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ABSTRACT OF THE DISSERTATION

Transcriptional Regulation by TAF1 Kinase

by

Thomas Charles Benedict
Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology
University of California, Riverside, December 2020
Dr. Xuan Liu, Chairperson
Transcription of protein coding genes and some non-coding RNAs relies
on RNA polymerase Il (pol Il). Positioning the polymerase at the correct location
at the start of a gene is aided by a series of general transcription factors (GTFs):
TFIIA, B, D, E, F, and H. Together with pol Il, these factors form the preinitiation
complex. TFIID is first to recognize and bind to a gene promoter and helps
facilitate recruitment of the other components. TAF1 is the largest subunit of
TFIID and aside from its role as a GTF, it functions to regulate gene specific
transcription. TAF1 has intrinsic kinase activity and has been shown to
phosphorylate other members of the general transcription machinery as well as
the tumor suppressor p53. Previous studies have shown that phosphorylation of
p53 by TAF1 leads to dissociation from the p21 promoter and termination of
transcription. Those studies also found that TAF1 kinase responds to fluctuations
in cellular ATP, having a Kmatp of 1.9mM. In the early stages following DNA

damage, cells undergo cellular ATP depletion which was found to effect TAF1-
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mediated phosphorylation of p53 giving rise to a regulatory mechanism of p21
transcription. The studies presented here investigate the possibility that TAF1
regulates other sequence specific transcription factors, like p53, through
phosphorylation. The work described in this dissertation includes the purification
of many proteins for in vitro characterization of two novel TAF1 kinase targets,
E2F1 and FOXM1. Furthermore, this research investigates the effect that TAF1-
mediated phosphorylation has on E2F1 and FOXM1 promoter occupancy and
transcription of target genes. My studies provide new insights into how TAF1
regulates gene-specific transcription through phosphorylation, broadening our

understanding of this complex GTF.
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Chapter 1: Introduction



1.1 Basal transcription machinery of Eukaryotes

Transcriptional regulation is a key component of gene expression and is
vital for the proper function of cellular processes of every known organism.
Dysregulation of transcription is a hallmark of developmental defects and disease
in eukaryotes. Both activation and termination of transcription are highly dynamic
processes involving complex interactions between the general transcription
machinery and factors that associate with specific DNA sequences in response
to cellular signals. Additionally, the structure of chromatin has a profound impact
on transcription which can be modified via epigenetic writers and subsequently
sensed by epigenetic readers in order to activate or suppress expression of

genes.

RNA polymerases are the enzymes responsible for making an RNA
molecule from a DNA template; the process titled transcription (Weiss and
Gladstone, 1959). In eukaryotes, there are three RNA polymerases |, I, and lll (it
should be noted that a fourth exists in plants); RNA polymerase | transcribes 18s
and 28s ribosomal RNAs and RNA polymerase Il transcribes cellular 5s rRNA,
tRNA, and viral associated RNAs (Herr et al., 2005; Roeder and Rutter, 1969;
Roeder and Rutter, 1970). RNA polymerase Il (Pol Il) is responsible for b
transcribing all protein coding genes to mRNA transcripts and is recruited to
promoters (classified as class |l promoters due to the polymerase that binds

them) through interaction with general transcription factors (GTFs) (Roeder and



Rutter, 1970; Weil et al., 1979;). These transcription factors designated TFIl (A-F)
along with mediator complexes and RNA polymerase Il form what is called the
preinitiation complex (PIC) at specific locations throughout the genome which
allows for controlled expression of protein coding genes (Flores et al., 1989;
Flores et al., Ge at al., 1996; 1992; Matsui et al., 1980; Samuels et al., 1982;
Sawadogo and Roeder, 1985). The recognition of proper genomic locations for
the GTFs and RNA polymerase Il to bind to relies on core promoter elements in
the DNA sequence (Smale and Kadonaga, 2003). Through classical biochemical
experiments and more recently with the use of modern structural analysis, such
as Cryo-EM, the order of events in forming the preinitiation complex and the

specific functions of each component are being elucidated.

Turning transcription on and off

Proper regulation of gene expression requires the ability to activate
transcription and just as importantly, to turn off transcription at the right times.
Molecular signals coming from inside and outside the cell are transduced into the
nucleus through cascades of posttranslational modifications and interactions
between proteins and other molecules to ultimately alter the transcription of
genes. These signaling pathways often lead to alterations in the functional
properties of transcription factors, affecting their ability to interact with the basal

machinery in order to activate or repress transcription. A classic example of this



is mitogenic signaling which on the cellular level typically begins with the
signaling molecule, EGF, binding to the receptor tyrosine kinase, EGFR, this in
turn activates the MAPK cascade where activated MAPK proteins can
phosphorylate transcription factors that regulate cell cycle genes (Cohen, 1965;
Cohen et al., 1980; Seger and Krebs, 1995). For this pathway to successfully
cause a cell to undergo mitosis, transcription of genes that halt cell cycle must be
turned off, while at the same time genes that promote cell cycle must be
transcriptionally activated. This means that phosphorylation, or other PTMs, by
proteins activated in this pathway will enhance the ability of some transcription
factors to bind onto target gene promoters while disrupting it for others. As the
resulting cells exit mitosis, the transcriptional program must return to the pre-
signaling state which is the case with any transcriptional response to cellular

signaling (Seger and Krebs, 1995).

