Ser7 to
recruit RPAP2 and some Integrator subunits early in the transcription cycle of snRNA
genes *°. At the 3’ end, CDK9 recruits IntS9/11 through Ser2 phosphorylation %, and
CDK12/13 may recruit IntS3 directly or indirectly through SPT6. IntS3 may then
stabilise the Integrator complex and facilitate the cleavage of nascent snRNA (Fig.
6.1). In the absence of IntS3, the formation of a stable Integrator complex is lost.
Also, SPT6 may still be recruited, potentially causing steric clashes with other

Integrator subunits, e.g. IntS6, and sterically hindering the recruitment of IntS11.

6.2.1.1 Future directions

Analysis of 3’ box-dependent RNA processing after degradation of SPT6 and/or IntS3
could determine their involvement in the RNA 3’ end processing of shRNA gene
transcripts. An IP-Mass spectrometry pulldown of IntS3 upon CDK12 and CDK13
inhibition will also provide further insights into factors that interact with IntS3 and

whether CDK12 and CDK13 mediate these interactions. Additionally, IntS11 ChIP
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profile upon IntS3 degradation will determine whether this subunit is required to

recruit the IntS9/11 complex.

Figure 6.1 SPT6 may function at the 3’ end of the snRNA gene to aid the
recruitment of IntS3. Schematic model showing CDK7 recruits some Integrator
subunits at the beginning of transcription through phosphorylated Ser7. At the 3’
end, CDK12/13 may mediate the recruitment of IntS3 directly or through SPT6,
which completes and stabilises the Integrator complex, and the snRNA transcriptis
subsequently cleaved. P denotes phosphorylation.

6.2.2 Interactions between CDK12/CDK13 and CDK9

6.2.2.1 CDK12 and CDK13 may function upstream of CDK9

CDK12/13 may function upstream of active CDK9 and mediate the RNA 3’ end
processing through the known pathway of Ser2 phosphorylation to recruit the
Integrator cleavage module %1% (Fig. 6.2 A). CDK12/13 does not affect the
recruitment of CDK9 to snRNA genes (Fig. 5.6 A). However, this experiment does not

measure the active form phospho-CDK9 (pThr186-CDK9). CDK12 and CDK13 may
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activate CDK9 at the 3’ end by phosphorylation of its Thr186 residue, thereby
regulating snRNA 3’ end processing through pCDK9 activity (Fig. 6.2A). Previous
studies have shown an association of CDK9 with cyclin K, the regulatory cyclin for
CDK12 and CDK13, both in vitro “**and in vivo **and CDK9 activity is regulated
through its interaction with cyclin K425, Additionally, CDK9 primarily functions at the
3’ end of snRNA genes as an RNA processing kinase 334 ChIP-gPCR data
presented here (Fig. 4.1) demonstrate increased Pol Il levels upon inhibition of
CDK12/13 across all regions of the U2 snRNA gene. CDK12 and CDK13 therefore
regulate Pol Il transcription throughout the gene but may control snRNA 3’ end

processing through activating CDKO.

6.2.2.2 CDK12 and CDK13 may function downstream of CDK9

The data presented in Chapter 4 indicate that inhibition of CDK12 and CDK13
causes a significant loss of pSer2/Pol Il at the 3’ box and CT-rich regions of the U2
snRNA gene (Fig. 4.3A). However, a near total loss of pSer2/Pol Il is observed across
the 3’ end of the gene when CDK9 is inhibited.

Itis possible that CDK9 mediates the phosphorylation of Ser2 partly through CDK12
and CDK13 activity but also through direct phosphorylation of Ser2 at the 3’ end of
snRNA genes. This may explain why the inhibition of CDK12 and CDK13 also causes
a loss of IntS9/Pol Il. CDK9 may also help to recruit IntS3 to stabilise the Integrator

complex through the activity of CDK12 and CDK13 (Fig. 6.2B).
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Figure 6.2 CDK12 and CDK13 may function upstream or downstream of CDK9
Schematic model showing CDK12 and CDK13 may function A. Upstream of
CDK?9, subsequently phosphorylating Ser2 to recruit IntS9/11 and cleave nascent
snRNA. B. Downstream of CDK9 where CDK12 and CDK13 phosphorylate Ser2 in
addition to the activity of CDK9. CDK9 may also mediate the recruitment of IntS3
through CDK12 and CDK13. P denotes phosphorylation.
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6.2.2.3 Future directions

pCDK9-Thr186 ChIP upon CDK12 and CDK13 inhibition will help to determine
whether CDK12 and CDK13 activate CDK9 on snRNA genes. Likewise, cyclin K,
active CDK12 and CDK13 ChIP upon CDKS9 inhibition will clarify if CDK9 works
upstream and helps to recruit/activate CDK12 and CDK13. It would also be
necessary to investigate the effect of CDK9 inhibition on the association of SPT6

with snRNA genes.

