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Abstract

In humans, protein-coding genes and most small nuclear (sn)RNA genes are transcribed
by RNA polymerase Il (pol II).The carboxy-terminal domain (CTD) of the largest subunit of
pol Il possesses multiple heptapetide repeats of the consensus Tyrl-Ser2-Pro3-Thr4-Ser5-
Pro6-Ser7. Phosphorylation of Ser2, Ser5 and Ser7 mediates the recruitment of
transcription and RNA processing factors during the transcription cycle. There are notable
differences between snRNA genes and protein-coding genes in terms of mechanisms
controlling their expression. Pol Il does not appear to make the transition to long-range
productive elongation during transcription of snRNA genes, as happens during
transcription of protein-coding genes. In addition, recognition of the snRNA gene-type
specific 3’ box RNA processing element requires initiation from an snRNA gene promoter.
These characteristics may, at least in part, be driven by factors recruited to the promoter.
Initiation of transcription of most human genes transcribed by pol Il requires the
formation of a preinitiation complex (PIC) comprising TFIIA, B, D, E, F and H and pol Il. The
general transcription factor, TFIID is composed of the TATA-binding protein and up to 13
TBP-associated factors (TAFs). Differences in the complement of TAFs might result in
differential recruitment of elongation and RNA processing factors. It has already been
shown that the promoters of some protein-coding genes do not recruit all the TAFs found
in TFIID. Although TAF5, has been shown to be associated with pol ll-transcribed snRNA
genes, the full complement of TAFs associated with these genes remained unclear. Here |
show, using a ChIP and siRNA-mediated knockdown approach, that the TBP/TAF complex
on snRNA genes differs from that on protein-coding genes. Interestingly, the largest TAF,
TAF1 and the core TAFs, TAF10 and TAF4 are not detected on snRNA genes. | propose
that this snRNA gene-specific TAF subset plays a key role in gene-type-specific control of
expression. In addition, in order to further understand the molecular mechanism
underlying the differences between expression of protein-coding genes and snRNA
genes, | have investigated the role of RNA pol ll-associated protein 2 (RPAP2) in
transcription of snRNA genes. Here | show that RPAP2 recognizes the phospho-Ser7 mark
on the pol Il CTD, siRNA mediated knockdown of RPAP2 causes defects in snRNA gene
expression and that RPAP2 is a CTD Ser5 phosphatase. | also present my studies of the
mechanism of inhibition of phospho-Ser2 by herpes simplex virus-1 (HSV-1) protein
ICP22. Phosphorylation of Ser2 by the positive transcription elongation factor (P-TEFb) is
associated with productive transcriptional elongation. However, P-TEFb is not required
for elongation of transcription of snRNA genes, but functions only to activate 3’ box-
directed RNA processing. In addition, there are conflicting data as to whether Cdk9 is
acting as a Ser2 kinase during transcription of pol ll-transcribed snRNA genes. As ICP22 is
thought to inhibit P-TEFb, this protein could provide an alternative means to study P-TEFb
function in expression of snRNA genes.
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Chapter 1| Introduction



Transcription is the first step of gene expression and is strictly regulated to ensure
appropriate levels of the gene product. Understanding which factors work together to
achieve correct regulation of transcription is critical for a complete understanding of gene
regulation. This thesis describes the results of my study of the control of transcription of
RNA polymerase Il (pol Il)-dependent genes. The broad scientific context is the molecular
mechanisms underlying transcription of human pol II-dependent genes in cell lines, with
particular emphasis on the role of modifications of the carboxyl-terminal domain (CTD) of
pol Il. In addition, the effect of the herpes simplex virus type 1 (HSV-1) immediate early
protein 22 (ICP22) on transcription by pol Il was investigated, as ICP22 is thought to
interact with a key CTD modification enzyme. Accordingly, in the Introduction | give an
overview of transcription of protein-coding and small nuclear (sn)RNA genes, as these are
the two major groups of independent genes transcribed by pol Il in human cells. | also
give a review of what is known about the effect of the HSV-1 ICP22 protein on host cell
gene expression. In the remaining part of this Introduction, | outline the aims of this

thesis.

1.1 Transcription of human genes

Eukaryotic transcription is a stringently-controlled process where DNA acts as a template
for synthesis of an RNA copy (Shandilya and Roberts, 2012). In eukaryotes, there are
three distinct polymerases that transcribe specific gene types. RNA polymerase | (pol 1)
transcribes genes encoding 28S, 18S and 5.8S ribosomal (r)RNAs. RNA polymerase Il (pol
I1) transcribes the protein-coding genes and genes encoding small non-coding RNAs,
including the independent genes for the snRNAs. RNA polymerase Il (pol Ill) transcribes a
range of short genes for non-coding RNAs, including those encoding transfer (t)RNA and
the 5S rRNA (Egloff and Murphy, 2008a, Allison et al., 1985). The transcription cycle has
been well studied for protein-coding genes and can be divided in three phases: initiation,
elongation and termination. During initiation, a transcription-competent RNA polymerase
complex is formed at the promoter and synthesizes the first phosphodiester bond of the
RNA. Transcription elongation is divided into three stages: promoter escape, promoter-

proximal pausing and productive elongation (Saunders et al.,, 2006). During promoter



escape, pol Il breaks its contacts with promoter-sequence elements/promoter-bound
factors. During promoter-proximal pausing, pol Il pauses in the 5 region of the
transcription unit. This stage functions as a checkpoint before proceeding to productive
elongation. During productive elongation, polymerase synthesizes the complete RNA
transcript. During termination, the RNA transcript is released and the transcription

complex dissociates from the DNA template (Saunders et al., 2006).

1.1.1 RNA polymerase Il structure and CTD modifications

Pol 1l is made up of 12 DNA-directed RNA polymerase Il subunits named Rpb1-Rpb12
(Cramer, 2002). The carboxyl-terminal domain (CTD) of the largest subunit of pol Il (Rpb1)
comprises tandemly-repeated heptapeptides with the consensus sequence Tyr-Ser-Pro-
Thr-Ser-Pro-Ser (Y1S;P3T4SsPsS7) (Corden, 1990, McCracken et al., 1997, Allison et al.,
1985). The number of repeats and the deviation from the consensus sequence varies
between organisms. There are 26 repeats in yeast, 45 in Drosophila and 52 in mammals
(Corden, 1990). The divergent heptapeptides are found largely in the C-terminal part with
the Ser7 being the least conserved residue (Hsin et al., 2011). The minimal functional unit
of a yeast pol Il CTD is a di-heptapeptide (Stiller and Cook, 2004). The CTD plays a crucial
role in transcription and co-transcriptional RNA processing. It serves as a scaffold for the
interaction with nuclear factors (Bentley, 2005, Egloff et al., 2007, Jacobs et al., 2004,
Phatnani and Greenleaf, 2006). Reversible modification of the residues within a
heptapeptide of the CTD generates a CTD code which is essential for the recruitment of
transcription and processing factors at different steps of the transcription cycle
(Buratowski, 2003). Thus, modification of the CTD is crucial for coordination of
transcription and RNA processing events (Saunders et al., 2006, Egloff and Murphy,
2008a). The CTD can potentially be modified by phosphorylation (on tyrosine, threonine
and serine), glycosylation (on tyrosine, threonine and serine) and isomerization (proline)
(Table 1). The enzymes that modify the CTD include kinases, phosphatases,
glycosyltransferases, deglycosylases and peptidyl-propyl cis/trans isomerases (Egloff and
Murphy, 2008a). As a result of modification, the hypophosphorylated pol Il (pol Ila) that
initiates transcription is transformed into a hyperphosphorylated pol Il (pol Ilo) that

engages in productive elongation (Payne et al., 1989). Phosphorylation of the CTD is the



best-characterized modification. There are five potential phosphorylation sites in a
heptapeptide repeat (Y15,T4SsS7) (Zhang and Corden, 1991, Baskaran et al., 1993) (Table
1).

The Ser5 residue of the CTD is phosphorylated by cyclin-dependent kinase 7 (Cdk7; Kin28
in yeast), a component of the general transcription factor TFIIH, and by the cyclin-
dependent kinase 8 (Cdk8; Srb1l0 in yeast), a subunit of the Mediator complex
(Komarnitsky et al., 2000, Riedl and Egly, 2000). Phosphorylation on Ser5 (Ser5P) is
highest near the promoter and helps recruit enzymes to cap the 5 end of the newly
transcribed transcript and the Setl histone methyltransferase, which is responsible for
trimethylation of lysine residue on histone H3 (H3K4) at the 5’ end of transcribed genes
(Schroeder et al., 2000, Ng et al., 2003, Komarnitsky et al., 2000). In addition, the Ser5P
mark is required for recruitment of the Ser5 phosphatase, the regulator of transcription 1

(Rtr1) (Mosley et al., 2009).

Ser2 is phosphorylated by the catalytic subunit (Cdk9) of the positive transcription
elongation factor (P-TEFb) complex (Burl in yeast) and/or cyclin-dependent kinase 12
(Cdk1; Ctkl in yeast) (Peterlin and Price, 2006, Bartkowiak et al., 2010, Keogh et al.,
2003). In addition, a recent study described the bromodomain-containing protein 4
(Brd4) as a kinase for Ser2 where P-TEFb is not recruited to promoters and in stem cell
lines deficient in P-TEFb (Devaiah et al., 2012). Ser2 phosphorylation (Ser2P) occurs later
in the transcription cycle and is generally highest towards the 3’ end of the genes. In
higher eukaryotes, P-TEFb inhibitors affect elongation of transcription of protein-coding
genes, splicing and polyadenylation (Bird et al., 2004, Ni et al., 2004). However, Ser2P
does not affect elongation of transcription of mammalian snRNA genes, but plays a major
role in RNA 3’ processing (Medlin et al., 2005). The Ser2P mark also facilitates association
of the Set2 histone methyltransferase, which catalyzes methylation of histone H3K36 (Li
et al., 2005). In yeast, methylation of histone H3K36 leads to activation of a histone
deacetylase complex, which prevents cryptic transcription within coding regions

(Buratowski, 2009, Govind et al., 2010).



Modification Enzyme References
Tyrl -Abl (Baskaran et al., 1993,
phosphorylation Mayer et al., 2012)
Cdk9, Cdk12, (Washington et al.,
Kinase 2002, Clemente-Blanco
Brd4 etal., 2011, Lin et al.,
Ser2 2002, Bartkowiak et al.,
phosphorylation 2010, Blazek et al.,
Phosphatase | Fcpl, Cdc14b | 2011, Devaiah etal.,
2012, Guillamot et al.,
2011)
Pro3 isomerization Pinl (Zhang et al., 2012b)
(Hsin et al., 2011,
Thr4 Kinase Cdk9 Hintermair et al., 2012)
phosphorylation PIk3
Kinase Cdk7, Cdk8
(Ramanathan et al.,
2001, Washington et al.,
2002, Yeo et al., 2003,
Sers Krishnamurthy et al
phosphorylation RPAP2, Scpl, %
Phosphatase Ssu72, PP1 2004, Glover-Cutter et
al., 2009, Egloff et al.,
2012b)
. o . (Zhang et al., 2012b,
Pro6 isomerization Pinl Bataille et al.,, 2012)
Ser7 s Cdk7, Cdk3 (Egloff et al., 2007,
phosphorylation Phosphatase Ssu72 Bataille et al., 2012)
Arg7 methylation CARM1 (Sims et al., 2011)
Ser and Thr oGT (Kelly et al., 1993,
glycosylation OGA Ranuncolo et al., 2012)

Table 1. Summary of known CTD modifications in mammals.




In addition to Ser2 and Ser5, Ser7 of the CTD is phosphorylated during transcription
(Chapman et al., 2007). Ser7 phosphorylation (Ser7P) has been detected on protein-
coding genes and snRNA genes (Chapman et al.,, 2007, Egloff et al., 2007). The role of
Ser7P in expression of protein coding genes is not clear. This mark is important for
transcription of snRNA genes and for formation of the 3’ end of transcripts (Egloff et al.,
2012a). The Cdk7 kinase (Kin28 in yeast) was demonstrated to phosphorylate not only
Ser5, but also Ser7 (Glover-Cutter et al., 2009). Recently, Tietjen and colleagues, revealed
a novel role for yeast Burl kinase as a Ser7 kinase that acts on elongating pol Il (Tietjen et
al., 2010). However, Bataille and colleagues, showed that Burl phosphorylates Ser7 only
when Kin28 is not functional (Bataille et al., 2012). Despite its role in 3’-processing of
snRNA gene transcripts, the Ser7P mark is observed at promoters of all pol Il transcribed
genes (Glover-Cutter et al.,, 2009, Kim et al., 2009b, Egloff et al., 2007). Tietjen and
colleagues have suggested that Ser7P could facilitate elongation and suppress cryptic

transcription (Tietjen et al., 2010).

The phosphorylation of Thr4 and Tyrl of the pol Il CTD was also reported (Hsin et al.,
2011, Baskaran et al., 1993). Knockdown experiments confirmed that Polo-like kinase 3
(PLK3) is a Thr4 specific kinase (Hintermair et al., 2012). This modification of the pol Il CTD
has been linked to 3’end processing of histone transcripts (Hsin et al., 2011). Tyr1 is
phosphorylated by the kinase c-Abl in human cells (Baskaran et al., 1993) and this mark
inhibits the binding of termination factors to the transcribing pol Il within the body of

gene in yeast (Mayer et al., 2012).

Dephosphorylation of the pol Il CTD residues is essential for regulation of CTD
phosphorylation (Hsin and Manley, 2012). The evolutionary-conserved TFlIF-associated
CTD phosphatase 1 (Fcpl) dephosphorylates Ser2P preferentially, whereas RNA
polymerase |l subunit A C-terminal domain phosphatase (Ssu72), the small CTD
phosphatase 1 (SCP1) in mammals and the regulator of transcription 1 (Rtrl) in yeast
dephosphorylate Ser5P (Krishnamurthy et al., 2004, Reyes-Reyes and Hampsey, 2007,
Yeo et al., 2003, Mosley et al., 2009). Fcpl binds pol Il and its activity is stimulated by the
general transcription factor TFIIF (Kobor et al., 1999, Kobor et al., 2000). Yeast Fcp1 is
localized to the promoter and coding regions of active genes (Cho et al., 2001). Human

Fcpl stimulates elongation and facilitates recycling of pol Il (Cho et al., 1999, Mandal et



al.,, 2002). A recent study in Drosophila demonstrated that Fcpl is required for efficient
transcription of heat shock genes. The decrease of pol Il levels in the coding region of the
heat shock-induced Hsp70 gene after Fcpl depletion, suggests that Fcpl is required to
maintain the pool of initiation-competent unphosphorylated pol Il (Fuda et al., 2012). The
Ssu72 phosphatase was identified as a component of the yeast Cleavage and
Polyadenylation Factor (CPF) and found to be required for pre-mRNA and small nucleolar
(sno)RNA 3’ end formation (Gavin et al.,, 2002, He et al., 2003). In addition to its
phosphatase activity towards Ser5P, Ssu72 was described as a tyrosine phosphatase and
was also recently identified as a Ser7P phosphatase (Meinhart et al., 2003, Zhang et al.,
2012a). This would suggest that the Ssu72 active site is able to support a variety of CTD
modifications. Ssu72 localizes predominantly to the 3’ end of genes but can also be found
at promoter regions (Ansari and Hampsey, 2005, Nedea et al.,, 2003). The SCP1
phosphatase is found only in human cells, is regulated by TFIIF and contains a
phosphatase domain similar to that of Fcpl (Yeo et al.,, 2003). Finally, the Rtrl
phosphatase in yeast was also shown to be a CTD phosphatase responsible for the
dephosphorylation of Ser5P in the 5’ region of genes (Mosley et al., 2009). Rtrl deletion
causes increased levels of Ser5P in whole-cell extracts and throughout coding regions. In
addition, pol Il occupancy on genes is reduced and termination defects are observed
(Mosley et al.,, 2009). The human homolog of Rtrl is RNA Polymerase |l Associated
Protein 2 (RPAP2). The first insight into RPAP2 function came from a mass spectrometric
analysis of the human transcription machinery interactome, which uncovered four
proteins that form strong interactions with pol Il, including RPAP2 (Jeronimo et al., 2007).
At the time of starting work for this thesis, it was not known if RPAP2 acts as a CTD
phosphatase as does its homolog in yeast. Work from our lab has demonstrated that
RPAP2 knockdown results in an increase Ser5P levels on pol Il transcribed genes and

RPAP2 possesses Ser5P phosphatase activity (Egloff et al., 2012b).

Taken together, these findings indicate that dynamic phosphorylation and

dephosphorylation of the CTD plays an essential role during transcription.



1.1.2 Transcription initiation factor requirement

Synthesis of pre-messenger RNA by pol Il involves assembly of a transcription pre-

initiation complex (PIC) at the promoter (Hampsey, 1998). The PIC comprises pol Il and a

set of general transcription factors (GTFs) that include TFIIA, TFIIB, TFIID, TFIIE, TFIIF and

TFIIH (Table 2). TFIID is a central player in the assembly of the PIC. TFIID is a multiprotein

complex comprising the TATA-binding protein (TBP) and an associated set of 13

evolutionarily-conserved TBP-associated factors (TAFs), and plays a critical role in

transcription initiation.

Factor Function References
TFIA Enhances PIC assembly (Kobayashi et al., 1995,
Stabilizes TBP-TATA box interactions Clemens et al., 1996, Kang et
Coactivator al., 1995, Thomas and Chiang,
2006)
TFIIB Stabilizes TFIID promoter binding (Orphanides et al., 1996, Hahn,
Role in recruitment of pol Il/TFIIF 2004, Thomas and Chiang,
Role in start site selection 2006, Pardee et al., 1998, Pinto
et al., 1994)
TFIID Role in recognition of core promoter (Dunphy et al., 2000, Sengupta
elements et al., 2009, Maile et al., 2004,
Core promoter binding factor Shao et al., 2005, Chiang and
Coactivator Roeder, 1995, Thomas and
Posses enzymatic activities (protein kinase, Chiang, 2006)
histone acetyltransferase, ubiquitin-
activating/conjugating enzyme)
TFIE Role in recruitment of TFIIH (Flores et al., 1989, Holstege et
Essential in transition from initiation to al., 1996)
elongation
TFIIF Role in recruitment of pol Il, TFIIE, TFIIH (Flores et al., 1991, Orphanides
Role in start site selection et al., 1996, Hampsey, 1998,
Increases the specificity and efficiency of Thomas and Chiang, 2006)
pol Il transcription
TFIIH Posses enzymatic activities (ATPase (Goodrich and Tjian, 1994,

activity, helicase activity, kinase activity,
E3 ubiquitin ligase activity)
Required for transcription initiation and
promoter clearance
Responsible for phosphorylating Ser5 of
pol Il CTD

Thomas and Chiang, 2006,
Zurita and Merino, 2003,
Glover-Cutter et al., 2009)

Table 2. Function of the human general transcription factors.




TFIID: A TBP-TAF complex

The multi-subunit general transcription factor TFIID was initially identified as a
chromatographic fraction that is required to reconstitute a basal pol Il transcription
reaction in vitro (Matsui et al., 1980). Interestingly, it was shown that TFIID binds to the
TATA-box and a 38 kDa subunit possessing TATA box-binding activity termed TATA-
binding protein (TBP) was characterized (Buratowski et al., 1988). TBP can replace TFIID in
basal transcription, but cannot support activated transcription, indicating that the TFIID
complex contains additional activities required for regulated transcription. A set of
tightly-bound  polypeptides associated with TBP were identified during
immunopurification of TFIID using antibodies against epitope-tagged TBP. It was then
determined that TFIID is a complex containing TBP and TBP-associated factors for pol Il
(TAFs). Significantly, TAFs were shown to play a critical role in activator-responsive
transcription (Cavallini et al., 1989, Dynlacht et al., 1991, Matsui et al., 1980, Parker and
Topol, 1984, Tanese et al., 1991). Consequently, TAFs have been subjected to intensive
study over the last decade. TAFs from S.cerevisiae, S.pombe, C.elegans, D.melanogaster
and H. Sapiens have been identified (Tora, 2002). Some TAFs are also present in distinct
human transcriptional regulatory multiprotein complexes such as the SPT3-TAF9-GCN5
containing complex (STAGA; human SAGA), the TBP-free TAF-containing complex (TFTC)
and the p300/CBP associated factor complex (PCAF) (see Table 3) (Grant et al., 1998,
Ogryzko et al., 1998, Brand et al., 1999, Martinez et al., 2001, Demeny et al., 2007).



COMPLEXES

hSAGA hTFTC hPCAF
TAF2
TAF4
TAF5
TAF5L TAF5L TAF5L
TAF6
TAF6L TAF6L TAF6L
TAF9 TAF9 TAF9
TAF9b
TAF10 TAF10 TAF10
TAF12 TAF12 TAF12

Table 3. Comparison between the complement of TAFs in TAF-containing complexes.

X-ray crystallography and biochemical experiments have shown that nine TAFs contain a
sequence motif homologous to histones, the histone fold domain (HFD) (Birck et al.,
1998, Gangloff et al., 2001a). The HFD contains a long a-helix flanked on each side by a
coil loop and a short a-helix. This domain mediates many of the subunit interactions
within the TFIID complex (Birck et al., 1998, Gangloff et al., 2001a). The histone fold-
containing TAFs form the heterodimers, TAF6/9, TAF4/12, TAF 8/10, TAF3/10 and
TAF11/13. The histone-like heterodimers associate with TAF5 to form the core
subcomplex, which interacts with a subcomplex composed of TAF1, TAF2, TAF7 and TBP
to form TFIID (Cler et al., 2009, Wright et al., 2006, Gangloff et al., 2001b). The structure
of TFIID appears to be dynamic, and it has been shown that differences in subunit
composition affect TFIID conformation. For example, the incorporation of TAF4b, a TAF4
paralogue, into TFIID, induces an open conformation at the lobe involved in interaction
with TFIIA and various transcriptional activators (Liu et al., 2008). TAF2 may not always be

present in TFIID, and in its absence significant domain reorganization within TFIID is
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observed (Papai et al., 2009). Therefore, it has been suggested that TFIID has a plastic
structure that can be reorganized in response to activator signals, which would help TFIID
to stably associate with a wide variety of promoters (Cler et al., 2009). Some TAFs are
essential for assembly and integrity of TFIID. There is good evidence that TAF4, TAF5 and
TAF10 play primary roles in TFIID assembly. Knockdown of specific TFIID subunits in
Drosophila Schneider S2 cells indicate that TBP, TAF1, TAF2, and TAF11 contribute very
little to complex stability. In contrast, knockdown of TAF4 leads to degradation of most of
the TAFs (Wright et al., 2006). In yeast, temperature-sensitive mutations in the WD40
repeats of TAF5 causes a variety of allele-specific defects in the ability to support
transcription and maintain the structure of the TFIID (Durso et al., 2001). In mammalian
cells, experiments have shown that TAF10 is necessary for TFIID stability. Indeed, TAF10

gene disruption in mice leads to disassembly of TFIID (Mohan et al., 2003).