Formation of the preinitiation complex:

There is significant evidence suggesting the existence of two pathways
leading to the formation of the preinitiation complex. One being a stepwise
recruitment of the GTFs and RNA polymerase to the promoter of a gene and the
other being the formation of a holoenzyme complex consisting of Pol Il and some
of the GTFs followed by DNA recognition and binding (Figure 1.1). In the

sequential assembly pathway, TFIID recognizes and binds to a gene promoter



first, making contacts with the TATA-box as well as downstream promoter
elements (DPE) and the initiator sequence at the transcription start site (TSS)
(Chalkey and Verrijzer, 1999; Burke and Kadonaga, 1996). TFIIA is then
recruited followed by TFIIB which binds to the B recognition element (BRE), a 7-
nucleotide cis-regulatory element just downstream of the TSS (Lagrange et al.,
1998). Next, RNA polymerase Il in complex with TFIIF are recruited and lastly,
TFIIE and TFIIH bind (Thomas and Chiang, 2006). The order of assembly in this
pathway was determined through native gel electrophoresis and DNase |
footprinting (Buratowski et al., 1989). This is further supported by an experiment
that showed incubation of adenovirus major late promoter-containing DNA with
purified TFIID before addition of the remaining components of the preinitiation
complex led to a more stable complex that was not outcompeted by a second

similar DNA construct (Van Dyke et al., 1989).

The second pathway leading to formation of the preinitiation complex
involves a preassembled RNA polymerase |l holoenzyme that includes some
GTFs, chromatin remodelers and suppressers of RNA polymerase Il B mutations
(SRBs) (Kim et al., 1994; Koleske and Young, 1994). TFIID and TFIIA are not
found in this complex but instead, recognize and bind to a promoter first and then
facilitate recruitment of the RNA polymerase Il holoenzyme. This pathway was
discovered when it was found that RNA polymerase Il not bound to DNA could
be copurified with TFIIB, TFIIE, TFIIF, THIIH, GCN5, SWI/SNF and SRBs but not

TFIA or TFIID (Wu and Chiang, 1998; Wu et al., 1999). The exact components
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of the holoenzyme vary with experimental procedures, though multiple research
groups found a similar RNA polymerase Il holoenzyme, all lacking TFIID
(Thomas and Chiang, 2006). With substantial evidence supporting both
preinitiation complex-forming pathways, it is likely that some combination of both
are utilized inside the cell. Importantly, both the stepwise assembly pathway and
the holoenzyme pathway indicate that TFIID is a key factor in promoter

recognition.

TFIID

TFIID is a multiprotein 1.3MDa complex consisting of TATA box binding
protein (TBP) and 13 TBP associated factors (TAFs) with TAF1 being the largest
subunit and TAF13 the smallest. Cryo-electron microscopy (Cryo-EM) coupled
with crystallographic studies, NMR, and chemical crosslinking mass spectrometry
has allowed for relatively complete structural definition of TFIID which has been
described as having a horseshoe shape (Andel et al., 1999). The complex is
made of 3 lobes, A, B, and C, and exists in two major conformations, an open
state which is referred to as the canonical conformation, and a rearranged state
which is seen only when bound to DNA (Andel et al., 1999; Cianfrocco et al.,
2013; Kolesnikova et al., 2018; Patel et al., 2018). Lobes B and C interact
forming a relatively rigid structure, whereas lobe A moves up to 150A from

interacting with lobe C in the canonical state to interacting with lobe B in the



rearranged state. The geography of the DNA relative to TFIID found in Cryo-EM
studies shows lobe C interacting with downstream promoter elements and lobe A
(in the rearranged state, near lobe b) interacting with the TATA box (Cianfrocco

et al., 2013).

Lobe C of TFIID contains a dimer of TAF6, TAF2 and a TAF1/TAF7
heterodimer, where TAF1 binds DNA at the DPE and initiator (Inr) sequences
through its multiple DNA binding domains (Cianfrocco et al., 2013; Kolesnikova
et al., 2018). Lobe B consists of TAF6/TAF9, TAF4/TAF12, and TAF8/TAF10
dimers each forming histone fold domains (HFD) which interact with the WD40
and helical domains of TAF5 (Patel et al., 2018). The HFD of TAF8 interacts with
the TAF6 dimer and TAF2, tethering lobe B to Lobe C which form the stable
TFIID core (Patel et al., 2018). Lobe A is comprised of TAF6/TAF9, TAF4/TAF12,
TAF3/TAF10, and TAF11/TAF13 dimers forming an HFD octamer that resembles
a nucleosome core (Patel et al., 2018). Due to the similarity in structure of lobe
A’s HFD octamer to a nucleosome core, it was previously predicted that this
structure would be involved in DNA wrapping, however, the most recent cryo-EM
structures indicate that it does not interact with DNA and does not even retain the
highly positive charges necessary for binding the DNA backbone as is the case
with a histone octamer (Patel et al., 2018). Here it seems the HFD octamer plays
a scaffolding role (Patel et al., 2018). Similarly, TAF2 has strong sequence
homology to an aminopeptidase, however, does not contain key catalytic