6.2.3 CDK12 and CDK13 may recruit initiation and elongation

factors to control snRNA 3’ end processing.

CDK12 and CDK13 may help to recruit initiation factors, which are later required for
snRNA 3’ end processing. The PTF complex and ICE1 and ICE2 of the LEC complex
are the only snRNA-specific factors on snRNA genes. Therefore, these proteins may
play a role in the obligate coupling of the promoter and the 3’ box %7:28, Previous
studies have demonstrated that the knockdown of ELL and ICE1 subunits of the LEC
leads to a loss of snRNA transcription 2% Additionally, CDK12 and CDK13 were
recently shown to be required for the phosphorylation of PTFa 7, which binds to the
PSE. Furthermore, the work presented in Chapter 4 indicates that CDK12 and
CDK13 inhibition causes an accumulation of Pol Il at the PSE region of U2 snRNA
gene (Figure 4.1). CDK12 and CDK13 may phosphorylate initiation factors, such as
PTFa, which subsequently recruits other elongation and RNA 3’ end processing
factors, e.g., SPT6, the LEC complex, and IntS3, which mediate snRNA 3’ end

processing. On protein-coding genes, the CPSF complex associates with active
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TFIID at transcription initiation before dissociating and associating with polymerase
upon the start of transcription elongation 3*¢. CDK12 and CDK13 may complete the
obligate coupling of the snRNA-specific promoter and 3’ box through a similar
mechanism. Using their activity at both ends of the gene, they may phosphorylate
an initiation factor at the 5’ end, which is subsequently expressed through the gene

and required for the snRNA 3’ end processing (Fig. 6.3).

| ENCODING REGION
+1 +200

-50

Figure 6.3 CDK12 and CDK13 may recruit initiation and elongation factors to
control snRNA 3’ end processing.

Schematic model of how CDK12 and CDK13 may regulate the 3’end processing
through initiation factors. CDK12/13 may phosphorylate the PTF complex at the
beginning of transcription, which may subsequently phosphorylate elongation
factors (e.g. ICE2), which mediate the snRNA 3’ end processing. Alternatively
(dashed line), the phosphorylated initiation factors recruit other factors at the 3’
end, e.g. (SPT6), which recruit Integrator subunits and may control snRNA 3’ end
processing. P denotes phosphorylation and snRNA-specific factors are displayed in
orange.
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6.2.3.1 Future directions

ICE2 ChIP upon degradation of ICE2 in the ICE2-dTAG cell lines will be required to
ensure this factor is lost from the snRNA gene before quantifying the levels of pre
and read-through snRNA transcripts by RT-qPCR (Chapter 5). Additionally, it will be
useful to determine if the inhibition of CDK9 or CDK12 and CDK13 causes a loss of
ICE2 from the snRNA genes. Furthermore, IP-Mass spectrometry of an snRNA-
specific initiation factor, such as PTF-a upon inhibition of CDK12 and CDK13
together, may also provide possible candidates which may link 3’ end processing of
snRNA gene transcripts to the promoter. Taken together, this work provides further
insights into the roles of 3’ end processing factors (e.g. CDK9) involved in the
expression of human snRNA genes while also identifying new factors which play a
role in this mechanism. Additionally, | have identified

novel factors which may be implicated in snRNA 3’ end regulation, including SPT6,
IntS3, and ICE2. However, the mechanism by which these new factors regulate the
3’ end processing remains unclear and requires further investigation. The follow-up
of this study may reveal a novel mechanism that furthers our understanding of the

obligate coupling of the snRNA promoter to the 3’ box.
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Supplementary
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Supplementary figure 1. IntS11 profile upon inhibition of CDK12 and CDK13 AS
cells.

(Left) ChIP-gPCR of IntS11 across U2 snRNA gene upon inhibition of CDK12 and
CDK13 AS cells. (Right) ChIP-gPCR analysis of IntS11 relative to Pol Il across
respective genes upon inhibition of CDK12/13 AS cells. n=3 biological repeats.
Statistical test = two-tailed unpaired t-test, * = p <0.05, ** = p<0.01.
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