Function of TAFs

The core promoter of genes is defined as the minimal DNA sequence required for
accurate transcription initiation in vitro (Roeder, 1996). One of the common core
promoter elements in human genes is a TATA box located approximately 25 bp upstream
of the transcription start site. The consensus sequence TATA(A/T)A(A/T)(A/G) is
recognized directly by TBP (Hernandez, 1993). An additional core promoter element is
the initiator (Inr). The Inr comprises a pyrymidine-rich sequence, PyPyAN(T/A)PyPy, and
overlaps the transcription start site in some promoters (Kaufmann and Smale, 1994). The
downstream promoter element (DPE) is located between +28 and +34 in many
Drosophila TATA-less promoters and it functions cooperatively with the Inr for the
binding of TFIID in the absence of a TATA box. The DPE contains the consensus sequence
(A/G)G(A/T)CGTG. In the human TAF7 promoter a DPE is located between +29 and +35
(Kutach and Kadonaga, 2000, Smale and Kadonaga, 2003, Thomas and Chiang, 2006).
Some promoters contain an additional core promoter element situated downstream of
the transcription start site called the downstream core element (DCE). The DCE was
discovered in the human B-globin promoter. It contains three sub-elements with core

sequences of CTTC, CTGT and AGC (Lee et al., 2005, Purnell et al., 1994). TAFs are thought
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to significantly widen the range of promoter recognition by TFIID. Firstly, association of
TBP with TAFs helps to overcome chromatin barriers (Thomas and Chiang, 2006).
Secondly, contacts between TAFII-Inr, TAFII-DPE and TAFII-DCE enables recognition of
TATA-less promoters (Basehoar et al., 2004). TAF1/TAF2 recognizes the Inr sequence
(Chalkley and Verrijzer, 1999). Human TAF6 and TAF9 exhibit DPE-binding specificity
(Sengupta et al., 2009, Shao et al., 2005). UV photo-cross-linking results demonstrate that
TAF1 interacts with the DCE sub-element in a sequence-dependent manner (Lee et al.,
2005). Thus, absence of any of those TAFs will eliminate interactions at specific core
promoter elements. Conversely, the TAF composition of TFIID may be dependent on the
sequence of the core-promoter. Interestingly, it has been shown recently that erythroid
Kruppel-like factor (EKLF) interacts with TAF9, but this interaction is not required for
activation of all target promoters, which instead depends on the particular promoter
architecture. This further supports the notion that the involvement of TAFs in gene
transcription depends, at least in part, on promoter architecture (Sengupta et al., 2009).
In addition, covalent modifications of histones can be recognized by structural domains of
TAFs to modulate promoter recognition. For example, TAF1 contains two tandem
bromodomain modules that bind selectively to multiply acetylated histone H4 peptides
and the TAF3 PHD finger is highly selective for H3K4me3. Thus, modified histone tails
interacting with TAFs might help recruit TFIID to specific chromatin-bound promoters
(Jacobson et al., 2000, Vermeulen et al., 2007). All this, suggests that TAFs can serve as
promoter selectivity factors that can orient TFIID on the DNA. Moreover, TAFs may be
differentially required to activate genes due to differences in the sequence and

chromatin structure of core promoters that can affect TFIID binding.

Transcriptional activation can be facilitated in several ways by DNA-binding activators.
One mechanism implicates interaction of activators with components of PIC in enhanced
recruitment and stabilization of GTFs at promoters. A number of reports demonstrate
that specific TAFs directly interact with certain activators. For example, Drosophila TAF4
interacts with Sp1 (Dynlacht et al., 1991), human TAF7 interacts with Sp1, YY1, USF, CTF,
adenovirus E1A protein and HIV-1 Tat (Chiang and Roeder, 1995, Fornage et al., 2011), N-
TF-1 interacts with TAF2 and TAF6 (Chen et al., 1994), TAF9 interacts with the activation
domain of Herpes viral protein 16 (VP16) (Kim et al., 2009a) and TAF1, TAF3, TAF6 and
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TAF9 interact with the tumour suppressor protein p53 (Allende-Vega et al., 2007,
Bereczki et al., 2008, Thut et al., 1995). These interactions suggest that TAFs can function
as coactivators to bridge interactions between DNA-bound activators and the PIC. In
agreement with the coactivator model, it has been demonstrated that mutations in
activation domains of Sp1 that interact with TAFs affect activation of transcription (Gill et
al., 1994), emphasizing that activator-TAF interaction is an important mechanism of
transcriptional activation. Studies of regulation by Drosophila activators Bicoid and
Hunchback suggest that activator-TAF contacts can direct synergistic transcriptional
activation. Bicoid binds TAF4 and Hunchback binds TAF6. Activation by those factors
requires the inclusion of their target TAFs into the TFIID complex since they fail to
activate transcription mediated by TBP or a TBP-TAF1 complex alone (Sauer et al., 1995,
Verrijzer and Tjian, 1996). Together these experiments indicate that activators may target
different TAFs to recruit TFIID to promoters. In addition, holo-TFIID may integrate

different signals from different activators.

The TAF1 subunit of TFIID possesses histone acetyltransferase (HAT) activity that
acetylates histone H3 and H4 (Dunphy et al., 2000). Recruitment of HAT activity to a
promoter results in acetylation of core histones and therefore contributes to overcoming
chromatin barriers. This in turn facilitates stable binding of TFIID and other basal factors
to the core promoter. In addition to histones, other components of the basal
transcription machinery, such as TFIIH and TFIIF, may be acetylated by TAF1 (Imhof et al.,
1997). HAT activity of TAF1 is also required for cell cycle progression (Dunphy et al.,
2000). It has also been demonstrated that Drosophila TAF1 phosphorylates histone H2B
and this phosphorylation is critical for transcriptional activation events that promote cell
cycle progression and development. In addition, TAF1, as a histone-specific ubiquitin-
activating/conjugating enzyme, mediates monoubiquitination of histone H1 in vitro
(Pham and Sauer, 2000, Maile et al., 2004). The enzymatic activities of TAF1 that modify
histones therefore contribute to the importance of this protein in gene transcription.
Indeed, inhibition of the HAT activity of TAF1 represses transcription of MHC class |
genes. Importantly, TAF7 regulates TAF1 function by binding to TAF1 and inhibiting its
HAT activity (Gegonne et al., 2001). In addition, TAF1 binds to acetylated histones by two

tandem bromodomains located in the C-terminal region, which may stabilize the binding
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of TFIID to the core promoter (Naar et al.,, 2001). The enzymatic activities of TAF1 may
both facilitate TFIID binding to core promoters and alter the chromatin environment to

allow favourable PIC assembly.

As mentioned above, TAF7, a 55-kDa TFIID component, binds to TAF1 and negatively
regulates its HAT activity. It has been reported that TAF7 dissociates from the TFIID
complex upon addition of pol Il to the assembling PIC. This release is concomitant with
phosphorylation of TAF1, which reduces the binding of TAF1 to TAF7. Additional studies
have shown that TAF7 functionally interacts with the TFIIH and the elongation factor P-
TEFb. Interaction of TAF7 with TFIIH and P-TEFb inhibits their kinase activities. In addition,
TAF7 inhibits steps after PIC assembly in in vitro transcription reactions. Accordingly, it
was proposed that TAF7 acts as a checkpoint regulator and delays transcription until the
PIC complex is assembled (Gegonne et al., 2008, Gegonne et al., 2006). Notably, a similar
interaction occurs between TAF7 and the HIV transactivator protein Tat. Like TAF7, Tat
interacts with TAF1 and P-TEFb. In addition, TAF7 and Tat inhibit TAF1 HAT enzymatic
activity and activate P-TEFb autophosphorylation. In addition, TAF7 and Tat modulate
phosphorylation of CTD by TFIIH and P-TEFb (Gegonne et al., 2006, Kobor and Greenblatt,
2002, Zhou et al., 2001).

Despite the diverse roles in transcription activation, TFIID is much more complex than
previously thought (Goodrich and Tjian, 2010). Some TAFs have gene paralogues, which
play an important role in pol ll-dependent transcription. They are often expressed in a
tissue- or cell-type-specific manner. The TAF4 paralogue, TAF4b is expressed in B
lymphocytes and a unique TAF4b-containing TFIID complex can be isolated from these
cells. TAF4b is also essential for proper development and function of the mouse ovary,
where it mediates the transcription of a subset of genes required for proper
folliculogenesis (Dikstein et al., 1996, Freiman et al., 2001). TAF5L (a TAF5 paralogue) and
TAF7L (a TAF7 paralogue) also play important roles in developmental regulation of gene
expression. Both are required for spermatogenesis and probably interact with germ cell-
specific transcription cofactors to regulate transcription during development (Hiller et al.,
2001, Pointud et al., 2003). Interestingly, TAFs are not expressed in some differentiated

cell types including hepatocytes (D'Alessio et al., 2011). Furthermore, embryonic stem
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cells contain a noncanonical TFIID complex lacking several core subunits (Maston et al.,

2012).

To sum up, TAFs are critical components of the machinery responsible for the regulated
transcription of eukaryotic genes transcribed by pol Il and their biological significance has
made them the target of extensive study. TAFs can function as promoter recognition
factors, as coactivators and enzymatic modifiers of other proteins. Some are important
for the stability of complexes they form. The importance of these functions may vary
from promoter to promoter. Interaction between TAFs and core promoters may cause
allosteric effects in TFIID that modulate its activity. TAFs are targets of activators and
different activator-coactivator combinations may selectively regulate transcription. TAF1
acetylation of histones and monoubiquitination of histone H1 may facilitate and stabilize
binding of TFIID. The existence of multiple TAF- and TBP-containing complexes may
indicate that gene specificity is ensured by interaction of combinations of activators with

a range of different basal transcription machineries.

1.1.3 Transcription elongation

The main rate-limiting step of transcription elongation is promoter-proximal pausing.
Two negative transcription elongation factors (N-TEFs), DRB sensitivity-inducing factor
(DSIF) and negative elongation factor (NELF), are recruited to the elongation complex in
the promoter proximal region to induce pol Il pausing (Yamada et al., 2006, Andrulis et
al., 2000, Yamaguchi et al., 1999). Release from the pause site is mediated by the action
of the Cdk9 subunit of P-TEFb, which phosphorylates DSIF, NELF and Ser2 of the pol Il CTD
(Yamada et al.,, 2006, Saunders et al., 2006). Phospho-NELF leaves the elongation
complex and phospho-DSIF turns into a transcriptional activator, which remains
associated with pol Il (Gomes et al., 2006, Yamada et al., 2006). Accordingly, genome-
wide studies demonstrate that NELF occupancy is mostly restricted to promoter proximal
regions while DSIF is distributed over the coding regions (Rahl et al., 2010). Pol Il can
enter productive elongation with the action of P-TEFb (Marshall et al., 1996). The role of
P-TEFb action in stimulating productive elongation was elucidated using 5,6-dichloro-1-B-

D-ribofuranosylbenzimidazole (DRB), which is a purine nucleoside analogue that inhibits
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Cdk9 activity (Marshall and Price, 1995). Treatment of cells with DRB results in the
production of shortened transcripts, diagnostic of the inability of pol Il to transcribe
through the pol Il stalling site in the absence of P-TEFb activity (Marshall and Price, 1992).
P-TEFb is composed of Cdk9 kinase and a cyclin. Cdk9 is a Ser/Thr proline-directed kinase
and it is ubiquitously expressed. It exists in two isoforms Cdk9-42 and Cdk9-55 due to two
transcription start sites (Marshall and Price, 1995). Both isoforms localize to the nucleus
(Peng et al.,, 1998b). The ratio of Cdk9-42/Cdk9-55 is cell type-dependent (Liu and
Herrmann, 2005). Cdk9 shares 47% homology with other Cdk’s (Marshall and Price,
1995). Cdk9 interacts with T-type cyclins — T1, T2a, T2b and Cyclin K (Peng et al., 19983,
Fu et al., 1999) (see Table 4). However, recently several mass spectrometry studies failed
to demonstrate that Cyclin K is associated with Cdk9 (Barboric et al., 2009, Bezstarosti et
al.,, 2010). In addition, a recent study revealed that Cyclin K associates with Cdk12 and
Cdk13 (Blazek et al., 2011). The various complexes are cell-type specific and
differentiation and activation dependent (Peng et al., 1998b). Interestingly, the function
of Cdk9 is modified by various viral gene products. The human immunodeficiency virus
Tat protein interacts with P-TEFb and changes the specificity of phosphorylation of the
pol Il CTD (Herrmann and Rice, 1995, Marshall et al., 1996). Tamrakar and colleagues
showed that human cytomegalovirus infection induces the hyperphosphorylation of pol Il
CTD and this is associated with changes in activity, localization and abundance of Cdk9
and Cdk7 (Tamrakar et al., 2005). Kaposi’s sarcoma-associated herpesvirus K-cyclin
interacts with Cdk9 and stimulates Cdk9-mediated phosphorylation of the p53 tumor
suppressor (Chang and Li, 2008). In 2008, Durand and Roizman concluded that Cdk9 plays
an important role in the optimization of expression of genes regulated by HSV-1 infected

cell protein 22 (ICP22) (Durand and Roizman, 2008).
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Kinase

Cdk Cyclin activityon
partner the pol i
CTD
Cdk7 CycH Ser5 and Ser7
cdks CycC CTD
Cdk9 CycT1 Ser2
(42kDa) CycT2a/b
Cdk9 CycT1 Ser2
(55kDa)
Cdk11 CyclL1
(46kDa) CyclL2
Cdk11 Cycl1
(58kDa) CyclL2
CycD3
cdk11 Cycl1 CTD
(110kDa) CyclL2
Cdk12 CycK Ser2
Cdk13 CycK CTD

Table 4. Transcription-cycle related Cdks.
Adapted from Kohoutek and Blazek (2012).

After the transition to productive elongation, pol Il is affected by general elongation
factors (Reines et al., 1999). Isolated elongation factors can increase the processivity of
pol Il in vitro. Examples of such elongation factors are TFIIS, DSIF, CSB, Elongins, ELL,
NELF, Fcpl, TFIIF (Sims et al.,, 2004). Some elongation factors, such as Setl, Set2, PAF,
have no direct impact on the catalytic activity of pol Il. Others that include FACT and Spt6,
act by altering nucleosome structure to allow passage of pol Il (Hartzog et al., 2002).
Elongation complexes are not uniform in their composition. The rate of elongation may

be important to provide sufficient time for RNA processing (Reinberg and Roeder, 1987).
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1.1.4 mRNA processing

In eukaryotes, before gene transcripts are transported to the nucleus they have to
undergo processing events. mRNA processing involves the addition of a cap structure at
the 5’end, splicing out of introns and synthesis of polyadenylated (poly(A)) tail at the 3’
end. Interestingly, the CTD of pol Il couples transcription and mRNA processing (Hirose
and Manley, 2000). Truncation of the CTD causes defects in capping, polyadenylation and
splicing (McCracken et al., 1997).

Pre-mRNA splicing

MRNA is synthesized as longer precursor RNAs (pre-mRNAs) in the nucleus. Before it is
exported to cytoplasm, the non-protein-coding introns are removed and protein-coding
exons are ligated in the process known as RNA splicing. RNA splicing is performed by a
multi-protein complex named the spliceosome. The spliceosome is a highly dynamic
complex that is assembled in a stepwise manner. It consists of UsnRNPs U1, U2, U4, U5
and U6 and a large number of additional proteins (Chen and Manley, 2009, Wahl et al.,
2009). There are four conserved sequence elements that are recognized by the
spliceosome: the 5’ splice site (5’ss), the branch point (BP), the polypyrymidine tract (PPT)
and the 3’ splice site (3’ss) (Figure 1-1). The first step of RNA splicing requires binding of
U1 snRNP to the 5’ splice site; splicing factor 1 (SF1) then binds to the branch site and the
dimeric splicing factor U2 auxiliary factor (U2AF) binds to the polypyrimidine tract and
the 3’ splice site (Ruskin et al., 1988, Berglund et al., 1998).

Polypyrimidine Tract
and 3’ splice site

YuonYAG

5’ splice site Branch point

(A/C)AG/GURAGU YURAY

Figure 1-1. Sequences required for splicing.

Consensus sequences for the 5’ splice site, branch point, polypyrimidine tract and 3’ splice site
are noted. R is a purine residue and Y is a pyrimidine residue. Exons are represented by grey
boxes and introns by horizontal lines.

18



The next step is ATP-dependent; SF1 is displaced by U2 snRNA, which base pairs with pre-
mRNA at the branch point (Zhuang and Weiner, 1989). Subsequently, the U4, U5 and U6
snRNPs are recruited via interactions between U5 snRNP and the flanking exons and U6
snRNP with U2 snRNP (Wu and Manley, 1991). Upon dissociation of U1 snRNP and U4
snRNP, the spliccosome becomes catalytically active. Introns excision occurs in two
chemical steps. Firstly, 5’ splice site cleavage and lariat formation occurs. The first base of
the intron forms a lariat with the adenosine at the branch site. Next, a phosphodiester
bond is formed between the last base of the upstream exon and the first base of the
downstream exon. As a result of this reaction, the exons are joined and the introns are
released (Konarska et al., 1985, Proudfoot et al., 2002). As mentioned before, the pol Il
CTD coordinates transcription with pre-mRNA splicing (Bentley, 2005). The CTD provides
a molecular platform for binding of splicing regulatory factors (Morris and Greenleaf,
2000) ensuring spliceosome assembly on the emerging pre-mRNA. The CTD plays a
critical role in the nuclear distribution of splicing components. Overexpression of the
large subunit of pol Il induces nuclear reorganization of splicing factors (Du and Warren,
1997). Furthermore, the rate of transcription elongation can influence splicing. Pol Il with
a reduced elongation rate can stimulate the inclusion of alternative exons (Kornblihtt et

al., 2004).

mRNA 3’ end processing

The 3’ends of most mRNAs are formed by RNA co-transcriptional cleavage followed by
polyadenylation. Cleavage is directed by a conserved AAUAAA sequence (polyA site), and
a GU rich sequence (DSE) (Gil and Proudfoot, 1984). The largest subunit of the Cleavage
and Polyadenylation Specificity Factor (CPSF), CPSF160, recognizes the AAUAAA signal.
CPSF160 links polyadenylation to transcription by interacting with both TFIID and with
the pol Il CTD (Dantonel et al., 1997). Another component of the mRNA polyadenylation
factory is the Cleavage stimulation Factor (CstF). The 64kDa subunit of CstF binds to the
GU signal of the RNA (Proudfoot et al., 2002). Additional proteins assemble with CPSF160
and CstF64. To direct the cleavage reaction, two proteins are essential: the Cleavage

Factor I and Il (CF | and CF Il) (Takagaki et al., 1989). Endonucleolytic cleavage targets a CA
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sequence between the AAUAAA and the DSE sequence. Following cleavage, the poly-A
polymerase (PAP) enzyme adds up to 200 A residues to the RNA 3’ end produced by
cleavage. The efficiency of 3’ cleavage depends on the strength of the poly(A) site

(Eggermont and Proudfoot, 1993).

1.1.5 Structure of the B-actin gene

For the research described herein, | have used the B-actin gene as a model protein-coding
gene. B-actin is ubiquitously and abundantly expressed in all mammalian non-muscle
cells. It is the major component of the microfilamentous structures. Cytoskeletal actin is
implicated in intracellular movement of organelles and cell motility (Ng et al., 1985). The
B-actin protein-coding gene is a single copy gene with a transcription unit of up to 5 kb,
encoding transcripts that are spliced and polyadenylated (Figure 1-2) (Gromak et al.,
2006). The B-actin gene is located on chromosome 7 (Ng et al., 1985) and contains five

introns (Nakajima-lijima et al., 1985).

B—actin gene

-500 —p» +1000 +2000 +3000

P(A)

Figure 1-2. Schematic of the B-actin gene.

The arrow represents the transcription start site and exons are denoted with boxes. The
polyadenylation signal P(A) is indicated with an arrow. Non-coding regions are denoted by a
horizontal line. +1 represents the first base of the B-actin coding region.
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The human B-actin gene promoter is particularly strong and can be characterized by the
presence of the TATA box (-29 to -23), CCAAT box (-91 to -87) and CCArGG box (-62 to -
53) (Ng et al., 1985, Danilition et al., 1991). The CCAAT box and proximal CCArGG box are
binding sites for the transcription factors nuclear factor Y (NF-Y) and serum response

factor p67SRF, respectively (Danilition et al., 1991).

1.2 Small Nuclear (sn)RNAs

Human snRNA genes are short, intron-less and encode transcripts that are non-
polyadenylated (Egloff et al., 2008). They were named after their nuclear localization and
their small size. snRNAs are required for splicing of pre-mRNA (Hernandez, 2001, Wahl et
al., 2009) and histone 3’end formation (Schaufele et al., 1986, Bond et al., 1991, Dominski
and Marzluff, 2007). They are exemplified by the well-characterized U2 snRNA genes.
Approximately 20 U2 snRNA genes are clustered in 6.2 kb tandem repeats on
chromosome 17g21-922 (Figure 1-3) (Van Arsdell and Weiner, 1984, Westin et al., 1984).
The U2 snRNA genes contain compact yet powerful TATA-less promoters (Schramm et al.,
2000), providing a good model system to study gene regulation. The essential proximal
sequence element PSE is located 50 bp upstream of the transcription start site of the U2
snRNA gene. This element defines the start site of transcription and recruits the snRNA-
specific PSE-binding transcription factor PTF (also known as SNAPc and PBP) (Sadowski et
al., 1993). The distal sequence element DSE, located 220 bp upstream of the start site of
transcription, functions as an enhancer-like element to activate transcription and
comprises binding sites for the trans-activating factors Oct-1 and Spl (Murphy et al.,
1992, Mattaj et al., 1985, Tanaka et al., 1988). In addition, the human U2 snRNA gene
promoter contains three Spl binding sites (Ares et al.,, 1987). Interestingly, not all
activators are compatible with the snRNA promoters. For example, the viral activator
VP16, which enhances transcription of mRNA genes, cannot activate transcription in the
pol ll-transcribed snRNA genes (Das et al., 1995). The 3’box, the snRNA gene-specific RNA
3’ end processing element, is located 9-19 nucleotides downstream of the 3’end of the

region encoding the mature snRNA (Uguen and Murphy, 2003). The primary transcript of
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the U2 genes extends for up to 1kb (Medlin et al., 2003, Egloff et al., 2008) [O’Reilly et al.,
2013 in press].

U2snRNA gene
+1
-2000 -500 5 +1000
I | I
|
3’box
1y +215
-2000 | +600
IDSE H{PSEH U2 H3box | |

Figure 1-3. Schematic of the U2 snRNA gene.

Above the detailed schematic of the U2 snRNA gene, is shown a schematic of the U2 snRNA gene
on the same scale as the B-actin gene schematic in Figure 1. The arrow represents the
transcription start site. The distal sequence element (DSE), the proximal sequence element (PSE)
in the promoter, the snRNA-encoding region (U2) and the 3’box RNA processing element are
denoted with boxes. +1 represents the first base of the U2 snRNA coding region.

1.2.1 Transcription of snRNA genes

Transcription of snRNA genes has been extensively characterized (Egloff et al., 2009). The
GTFs TFIIA, TFIIB, TFIIF, TFIIE and TFIIH are implicated in transcription of snRNA genes
(Kuhlman et al.,, 1999, Glover-Cutter et al., 2009). Interestingly, recombinant TBP is
necessary for in vitro transcription from these TATA-less promoters but cannot be
substituted by TFIID (Bernues et al., 1993). In addition, the efficiency of in vitro
transcription of snRNA genes is very low, particularly in light of their robust transcription
in vivo (Gunderson et al., 1990). Interestingly, during expression of snRNA genes, the 3’
box is only recognized if transcription is initiated from a pol II-dependent snRNA gene
promoter (Hernandez and Weiner, 1986, Egloff et al., 2008, de Vegvar et al., 1986).
Furthermore, inhibition of Cdk9 does not inhibit transcription of snRNA genes but leads

to incorrect RNA 3’ end formation. This suggests that P-TEFb does not function as an
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elongation factor for snRNA genes as it does for protein coding genes (Medlin et al.,
2003). This highlights significant differences in the control of elongation of transcription

of snRNA and protein-coding genes.

1.2.2 3’ end formation of snRNAs

Unlike mRNAs, snRNAs are not polyadenylated. 3’-end formation of U2 snRNA depends
on the 3’box RNA processing element. This element directs the production of a 3’-
extended pre-snRNAs. The short nonpolyadenylated 3’-extended precursors are exported
to the cytoplasm for further 3’ trimming and incorporation into small nuclear
ribonuleoparticles (snRNPs) (Kleinschmidt and Pederson, 1987, Uguen and Murphy,
2003). Correct 3’ end formation also depends on the presence of an snRNA promoter and
the CTD of pol Il (Hernandez, 1985, Uguen and Murphy, 2003, de Vegvar et al., 1986).
This indicates a close link between snRNA gene transcription and RNA 3’ end processing.
Medlin and colleagues demonstrated that P-TEFb and subsequently the phosphorylation
of Ser2 of pol Il CTD is needed for co-transcriptional recognition of the 3’ box and
accurate 3’ end formation of snRNAs (Medlin et al., 2003). Interestingly, Ser7 of the pol Il
CTD and its phosphorylation are specifically required for snRNA gene transcription and
correct 3’ end formation (Egloff et al., 2007, Chapman et al., 2007). Ser7 phosphorylation
is also critical for recruitment of an snRNA gene-specific complex, named Integrator.
Integrator is a macromolecular 12-subunit complex that binds to the phosphorylated CTD
of pol Il (Baillat et al., 2005, Egloff and Murphy, 2008a, Egloff et al., 2007). It is associated
with U1 and U2 snRNA genes, where it directs 3’end formation by recognizing the 3’ box
(Baillat et al., 2005). The Int9 and Intll subunits of the Integrator complex have
homology to the CPSF-73 and CPSF-100 subunits of the Cleavage and Polyadenylation
Specificity Factor (Dominski et al., 2005b). CPSF-73 is the endoribonuclease involved in
pre-mRNA and replication-activated histone pre-mRNA 3’ end cleavage (Dominski et al.,
2005a). CPSF-100 interacts with CPSF-73 and modulates its activity. Int9 and Intl11 are
therefore thought to be responsible for the first cleavage during the formation of the 3’
end of pre-snRNAs (Baillat et al., 2005). Loss of Integrator causes a defect in transcription
in addition to a defect in 3’ processing, (Egloff et al., 2007) [O’Reilly et al., 2013 in press].

Recently, Otani and colleagues suggested that processing of U1 and U2 snRNAs may be
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involved in cell differentiation steps (Otani et al., 2013). In their study they demonstrated
that expression of the Int6 and Intll subunits of Integrator are upregulated during
adipose differentiation. After completion of differentiation the levels return to basal
levels. This suggests a critical role for Integrator in adipose differentiation. The double
phosphorylation mark Ser2P/Ser7P is necessary for efficient binding of Integrator to the
CTD (Egloff et al., 2010). This further highlights the role of the pol Il CTD in pre-snRNA

processing.

The described differences to mRNA protein-coding genes make snRNA genes an

interesting model to study the molecular mechanisms of pol Il transcription.

1.3 Modification of the pol Il CTD by the HSV-1 ICP22 protein

Herpesviruses are significant human pathogens associated with a range of mild to severe
diseases. Although herpes simplex virus (HSV) infections are generally self-limiting in
healthy individuals, they can cause sarcoma, encephalitis, meningitis and keratitis and
pose a significant mortality risk in infants and immuno-compromised adults (Knipe and
Cliffe, 2008, Galdiero et al., 2013). HSV remains latent in the host for life after infection
and can be reactivated. A complete understanding of HSV infection and reactivation from
latency requires a detailed knowledge of the molecular mechanisms involved in the
regulation of viral replication. During HSV-1 productive infection, three classes of genes
are sequentially expressed; first, the immediate early genes (a-genes; IE genes), then, the
early genes (B-genes) and finally, the late genes (y-genes; L genes) (Weir, 2001, Honess
and Roizman, 1974). The transcription of a-genes is initiated by the viral tegument
protein VP16 and the host cell proliferation regulator HCF-1 with the transcription factor
Oct-1 (Wysocka and Herr, 2003). The five immediate early proteins (ICPO, ICP4, ICP22,
ICP27 and ICP47) are the first viral proteins to be synthesized in the infected cell (Bastian
et al., 2010). The studies described here centre on the role of immediate early protein 22

(ICP22).
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1.3.1 The properties of ICP22

ICP22 is encoded by the HSV-11 Usl gene and comprises 420 amino acid residues (Figure
1-3). Viral deletion mutants without the Usl gene have a reduced capacity to establish
latency in animal models. In addition, deletion of this gene causes viral growth defects in
some cell lines (Sears et al., 1985, Poffenberger et al., 1994). The Us1 gene encoding the
ICP22 protein was the first gene deleted by genetic engineering using selectable markers
(Post and Roizman, 1981). The predicted molecular weight of ICP22 is 46,522 Da and it
migrates with a size of 68 kDa (Ackermann et al., 1985). In addition, a second protein
called Usl.5 is also expressed from the Usl gene (Ogle and Roizman, 1999). Several
translation start sites are reported for Usl.5 - at residues 171, 147 and 90 (Poon et al.,
2000, Ogle and Roizman, 1999, Bowman and Schaffer, 2009). The distinct functions of
ICP22 and Usl.5 are not completely understood. Homologs of ICP22 are encoded by all
alphaherpesviruses. Recently, Kolb and colleagues, identified a 63 residue motif that is
conserved in all alphaherpesvirus Usl homologs (Figure 1-4) (Kolb et al.,, 2011).

Interestingly, predicted cyclin binding sites were identified in this region (Figure 1-4).

NLS .
Conserved motif

7 ™
1 N ] 193 LI 256 420
/1N

Predicted Cyclin binding sites

Figure 1-4. Schematic of the ICP22 protein.
Nuclear localization signals (NLS), the conserved 63-residue motif and predicted cyclin binding
sites are indicated.

For many years, study of the ICP22 protein was limited because of difficulties with its
expression. In 2007, Fraser and Rice first demonstrated the use of the CMV promoter in
the pcDNA3 plasmid for expression of ICP22 (Fraser and Rice, 2007). In 2009, Bowman
and colleagues determined that ICP22 can be expressed from its own promoter when
transfected cells are infected with an ICP22 null virus or cotransfected with an ICPO

expression vector (Bowman et al., 2009). ICP22 is localized in the nucleus in small nuclear

25



bodies (Stelz et al., 2002, Leopardi et al., 1997). The function of small dense nuclear
bodies is not clear but it was suggested that they are involved in transcriptional
regulation (Prod'hon et al., 1996). The ICP22 protein contains two independent nuclear
localization signals; NLS1 maps to ICP22 amino acid position 16-31 and NLS2 to amino
acid position 118-131 (Stelz et al., 2002) (Figure 1-4). Usl.5 protein localization is
different from ICP22. It is distributed in the cytoplasm and nucleus (Cun et al., 2006),

which suggests it may have an alternative function.

ICP22 is heavily post-translationally modified by phosphorylation of serine and tyrosine
residues, guanylylation and adenylation (Brandt and Kolb, 2003, Blaho et al., 1993,
Mitchell et al., 1997, Mitchell et al., 1994, Asai et al., 2007, Blaho et al., 1997). These
modifications include phosphorylation by viral kinases Us3 and U 13 (Purves et al., 1993,
Purves and Roizman, 1992). It has been shown that tyrosine 116 is a potential
phosphorylation site and is associated with virulence (Brandt and Kolb, 2003). Multiple
isoforms of the protein are found in infected cells. Kolb and colleagues analysed the
amino acid sequence variability in the herpesvirus Us1 homologs (Kolb et al., 2011). The

variability is the highest in the amino-terminal third of the protein.

1.3.2 The function of ICP22

The HSV-1 ICP22 protein performs several functions in infected cells, including regulation
of HSV-1 gene expression. It is responsible for the efficient expression of some late genes
(Purves et al., 1993). However, some studies indicate that ICP22 acts as a transcription
inhibitor (Prod'hon et al.,, 1996, Cun et al.,, 2006). In a recent study, it has been
demonstrated that ICP22 represses transcription of the viral a-, B- and y-genes by
blocking the recruitment of P-TEFb to promoters. In contrast, VP16 overcomes the
inhibitory effects on a-gene transcription (Guo et al., 2012). Interestingly, viruses with
deletions and insertions in the ICP22 gene are attenuated in the central nervous system
of mice (Sears et al., 1985). Importantly, the ICP22 protein is also involved in regulating
the modification of pol Il (Rice et al., 1994, Rice et al., 1995) and Cdk9 might be involved

in this process (Durand and Roizman, 2008). Finally, the ICP22 protein was shown to
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decrease cyclin A and B levels and increase cyclin-dependent kinase 1 (Cdk1) activity

(Advani et al., 2000).

The role of ICP22 in the modification of RNA polymerase Il

As noted previously, it was shown that ICP22 alters the CTD phosphorylation state of pol
Il (Fraser and Rice, 2007, Rice et al., 1995, Spencer et al., 1997). ICP22 mediates two
distinct effects on pol Il: the induction of an intermediately-migrating form of pol Il (pol
lii) and the loss of pol Il forms phosphorylated on Ser2. Pol lli replaces the normal
hyperphosphorylated form of pol Il in HSV-1 infected cells. Pol lii exhibits increased
electrophoretic mobility therefore has been named pol lli for “intermediately migrating”.
The induction of pol lli requires the ICP22 protein and another viral factor, U 13 (Long et
al.,, 1999). The loss of pol Il phosphorylated on Ser2 is triggered by ICP22 (Rice et al.,
1994, Fraser and Rice, 2007). Bastian and colleagues demonstrated that 240-340 residues
of ICP22 are required for pol Il modification (Bastian et al., 2010). In addition, later in
infection, another pathway involving ICP27 contributes to the loss of Ser2 (Rice et al.,
1995, Fraser and Rice, 2005, Fraser and Rice, 2007). Durand and colleagues demonstrated
by pull-down experiments that Cdk9 is bound to ICP22 (Durand et al., 2005). They
concluded that the interaction is at least partially dependent on the presence of the Us3
kinase. Further studies confirmed that ICP22, as well as VP16, can form a complex with P-
TEFb in an in vivo transient expression system and in HSV-1 infected cells (Guo et al.,

2012).

Interestingly, it was suggested that Cdk9 plays an important role in the optimization of
expression of genes regulated by ICP22 (Durand and Roizman, 2008). The Cdk9 inhibitor,
DRB causes a reduction in the accumulation of ICP22 and ICP22-regulated proteins U 41,
U, 38 and Us11. Similar results were obtained after siRNA-mediated knockdown of Cdk9.
Cdk9 is in a complex with pol Il in wild-type virus-infected cells; in cells infected with a
AICP22 or AUL13 mutant, Cdk9 and pol Il do not co localize, although they are in close
proximity. Accordingly, it was suggested that Cdk9 recruits ICP22 into the transcriptional

complex (Durand and Roizman, 2008).
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1.4 Aims of the thesis

The snRNA genes transcribed by pol Il are ubiquitously and highly expressed and provide
an ideal model to study mechanisms underlying transcription and co-transcriptional RNA
processing. The overall aim of this study is to understand the fundamental mechanisms of
snRNA gene transcription, focusing particularly on the factors that make up the PIC at
snRNA promoters and CTD modification enzymes involved in expression of snRNA genes.
Chapter 2 presents the results of experiments aimed to characterize the snRNA gene-
specific TAF complex that may play a central role in facilitating gene-type-specific RNA
processing. In Chapter 3, | describe the results of investigating the role of the human
RPAP2 and Ssu72 proteins in snRNA gene expression. Chapter 4 presents the experiments
exploring the phenomenon of inhibition of CTD Ser2 phosphorylation by the HSV-1 ICP22
protein, which is thought to interact with P-TEFb. | was particularly interested to
determine whether Cdk9 is acting as a Ser2 kinase during expression of snRNA genes,
which has been a subject of controversy in recent years. Understanding how CTD
modifications function and how they are regulated is crucial to understanding the
molecular mechanisms controlling gene expression. In Chapter 5, | will discuss the

implications of my findings and future aims.
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A novel TBP-TAF complex on RNA

Chapter 2|

polymerase ll-transcribed snRNA genes
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2.1 Introduction

The snRNA genes transcribed by pol Il, which includes the genes for the Ul and U2
spliceosomal snRNAs, are structurally different from protein-coding genes (Figure 2-1).
These genes are short, the transcripts are intronless and 3’ end formation is directed by
the snRNA gene-specific 3’box RNA 3’end processing element rather than a poly(A) signal.
The promoters of these genes minimally comprise an essential Proximal Sequence
Element (PSE), with some properties of a TATA box and an enhancer-like Distal Sequence
Element (DSE) (Egloff et al., 2009) (Figure 2-1B). The GTFs TFIIA, TFIIB, TFIIF, TFIIE and
TFIIH are implicated in transcription of snRNA genes (Kuhlman et al., 1999, Glover-Cutter
et al., 2009). At the time of starting work for this chapter, only TAF5 had been shown to
be present at the promoters of snRNA genes (Oelgeschlager, 2002) and the complement
of TAFs associated with these genes was unclear. Bernues and colleagues demonstrated
that recombinant TBP is necessary for in vitro transcription from Ul snRNA gene
promoters but cannot be substituted by TFIID (Bernues et al., 1993). The complement of
factors that make up the PIC at snRNA promoters is therefore only partially understood.
Interestingly, during expression of snRNA genes, pol Il does not appear to make the
transition to productive elongation during transcription of these genes, as happens
during transcription of protein-coding genes (Egloff et al., 2009). In addition, the 3’ box is
only recognized if transcription is initiated from a pol II-dependent snRNA gene promoter
(Egloff and Murphy, 2008b, Hernandez, 1985, Lund et al., 1985). These gene type-specific
properties may, at least in part, be due to differences in factors recruited by the

promoter, including TAFs.

In order to better understand the molecular basis for the differential control of
transcription and RNA processing in expression of snRNA and protein-coding genes, |
have carried out a comparative analysis of the TAF association with the well-
characterized U2 snRNA and B-actin protein-coding genes in Hela cells. Hela cells were
the cell line of my choice because they are of human origin, grow well in cell culture and

are widely used for gene expression studies.
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2.2 Results

2.2.1 Pol Il and TBP associate with the B-actin and U2 snRNA genes

The B-actin protein-coding gene is a single copy gene with a transcription unit of up to 5
kb, encoding transcripts that are spliced and polyadenylated (Figure 2-1A) (Gromak et al.,
2006). Approximately 20 U2 snRNA genes are clustered in 6.2 kb tandem repeats on
chromosome 17q21-q22 (Figure 2-1B) (Van Arsdell and Weiner, 1984, Westin et al.,
1984). The essential PSE is located 50 bp upstream of the transcription start site of the
U2 snRNA gene and it binds a snRNA-specific PSE-binding transcription factor PTF (also
known as SNAPc and PBP) (Sadowski et al., 1993, Yoon et al., 1995). The DSE, located 220
bp upstream of the start site of transcription, functions as an enhancer-like element to
activate transcription and comprises binding sites for the trans-activating factors Oct-1
and Spl (Murphy et al., 1992, Mattaj et al., 1985, Tanaka et al., 1988). The 3’box, the
snRNA gene-specific RNA 3’ end processing element, is located 9-19 nucleotides
downstream of the 3’end of the region encoding the mature snRNA (Uguen and Murphy,

2003).

| have analyzed the association of pol Il and TBP with the human B-actin and the U2
snRNA genes by chromatin immunoprecipitation (ChlP), coupled with quantitative real-
time PCR (qPCR) analysis. ChlP localizes pol Il across the transcribed region of both genes
with the highest levels at the promoter region as previously published (Egloff et al.,
2009). Pol Il levels remain high over the RNA-encoding region of the U2 snRNA gene
(Figure 2-1B), whereas the levels across the B-actin gene steadily reduce towards the
poly(A) site (Figure 2-1A). Interestingly, a second peak of pol Il is detected on the B-actin
gene downstream of the poly(A) site (Figure 2-1A, regions 7 and 8), as already described
by Gromak et al. (Gromak et al., 2006). This may be diagnostic of polymerase pausing
(Gromak et al., 2006), looping between this region and the promoter (Hampsey et al.,
2011) or the presence of a downstream promoter. TBP is highest at the start of
transcription on both genes, as expected (Figure 2-1A and 2-1B). Interestingly, a second
peak of TBP is detected just upstream of the second peak of pol Il on the B-actin gene

(Figure 2-1A, region 6), which may suggest the presence of another promoter.
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Figure 2-1. Pol Il and TBP association with the B-actin and U2 snRNA genes.

(A) A schematic of the B-actin gene is shown at the top of this and subsequent figures. The
polyadenylation signal P(A) is indicated with an arrow. The arrow represents the transcription
start site and exons are denoted by boxes. Horizontal lines underneath the gene schematics mark
the position of the quantitative real-time PCR (qPCR) primer pairs. Primer pairs indicated here
were used in all further analyses. The results of gPCR analysis of the output of ChIP using anti-pol
Il or anti-TBP antibodies is shown under the schematic. Error bars indicate the standard deviation
of means from at least three independent experiments in this and subsequent figures. (B) A
detailed schematic of the U2 snRNA gene is shown at the top of this and subsequent figures.
Above this, is shown a schematic of the U2 snRNA gene on the same scale as the B-actin gene
schematic in (A). The arrow represents the transcription start site. The distal sequence element
(DSE), the proximal sequence element (PSE) in the promoter, the snRNA-encoding region (U2)
and the 3' box processing element are denoted by boxes. Horizontal lines underneath the gene
schematics mark the position of the quantitative real-time PCR (qPCR) primer pairs. Primer pairs
indicated here were used in all further analyses. The results of qPCR analysis of the output of ChIP
using anti-pol Il or anti-TBP antibodies is shown under the schematic. Error bars indicate the

standard deviation of means from at least three independent experiments in this and subsequent
figures.
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2.2.2 TAF6, TAF9, TAF11 and TAF13 are associated with the promoters of

the B-actin and U2 snRNA genes
Next, | have analysed the association of TAF6, TAF9, TAF11 and TAF13 with the human B-
actin and the U2 snRNA genes by ChIP, coupled with gPCR analysis. TAF6, TAF9, TAF11
and TAF13 are associated with both the U2 snRNA and B-actin genes (Figure 2-2A and 2-
2B). Analysed TAFs on the B-actin gene and on the U2 snRNA gene have a similar profile
to TBP on the corresponding gene, ie, they peak at the promoter region. Interestingly, all
of these TAFs also show an increase in association with region 6 of the B-actin gene,
which is where the second peak of TBP is located (Figure 2-2A). As mentioned before,
TAF6 forms a heterodimer with TAF9 and TAF11l forms a heterodimer with TAF13
(Gangloff et al., 2001a, Gangloff et al., 2001b, Leurent et al.,, 2002). As these TAFs

normally heterodimerize, they interact with U2 snRNA gene promoter in similar way.
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Figure 2-2. TAF6, TAF9, TAF11 and TAF13 are associated with the B-actin (A) and U2 snRNA (B)

genes.

The results of qPCR analysis of the ChIP output using anti-TAF6, anti-TAF9, anti-TAF-11 or anti-
TAF13 antibodies are shown.

34



2.2.3 Differential association of TAF5 and TAF8 peak with the B-actin and U2

snRNA genes
ChIP analysis, using antibodies to TAF5 and TAF8 indicate that these factors peak at the
promoter of the B-actin gene, as expected for protein-coding genes (Figure 2-3A).
Consistent with previous data for other TAF subunits, they also show an increase in
association with region 6 of the B-actin gene. TAF5 and TAF8 show a different distribution
on the U2 snRNA gene and instead peak at the 3’ box, suggesting that these TAFs interact
differently with the B-actin and U2 snRNA genes (Figure 2-3B), indicating possible

differences in the conformation of the TBP-TAF complex on different gene-types.
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Figure 2-3. TAF5 and TAF8 show different profiles on the B-actin (A) and U2 snRNA (B) genes.
The results of gPCR analysis of the ChIP output using anti-TAF5 or anti-TAF8 antibodies are

shown. Error bars indicate the standard deviation of means from at least three independent
experiments.
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2.2.4 TAF1, TAF2, TAF3, TAF4, TAF7, TAF10 and TAF12 are absent from the
U2 snRNA gene.

Next, | have analyzed the association of TAF1, TAF2, TAF3, TAF4, TAF7, TAF10 and TAF12
with the human B-actin and the U2 snRNA genes by ChIP, coupled with qPCR analysis.
Although TAF1, TAF2, TAF3, TAF4, TAF7, TAF10 and TAF12 are readily detected peaking at
the B-actin gene promoter or in the case of TAF3, just downstream, none of these TAFs
are detected on either the promoter or gene body of the U2 snRNA gene (Figure 2-4A
and 2-4B). This may indicate that these TAFs are absent from the PIC on the U2 snRNA
gene or that their conformation precludes antigen recognition by the specific antibodies.
Interestingly, TAF1, TAF2, TAF3, TAF4, TAF10 and TAF12, in common with TBP, show an
increase in association with region 6 of the B-actin gene. Interestigly, TAF7 does not. TAF1
and TAF7 are also detected at the promoter of the B-actin gene by ChIP-Seq (data
accessed through ENCODE) (Johnson et al., 2007), in accordance with my results. There
are no obvious peaks at region 6 in this data set, which may be due to differences in

experimental conditions or due to limitations of ChIP-Seq in this region.
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Figure 2-4. TAF1, TAF2, TAF3, TAF4, TAF7, TAF10 and TAF12 are associated with the B-actin gene
(A) but not the U2 snRNA gene (B).

The results of gPCR analysis of the ChIP output using anti-TAF1, anti-TAF2, anti-TAF3, anti-TAF4

anti-TAF7, anti-TAF10 or anti-TAF12 antibodies are shown. The results for TAF4/TAF12 and
TAF3/TAF10 are merged as they are known to form heterodimers.
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2.2.5 Knockdown of TAF6 and TAF13 affects the level of pol Il on the B-actin
and U2 snRNA genes

In order to determine whether TAF6 and TAF13 association with the B-actin and U2
snRNA genes reflects a functional role in expression of both genes, | have knocked down
the level of TAF6 and TAF13 using siRNAs (Figure 2-5A) and assayed pol Il occupancy by
ChIP (Figure 2-5B and 2-5C). Knockdown of TAF6 has the surprising effect of increasing
the level of pol Il on both genes. This result indicates that TAF6 plays an important role in
transcription of both protein-coding and snRNA genes, but appears to inhibit, rather than
favor, recruitment of pol Il. In contrast, knockdown of TAF13 causes a decrease in the
association of pol Il with the B-actin and U2 snRNA genes, indicating that this TAF is

required for transcription of both genes.

39



U2snRNA gene
-2000 +1_.‘ e +600
0 PsEH_uz__ H3box]

T 23 4 T B 3 T
=47 = 4
E 3
z 3 = control z 3 | = control
g BTAF6KD = BTAF6 KD
8% g *]
S 1 = 1
o o

0 - 0

1 2 3 4 1 2 3 4

= 6 1 = control = 6 = control
=1
£ BTAF13KD 5 BTAF13KD
247 & 4
o T
= 2] - 2
5 5
[=8 o

0 0 -

1 2 3 4 1 2 3 4

Figure 2-5. Knockdown of TAF6 and TAF13 affects the pol Il level on the B-actin and U2 gene.

(A) Western blot analysis of HeLa whole-cell extracts from control cells or cells transfected with
an siRNA specific for TAF6 and TAF13. Antibodies used are noted on the right. Actin was used as a
loading control. Quantification of signal strength is noted below each line. The results of gPCR
analysis of the output of ChIP using anti-pol Il antibodies before (control) or after TAF6
knockdown (TAF6 KD) and TAF13 knockdown (TAF13 KD) for the B-actin (B) and U2 snRNA gene

(C) are shown. Error bars indicate the standard deviation of means from at least three
independent experiments.

40



2.2.6 Knockdown of TAF4 or TAF7 specifically affects the level of pol Il on
the B-actin gene
In order to test the possibility that some TAFs are not recruited to the U2 snRNA gene
because they are not required for transcription (Figure 2-4), | have performed siRNA-
mediated knockdown of TAF4 and TAF7 (Figure 2-6). Western blot analysis confirmed
that siRNA knockdown of TAF4 and TAF7 was efficient (Figure 2-6A and 2-6B). In TAF4
and TAF7 KD cells the levels of pol Il on the B-actin gene decrease when compared to the
levels observed in control cells as expected (Figure 2-6C). In contrast, there is no drop of
pol Il on the U2 snRNA genes when either TAF4 or TAF7 are knocked down (Figure 2-6D).
These results indicate that neither TAF4 nor TAF7 is involved in transcription of the U2

snRNA gene.

Taken together, these results support the notion that, in contrast to the B-actin gene,
there is only a subset of the full TFIID TAF complement on U2 snRNA genes. The novel
snRNA-TAF complex, which | have named snTAFc, comprises only TAF5, TAF6, TAFS8, TAF9,
TAF11 and TAF13.

41



> &
& Iy
w
ke =l
1 0,15
F
|~ ! | actin
C p-actin gene D U2 snRNA gene
+ * +215
-500 +1000 +2000 +3000 -2000 +600
Uz H{Fbox]
T O TT T T B g +
= 1.5 1 = 1,5 1
§ mcontrol §. m control
2 1 BTAF4 KD 2 1 BTAF4 KD
3 ®
3 ®
= 05 4 Z 05 -
©° ©°
a a
0 _—L—,-L—r-j 0
1 2 3 4 1 2 3 4
2 -
29 = control
u control
- = BTAF7 KD
3 BTAF7 KD =1
< c
o °
3 3
H H
0 - 0.1
1 2 3 4 ! 2 3 4

Figure 2-6. Knockdown of TAF4 or TAF7 specifically affects the level of pol Il on the B-actin gene.

(A) Western blot analysis of HeLa whole-cell extracts from control cells or cells transfected with a
siRNA specific for TAF4 as indicated. Antibodies used are noted at the right. Quantification of
signal strength is noted below each line. (B) Western blot analysis of HeLa whole-cell extracts
from control cells or cells transfected with a siRNA specific for TAF7. Antibodies used are noted at
the right. The results of gPCR analysis of the ChIP output using anti-pol Il antibodies before
(control) or after TAF4 (TAF4 KD) or TAF7 (TAF7 KD) knockdown for the B-actin (C) and U2 snRNA
gene (D) are shown. Error bars indicate the standard deviation of means from at least three
independent experiments.

42



2.2.7 CPSF is specifically associated with the B-actin gene

TAFs are implicated in the recruitment of the cleavage-polyadenylation specificity factor,
CPSF to protein-coding genes through TFIID. TAF5, TAF7 and TAF12 interact strongly with
CPSF160 (Dantonel et al.,, 1997). The transcripts from snRNA genes are not
polyadenylated and 3’ box-dependent 3’ end formation requires the Integrator complex
rather than the factors involved in poly(A) site-dependent cleavage and polyadenylation
(Hernandez, 1985, Baillat et al., 2005, Egloff et al., 2012a). Although TAF5 is detected on
the U2 snRNA genes, TAF7 and TAF12 are not (Figures 2-3B and 2-4B). Accordingly, | have
analyzed the association of CPSF160 with both the B-actin and U2 snRNA genes (Figure 2-
7).

CPSF160 is readily detected by ChIP associated with the B-actin gene, close to the
position of the poly(A) signal at +3560 as would be expected since cleavage occurs within
this region (Figure 2-7A) (Egloff and Murphy, 2008a). CPSF160 is, however, not detected
at the promoter region of the B-actin gene, indicating either that interaction between
CPSF and TFIID on this gene is not stable or that crosslinking of CPSF160 in this region is
not efficient due to lack of contact with or proximity to promoter DNA. In contrast,
CPSF73 has been shown to be associated both with the poly(A) site and promoter regions
of the c-myc and GAPDH protein-coding genes (Glover-Cutter et al., 2008). CPSF160 is not
detected at any region of the U2 snRNA gene (Figure 2-7B). These results are consistent
with a gene-type-specific role of TAF7 and TAF12 in helping to recruit CPSF to protein-
coding genes and indicate that TAF5 alone is not sufficient. In line with these results,

CPSF73 is not detected on the U2 snRNA gene (Glover-Cutter et al., 2008).
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Figure 2-7. CPSF160 is specifically associated with the B-actin gene.
The results of the gPCR analysis of the ChIP output using anti-CPSF160 antibody on the B-actin (A)

and U2 snRNA gene (B) are shown. Error bars indicate the standard deviation of means from at
least three independent experiments.
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2.3 Conclusions

My data suggest that a subcomplex of TFIID, containing TBP, TAF5, TAF6, TAF8, TAF9,
TAF11, and TAF13 is loaded onto snRNA genes. Alternatively, TFIID may exist in different
conformations on both the U2 snRNA and B-actin genes. However, the existence of a
novel subcomplex on the snRNA genes is supported by the finding that knocking down
TAF4 and TAF7 only affects B-actin and not affect pol Il occupancy on U2 snRNA gene.
TAFs exist as components of a number of distinct complexes, but, interestingly, the
proposed snTAFc does not contain the classical core TAFs (TAF4 and TAF10) and lacks the
highest-molecular weight TAFs, TAF1 and TAF2. A complete TFIID complex does not
appear to be required for transcription initiation from snRNA gene promoters since
knockdown of key TFIID subunits does not arrest transcription of the U2 snRNA gene
(Figure 2-6). My ChlIP analysis of a complete set of TAFs on the U2 snRNA and B-actin
genes therefore provides further evidence for different TFIID compositions at different
promoters. These results shed new light on the composition of TAF complexes on two
different types of genes transcribed by pol Il. TBP-TAF complexes might therefore make
important contributions to the differences in control of transcription elongation and RNA
processing between snRNA and protein-coding genes. Transcripts from snRNA genes, in
contrast to mRNA genes, are not polyadenylated. Dantonel and colleagues showed that
cleavage-polyadenylation specificity factor CPSF, associates with the PIC through TFIID
(Dantonel et al., 1997). Neither TAF7 nor TAF12, which interact strongly with CPSF-160, is
recruited to the U2 snRNA gene promoter (Figure 2-7). The snRNA gene-specific TAF
complex may therefore play a central role in facilitating gene-type-specific RNA

processing.
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Chapter 3|

CTD phosphatases on snRNA genes
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3.1 Introduction

On the snRNA gene, TBP associates with the snRNA gene specific factor PTF and with
snTAFc, as | have demonstrated in the previous chapter (Zaborowska et al., 2012, Egloff
et al., 2008). This may play a role in setting the elongation properties of pol Il on snRNA
genes, possibly due to lack of recruitment of key elongation factors and may facilitate
recognition of the gene specific 3’ end processing element called 3’box. The snRNA 3’box
RNA processing element is recognized by the snRNA gene-specific Integrator 3’end
processing complex (Egloff et al., 2012b, Baillat et al., 2005). Integrator complex is
recruited to snRNA genes through the pol Il CTD. Phosphorylated Ser7 (Ser7P) is a key
determinant for the recruitment of the Integrator complex to snRNA genes (Baillat et al.,
2005, Egloff et al.,, 2007). A study by Jeronimo and colleagues revealed previously
unknown components of pol Il transcription complexes including an association between
RNA pol Il — associated protein 2 (RPAP2) and the Integrator complex (Jeronimo et al.,
2007). This finding raised the possibility that RPAP2 protein may participate in expression
of snRNA genes.

In human, the RPAP2 protein contains 612 amino acids with an evolutionary conserved
domain of unknown function called DUF408 at the N terminus (Figure 3-1). This domain,
which contains four conserved cysteine residues, is essential for the function of the
Saccharomyces cerevisiae homologue of RPAP2, Rtrl (Mosley et al., 2009). The UniProt
entry for RPAP2 predicts several features besides the DUF408 domain: a putative coiled
coil in the N-terminal region, and a transmembrane domain in the C-terminus (Figure 3-
1). Interestingly, the yeast Rtrl protein has been shown to act as CTD Ser5 phosphatase
(Mosley et al., 2009, Gibney et al., 2008). Before starting work for this chapter, work in
the Murphy laboratory had demonstrated that RPAP2 specifically recognizes the Ser7P
mark on the pol Il CTD and interacts with subunits of the snRNA gene-specific Integrator
complex. Prompted by these findings, | have investigated the role of the RPAP2 protein in
snRNA gene expression. Accordingly, | have analyzed RPAP2 association with snRNA
genes and analysed how RPAP2 depletion affects snRNA gene expression. In addition, |
have investigated the role of RPAP2 in recruitment of the Integrator complex to snRNA
genes. Furthermore, | performed studies to determine whether RPAP2 acts as a Ser5

phosphatase, as does its homolog Rtrl in yeast. As a complement to this study, | have
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also analysed the role of the well-characterized Ser5 CTD phosphatase Ssu72 in
expression of snRNA genes. All the experiments described in this chapter were performed
in either Hela cells or 293 human embryonic kidney cells as they are both cell lines of

human origin, that grow well in cell culture and are widely used for gene expression

studies.
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Figure 3-1. RPAP2 — RNA Pol Il associated protein.

Human (H. sapiens) RPAP2 and yeast (S. cerevisiae) Rtrl are shown on the schematic. Percent
identity within the DUF408 domain is indicated. The conserved cysteine-rich domain and
potential coiled-coil are highlighted.
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3.2 Results

3.2.1 RPAP2 is recruited to snRNA genes during the transcription cycle

The work in this chapter has been carried out on the U2 snRNA genes which have been
used extensively as models to study transcription of pol llI-transcribed snRNA genes
(Egloff et al., 2008). At the time of this study, there was no commercial antibody for
RPAP2 available to use for ChIP. Accordingly, in order to investigate the function of
RPAP2 in snRNA gene expression, the RPAP2 protein was tagged with three tandem Myc
epitopes at the C-terminus (construct was generated by Dr Shona Murphy). Ectopic
expression of Myc-RPAP2 was conducted by transfecting the expression vector Myc-
RPAP2 into Hela cells. RPAP2 protein was detected by Western blot analysis with the
commercial anti-RPAP2 antibody for use in Western blot. As expected, Western blot
analysis detected expression of two protein products; the ectopically expressed Myc-
RPAP2 and endogenous RPAP2 (Figure 3-2). Hela cells transfected with empty vector
were used as a negative control and actin was used as a loading control. Result show that
Myc-RPAP2 is expressed at approximately the same level as endogenous protein (Figure

3-2).

To determine whether RPAP2 is recruited to snRNA genes, | have analyzed its association
with U2 snRNA genes by ChIP using an antibody to the Myc epitope. Figure 3-3 shows a
model of the U2 snRNA gene with the relative locations of the PCR primers used for
analysis. ChIP analysis indicate that RPAP2 is associated with the U2 snRNA gene,

specifically over the 3’ box (Figure 3-3, primer pair 3).
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Figure 3-2. Myc-RPAP2 is expressed in transfected Hela cells.

Extracts from HelA cells transfected with empty vector (Control) and Myc-RPAP2 transfected
(Myc-RPAP2) were analyzed by Westernblot using antibodies against RPAP2 and actin. Actin was
used as a loading control. Quantification of signal strength is noted below each line.
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Figure 3-3. Myc-RPAP2 association with the U2 snRNA gene.

A schematic of the U2 snRNA gene is shown at the top. Horizontal lines above the gene
schematics mark the position of the quantitative real-time PCR (qPCR) primer pairs. The arrow
represents the transcription start site. The distal sequence element (DSE), the proximal sequence
element (PSE) in the promoter, the snRNA-encoding region (U2) and the 3’box processing
element (3’) are denoted with boxes. The results of gPCR analysis of the output of ChIP using anti-

Myc antibody is shown at the bottom. Error bars indicate the standard deviation of means from
three independent experiments in this and subsequent figures.
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3.2.2 RPAP2 interacts with the phospho-CTD through phospho-Ser7

It is well established that the CTD of pol Il is a binding platform for nuclear factors that
can influence the different steps of pol Il transcription and RNA processing (Buratowski,
2009). Pol Il CTD Ser7P has been detected in protein coding genes and the pol II-
transcribed snRNA genes (Chapman et al., 2007, Egloff et al., 2007). While the role of
Ser5P and Ser2P have been described extensively, Ser7P has so far no clear function in
expression of protein-coding genes. Mutation of Ser7 to alanine does not significantly
affect mRNA production from tested genes (Egloff et al.,, 2007, Chapman et al., 2007).
However, Ser7P is essential for efficient transcription and 3’ end processing of snRNA
genes (Egloff et al., 2007). Previous work in the Murphy lab indicated that RPAP2
preferentially associates with Ser7-phosphorylated pol Il. In order to determine whether
RPAP2 binds CTD Ser7P directly, | have tested the ability of biotinylated CTD peptides to
interact with bacterially expressed GST-RPAP2. The peptides used comprise only two
heptapeptide repeats. As shown in Figure 3-4, recombinant RPAP2 interacts with an in
vitro phosphorylated CTD peptide carrying two repeats, but does not interact with
nonphosphorylated peptides. This is in accordance with a demonstration in yeast that the
basic unit of the CTD is constituted by two repeats (Stiller and Cook, 2004). To assess the
role of Ser7 in this interaction, the same experiment was performed using the peptide
containing alanine instead of serine at position 7. Interestingly, mutation of Ser7
abrogates the interaction of RPAP2 with CTD. This result suggest that RPAP2 interacts
directly with the CTD, that two CTD repeats are sufficient for binding and that

phosphorylation on Ser7 of the pol Il CTD is required for this interaction.
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Figure 3-4. Ser7 of the pol Il CTD is required for interaction with RPAP2.

The schematic of the biotinylated peptides used in the experiment is shown on the left. The
binding of GST-RPAP2 to the biotinylated (B), phosphorylated (PO,;+) and non-phoshorylated
(PO4-) peptides was monitored by Western blot. Beads incubated with RPAP2 were used as a
control.
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3.2.3 RPAP2 is required for proper expression of snRNA genes

As stated before, Ser7P is critical for transcription and 3’ end processing of snRNA genes
(Egloff et al., 2007). My previous experiments (Figure 3-3 and 3-4 ) indicate that RPAP2 is
recruited to snRNA genes and that CTD Ser7P is required for interaction with RPAP2.
Accordingly, | asked the question of whether RPAP2 is required for snRNA gene
expression. For this purpose, | have reduced the level of RPAP2 in Hela cells using siRNA-
mediated knockdown and determined the effect on pol Il level by ChIP. The efficiency of
the knockdown was verified by measuring the level of the protein by Westernblot using
an anti-RPAP2 antibody, which confirmed that the level of RPAP2 was considerably
reduced following knockdown (Figure 3-5). ChIP data clearly shows that pol Il occupancy
is reduced after RPAP2 depletion (Figure 3-6), suggesting that RPAP2 is required for

efficient expression.
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Figure 3-5. Efficiency of RPAP2 knockdown.

Western blot analysis of whole-cell extracts from control cells or cells transfected with an siRNA
specific for RPAP2 (RPAP2 KD). Antibodies used are noted on the right. Quantification of signal
strength is noted below each line.
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Figure 3-6. RPAP2 is required for proper snRNA gene expression.
The results of gPCR analysis of the output of ChIP using anti-pol Il antibody is shown under the

schematic. The regions amplified are noted on the schematic above. Error bars indicate the
standard deviation of means from at least three independent experiments.
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Analysis of the effect of RPAP2 knockdown on processing of the U2 snRNA gene
transcripts by RNase protection (Figure 3-7) indicates that 3’ box recognition is also
affected following RPAP2 depletion. There are three RNase protection products detected
— corresponding to the U2 pre-snRNA (Pre-U2), stable mature U2 snRNA (U2) and the
readthrough product that has escaped 3’ box-directed processing (U2RT) (Egloff et al.,
2007, Medlin et al., 2005). The ratio of Pre-U2 to mature U2 is reduced to approximately
50% after RPAP2 knockdown confirming the transcription defect observed by ChlIP.
Furthermore, the ratio of RT to Pre-U2 increases approximately 3-fold indicating a defect

in snRNA 3’end maturation after RPAP2 knockdown.

57



3’box
~ RPA probe
Alt. start/read around (RA)
Read through (RT)
pre-U2

— 'e

g &

§ f

S |J2RT

| — — |Pre-U2

pre-U2/U2 1 0,52
RT/pre-U2 1 3,19

R I ion

Figure 3-7. Defect in snRNA 3’ end processing after RPAP2 knockdown.

RNase protection analysis of U2 transcripts in control cells and cells transfected with an siRNA
specific for RPAP2 (RPAP2 KD). Location of the RNase Protection Analysis (RPA) probe and the
expected products of the RPA are noted on the schematic. Position of the pre-U2 snRNA and
unprocessed read-through (RT) U2 snRNA is noted on the right. Relative amount of correct 3' end
and readthrough (RT) is also noted below each lane.
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Previous work in the Murphy laboratory indicated that RPAP2 interacts with the
Integrator complex. In addition, it had been shown that the Integrator complex associates
with snRNA genes to activate transcription and direct 3’ box processing (Egloff et al.,
2010). It is tempting to speculate that RPAP2 may be involved in Integrator recruitment
to U2 snRNA genes. To address this, | have knocked down RPAP2 (Figure 3-5) and looked
at the Integrator subunit Int11 occupancy on U2 snRNA gene by ChIP analysis before and
after RPAP2 depletion. Figure 3-8 indicates that Intll is stably recruited to U2 snRNA
gene later in transcription cycle with its highest level nearest to the 3’ box (Figure 3-8;
probe 3). Interestingly, the recruitment of the Int11 on U2 snRNA genes is affected after
RPAP2 knockdown (Figure 3-8).
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Figure 3-8. RPAP2 is required for the recruitment of the Intll to U2 snRNA genes.
The results of qPCR analysis of the output of ChIP using antibody against the Int11l subunit of

Integrator complex before and after RPAP2 knockdown. The regions amplified are noted on the
schematic.
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3.2.4 RPAP2is a CTD phosphatase

| have demonstrated that RPAP2 is required for proper expression of pol Il - transcribed
snRNA genes (Figure 3-5 and 3-7) and that it binds to the CTD phosphorylated on Ser7P
(Figure 3-4). Interestingly, the yeast homolog of RPAP2, Rtrl, is a CTD phosphatase
(Mosley et al., 2009). Mosley and colleagues demonstrated that Ser5P accumulates in
whole-cell extracts and throughout mRNA gene coding regions after deletion of Rtrl
(Mosley et al., 2009). My next step was therefore to determine whether human RPAP2
also functions as a CTD phosphatase. Accordingly, | have analyzed the Ser2P, Ser5P and
Ser7P levels in whole-cell extracts using Western blot after RPAP2 knockdown (Figure 3-
9). The efficiency of the knockdown was verified by measuring the level of the protein by
Western blot analysis. siRNA-mediated RPAP2 depletion results in an increase in the level
of Ser5P but does not affect the levels of Ser2P and Ser7P, suggesting that RPAP2 is also a
Ser5 phosphatase in human (Figure 3-9). In addition, | looked at Ser5P levels on the U2
snRNA gene following RPAP2 knockdown (Figure 3-10). After knockdown of RPAP2, the
level of Ser5P increases on U2 snRNA genes throughout the whole transcribed region
(Figure 3-10A). As the pol Il levels decrease after RPAP2 knockdown (Figure 3-6), the ratio
of Ser5P to pol Il is therefore highly increased upon siRNA mediated RPAP2 depletion
(Figure 3-10B). This result suggests that RPAP2 dephosphorylates Ser5P on the actively

transcribing pol Il.
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Figure 3-9. RPAP2 depletion results in an increase in the levels of Ser5P.

Western blot analysis of whole-cell extracts from control cells or cells transfected with an siRNA
specific for RPAP2 (RPAP2 KD). Antibodies used are noted on the right. Quantification of signal
strength is noted below each line.
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Figure 3-10. The Ser5P levels are affected on the pol Il transcribing the U2 snRNA gene after
RPAP2 KD.

(A) gPCR quantitation of ChIP analysis of U2 snRNA gene after RPAP2 knockdown using an
antibody against Ser5P. (B) gPCR quantitation of ChIP analysis of U2 snRNA genes after RPAP2

knockdown using an antibody against Ser5P relative to the pol Il signal. Primers used are noted on
the schematic of the U2 snRNA gene above.

63



3.2.5 Recruitment of RPAP2 to protein-coding genes does not require Ser7

of the CTD

Mosley and colleagues found Rtrl associated with protein-coding genes (Mosley et al.,
2009). | also tested whether RPAP2 is recruited to protein coding genes, using the B-actin
gene as a model protein-coding gene. Having confirmed expression of Myc-RPAP2 in
Hela cells (Figure 3-2), | have analyzed its association with the B-actin gene by ChIP using
an antibody to the three tandem Myc epitopes at the C-terminus. Figure 3-11 shows a
model of the B-actin gene, as previously noted. ChIP analysis indicates that RPAP2 is

associated with the B-actin gene (Figure 3-11).

To asses RPAP2 function on protein-coding genes, | have knockdown RPAP2 and looked
on the levels of pol Il and Ser5P pol Il by ChIP (Figure 3-12). Interestingly, RPAP2
knockdown causes a reduction in pol Il levels at beginning of the gene and an

accumulation of Ser5P throughout coding regions of B-actin gene (Figure 3-12).
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Figure 3-11. RPAP2 is associated with B-actin protein coding gene.

A schematic of the B-actin gene is shown at the top. The arrow represents the transcription start
site and exons are denoted with boxes. Non-coding regions are denoted by a horizontal line. The
results of gPCR analysis of the output of ChIP using anti-Myc antibody against Myc-RPAP2 is
shown in the graph under the schematic. The regions amplified are noted on the schematic. Error

bars indicate the standard deviation from three independent experiments in this and subsequent
figures.
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Figure 3-12. The effect of RPAP2 knockdown on pol Il and Ser5P on pol Il transcribing B-actin
protein coding gene.

(A) The results of gPCR analysis of the output of ChIP using anti-pol Il antibody is shown under the
schematic. The regions amplified are noted on the schematic. (B) gPCR quantitation of ChIP
analysis of B-actin gene after RPAP2 knockdown using an antibody against Ser5P. Primers used

are noted on the schematic. Error bars indicate the standard deviation of means from at least
three independent experiments in this figure.
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These results raise the question if recruitment of RPAP2 to protein coding genes requires
Ser7 of the pol Il CTD and why mutation of Ser7 specifically affects expression of snRNA
genes (Egloff et al., 2007). In order to address this question, | have used a
complementation system where the endogenous pol Il is turned over by a-amanitin
treatment and replaced by an a-amanitin resistant pol Il. | have carried out ChIP of Myc-
RPAP2 on the U2 snRNA and B-actin genes after complementation of a-amanitin treated
cells with either consensus 48 CTD repeats (Con)48 or 48 CTD repeats with Ser7 mutated
to alanine (S7A)48 pol Il. For CTD complementation, mutations are introduced into
consensus (Con) CTD repeats in an a-amanitin-resistant pol Il large subunit (Egloff et al.,
2007, Chapman et al.,, 2005, Chapman et al., 2007). The consensus 48 CTD repeats
properly supports viability (Chapman et al., 2007). The large subunit of endogenous pol I
is turned over after a-amanitin addition. As indicated in Figure 3-13, RPAP2 is recruited to
the B-actin gene when Ser7 is mutated to alanine. In contrast, recruitment of RPAP2 to
U2 snRNA gene is affected by mutation of Ser7. This would suggest that recruitment of

RPAP2 to protein-coding genes does not require Ser7 of the CTD.
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Figure 3-13. Recruitment of RPAP2 to protein-coding genes does not require Ser7 of the CTD.

(A) gPCR quantitation of ChIP analysis of the B-actin gene using antibodies to Myc-RPAP2 after
complementation with (Con)*® or (Ser7A)® as indicated. (Con) designates consensus CTD
heptapeptides. (B) gPCR quantitation of ChIP analysis of the U2 snRNA using antibodies to Myc-

RPAP2 after complementation with (Con)* or (Ser7A)*” as indicated. Error bars indicate the
standard deviation of means from at least three independent experiments.
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3.2.6 Ssu72isinvolved in human snRNA transcription

Ssu72 is well-characterized CTD Ser5P phosphatase and a component of the yeast
cleavage and polyadenylation factor (CPF) complex (Dichtl et al., 2002, Krishnamurthy et
al., 2004, Reyes-Reyes and Hampsey, 2007, Steinmetz and Brow, 2003). In addition, a
recent paper identified Ssu72 as a Ser7 phosphatase (Bataille et al., 2012). ChIP assays
demonstrate that Ssu72 is predominantly enriched at the 3’end of genes but also
occupies the promoter region (Ansari and Hampsey, 2005, Nedea et al., 2003, Bataille et
al., 2012). My finding suggest that RPAP2 is a Ser5P phosphatase on U2 snRNA genes
(Figure 3-9 and Figure 3-10). However, this may not be the only Ser5P phosphatase acting
on these genes. Other phosphatases may also be involved and Ssu72 is a candidate. |
have therefore analyzed by ChIP the association of the Ssu72 with the U2 snRNA gene
and the B-actin gene as a model protein-coding gene. Interestingly, Ssu72 is found at the
promoter and at the end of the transcription unit of U2 snRNA gene (i.e. 800bp after the
transcription start site). For the B-actin gene, Ssu72 is found at the promoter region of
the B-actin gene (Figure 3-14). More probes at the 3’ end of the B-actin gene need to be
analyzed to confirm previously published data indicating that Ssu72 is associated as well

with 3’ end of the genes.
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Figure 3-14. Ssu72 is associated with the U2 snRNA and B-actin genes.

(A) gPCR quantitation of ChIP analysis of U2 snRNA gene using an antibody against Ssu72. Primers
used are noted on the schematic of the U2 snRNA gene above. (B) ) gPCR quantitation of ChIP
analysis of B-actin gene using an antibody against Ssu72. Primers used are noted on the

schematic of the B-actin gene above. Error bars indicate the standard deviation of means from at
least three independent experiments.
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| have wondered whether Ssu72 affects pol Il occupancy on the genes. For this purpose,
the effects of Ssu72 depletion on the pol Il occupancy across the U2 snRNA gene and B-
actin protein-coding genes were determined by ChIP after siRNA-mediated knockdown.

The efficiency of the knockdown was verified by Western blot (Figure 3-15).

ChIP analysis shows that the pol Il occupancy decreases in the promoter region of the U2
snRNA gene after Ssu72 knockdown (Figure 3-16A). On the B-actin gene, instead there is
no drop of pol Il observed on the promoter following Ssu72 depletion (Figure 3-16B).
Interestingly, more pol Il is detected at the end of the transcription unit of the U2 snRNA
gene (Figure 3-16B, primer pair 5) and the B-actin gene (Figure 3-16A, primer pair 5). This
observation suggests that the activity of Ssu72 is required for proper transcription
termination. In addition, the lower levels of pol Il within the body of the U2 snRNA gene
suggests that there is a defect in transcription initiation. This indicates that when Ssu72 is
depleted, CTD remains in a hyperphosphorylated state and is unable to effectively
terminate transcription and recycle back to the promoter to be reassembled into the PIC
complex. This is in accordance with the findings that the phosphatase activity of Ssu72 is
required for proper pol Il termination at some loci in vivo (Mosley et al., 2009,

Krishnamurthy et al., 2004, Ganem et al., 2003).
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Figure 3-15. Efficiency of Ssu72 knockdown.
Western blot analysis of whole-cell extracts from control cells (Control) or cells transfected with
an siRNA specific for Ssu72 (Ssu72 KD). The antibodies used are noted on the right.
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Figure 3-16. Pol Il occupancy after Ssu72 knockdown on the U2 snRNA and B-actin genes.
(A) and (B) The results of gPCR analysis of the output of ChIP using anti-pol Il antibody is shown
under the schematic for the U2 snRNA and B-actin genes respectively. The regions amplified are

noted on the schematic. Error bars indicate the standard deviation of means from at least three
independent experiments.
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3.2.7 Results suggest that Ser5P is removed in two waves along the U2

snRNA gene

In order to determine the effects of Ssu72 depletion on the levels of DNA-associated
Ser5P pol Il, | carried out ChlIP analyses in the Ssu72-knockdown cells and compared the
levels of Ser5P related to pol Il to those found in control cells (Figure 3-17). The levels of
Ser5P pol Il increase in the Ssu72 knockdown cells when compared to the levels observed
in control cells. The biggest differences are seen toward the 3’ end of the U2 snRNA gene
(Figure 3-17, primer pairs 5 and 6). This result suggests that Ssu72 is a Ser5 phosphatase
that removes the phosphate form of Ser5 on U2 snRNA genes. Worth noticing is the fact,
that the profile of the increase of Ser5P levels after RPAP2 and Ssu72 depletion along the
U2 snRNA gene differs (compare Figure 3-10 and Figure 3-17). Bataille and colleagues
suggested that Ser5P is removed in two waves in yeast, first by the RPAP2 homolog Rtrl
and later by Ssu72 (Bataille et al., 2012). In accordance with their findings, my results
suggest that on the U2 snRNA gene, Ser5P is dephosphorylated first by RPAP2 and later
by Ssu72.
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Figure 3-17. The effect of Ssu72 knockdown on Ser5P pol Il transcribing U2 snRNA gene.

(A) The results of gPCR analysis of the output of ChIP using anti-Ser5P antibody is shown under
the schematic of the U2 snRNA gene. The regions amplified are noted on the schematic. (B) gPCR
quantitation of ChIP analysis of Ser5P levels related to pol Il associated with the U2 snRNA gene.
Primers used are noted on the schematic above. Error bars indicate the standard deviation of
means from at least three independent experiments.
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3.3 Conclusions

In this study, | have shown that the RPAP2 protein is associated with both protein-coding
genes and snRNA genes. In addition, | have demonstrated that recombinant RPAP2
interacts directly with the CTD and that Ser7 and phosphorylation of the pol Il CTD is
required for this interaction. Interestingly, RPAP2 knockdown reduces transcription of the
B-actin and U2 snRNA gene and the efficiency of 3’ box processing of the U2 snRNA gene.
siRNA-mediated depletion of RPAP2 causes also loss of the Int11 subunit of the Integrator
complex from the U2 snRNA gene. These defects are similar to those observed when Ser7
of the CTD is mutated to alanine (Egloff et al., 2007). Importantly, Ser5P levels increase in
vivo after RPAP2 knockdown, indicating that RPAP2 might act as a Ser5 phosphatase.
Moreover, RPAP2 is detected on protein-coding genes, but the association is Ser7P-
independent. Taken together, these results suggest that during transcription of snRNA
genes, Ser7 phosphorylation facilitates recruitment of the RPAP2 protein, to
dephosphorylate Ser5P and in turn to recruit Integrator. Interestingly, RPAP2 recruitment
to the B-actin gene is not affected by mutation of Ser7, implicating a mechanism
alternative to Ser7 phosphorylation in recruitment of RPAP2 to protein-coding genes. In
addition, the phosphatase Ssu72 also plays an important role in transcription and in the

regulation of CTD phosphorylation on the U2 snRNA and B-actin genes.

Some of these results were included in a publication in Molecular Cell in 2012 (Egloff et
al., 2012b) and NAR in 2013 [O’Reilly in press]. Based on our findings, we proposed a
model in which recruitment of RPAP2 to snRNA genes through CTD Ser7P results in stable
association of Integrator and removal of Ser5P. This generates the characteristic pattern

of CTD phosphorylation found on actively transcribed snRNA genes (Egloff et al., 2012b).
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Chapter 4|

Inhibition of CTD Ser2 phosphorylation
by the HSV-1 ICP22 protein
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4.1 Introduction

During Herpes simplex virus type 1 (HSV1) replication, the first viral proteins to be
expressed are the immediate early proteins (IE) (Honess and Roizman, 1974, Sears and
Roizman, 1990). The studies described here centre on the role of an immediate early
protein 22 (ICP22). ICP22 is known to inhibit expression of some viral genes that are
transcribed by pol Il after the early stages of infection, which may be an important step in
establishing latency. ICP22 has also been shown to inhibit expression of some host genes
transcribed by pol Il, which may contribute to infectivity (Advani et al., 2000, Cun et al.,
2006, Guo et al., 2012). Ectopic expression of ICP22 in human cells has been shown to
cause a change in the pattern of phosphorylation of the CTD of the large subunit of pol Il,
where phosphorylation of Ser2 of the YSPTSPS repeat of the pol Il CTD is specifically
inhibited (Rice et al., 1995, Fraser and Rice, 2007). Phosphorylation of Ser2 by the Cdk9
kinase subunit of Positive Elongation Factor b (P-TEFb) is associated with productive
elongation of transcription and RNA processing (Egloff et al., 2012b) and ICP22 is
therefore thought to interfere with the elongation process. There are some indications
that ICP22 interacts with P-TEFb through Cdk9 or one of its cyclin partners (cyclin T1, T2
or K) and it has been proposed that ICP22 directly inhibits the activity of Cdk9 (Rice and
Davido, 2013). Recently, Kolb and colleagues identified a 63 residues motif that is
conserved in all alphaherpesvirus Usl homologs. This sequence is located in the central
part of ICP22 protein. Interestingly, authors identified predicted cyclin binding sites that
reside in this region (Kolb et al., 2011). Our laboratory has worked for many years on of
the kinase complex, P-TEFb in transcription regulation and RNA processing (Medlin et al.,
2003, Medlin et al., 2005, Egloff et al., 2007, Egloff et al., 2010). We routinely use a range
of P-TEFb inhibitors in our studies (Medlin et al., 2003, Medlin et al., 2005, Egloff et al.,
2009). However, these have limitations in that each drug inhibits more than a one cellular
kinase. Therefore, recently | have started to explore the mechanistic insights of inhibition
of CTD Ser2 phosphorylation by the HSV-1 ICP22 protein. As ICP22 is thought to inhibit P-
TEFb, this could potentially provide an alternative means to study P-TEFb function.
However, it has not yet been definitively demonstrated that ICP22 interacts with P-TEFb
directly or inhibits its kinase activity. In addition, there are conflicting data as to whether

Cdk9 functions as a Ser2 kinase on pol Il transcribed snRNA genes. Data from our lab
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indicate that Cdk9 is recruited to U2 snRNA genes (Egloff et al., 2009). This is in conflict
with the data published by Glover-Cutter and colleagues in 2008, who found that there is
no Cdk9 on the U2 snRNA genes (Glover-Cutter et al., 2008). Furthermore, the effect of
ICP22 on expression of the host cell genome is not clear. | have therefore initiated a study
investigating the mechanism of ICP22 inhibition of CTD phosphorylation by expressing
ectopically ICP22 in Hela cells and looking at its effect on the U2 snRNA gene and PLK2
protein-coding gene. PLK2 was chosen as it has been tested in our laboratory in response

to Cdk9 inhibitors.

Almost all previous studies of ICP22 have relied on comparison between cells infected
with wild-type HSV or HSV with mutated versions of ICP22. Since the expression of many
viral genes are dependent on ICP22, it is difficult to determine what is a direct/or indirect
effect of ICP22. My approach allows the characterization of truncated forms of ICP22
without the need to introduce mutations directly into the viral genome. The purpose of
this study is to understand the mechanism by which ICP22 triggers the loss of
phosphorylated form of Ser2 pol Il CTD in order to determine the role of Cdk9 in

expression of snRNA genes.

79



4.2 Results

4.2.1 Myc-ICP22 is successfully expressed in transfected Hela cells

In order to study the functional properties of the ICP22 protein, | have constructed a
vector expressing Myc-tagged ICP22. The ICP22 ORF was amplified by PCR and cloned in
frame into a pcDNA3 plasmid containing three tandem repeat Myc epitope tags to
generate a vector with Myc-ICP22 driven by the cytomegalovirus (CMV) promoter
(constructs were generated by Dr Shona Murphy). Whole-cell lysates were prepared
fifteen hours after transfection with an empty vector (Control) and the Myc-ICP22 vector
(Figure 4-1). Myc-ICP22 levels were determined by Western blot analysis with an anti-
Myc epitope antibody. The band migrating at approximately 68 kDa is the expected size
for Myc-ICP22 (Figure 4-1). As mentioned before, the ICP22 gene (Usl) also encodes
another protein, known as Us1.5 (Carter and Roizman, 1996). The Us1.5 protein lacks the
N-terminal part of ICP22. As the tag is located at the C-terminus of ICP22, the antibody
used detects this smaller Myc-Us1.5 protein, which migrates approximately at 40 kDa.
These data are consistent with the results of Fraser and Rice (2007) who found that that
ICP22 is efficiently expressed when transcription is driven by the CMV promoter (Fraser

and Rice, 2007).
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Figure 4-1. The Usl gene expresses ICP22 and Us1.5 protein in vivo.

The Myc-ICP22 construct was transfected into Hela cells (Myc-ICP22). Whole cell extracts were
analyzed by Western blot using an anti-Myc antibody (Myc). Extract from cells transfected with
an empty pcDNA3 vector was used as a control. a-tubulin was used as a loading control. The
arrows indicate the bands corresponding to the expressed proteins noted on the right.
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4.2.2 Transient transfection of Myc-ICP22 in Hela cells specifically targets

phosphorylation of Ser2 of the pol Il CTD.
In attempt to further characterize the function of ICP22, the phosphorylation status of
the pol Il CTD was investigated by Western blot using antibodies specific to phospho-Ser2
(Ser2P), phospho-Ser5 (Ser5P) and phospho-Ser7 (Ser7P) after transfection of Hela cells
with Myc-ICP22. After equalization of the loading control, CTCF, it was found that ICP22
specifically targets Ser2P of the pol Il CTD. Ser2P is consistently lost, whereas the levels of
Ser5P and Ser7P are unaffected (Figure 4-2). This is consistent with previously published
results showing that transient expression of ICP22 is sufficient to trigger the loss of Ser2P
pol Il (Fraser and Rice, 2007). This result further demonstrates that ICP22 specifically

regulates global levels of Ser2P in the cell.
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Figure 4-2. Myc-ICP22 specifically triggers loss of Ser2P in Hela cells.

The Myc-ICP22 construct was expressed in Hela cells and its effect on pol Il was analyzed by
Western blot using antibodies directed against the different phosphorylated forms of pol Il.
Extract from cells transfected with an empty pcDNA3 vector was used as a control. CTCF was used
as a loading control. Quantification of signal strength is denoted below each line.
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4.2.3 ICP22 is recruited to cellular genes

To test whether ICP22 is recruited to protein-coding genes during transcription, | have
analyzed its association with the PLK2 gene by ChIP using antibodies to Myc epitope at
the C terminus of ICP22. Figure 4-3 shows a model of the PLK2 gene with the relative
locations of the PCR primers used for analysis. This gene was chosen for this and further
analysis, because it is one of many that has been tested in our laboratory in response to
Cdk9 inhibitors. Results from our laboratory indicate that the drugs have a profound
effect on the ability of pol Il to make the transition to productive elongation after
initiation, presumably due to inhibition of P-TEFb [Laitem and Murphy, unpublished
results]. My data indicates that after transfection of the Myc-ICP22 vector into Hela cells,
Myc-ICP22 is detected by ChIP on the PLK2 promoter region. Therefore, Myc-ICP22 is
recruited to PLK2 and it is preferentially associated with the promoter of the gene (Figure

4-3; probe 2).
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Figure 4-3. Myc-ICP22 associates with the PLK2 gene.

A schematic of the first 1500 bp of the PLK2 gene is shown at the top. Exons are denoted with
boxes, introns with lines. Horizontal lines below the gene schematic mark the position of the
guantitative real-time PCR (qPCR) primer pairs used in the ChIP analysis. The arrow represents
the transcription start site. Hela cells were transfected with an empty pcDNA3 vector (Control)
and a pcDNAS3 vector expressing Myc-ICP22 (Myc-ICP22). The results of gPCR analysis of the
output of ChIP using anti-Myc antibody is shown at the bottom. Error bars indicate the standard
deviation of means from at least three independent experiments in this and subsequent figures.
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4.2.4 Ser2P is lost from engaged pol Il after ICP22 transfection

The effects of ICP22 protein on transcription of cellular genes are not clear. In 1988, it
was demonstrated that repression of transcription by HSV1 requires the expression of
ICP22 (Kemp and Latchman, 1988). However, Spencer and colleagues found that ICP22
has little effect on the transcription of several selected host genes and suggested that the
shutoff of host gene transcription is triggered by other viral components (Spencer et al.,
1997). Therefore, further studies are required to determine whether ICP22 inhibits the
ability of pol Il to transcribe cellular genes. My system facilitates the study of the effect of
ICP22 on host cell transcription. Since ICP22 is recruited to at least one cellular gene
(Figure 4-3), | have asked whether ICP22 inhibits the ability of pol Il to transcribe the
gene. | have looked at pol Il occupancy on PLK2 in cells transfected with a pcDNA3 vector
expressing Myc-ICP22 and compared it to levels observed in cells transfected with the
empty pcDNA3 vector. The data presented in Figure 4-4 demonstrates that after ICP22
expression pol Il levels increase at the promoter region (Figure 4-4, probe 2) and then
drastically decrease in the gene body (Figure 4-4, probe 3). Thus, ICP22 appears to
repress transcription by pol Il of at least one protein-coding gene. Interestingly, in the
presence of two drugs, KM05382 (KM) and DRB, known to inhibit the Cdk9 activity of P-
TEFb (Mancebo et al., 1997), the pol Il profile on PLK2 looks very similar [Laitem and
Murphy, unpublished observations]. This suggests that ICP22 has the same effect as P-
TEFb inhibitors. ICP22 may affect gene expression, directly or indirectly, by inhibiting
Cdk9 activity.

Next, | asked whether Ser2P of pol Il CTD was affected on actively-transcribing pol Il in
the presence of ICP22 protein. Hela cells were transfected with an empty pcDNA3 vector
(Control) and the Myc-ICP22 vector (Myc-ICP22). The results of qPCR analysis of the
output of ChIP using anti-Ser2P antibody are shown in Figure 4-5. Consistent with Cdk9
inhibition, ChIP indicates that Ser2P levels are greatly reduced in the gene body of PLK2

following expression of ICP22.
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Figure 4-4. ICP22 affects pol Il levels on the PLK2 gene.

A schematic of the first 1500 bp of the PLK2 gene is shown at the top. Horizontal lines below the
gene schematics mark the position of the quantitative real-time PCR (qPCR) primer pairs. The
arrow represents the transcription start site. Hela cells were transfected with an empty pcDNA3
vector (Control) and a Myc-ICP22 vector (Myc-ICP22). The results of gPCR analysis of the output
of ChIP using anti-pol Il antibody are shown at the bottom. Error bars indicate the standard
deviation of means from at least three independent experiments in this and subsequent figures.
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Figure 4-5. The Ser2P pol Il levels are affected on the PLK2 gene following transfection of Myc-

ICP22.

A schematic of the first 1500 bp PLK2 gene is shown at the top. Horizontal lines above the gene
schematics mark the position of the quantitative real-time PCR (qPCR) primer pairs. The arrow
represents the transcription start site. Hela cells were transfected with an empty pcDNA3 vector
(Control) and a Myc-ICP22 vector (Myc-ICP22). The results of gPCR analysis of the output of ChIP

using anti-Ser2P antibody is shown at the bottom.
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4.2.5 ICP22-derived constructs were successfully expressed in transfected

Hela cells

To determine which part of ICP22 mediates the loss of Ser2P, | have constructed a series
of expression plasmids encoding truncated forms of ICP22. A schematic of the generated
constructs is shown in Figure 4-6 A. All the constructs were prepared with a C-terminal
three tandem repeat Myc epitope tag. Next, | have performed Western blot analysis,
using anti-Myc antibody, to confirm that constructs express the protein of the expected
size. Plasmids were transfected in Hela cells, whole cells extract prepared after 15h from
transfection and analyzed using anti-Myc antibody (Figure 4-6B). Western blot analysis of
the Hela whole cell extract transfected with pcDNA3 encoding for Myc-ICP22 shows two
proteins - a 68 kD protein corresponding to ICP22 and 40 kD protein corresponding to
Us1.5 as expected. In cells transfected with pcDNA3 vectors encoding clone 1 (residues
240-340), clone 3 (residues 171-320) and clone 4 (residues 193-256), | detect a band of
the expected size. Interestingly, after transfection of the vector encoding clone 2
(residues 171-420), a main product is running at the same molecular weight as Us1.5 (40
kDa). The protein Us1.5 was reported to initiate at codon 147 and later it was reported by
the same group to initiate at codon 171 (Carter and Roizman, 1996, Ogle and Roizman,
1999). Recently, another group concluded that Us1.5 initiates at codon 90 (Bowman and
Schaffer, 2009). Therefore, the extent of the Usl.5 is still not clear. In my system, Us1.5
appears to initiate at or close to codon 171 as protein comprising aa 171 to 420 (clone 2)
migrates similarly to that of the Us1.5 protein expressed from the full length Myc-ICP22
plasmid. Western blot analysis of the HeLa whole cell extracts after transfection of the
vector encoding for clone 5 (residues 90-420) detect a protein corresponding to the
expected size and also an additional product corresponding to the 40 kDa Us1.5 protein.
Taken together, the results show that the construct generated express proteins of the
expected sizes. Apart from clone 1, proteins are expressed roughly at similar levels. The
multiple forms of proteins expressed from some of the clones might be due to

posttranslational modification by cellular enzymes or cleavage targeted.
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Figure 4-6. Truncated Myc-ICP22 proteins are successfully expressed in Hela cells.

(A) The schematic of truncated Myc-ICP22 derived constructs. The dark grey box represents the
C-terminal three tandem repeats of the Myc epitope. The conserved 63-residue motif, predicted
cyclin binding sites and aa size are indicated. (B) The indicated constructs were expressed in Hela
cells and analysed by Western blot using an anti-myc antibody. Extract from cells transfected with
the pcDNA3 plasmid was used as a control. a-tubulin was used as loading control.
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4.2.6 The region of ICP22 encoding the cyclin binding sites (clone 4) retains
the ability to inhibit Ser2P of pol Il CTD

| next investigated which part of ICP22 is responsible for the loss of Ser2P. | have analysed
the effect on CTD phosphorylation by measuring Ser2P in whole-cell extracts after
transfection in Hela cells plasmids encoding Myc-ICP22 and the different truncated forms
of the ICP22 protein (indicated in Figure 4-6). The proteins are expressed at roughly
similar levels (Figure 4-7 A and 4-7 B). My results show that all truncated forms of ICP22
trigger the loss of Ser2P pol Il (Figure 4-7 C and 4-7 D). The results are in accordance with
previous study which demonstrated by immunofluorescence, that the C-terminal half of
ICP22 (residues 240-340; in this study clone 1) is sufficient to trigger loss of Ser2P pol Il in
transfected kidney epithelial cells of the African Green Monkey (Vero cells) (Bastian and
Rice, 2009). Here, | have confirmed by Western blot that clone 1 (residues 240-340) also

triggers the loss of Ser2P in transiently transfected Hela cells.

Furthermore it can be concluded that clone 4 (residues 193-256) triggers the loss of Ser2P
pol Il as efficiently as full length ICP22. As mentioned before, the 63 residues of clone 4
(residues 193-256) contains a motif conserved in all a-herpesvirus U1 homologs. It
contains three predicted cyclin binding sites (Kolb et al., 2011) as opposed to one in clone
1 (residues 240-340). This data suggest that the 63 residues conserved domain may play a

significant role regulating ICP22 function blocking Ser2P of pol Il.
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Figure 4-7. Clone 4 is the shortest form of ICP22 that triggers the loss of Ser2P pol Il as
efficiently as full-length ICP22.

(A) and (B) The indicated constructs were expressed in Hela cells and expression analysed by
Western blot using anti-Myc antibody. Extract from cells transfected with empty pcDNA3 vector
was used as a control. (C) and (D) The Myc-ICP22 constructs indicated on the figure were
expressed in Hela cells and their effect on Ser2P was analysed by Western blot using an antibody
directed against Ser2P (H5). The numbers indicate the quantitation of Ser2P signal strength.
Extract from cells transfected with empty pcDNA3 vector was used as a control. a-tubulin was
used as a loading control.
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4.2.7 Loss of cyclin binding sites impair ICP22 activity in vivo

Previously, | demonstrated that clone 4 comprising ICP22 residues 193-256 efficiently
triggers loss of Ser2P (Figure 4-7). Next, | constructed a clone (clone 6, A193-256, Figure
4-8 A) that has an in-frame deletion of these residues in order to confirm that this is the
sequence of ICP22 responsible for Ser2P loss. To facilitate analysis, the expressed protein
has, as previously, a Myc C-terminal epitope tag. Hela cells were transfected with empty
pcDNA3 vector and pcDNA3 vector encoding Myc-ICP22 and clone 6 (A193-256). Cells
were harvested after 15 h and analysed by Western blot using a Myc-tag specific
antibody. The Western blot analysis shows that the construct expresses a protein of the
expected size (Figure 4-8 B). | next tested whether expressed clone 6 affects endogenous
Ser2P levels. As previously, transfected Hela cells were harvested after 15h and analysed
by Western blot using a Ser2P-specific antibody. From the result, | can conclude that
expression of the clone 6 (A193-256) in Hela cells does not affect Ser2P level in whole-
cell extracts (Figure 4-8 B). This results support the notion that residues 193-256 of ICP22

contain the core residues involved in loss of modification of the pol Il CTD.
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Figure 4-8. Cyclin domain sites are required for Myc-ICP22 activity.

(A) The schematic of Myc-ICP22 and clone 6 (A193-256) constructs. The dark grey box represents
the C-terminal three tandem Myc epitope. The residues of ICP22 missing in clone 6 are indicated
clone. (B) The constructs were transfected in Hela cells and proteins level were analysed by
Western blot using anti-Myc, anti-Ser2P (3E10) and anti-RPAP2 antibody. Extract from cells
transfected with empty pcDNA3 plasmid was used as a control. RPAP2 was used as loading
control. Quantification of signal strength is noted below each line.

94



4.2.8 Binding cyclin domain sites are crucial for the loss of Ser2P mark on

actively transcribing pol Il
| have demonstrated previously that expression of Myc-ICP22 in Hela cells interferes with
the pol Il occupancy on PLK2 gene by affecting the Ser2P levels associated with the gene
(Figure 4-4 and Figure 4-5). Next step was to determine if its truncated form, clone 4
(residues 193-256), can function in the same way and also causes loss of only Ser2P.
Accordingly, | transfected Hela cells with an empty pcDNA3 vector (Control), with Myc-
ICP22 vector (Myc-ICP22) and the truncated form (clone 4 and clone 6) and determined
their effect on pol Il, Ser2P and Ser5P levels by ChIP. After transfection of clone 6, the
levels of pol I, Ser2P and Ser5P are not affected in comparison to control cells, as
expected (Figure 4-9 and Figure 4-10). In contrast, transfection of clone 4 has a similar
affect as transfection with full length Myc-ICP22; i.e., the pol Il levels slightly increase in
the promoter proximal region and then drop on probe 3. ChIP analysis also indicates that
Ser2P levels in the PLK2 gene body are also greatly reduced after transfection of Hela
cells with vector expressing Myc-ICP22 and clone 4. As expected, the levels of Ser5P are

not affected (Figure 4-9 and Figure 4-10).
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Figure 4-9. Pol Il and Ser2P levels are affected on PLK2 gene after expression of ICP22 and clone
4, but not clone 6.

A schematic of the first 1500 bp of the PLK2 gene is shown at the top. Horizontal lines above the
gene schematics mark the position of the quantitative real-time PCR (qPCR) primer pairs. The
arrow represents the transcription start site. gPCR quantitation of ChlIP analysis of the PLK2 gene
after transfection with Myc-ICP22 vector or the truncated forms (clone 4 and clone 6), using an
antibody against (A) pol II, (B) Ser2P and (C) Ser5P. Error bars indicate the standard deviation of
means from at least three independent experiments in this and subsequent figures.
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Figure 4-10. The Ser2P, but not Ser5P levels are affected on the PLK2 gene after transfection
with ICP22 and clone 4.

gPCR quantitation of ChIP analysis of the PLK2 gene after transfection with Myc-ICP22 vector and
the truncated forms (clone 4 and clone 6) using an antibody (A) against Ser2P relative to the pol Il
signal and (B) against Ser5P relative to the pol Il signal. Primers used are noted on the schematic
of the PLK2 gene above.
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4.2.9 Cdk9is a Ser2P kinase on U2 snRNA genes

There is conflicting data as to whether Cdk9 is a Ser2P kinase for snRNA genes. Glover-
Cutter and coworkers argue that Cdk9 is not recruited to snRNA genes (Glover-Cutter et
al., 2008). However, ChIP data from our lab indicates that Cdk9 is recruited to U2 snRNA
genes (Egloff et al., 2009) [and Laitem and Murphy, unpublished results]. To resolve this
uncertainty, | have used my system to determine whether ICP22 transfection and the
possible inhibition of Cdk9 has any consequences for transcription of the U2 snRNA
genes. Accordingly, | have performed ChIP analysis of pol Il, Ser2P and Ser5P on the U2
snRNA genes after transfection of Hela cells with vector encoding Myc-ICP22 or its
derived constructs. My results indicate that transfection of the Myc-ICP22, clone 4 and
clone 6 do not affect pol Il occupancy on U2 snRNA genes (Figure 4-11 A). This is
consistent with published data, which show that the loss of Ser2P has no effect on the U2
snRNA gene expression (Medlin et al., 2003). After transfection of clone 6, the levels of
pol 1, Ser2P and Ser5P are not affected in comparison to control cells (Figure 4-11 and 4-
12). As expected, the Ser2P levels decrease after expression of Myc-ICP22 and clone 4
(Figure 4-11 B and Figure 4-12 A), although not as drastically as on PLK2 gene. Ser5P
levels instead are maintained which is consistent with Cdk9 inhibition (Figure 4-11 C and

Figure 4-12 B).
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Figure 4-11. The Ser2P levels are affected on the U2 snRNA gene after transfection with Myc-
ICP22 expressing vector and clone 4, but not clone 6.

A schematic of the U2 snRNA gene is shown at the top. Horizontal lines above the gene
schematics mark the position of the quantitative real-time PCR (qPCR) primer pairs. The arrow
represents the transcription start site. gPCR quantitation of ChIP analysis of U2 snRNA gene after
transfection with Myc-ICP22 and its truncated forms (clone 4 and clone 6) using an antibody
against (A) pol Il, (B) Ser2P and (C) Ser5P.
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Figure 4-12. The Ser2P, but not Ser5P levels are affected on the U2 snRNA gene after
transfection with ICP22 and clone 4.

gPCR quantitation of ChIP analysis of U2 snRNA gene after transfection with Myc-ICP22 and its
truncated forms (clone 4 and clone 6) using an antibody (A) against Ser2P relative to the pol Il
signal and (B) against Ser5P relative to the pol Il signal. Primers used are noted on the schematic
of the U2 snRNA gene above.
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4.2.10 Loss of Cdk9 does not affect the recognition of 3’box

Using kinase inhibitors, Medlin and co-workers demonstrated that Ser2P on the pol Il CTD
is important for correct 3’ end formation of snRNA gene transcripts (Medlin et al., 2005).
This suggested that CTD kinases targeted by kinase inhibitors, including P-TEFb, could
contribute to efficient snRNA gene expression. To assess whether ICP22 affects 3’ box-
directed RNA processing, RNase protection of U2 snRNA gene transcripts was carried out.
Surprisingly, the transfection of vectors encoding Myc-ICP22, clone 4 and clone 6 does
not abolish the recognition of the 3’ box (Figure 4-13). Furthermore, targeted knockdown
of Cdk9 subunit of P-TEFb using siRNA mediated depletion, does not result in the loss of

3’ box directed processing (Figure 4-14; by Dr Clelia Laitem).
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Figure 4-13. Expression of Myc-ICP22 and Myc-ICP22 derived construct does not affect 3’ end
processing.

RNase protection analysis of U2 transcripts in control cells and cells transfected with Myc-ICP22
and the derived constructs (clone 4 and clone 6). Location of the RNase Protection Analysis (RPA)
probe and the expected products of the RPA are noted on the schematic. Position of the pre-U2
snRNA and unprocessed read-through (RT) U2 snRNA are noted on the right. Ratio of RT/Pre-U2 is
also noted below each lane.
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Figure 4-14. Cdk9 knockdown does not affect recognition of the U2 snRNA 3’ box.

(A) Western blot analysis of whole-cell extracts from control cells or cells transfected with an
siRNA specific for Cdk9 (Cdk9 KD). Antibodies used are noted on the right. {B) RNase protection
analysis of U2 transcripts in control cells and cells transfected with an siRNA specific for Cdk9
(Cdk9 KD). Location of the RNase Protection Analysis (RPA) probe and the expected products of
the RPA are noted on the schematic. Position of the pre-U2 snRNA and unprocessed read-through
(RT) U2 snRNA are noted on the right. Ratio of RT/Pre-U2 is also noted below each lane.
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4.3 Conclusions

In this study | have started to explore the mechanism of inhibition of CTD Ser2
phosphorylation by the HSV-1 ICP22 protein. Importantly, the recombinant viruses
lacking the gene encoding this immediate early protein are defective in pathogenicity in
mouse models and establishment of latency (Sears et al., 1985). It has been suggested
that ICP22 interacts directly with P-TEFb to inhibit kinase activity (Durand and Roizman,
2008, Rice and Davido, 2013). As mentioned above (Chapter 1) P-TEFb is required to
overcome the influence of negative elongation factors and allows polymerase to enter
productive elongation (Nechaev and Adelman, 2011). As one of the main research
interests of my laboratory is the function of Cdk9 in CTD phosphorylation and
transcription elongation, | have carried out some initial studies on the effect of ectopic
expression of ICP22 on expression of pol ll-transcribed genes in Hela cells. | have
determined that ICP22 with a Myc epitope tag is well-expressed in Hela cells and
specifically causes loss of phosphorylation of Ser2 of the CTD. | have demonstrated that
the C-terminal part of the ICP22 protein is essential for pol Il modification. This is
consistent with previously published data. In order to identify the residues in ICP22 that
are required for modification of pol I, | made several ICP22 truncated constructs. My
results reveal that the functional region of ICP22 required for inhibition of CTD Ser2

phosphorylation is between amino acids 193-256.

Taken together, my results recapitulate the effects of ICP22 expression in other systems
and | therefore now have an ideal system to investigate the molecular mechanisms
underlying inhibition of CTD phosphorylation by ICP22. My preliminary ChIP studies
suggest that Ser2P on pol Il transcribing PLK2 and U2 snRNA gene is affected by ICP22

expression.

Surprisingly, knocking down Cdk9 (Figure 4-14, by Dr Clelia Laitem, unpublished data) or
ectopic expression of ICP22 (Figure 4-13) is not sufficient to abolish recognition of the U2
snRNA 3’ box. These results might indicate that Cdk9 is not knocked down enough to see
the effect on 3’ box recognition and that the Cdk9 associated with the U2 snRNA gene is
not efficiently inhibited by ICP22. A low level of Ser2P remains on pol Il transcribing the

U2 snRNA gene after Myc-ICP22 expression (see Figure 4-11 and Figure 4-12) and this
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may suffice for recognition of the 3’box. Alternatively, the loss of 3’ box-directed RNA
processing caused by Cdk9 inhibitors (Medlin et al., 2005), could be the result of

inhibiting a different kinase.

My system and preliminary data are critical in establishing strategies that can be used to
decipher the mechanism of action of ICP22 protein on cellular genes. Identification of the
factors targeted by ICP22 is crucial to understand the molecular mechanism by which
ICP22 affects Ser2P. For this purpose, | have constructed vectors expressing full length
GST-ICP22 and truncated form of ICP22 with residues 193-256 (GST-clone 4) in order to
perform pull-downs to identify interaction partners of ICP22. The intimate interaction of
ICP22 with the cellular machinery provides an excellent tool to uncover mechanisms by

which HSV viruses can so successfully coexists with humans.
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Discussion

Chapter 5|
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5.1 A sub-complex of TFIID is loaded onto snRNA genes

5.1.1 Recruitment of a U2 snRNA gene-specific complex is essential for

proper snRNA gene expression

TAFs are critical components of the machinery responsible for the transcription of
eukaryotic genes transcribed by pol Il, and their biological significance has made them
the target of extensive study. Understanding the interplay between TAFs and other
components of the transcription machinery provides important insights into how
transcriptional regulation helps direct the growth and development of eukaryotic
organisms. TAFs can function as promoter recognition factors, as coactivators and as
enzymatic modifiers of other proteins. Some are important for the stability of complexes
they form. Interestingly, the importance of these functions may vary from promoter to
promoter. Taken together, my data suggest that a subcomplex of TFIID, containing TBP,
TAF5, TAF6, TAF8, TAF9, TAF11, and TAF13 is loaded onto snRNA genes (Figure 5-1).
Alternatively, TFIID may exists in different conformations on both the U2 and B-actin
genes. However, the existence of a novel subcomplex on the snRNA genes is supported
by the finding that knocking down TAF4 and TAF7 only affects B-actin and not U2 snRNA
gene transcription. TAFs exist as components of a number of distinct complexes, but,
interestingly, the proposed snTAFc does not contain the classical core TAFs (TAF4 and
TAF10) and lacks the highest-molecular weight TAFs, TAF1 and TAF2 (Figure 2-4). A
complete TFIID complex does not appear to be required for transcription initiation from
snRNA gene promoters since knockdown of key TFIID subunits does not arrest
transcription of the U2 snRNA gene (Figure 2-6). My ChIP analysis of a complete set of
TAFs on the U2 snRNA and B-actin genes therefore provides further evidence for

different TFIID compositions at different promoters (Zaborowska et al., 2012).
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Figure 5-1. Recruitment of a U2 snRNA gene-specific TBP-TAF complex is essential for proper
snRNA gene expression.

(A) On the B-actin gene, the histone fold containg TAFs (TAF3, TAF4, TAF6, TAF8, TAF9, TAF10,
TAF11, TAF12 and TAF13) form heterodimers and interact with TAF1, TAF2, TAF5, TAF7 and TBP
to form TFIID. Some of the TAFs, e.g., TAF10 may be present in more than one copy (Cler et al.,
2009). (B) On the U2 snRNA gene, TAF5, TAF6, TAF8, TAF9, TAF11 and TAF13 associate to form an
snRNA gene-specific-TAF complex (snTAFc). (C) On the snRNA gene, TBP associates with PTF and
with snTAFc. This may facilitate specific recruitment of the Integrator complex and plays a role is
setting the elongation properties of pol Il, possibly due to the lack of recruitment of key
elongation factors.
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Interestingly, TAF1 is not present on the U2 snRNA gene (Figure 2-4). TAF1 has histone
acetyltransferase (HAT) activity that acetylates histone H3 and H4 (Dunphy et al., 2000)
also acts as a histone-specific ubiquitin-activating/conjugating enzyme to mediate
monoubiquitination of histone H1 in vitro (Pham and Sauer, 2000, Maile et al., 2004).
These activities contribute to the importance of this TAF in gene transcription. For
example, transcription of the MHC class | genes is dependent on the HAT activity of TAF1
(Howcroft et al., 2003, Weissman et al., 1998, Gegonne et al., 2001). TAF7 binds to TAF1
and negatively regulates its HAT activity (Gegonne et al., 2001). It has been reported that
TAF7 dissociates from the TFIID complex upon recruitment of pol Il to the assembling PIC.
This release is concomitant with phosphorylation of TAF1, which reduces the binding of
TAF1 to TAF7. Additional studies have shown that TAF7 functionally interacts with TFIIH
and elongation factor P-TEFb and inhibits their kinase activities. Accordingly, it was
proposed that TAF7 acts as a checkpoint regulator and delays transcription until the PIC
complex is assembled (Gegonne et al., 2008, Gegonne et al., 2006). As both TAF1 and
TAF7 are absent from the U2 snRNA gene, neither the enzymatic activities of TAF1 not
the kinase interactions of TAF7 are required for expression of this gene. TAF1 may not be
necessary for transcription of the U2 snRNA genes as the transcription unit is nucleosome

depleted (Egloff et al., 2009).

TAF composition is at least partially core promoter-dependent (Green, 2000). The core
promoter of genes is defined as the minimal DNA sequence required for accurate
transcription initiation in vitro (Roeder, 1996). One of the common core promoter
elements in human protein-coding genes is a TATA box located approximately 25 bp
upstream of the transcription start site. The consensus sequence TATA(A/T)A(A/T)(A/G) is
recognized directly by TBP (Hernandez, 1993). Other core promoter elements, such as the
initiator (Inr), the downstream promoter element (DPE), and the downstream core
element (DCE) may also be present (Kaufmann and Smale, 1994, Smale and Kadonaga,
2003, Lee et al., 2005, Purnell et al., 1994). TAFs are thought to significantly widen the
range of promoter recognition by TFIID. Firstly, TAF association with TBP helps to
overcome chromatin barriers (Thomas and Chiang, 2006). Secondly, contacts between
TAFs and Inrs, DPEs and DCEs can facilitate promoter recognition (Basehoar et al., 2004).

TAF1/TAF2 recognizes the Inr sequence (Chalkley and Verrijzer, 1999). In addition, UV
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photo-cross-linking results demonstrate that TAF1 interacts with the DCE sub-element in
a sequence-dependent manner (Lee et al., 2005). Thus, the absence of TAF1 and TAF2
may reflect the absence of an Inr sequence in addition to the lack of functional
requirement for these TAFs. In contrast, TAF6 and TAF9, which are found on the U2
snRNA gene, exhibit DPE-binding specificity, (Shao et al., 2005, Sengupta et al., 2009)
although there is no DPE in U2 snRNA promoter. TAFs may be differentially required for
transcription of the snRNA and B-actin genes or differentially recruited due to differences
in the DNA sequence, chromatin structure at the promoters and the complement of

other factors at the promoter.

A number of reports demonstrate that some TAFs directly interact with activators
(Allende-Vega et al., 2007, Bereczki et al., 2008). Those interactions suggest that TAFs can
function as co-activators to bridge DNA-bound activators and the PIC. In agreement with
this model, it has been demonstrated that mutations of Sp1 that disrupt interaction with
TAFs affect activation of transcription (Gill et al., 1994). Thus, activators may target
different TAFs to recruit TFIID to promoters. In addition, holo-TFIID may integrate
different signals from different activators. Interestingly, VP16 and p53 activate
transcription of protein-coding genes but not snRNA genes (Das et al., 1995), although
TAF6 and TAF9 are present on U2 snRNA genes (Figure 2-2). In addition, Sp1 can activate
transcription of snRNA genes (Das et al., 1995) although TAF4 and TAF7 are absent. This
indicates that not all activators are compatible with snRNA gene promoters, that TAF6
and TAF9 are not sufficient to mediate activation by VP16 and p53 and that activation by

Sp1 occurs in the absence of interaction with TAF4 and TAF7.

It is particularly striking that TAF4 and TAF10 are missing from the U2 snRNA gene
promoter, as these play primary roles in TFIID assembly. Knockdown of Drosophila TAF4
leads to degradation of most of the TAFs (Wright et al., 2006) and TAF10 gene disruption
in mice leads to disassembly of TFIID (Mohan et al., 2003). TAF5, which is associated with
the U2 snRNA genes, is also implicated in TFIID structure. Thus, snTAFs must not require
TAF4 and TAF10 for assembly and stability. TBP is recruited to snRNA genes by PTF - as an
integral part of SNAPc (Henry et al., 1995). The snTAFc may be recruited as a new TBP-
free complex, with a different composition from TFTC, STAGA, PCAF/GCN5 (see Table 3).

Alternatively, snTAFc may not be stable off DNA and may assemble on the snRNA gene
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promoter through interactions with PTF and TBP. Recognition of the snRNA gene-specific
3’ box RNA 3’ end processing element only occurs if transcription is initiated from a pol II-
dependent snRNA gene promoter (Egloff et al., 2009, Hernandez, 1985), implicating
specialized transcription complexes in the processing reaction. In addition, pol Il initiated
at the promoter of snRNA genes does not appear to make the transition to productive
elongation and lack the H3K363m mark of productive elongation (Egloff et al., 2009). The
selective recognition of the 3’ box and the lack of processivity of pol Il transcribing snRNA
genes might therefore be, in some way, connected to the specific TAF composition of the

PIC.

Transcripts from snRNA genes, in contrast to mRNA genes, are not polyadenylated.
Dantonel and coworkers showed that cleavage-polyadenylation specificity factor CPSF,
associates with the PIC through TFIID (Dantonel et al., 1997). Neither TAF7 nor TAF12,
which interact strongly with CPSF-160, is recruited to the U2 snRNA gene promoter
(Figure 2-7). The snRNA gene-specific TAF complex may therefore play a central role in

facilitating gene-type-specific RNA processing.

Based on my results, | propose a model in which recruitment of a subset of TAFs to
snRNA genes underpins a cascade of events critical for proper gene expression (Figure 5-1
C). PTF binding to the PSE facilitates stable recruitment of TBP, which in turn helps to
recruit an snRNA gene-specific subset of TAFs (snTAFc) involved in specific recruitment of,
for example, the Integrator complex. In addition, snTAFc may lack TAFs involved in
recruiting elongation factors, thereby helping to determine the elongation potential of

pol Il.

The significance of the presence of the second peak of TBP and several TAFs within the
gene but upstream of the poly(A) site of the B-actin gene is not clear. This may be
diagnostic for a gene loop. However, loops are generally found between the promoter
and the pol(A) site/region of transcription termination (Hampsey et al., 2011). In addition,
the second peak of pol Il does not coincide with the second peak of TBP and TAFs. Thus
the second peak of pol Il may reflect pausing at the end of the gene and the TBP/TAF
peak may mark the position of a second promoter where an inactive PIC lacking TAF7 has

assembled.
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5.1.2 Future directions

It is well documented that there is a coupling between the snRNA gene promoter and the
3’ box (Hernandez and Weiner, 1986, Dahlberg and Schenborn, 1988). Interestingly, it
was demonstrated that human immunodeficiency virus (HIV) encoded elongation factor
(Tat) together with the transactivation response element (TAR) can disturb this link
(Ratnasabapathy et al.,, 1990). The productive elongation of transcription of HIV
templates requires binding of the Tat to the TAR sequence at the start of HIV transcripts.
Tat helps to recruit P-TEFb, which comprises Cdk9 kinase and Cyclin T, which overcomes
the effect of negative elongation factors (Peterlin and Price, 2006). Interestingly, a
number of studies have shown that TAFs are dispensable for Tat function and Cyclin T1 is
implicated in directing assembly of a PIC containing TBP but no TAFs (Raha et al., 2005).
P-TEFb functions in expression of the short intron-less snRNA genes only to activate
recognition of the 3’ box (Medlin et al., 2005). Recruitment of Tat to snRNA genes
through a TAR sequence placed downstream of the site of initiation inhibits co-
transcriptional recognition of the 3’ box RNA processing element and may alter the
elongation properties of pol Il (Ratnasabapathy et al., 1990). The 3’ box is recognized in
transcripts from a construct with an snRNA promoter followed by the TAR sequence, 3’
box and PA signal. However, when Tat is transfected, transcripts are polyadenylated and
the 3’ box is not recognized. The lenght of the transcription unit is altered from 1kb, as
described for U2snRNA gene, to over 3 kb [Kollakowski and Murphy, unpublished
observations]. As mentioned in Chapter 1 (Section 1.2), the CTD of pol Il is essential for
efficient 3’ box-directed processing and Ser2 phosphorylation by P-TEFb is required to
recruit Integrator, the snRNA gene-specific RNA processing complex (Medlin et al., 2005,
Baillat et al., 2005, Egloff et al., 2007, Egloff et al., 2010). It is possible that TAR/Tat alters
3’ box recognition by affecting the PIC complex on the snRNA gene promoter and/or
modifying CTD phosphorylation by P-TEFb. In addition, it has been shown that TAR/Tat
activates elongation of transcription from snRNA gene promoters in transient
transfection experiments [Kollakowski and Murphy, unpublished observations] suggesting
a link between the transcription elongation properties of pol Il transcribing U2 snRNA
genes and coupling between the snRNA promoter and 3’ box. It would be of particular

interest to answer the question of how events at the promoter can influence elongation
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properties and how HIV Tat modifies the transcription elongation properties of the U2
snRNA gene to become similar to those of protein-coding genes. Future work could
determine whether HIV-1 Tat affects the complement of TAFs within the U2 PIC. | have
already generated stable cell lines (Flp-In T-Rex Core Kit for 293 cells) with either a
marked U2 gene containing a fragment of globin gene sequence (U2G) or a U2 gene
containing the HIV TAR sequence just downstream of the transcription start site (U2TAR).
The effect of HIV-1 TAR/Tat on the composition of the PIC in stable cell lines could be
analysed by ChlIP with and without ectopic expression of Tat. It would also be interesting
to analyse the recruitment of Integrator and transcription elongation factors to these

constructs in the presence and absence of Tat.

5.2 Role of RPAP2 in transcription of snRNA genes

5.2.1 Recruitment of RPAP2 to snRNA genes through Ser7 phosphorylation
underpins a cascade of events critical for proper snRNA gene
expression

The first insights to RPAP2 function came from a systematic analysis that determined the

composition and organization of the soluble pol Il machinery (Jeronimo et al., 2007).

Interestingly, the RPAP2 protein was found to interact with Integrator in addition to pol I,

which raised the possibility that it plays a role in transcription of snRNA genes. In

addition, Rtrl, the yeast homolog of RPAP2, was identified as a Ser5P phosphatase

(Gibney et al., 2008). My results demonstrate that RPAP2 specifically and directly

interacts with the Ser7P form of the pol Il CTD. RPAP2 knockdown causes loss of

Integrator from snRNA genes, reduces the rate of transcription and impairs 3’ end

processing. Furthermore, my results demonstrate that RPAP2 regulates the global level of

Ser5P in the cell and dephosphorylates Ser5P on actively transcribing pol Il. Based on

these results, | conclude that recruitment of RPAP2 to snRNA genes through Ser7P results

both in stable association of Integrator with snRNA genes and removal of Ser5P (Figure 5-

2) (Egloff et al., 2012b).
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Figure 5-2. Recruitment of RPAP2 to snRNA genes through Ser7 phosphorylation underpins a
cascade of events critical for proper snRNA gene expression.

On snRNA genes, TBP associates with PTF and with snTAFc. The pol Il CTD is first phosphorylated
on Ser5 and then on Ser7. Subsequently, RPAP2 is recruited to snRNA genes and tethers
Integrator to snRNA genes. RPAP2 dephosphorylates Ser5P of the pol Il CTD facilitating
transcription.
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Interestingly, the defect in transcription of snRNA genes caused by RPAP2 knockdown
may occur due to the failure to dephosphorylate Ser5P. Ser5 hypophosphorylation has
been proposed to reduce the rate of transcription reinitiation by pol Il or result in
persistent association of the capping enzyme (Reyes-Reyes and Hampsey, 2007). In
addition, in yeast, knockdown of Rtrl and Ssu72 causes a transcription defect (Reyes-
Reyes and Hampsey, 2007, Gibney et al., 2008, Mosley et al.,, 2009). My results
demonstrate that Ssu72 is recruited to U2 snRNA gene and B-actin protein-coding gene.
Furthermore, Ssu72 knockdown causes pol Il to accumulate at the 3’ end of both U2
snRNA and B-actin genes, which is indicative of termination defects. However, after
Ssu72 siRNA-mediated depletion there is no 3’end processing defect on snRNA genes.
This would suggest that Ssu72 functions primarily as a transcription terminator rather

than 3’end processing factor for snRNA genes [O’Reilly et al., NAR; in press].

5.2.2 Future directions

Interestingly, the recruitment of RPAP2 to a protein-coding gene is not affected by
mutation of Ser7. It would be of interest to decipher a mechanism by which RPAP2 is
recruited to protein-coding genes and perform ChIP-seq to determine the occupancy of
RPAP2 on mRNA genes. It is worth noting that there is some evidence that argues against
the phosphatase activity of RPAP2. According to a recent paper, there is a marked
absence of an active site in both His-tagged and GST-tagged Kluyveromyces lactis Rtrl
(Xiang et al., 2012). Given these conflicting data, it is important to determine whether
human RPAP2 is truly the Ser5P phosphatase. The next step towards resolving the
uncertainty surrounding the phosphatase activity of RPAP2 is to solve the crystal

structure of human RPAP2 in the presence of the CTD.

115



5.3 Inhibition of Ser2 phosphorylation by the HSV-1 ICP22

protein

5.3.1 ICP22 specifically inhibits Ser2 phosphorylation on transcriptionally-

active pol Il transcribed genes

It has been shown that expression of ICP22 causes the loss of phosphorylation of Ser2
(Fraser and Rice, 2005), a mark associated with productive elongation (Egloff and
Murphy, 2008a). PTEFb is thought to be a major CTD Ser2 kinase (Egloff and Murphy,
2008a) and it has been suggested that ICP22 interacts directly with P-TEFb to inhibit the
kinase activity (Durand et al.,, 2005). Acyclovir and related nucleoside analogue anti-
Herpes drugs are effective and widely available. However, resistance to these drugs is
becoming a major public health problem (Galdiero et al., 2013). In addition, current
antiviral strategies for HSV affect only lytic infection (Knipe and Cliffe, 2008). There is
therefore a pressing need for the identification of potential new Herpesvirus drug targets
to facilitate the development of the next generation of anti-Herpesvirus drug. Here, |
have initiated a study of the HSV-1 ICP22 protein, which is a determinant of infectivity
and latency (Poffenberger et al., 1994, Orlando et al., 2006) and could be a good future
drug target. As there are close homologues to the HSV-1 ICP22 in all alpha-Herpesvirus,
including HSV-2 and Varicella zoster, any drugs that target HSV-1 ICP22 may also be
effective against these other Herpesviruses. My studies were focused on the mechanism
of action of ICP22 inhibition of CTD phosphorylation. | have determined that ICP22 with a
Myc epitope tag is well-expressed in Hela cells and specifically causes loss of
phosphorylation of Ser2 of the CTD without markedly affecting phosphorylation of Ser5
and Ser7. In addition, | have shown that the region between amino acids 193 to 256 is
sufficient to cause loss of Ser2 phosphorylation. The specific loss of Ser2 phosphorylation
recapitulates the effect of ICP22 expression in other systems. My ChlIP studies on a PLK2
gene suggests that transcription and CTD Ser2 phosphorylation on transcribing pol Il are
drastically affected by expression of either full-length ICP22 or the truncated form
comprising amino acids 193 to 256 (clone 4). My current working model is that ICP22
interacts directly with either the Cdk9 or cyclin component of P-TEFb to inhibit the kinase

activity. The ICP22 region involved in the binding of P-TEFb would be within residues 193-
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256. However, the pol Il occupancy on U2 snRNA genes is not affected by expression of
ICP22. This is in line with previously published results that inhibition of Cdk9 does not
inhibit transcription of snRNA genes but leads to incorrect RNA 3’end formation (Medlin
et al., 2003). The Ser2P mark is not required for the expression of the p53-regulated p21
gene, histones genes and snRNA genes. Thus, this mark is not universally needed for RNA
synthesis (Tietjen et al., 2010, Gomes et al., 2006, Medlin et al., 2005). Furthermore, my
results suggest that Ser2P levels on U2 snRNA genes do not drop as drastically as on the
PLK2 gene. This may suggest either that P-TEFb is not the only acting Ser2P kinase on
snRNA genes or that inhibition of Ser2 phosphorylation is not the result of ICP22 simply
inhibiting the activity of CDK9. For example, ICP22 may not inhibit all the functions of P-
TEFb, as P-TEFb-dependant RNA processing of snRNA gene transcripts is not affected.
Alternatively, ICP22 can only access P-TEFb to effectively inhibit the kinase activity if P-
TEFb association with the genes is not too stable to block access or ICP22 selectively
inhibits P-TEFb function on some genes through sequestration, perhaps to another part
of the nucleus. In these latter cases, only genes where P-TEFb does not interact very

stably with the transcription complex would be affected.

5.3.2 Future directions

There is much more to be discovered about ICP22. Identification of the host cell factors
targeted by ICP22 is critical to understanding the molecular mechanism by which ICP22
affects Ser2P. Therefore, the next step would be to perform interaction studies with the
full-length ICP22 and the shorter form that triggers the loss of Ser2 phosphorylation to
identify interaction partners, using a proteomics approach. For example, epitope-tagged
versions of the full-length ICP22 and the short functional conserved region could be used
to pull down interacting host proteins, followed by proteomic identification. Further, to
test whether CDK9 or one of its cyclin partners directly interacts with ICP22, interaction
between recombinant GST-tagged forms of the short truncated form of ICP22 and full-
length ICP22 with recombinant P-TEFb should be tested. It would also be informative to
analyse the effect of ICP22 on the expression of host genes genome-wide. The results of
these experiments will underpin the development of a judicious strategy to determine

the molecular mechanism of ICP22 action. In addition, these preliminary analyses will
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facilitate the elucidation of the structural detail of the molecular interaction between
ICP22 and host partner proteins using, for example, crystallography, which will, in turn,

inform drug-screening strategies.

Recent work indicates that not only Cdk9, but also Cdk12 mediates Ser2 phosphorylation
of pol Il CTD (Bartkowiak et al., 2010). Future studies should address whether Cdk12
function is affected by ICP22.

The proposed research will help elucidate the molecular mechanisms underlying viral
strategies of infection and propagation and allow the judicious design of therapeutics. As
ICP22 appears to act at the level of transcription, this research will also shed light on the
control of expression of human genes at this level. As such, the results of this research
will be of interest to scientists working in the field of regulation of gene expression, in

addition to virologists and clinicians.
NOVELTY

My work has highlighted important factors and regulatory mechanisms specific to snRNA
gene transcription. The demonstration that the promoter of the U2 snRNA gene is
recognized by a specific set of TBP-associated factors and the role of RPAP2 and Ssu72 in
snRNA gene expression is both novel and significant. Parts of the thesis were based on
published manuscripts (Zaborowska et al., 2012, Egloff et al., 2012b) and [O'Reilly et al.
NAR in press].

My follow up of my initial study of the mechanism of action of ICP22 may reveal a novel

mechanism by which ICP22 can manipulate host cell gene expression.
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Chapter 6] Materials and Methods
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6.1 Materials

6.1.1 Antibodies

Antibodies were stored at 4°C or at -20°C

(sc-735; mouse monoclonal)

Antibodies Company
Anti-RNA Polymerase |l Santa Cruz
(sc-N20; rabbit polyclonal)
Anti-RNA Polymerase |l Santa Cruz
(sc-H224; rabbit polyclonal)
Anti-TBP Santa Cruz
(sc-421; mouse monoclonal)
Anti-TAF1 Santa Cruz

Anti-TAF2
(NBP1-21371; rabbit polyclonal)

Novus Biologicals

Anti-TAF3
(A302-360A; rabbit polyclonal)

Bethyl laboratories

(sc-102125; rabbit polyclonal)

Anti-TAF4 Santa Cruz
(sc-736; mouse monoclonal)
Anti-TAF7 Santa Cruz
(sc-101167; mouse monoclonal)
Anti-TAF10 Santa Cruz

Anti-TAF5, anti-TAF6, anti-TAF8, anti-
TAF9, anti-TAF11, anti-TAF12, anti-
TAF13 (all rabbit polyclonal)

Kind gift from
Robert Roeder
(Raha et al., 2005)

Anti-CPSF160
(sc-28872; rabbit polyclonal)

Santa Cruz

Anti-RNA polymerase CTD
phosphorylated on Serine 2 (3E10), 5
(3EB) and 7 (4E12)

Kind gift from
Dirk Eick (Chapman
et al., 2007)
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(all rat monoclonal)

Anti-actin

(sc-1615; goat polyclonal)

Santa Cruz

Anti-RPAP2

(17401-1-AP; rabbit polyclonal)

Proteintech

Anti-Myc epitope Santa Cruz
(sc-764X; rabbit polyclonal)
Anti-Myc epitope Abcam
(ab1932; goat polyclonal)
Goat anti - mouse HRP Pierce
(1858413)
Donkey anti-goat HRP Santa Cruz
(sc-2020)
Goat anti-rabbit HRP Millipore

(12-348)

6.1.2 Antibiotics

- Ampicillin (100 pg/ml; Sigma Aldrich)

6.1.3 Buffers and solutions

- Phosphate Buffered Saline (PBS) - 140 mM NaCl, 3.4 mM KCI, 10 mM Na,HPQ4, 1.8 mM

KH,PO4

- Tris Buffered Saline - 150 mM NacCl, 40 mM Tris-HCI - pH7.4

- TBE Buffer - 10 mM Tris, 250 mM orthoborate, 2 mM EDTA

- Cell lysis buffer — 5 mM PIPES pH8.0, 85 mM KCl, 0.5% NP40

- Nuclear lysis buffer =50 mM Tris-HCl pH 8.1, 10 mM EDTA, 1% SDS

- Dialysis Buffer — 2 mM EDTA, 50 mM Tris-HCI pH 8.0, 0.2 % Sarkosyl
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- Dilution buffer — 0.01% SDS, 1.1 % Triton, 1.2 mM EDTA, 16.7 mM Tris-HCI pH 8.1, 167
mM NacCl

- Wash buffer 1 (Rabbit polyclonal antibodies) — 100 mM Tris-HCI pH 9.0, 500 mM LiCl, 1%
NP40, 1% Deoxycholic acid

- Wash buffer 2 (Rat or mouse monoclonal antibodies) — 100 mM Tris-HCI pH 8.0, 250
mM LiCl, 0.5% NP40, 0.5% Deoxycholic acid

- Elution buffer — 50 mM NHCO3, 1% SDS

- Proteinase K Buffer (5x) - 50 mM Tris-HCl pH 7.5, 25 mM EDTA, 1.2%SDS

- EB buffer — 10 mM Tris-HCI, pH8.1

- NETN buffer — 0,5% NP-40, 20mM Tris-HCl pH8, 100mMNaCl, 1ImM EDTA

- HEGN buffer — 20mM HEPES pH7,6, 10% glycerol, 0,2% NP-40, 0,1mM EDTA, 1mM DTT

- SDS running buffer (25mM Tris, 250mM glycine, 1% SDS)

6.1.4 Reagents

Chemical reagents were purchased from VWR International or Sigma, apart from the

reagents listed below:

- Trizol (Invitrogen)

- RNase-DNase-free water (Qiagen)

- LipofectAMINE 2000 (Invitrogen)

- Dimethylsulfoxide (DMSO; Merck)

- Precision plus protein Dual Colour Standards (Bio-RAD)

- Dithiothreitol (DTT; Roche)
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ChIP materials:

- BSA (10 mg/ml; New England Biolabs)

- Herring Sperm DNA (10 mg/ml; Sigma)

- Formaldehyde (Sigma)

- Protease inhibitor cocktail (Roche)

- Staphlococcus aureus cell membranes (Calbiochem)

Kits and enzymes:

- Plasmid mini and maxi kits (Qiagen)

- Qiaquick PCR purification kit (Qiagen)

- QIAGEN Plasmid Mini Kit (Qiagen)

- QIAGEN Plasmid Maxi Kit (Qiagen)

- QuantiTect SYBR Green PCR master mix (Qiagen)
- Superscript lll for cDNA synthesis (Invitrogen)

- DNase 1 (Promega)

- Proteinase K (Promega)

PCR Oligonucleotides:

All oligonucleotides used were synthesized by Sigma Aldrich. ChIP primers were designed

to give a PCR product of approximately 100 bp in length. Sequences of primers used in all

assays are listed 5’ to 3’ in the following pages.

Primers used in Chapter 2:

B-actin 1 (F) GCTGCGGCTGGGTAGGTTTG

B-actin 1 (R) CACTTAGAAGTCGCAGGACC

B-actin 2 (F) CCAATCAGCGTGCGCCGTTCCGA
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B-actin 2 (R)

GGTGTGGACGGGCGGCGGATC

B-actin 3 (F) GGGCAACCGGCGGGGTCTTT
B-actin 3 (R) ACGCAGTTAGCGCCCAAAGG
B-actin 4 (F) CACAGCGCGCCCGGCTATTC
B-actin 4 (R) AGCCAGCTCCCCTACCTGGT
B-actin 5 (F) | CCCCATCGAGCACGGCATCGTC
B-actin 5 (R) | CACCTGGGTCATCTTCTCGCGGT
B-actin 6 (F) | CATTGCTCCTCCTGAGCGCAAGTA
B-actin 6 (R) | TTGCGGTGGACGATGGAGGGGCC
B-actin 7 (F) GGGACTATTTGGGGGTGTCT
B-actin 7 (R) TCCCATAGGTGAAGGCAAAG
B-actin 8 (F) TGGGCCACTTAATCATTCAAC
B-actin 8 (R) CCTCACTTCCAGACTGACAGC
U21(F) | GGAGCGGAGCGTTCTCTGTCTCCCC
U21(R) | AGAGTGTGAGCCCTCATTCACGCCC
U22 (F) ATGAGAGTGGGACGGTGA
U2 2 (F) CACTTGATCTTAGCCAAAAGG
U23(F) | ACGAGTCCTGTGACGCGCCGGCTTG
U23(R) | CTCCGGGTGGGTCCCATTCCTTTAA
U24 (F) CCTCCCCGCCTCTCCCTCGCTC
U24 (R) GGACAAATAGCCAACGCATGCGG

Primers used in Chapter 3:

B-actin 1 (F) GCTGCGGCTGGGTAGGTTTG
B-actin 1 (R) CACTTAGAAGTCGCAGGACC
B-actin 2 (F) CCAATCAGCGTGCGCCGTTCCGA
B-actin 2 (R) GGTGTGGACGGGCGGCGGATC
B-actin 3 (F) GGGCAACCGGCGGGGTCTTT
B-actin 3 (R) ACGCAGTTAGCGCCCAAAGG
B-actin 4 (F) CACAGCGCGCCCGGCTATTC
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B-actin 4 (R) AGCCAGCTCCCCTACCTGGT

B-actin 5 (F) TTACCCAGAGTGCAGGTGTG

B-actin 5 (R) CCCCAATAAGCAGGAACAGA
U21(F) GGAGCGGAGCGTTCTCTGTCTCCCC
U21(R) AGAGTGTGAGCCCTCATTCACGCCC
U22 (F) ATGAGAGTGGGACGGTGA
U22 (F) CACTTGATCTTAGCCAAAAGG
U2 3 (F) ACGAGTCCTGTGACGCGCCGGCTTG
U2 3 (R) CTCCGGGTGGGTCCCATTCCTTTAA
U2 4 (F) GGAGTTCTTCTTTCTCCTGTCTC
U24(R) | AGACAGACAGAGAGACAGAGACAGA
U25 (F) CCTCCCCGCCTCTCCCTCGCTC
U25 (R) GGACAAATAGCCAACGCATGCGG
U2 6 (F) TGATATAAACAACGGGGGCGCGATG
U2 6 (R) GCTGTGTAGGGAAGCTGCCTCTCTG
U27(F) CGGTGTTTGGTTTTCGCTTCCTGTG
U27(R) GGACACGTATGTTTACTGCAGCAC

Primers used in Chapter 4:

PLK2 1 (F) AAGTGTCTCCTCTGTACCAGGA
PLK21(R) | GGAATCATGACCAGGAAATGTACGG
PLK2 2 (F) GGAGCCTTCGAAGAACGGGACA
PLK2 2 (R) AAGCAAGTCTTGTCCCGCCA
PLK2 3 (F) ACCGGGGTGTTGGGTGCTAGT
PLK2 3 (R) ATAGTCCGCAAAAGCTCCATG
PLK2 (F) CACAGCGCGCCCGGCTATTC
PLK2 (R) AGCCAGCTCCCCTACCTGGT
U21(F) GGAGCGGAGCGTTCTCTGTCTCCCC
U21(R) AGAGTGTGAGCCCTCATTCACGCCC
U2 2 (F) ATGAGAGTGGGACGGTGA
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U2 2 (F) CACTTGATCTTAGCCAAAAGG

U2 3 (F) ACGAGTCCTGTGACGCGCCGGCTTG

U2 3 (R) CTCCGGGTGGGTCCCATTCCTTTAA
U2 4 (F) CCTCCCCGCCTCTCCCTCGCTC
U2 4 (R) GGACAAATAGCCAACGCATGCGG

6.1.5 Bacteria and cell lines

- Escherichia coli NM554 competent cells were used to produce plasmid DNA.

- HelLa human cervical cancer adherent cells were used for ChlIP, transient transfection

and knockdown experiments.

- 293 human embryonic kidney cells were used for complementation assays.

6.1.6 Bacterial and tissue culture media

- NM554 cells were cultured in 2-YT media at 37°C, shaking overnight.

- Hela cells were grown in complete media consisting of Dulbecco’s modified Eagle’s
media, supplemented with 2 mM L-glutamine (Invitrogen) and 10% heat inactivated

foetal bovine serum (Invitrogen).

6.1.7 Vectors

- pGEX-6P-1 from GE Healthcare was used in all cloning experiments to generate GST-

RPAP2 and GST-ICP22 (vectors generated by Dr Shona Murphy).

- pcDNA3.1 from Invitrogen was used in cloning experiments to generate Myc-RPAP2 and

Myc-ICP22 (vectors generated by Dr Shona Murphy).
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6.2 Methods

DNA related methods

6.2.1 Polymerase Chain Reaction (PCR)

DNA products for cloning experiments were amplified by the polymerase chain reaction
(PCR). For all PCR assays, a Tag-containing master mix (2x) was used (HotStarTaq
Mastermix, QIAGEN), which contains a heat activated Tag enzyme, dNTPs and MgCl,
containing reaction buffer. Typical PCR reactions contained corresponding amount of
DNA (100 ng of genomic DNA or 10 ng of plasmid DNA) plus 10 pmoles of each primer in
a total volume of 15 ul. For all cloning experiments, 2U of a proofreading enzyme,
typically PFU Turbo, was added to each reaction to minimize the error rate. Thermal
cycling was carried out as follows: 95°C for 15 min, 25-30 cycles at 94°C for 15 sec, 57°C
for 15 sec and 72°C for 20-60 sec, followed by 72°C for 7 min. The products were
analysed by electrophoresis on 1-2% agarose gels and phenol/chloroform purified before

use in the digest reaction.

6.2.2 Real-time quantitative Polymerase Chain Reaction (qPCR)

Real time PCR (gPCR) was used to measure the accumulation of PCR product during the
exponential phase and to quantify the gene transcript levels in vivo. A Rotorgene 6000
thermal cycler (Corbett) was used for gPCR using a 2x master mix similar to that use for
standard PCR reactions with the addition of SYBR green. Reaction volumes of 10 ul
consisted of 5 pul of 2 x master mix, 3 pul ddH20, 10 picomoles of each primer and 1pl of
ChIP DNA as template DNA (usually 1/30th of ChIP DNA). Thermal cycling included: 95°C
for 15min, followed by 40 cycles at 94°C for 15sec, 57°C for 15 sec and 72°C for 30 sec.
Since SYBR green binds all double stranded (ds) DNA molecules, including artefacts such
as primer dimers or non-specific products that may arise from cross hybridization of
primer sequences, all amplifications were followed by a 10 minutes melt cycle to confirm
that a single PCR product was generated in the reaction. This involves ramping the
temperature from 50°C to 99°C by 1°C every 5 seconds. Each amplicon denaturates at a

specific temperature and thus a single amplicon should yield a clear peak when the melt
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curve is plotted at the end of the run. For ChIP analysis, a standard curve was produced
for each primer pair using 1/5 step-wise dilutions of Input DNA sample. Signals from all
other samples were quantitated relative to this, resulting in a “percentage input DNA”
value for each sample. To adjust for background, the no antibody “percentage input
DNA” was subtracted to give the final value. At the end of the run a threshold value is set
for all samples and standards over the linear range of the PCR reaction. The Rotorgene
software converts the cycle number (Ct) for each standard to copies/ul and generates a
standard curve. The Ct values for each sample are quantitated relative to this standard.
To allow normalisation of B-actin, U2snRNA and PLK2 transcript levels in Hela, the
concentration (in copies/ul) of the specific amplicon were divided by the total input DNA
for each immunoprecipitation, giving the final value plotted on the graphs shown in this

thesis.

6.2.3 DNA phenol/chloroform extraction and EtOH precipitation

1/10 3M sodium acetate pH5.2 and equal volume of phenol/chloroform pH 8.0 was
added to the samples followed by mixing and centrifugation at 12000 x g for 5 min.
Supernatant was recovered and mixed with 2.5x starting volume of EtOH followed by
centrifugation at 12000 x g for 5 min. Pellets were resuspended with appropriate volume

of water.

6.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used to size PCR products used in cloning experiments
and sonicated DNA when optimizing ChIP. The DNA samples were mixed with 0.16
volumes of bromophenol blue-containing DNA loading dye and loaded on 1 — 2% agarose
gels containing 0.002% Ethidium Bromide (10 mg/ml stock). Electrophoresis was carried
out at 100 mA in 1x TBE buffer, also containing 0.002% Ethidium Bromide. DNA bands

were visualized under UV light. The 100 bp or 1kB ladder was used a sizing marker.
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6.2.5 DNA sequencing

DNA sequencing was carried out to confirm that all constructs received and clones
generated were as expected. The sequencing reaction was carried out using mini-prep or
maxi-prep (Qiagen) purified plasmid along with the appropriate primer for the clone in
question. All sequencing reactions were sourced out to Source BioScience UK limited,

Department of Biochemistry, University of Oxford, UK.

6.2.6 Restriction enzyme digestion

The corresponding amount (500 ng — 1 pg) of plasmid DNA or PCR product was used in all
enzyme digestion reactions. The required amount of plasmid DNA or PCr product was
incubated with the appropriate digestion buffer (1x) and 5 — 10 U of restriction enzyme(s)
(never exceeded 10% the volume of the reaction mix). Digestions were incubated at 37°C

up to 1 h for plasmid DNA and up to 3 h for PCR products.

6.2.7 DNA ligation
DNA fragments with blunt or overlapping ends were incubated with 1 unit (U) of T4 DNA
ligase in 1x ligation buffer for 5 min at RT. Typically, the ratio of insert to vector was

50:10 ng and this were incubated for in a total reaction volume of 10 pl.

6.2.8 Plasmid construction

To make Myc-RPAP2, three tandem Myc epitopes were cloned at the C terminus of the
RPAP2-coding region in pcDNA3.1. The level of Myc-RPAP2 relative to endogenous RPAP2
was determined by Western blot analysis (Figure 3-2). To make GST-RPAP2, the coding
region of RPAP2 was cloned into pGEX-6P-1 (Egloff et al., 2012b). To make Myc-ICP22,
three tandem Myc epitopes were cloned at the C terminus of the ICP22-coding region in
pcDNA3.1. To make GST-ICP22, the coding region of ICP22 was cloned into pGEX-6P-1. All

constructs were generated by Dr Shona Murphy.
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6.2.9 Plasmid DNA purification
Qiagen miniprep and maxiprep kits were used to purify plasmid DNA from 200 pl to 100

ml transformed bacterial cultures, respectively.
Mini-prep

For miniprep analysis, typically 200 ul of 2xYT media, containing the appropriate
antibiotic, was inoculated with a single colony and incubated for 6 h at 37°C with vigorous
shaking. Plasmid DNA was purified using QlAquick® Miniprep Kit (Qiagen) according to
the instructions from manufacturer. In short: cells were lysed by alkaline lysis. The Lysate
was then neutralised and adjusted to high-salt binding conditions. The plasmid DNA was
adsorbed onto a silica-gel membrane in a spin column, by centrifugation (17,000 x g, 1
min, RT). Contaminations were removed by washing the membrane in a solution
containing 80% ethanol. The purified plasmid was then eluted in dH20. Miniprep DNA
preparations were generally used in sequencing reactions to confirm the expected

sequence of clones generated in this thesis.

Maxi-prep

For maxi-prep analysis, a 100 ml of 2YT media was inoculated with 100 ul of a 5 ml
overnight culture. Plasmid DNA was purified using Plasmid Maxi Kit (Qiagen) according to
the manufacturer’s protocol. In short: The cells were lysed by alkaline lysis. The Lysate
was then neutralised and adjusted to high-salt binding conditions. The plasmid DNA was
adsorbed onto a pre-equilibrated silica-gel membrane in a Qiagen Tip-500 column.
Cellular contaminants were removed by washing the membrane in a solution containing
80% ethanol. The purified plasmid was eluted in low salt buffer and precipitated with
isopropanol. The pellet was resuspended in dH20. Maxiprep DNA was always re-
sequenced to control for human error. This DNA was used in downstream application,

including ChlIP and transfection assays.
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RNA-related methods

6.2.10 Purification of total RNA

Total RNA was isolated from Hela cells using Trizol reagent according to manufacturer’s
instructions. Briefly 1 ml of Trizol reagent (GIBCO) was added directly to cells per well of a
6-well plate, resuspended thoroughly and the 1 ml lysates were transferred to
eppendorfs (with the aid of cell scrapper). The samples were processed immediately or
stored at -80°C. Lysed cells in Trizol reagent were set at RT for 5 min and 0.2 ml of
chloroform was added to each sample. Following a vigorous shake for 15 sec at RT
samples were centrifuged at 4°C, 12,000 x g for 15 min. In order to precipitate RNA, the
aqueous supernatant was carefully transferred into a new Eppendorf tube and the total
RNA precipitated in an equal volume of isopropanol for 10 min at RT. Following
centrifugation at 4°C, 12,000 x g for 10 min, the supernatant was removed. The pellet
was washed in 1 ml of 75% Ethanol (EtOH), centrifuged at 7,500 x g for 5 min at 4°C and
air-dried at RT for 5 min. The pellet was resuspended in 20 pl of RNase-DNase-free water.
Following this, the RNA sample was DNase treated. Samples were brought to 90ul, 10ul
of DNase buffer (Roche) and 1ul of DNase enzyme (Roche) were added, followed
incubation at 37°C for 30 minutes. Following this, the equal volume of phenol-chloroform
was added to the samples. Samples were mixed, incubated at RT for 5 minutes and
centrifuged at 4°C at 12,000 x g for 15 minutes. The supernatant was then mixed with 2.5
x starting volume of 100% EtOH and 1/10 of 3M sodium acetate (NaOAc) ph5.5, incubate
don ice for 15 minutes and centrifuges at 4°C at 12,000 x g for 15 minutes. The pellet was
washed with 500 pl 75% EtOH, centrifuges at 4°C at 7,500 x g for 5 minutes and
resuspended in 20ul of RNase-free water. RNA was quantitated using a Nanodrop

spectrophotometer (Thermo scientific).

6.2.11 RNAi-mediated knockdown

RNAi duplexes were made by Dharmacon. Hela cells were plated into 24-well Costar
plates in complete DMEM media. The next day, cells were transfected when 60-70%
confluent. 2 ul of siRNA and 1 pl LipofectAMINE2000 were diluted in 50 ul of Opti-MEM 1

(Invitrogen) reduced serum medium and incubated separately for 5 min at RT. siRNA and

131



lipofectAMINE2000 were combined and incubated for a further 25 minutes at RT. 100 ml
of complexes was added to adherent Hela cells. Media was changed after 6 hours. Cells
(60-70% confluent) were split into 6 well plates. Transfection was repeated as above
except with 10ul siRNA in 250 ul Opti-MEM and 5ul of LipofectAMINE2000 in 250ul Opti-
MEM.

6.2.12 RNase protection assay

RNase protection assays was carried out by Dr Shona Murphy as described in (Cuello et
al., 1999). Briefly: 10 to 20 pg of RNA in 30 ul of R-loop buffer (50 mM PIPES, pH 7.4, 1
mM NaEDTA, 500 mM NaCl) were incubated with 1l of riboprobe (prepared by Dr Shona
Murphy) for 10 min at 80°C and hybridized at 56°C overnight. After adding 300ul of
RNase protection solution (300 mM NaCl, 10 mM Tris - HCL pH7.4, 5 mM EDTA, 40 pg
RNaseA and 1100 U RNaseT1) the samples were incubated at 18°C for 2 h. After adding of
30 pl of Proteinase K mix (1%SDS, 3.5 mg/ml of protease K) the mixture was than
incubated for 30 min at 37°C, phenol / chloroform purified, ethanol precipitated and

analyzed on a 6% polyacrylamide-urea gel.

Protein-related methods

6.2.13 Cell Culture

Cell culture was performed in a category 2 laminar flow hood. Hela cells were grown at
37°C in 5% CO2 in sterile medium Dulbecco’s Modified Eagle Medium (DMEM) media
supplemented with 10% heat-inactivated foetal bovine serum, 2mM L-glutamine and 1x
penicilin. Typically, adherent Hela cells in 75 cm2 flasks were lifted off by incubation with
1 ml of PBS plus 1 mM EDTA for 5 min. This was followed by gentle tapping of the side of
the flask. Cells were resuspended in 10 ml of complete DMEM media and passaged into

new flasks at a 1:10 dilution.
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6.2.14 Freezing

Cells stored at -70°C were resuspended in 1 ml of complete DMEM media, supplemented
with 10% foetal bovine serum and 10% DMSO, per 75 cm? flask. Final volumes were
transferred into a cryotube and placed in a precooled Cryobomb (NALGENE) filled with

isopropanol in a -80°C freezer.

6.2.15 Transfection into Hela cells

Transfections were carried out using Lipofectamine 2000 according to manufacturer’s
instructions (Invitrogen). The day before transfection, Hela cells were plated in complete
DMEM media, in 6-well Costar dishes at a density of 2 x 10° cells per well. At the day of
transfection cells were at 80-90% confluence. Each DNA to be transfected was diluted in
50 ul of Opti-MEM (GIBCO) reduced serum medium and incubated for 5 min at RT.
LipofectAMINE 2000 was also diluted in Opti-MEM reduced serum medium and
incubated for 5 min at RT. Typically 2 ul of Lipofectamine 2000 was used per pug of DNA in
50 ul of Opti-MEM 1 reduced serum medium. The DNA and lipofectamine 2000 were
combined and incubated for a further 30 min at RT. 100 ml of complexes was added, by
slow dispensing, to the corresponding well. Culture media was changed after 6 h and cells

were harvested 24h after.

6.2.16 ChIP analysis

Chromatin immunoprecipitations were carried out as described by Farnham et al. (2000).
In short: Hela cells were grown in 10 mm dishes in 10 ml of DMEM complete media. 1%
Formaldehyde was added to fix proteins to nucleic acids. The reaction was stopped by
adding glycine to 125 mM. After washing with PBS, the cells were lysed by incubation on
ice for 20 min in cell lysis buffer (5 mM PIPES pH 8, 85 mM KCl, 0.5% NP40, protease
inhibitor) and the cytoplasmic fraction was separated from the nucleus by spinning at
5000 x g for 5 min. The nuclei were then lysed using nuclear lysis buffer (50 mM Tris-Cl pH
8.1, 10 mM EDTA, 1% SDS, protease inhibitor) and the chromatin was fragmented by 10
sonications for 10 sec at 10 amp using a Stratagen sonicater. Staph A cells were pre-
blocked with 1 mg/ml herring sperm DNA and 1 mg/ml BSA overnight at 4°C. After pre-

clearing of the sample by incubation with StaphA cells for 15 min at 4°C the sample was
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split into four aliquots and IP dilution buffer (0.01% SDS, 1.1% Triton 100, 1.3 mM EDTA,
16.7 mM Tris-Cl pH 8.1, 167 mM NaCl) was added. No-antibody controls were also set up
to control for nonspecific binding. Each aliquot was incubated with 1 pg of required
antibody O/N at 4°C rotating. The next day StaphA cells were added to the sample and
incubated for 15 min at 4°C rotating. Staph A-complexes were pelleted by centrifugation
at 4°C for 3 minutes, and the supernatants discarded with the exception of the “no
antibody” supernatant. 10% of this was kept as the “input DNA” sample. After washing 2
times with ChIP dialysis buffer (2 mM EDTA, 50 mM Tris-Cl pH 8) and 4 times with ChIP
wash buffer (100 mM Tris-Cl pH 9, 500 mM LiCl, 1% NP40, 1% deoxycholic acid) the DNA-
antibody complex were eluted with elution buffer (50 mM NaHCO3, 1% SDS) at RT for 15
min. Following the reversion of the cross links by incubation for 4 h at 65°C and RNA
digest by incubation with RNase A the DNA was precipitated O/N with 100% ethanol. The
following day remaining proteins were digested using proteinase K and the DNA was
purified using a PCR purification kit (Qiagen). Finally the precipitated DNA was analyzed

by real time PCR (Corbett bioscience).

Preparation of Staph A cells involved the following: 1 g of Staph A cells were washed
twice in Dialysis buffer, by centrifugation at 10,000 rpm for 5 min at 4°C, then
resuspended in 3 ml of PBS plus 3% SDS and 10% B-mercaptoethanol and boiled for 30
min. Following 2 washes in Dialysis buffer, as above, the final cell pellet was resuspended
in 4 ml of Dialysis buffer and divided into 100 pl aliquots, which were stored at -70°C.
Prior to use in ChIP assays, 100 ul of the Staph A cells were pre-blocked with 10 pl of 10
mg/ ml Herring sperm DNA plus 10 pl of 10 mg/ml BSA for 3 h rotating at 4°C. Before use,
cells were washed twice in Dialysis buffer and resuspended in 100 ul of the same buffer.

10 pul of these cells were used per immunoprecipitation.

6.2.17 CTD complementation assay

293 cells were transfected with a-amanitin-resistant Rpb1 constructs (WT, Con48, or
Ser7A48), and endogenous Rpb1l was turned over by the addition of a-amanitin (Medlin

et al., 2003). ChIP was carried out 48 hr after the addition of a-amanitin.
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6.2.18 CTD binding assay

In vitro phosphorylation of the GST-CTDs and GST-CTD pull-downs were performed as
described previously (Egloff et al., 2007). For the CTD peptide binding assay, CTD peptides
were synthesized (Cambridge Peptides) with two repeats of YSPTSPS or YSPTSPA and
amino-terminal biotinylation. Streptavidin-coated Sepharose beads (20 ul) were
resuspended in 0.1 M KCl HEGN, mixed with 10 pug of biotinylated peptides, and
incubated at 4°C for 1 hr. After washing four times with 0.1 M KCl HEGN, 1 pg of
recombinant RPAP2 protein was added and the mixture was incubated at 4°C for 3 hr.
After washing the beads five times with 1 ml of 0.3 M KCI HEGN, protein-bound beads
were boiled and loaded directly on SDS-PAGE gels.

6.2.19 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The separation gels were prepared with the following final concentration: 375 mM Tris-
HCl pH 8.8, 0.1% SDS, 8% to 12% acrylamide/bisacrylamide 37.5:1 (Biorad). The stacking
gels were prepared with the following final concentration: 125 mM Tris-HCl pH 6.8, 0.1%
SDS, 6% acrylamide/bisacrylamide 37.5. The gels were polymerised by adding ammonium
persulfate and TEMED to final concentrations of 0.033% and 0.2%, respectively. The gels
were allowed to set for at least 30 min. Protein samples were boiled for 5 min at 96°C in
2x loading buffer containing DTT before loading on the gel. All gels were run in SDS

running buffer.

6.2.20 Coomassie staining
Coomassie staining was carried out by adding a solution of Coomassie Brilliant blue in
40% methanol and 10% acetic acid to SDS-PAGE gels followed by an incubation of at least

30 min. Gels were destained using a 20% methanol / 10% acetic acid solution.

6.2.21 Western blot

Cells were collected in PBS and centrifuged at 500 g for 3 min at 4°C. The pellet was lysed
using 200 pl of 1X Laemmli buffer with 100mM DTT and denatured by boiling at 90°C for

5 minutes. Proteins separated by SDS-PAGE were transferred to a nitrocellulose
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membrane (Hyperbond-C Extra, GE Healthcare) using a semi-dry blotter (Transblot,
BioRad). The transfer was carried out at a constant voltage of 10 V for 30 min. The
membranes were blocked in 5% milk and 0.1% Tween in PBS for 1 h at RT. The primary
antibody was added directly to the blotting solution and incubated for 1 h at RT. After 3
washes of 10 min in 0.1% Tween in PBS, the membrane was incubated with HRP-
conjugated secondary antibody in 5% milk and 0.1% Tween in PBS for 1 h at RT. After
repeating the 3 washes as previously described, the bands were detected by enhanced
chemiluminescence (VisualizerTm Westernblot detection kit, Upstate).
Chemiluminescence was detected with BioMax LS Film (Kodak) and developed on a

Kodak X-Omat 2000 processor.

Bacterial methods

6.2.22 Transformation of competent bacterial cells

Competent NM554 bacterial cells were thawed on ice and gently resuspended. DNA was
added to the cells and mixed gently, incubated on ice for 10 min and heat shocked at
37°C for 5 min in a dry heater. The whole cell mixture was plated onto L-Agar plates with

appropriate antibiotics and incubated at 37°C overnight.
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