residues and is instead utilized for scaffolding (Patel et al., 2018).
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With respect to seeding the preinitiation complex, one main function of
TFIID is to load TBP onto the core promoter (Patel et al., 2018; Pugh and Tjian,
1991). TBP initially interacts with lobe A and is held in an inhibitory state, upon
DNA binding, TBP is released from lobe A and positioned on the promoter so
that scanning can take place and finally, bending of the DNA by the fully engaged
TFIID (Patel et al., 2018). TAF1’s N-terminal domains, TAND1 and TAND2, block
TBP from binding DNA and from associating with TFIIA; additionally,
TAF11/TAF13 block the binding site on TBP for TFIIB (Kokubo et al., 1993; Liu et
al., 1998; Patel et al., 2018). Once lobe C binds stably to downstream promoter
elements, conformational changes in the complex allow these inhibitory
interactions to be overcome and TBP can engage the promoter and recruit TFIIA
and TFIIB which further stabilize its position and allow for recruitment of RNA

polymerase |l and subsequent transcription initiation (Patel et al., 2018).

1.2 TAF1

TAF1, the largest subunit of TFIID, is a 250kDa protein containing multiple
functional domains and plays an important role in genome-wide transcriptional
regulation (Figure. 1.2). TAF1 consists of a histone acetyltransferase domain
(HAT), a ubiquitin activating/conjugating domain (designated UBAC or E1/E2), a
double bromodomain (DBrD), zinc knuckle and winged-helix (WH) DNA binding

domains, a RAP74 interacting domain (RAPID), and has intrinsic kinase activity



facilitated by N- and C-terminal kinase domains (NTK and CTK) (Dikstein et al.,
1996; Jacobson et al., 2000; Mizzen et al., 1996; Pham and Sauer, 2000; Curran
et al., 2018). Some literature describes a large central domain in the middle of
the protein as a domain of unknown function, DUF3591, which spans the HAT
and winged-helix domains and shows strong evolutionary conservation in
eukaryotes (Curran et al., 2018; Wang et al., 2014). In the N-terminus of the
protein, 2 regions that have been identified to interact with TBP are sometimes
referred to as TAND1 and TAND2 or together, simply, the TBP interacting
domain (Kokubo et al., 1993; Liu et al). The TAF1 gene, located on the X
chromosome, has 12 isoforms (in humans) due to splice variation, as well as 15
natural variants each consisting of just a single base pair change

(The UniProt Consortium, 2019). Much of the TAF1 sequence is highly
conserved in eukaryotes, however the C-terminus of the protein shows homology
to a separate protein in yeast, BDF1, which through some evolutionary means

has become attached to TAF1 in higher eukaryotes (Sawa et al., 2004).

TAF1 is a G1 progression-required protein which was first established in a
temperature sensitive mutant hamster cell line (ts13) containing a single base
pair mutation in the TAF1 homolog CCG1 HAT domain (Sekiguchi et al., 1995). It
was found that when the temperature is raised from the permissive temperature
(33°C) where the cells grow normally, to the restrictive temperature (39.5°C) the
cells would arrest in G1. This phenotype could be rescued by expression of

human TAF1, marking it as an important regulator of cell cycle (Wang and Tijian,
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1994; Sekiguchi et al., 1995). Rescue efficiency is greatly reduced when TAF1
mutants deficient in kinase activity or HAT activity are transfected into the ts13
cells, suggesting that the kinase activity of TAF1 is important for cell cycle
progression (O'Brien and Tjian, 1998). Similarly, mutations in either the WH or
Zinc Knuckle DNA binding domains results in a drastic reduction in rescue
efficiency (Curran et al., 2018). Taken together, these results suggest that both
TAF1s ability to modify other proteins and its ability to bind DNA itself are critical

in its role in transcription and subsequently, cell cycle progression.

TAF1 domains

Histone acetyltransferase (HAT) domain

TAF1 has histone acetyltransferase activity specific for histones H3 and
H4, as well as a non-histone target, the B-subunit of TFIIE (Imhof et al., 1997;
Mizzen et al., 1996). Thus far, there is no specific function associated with the
acetylation of TFIIE by TAF1 and it has only been seen in vitro with purified
proteins. Although TAF1 has not been found to be a major HAT responsible for
histone acetylation, contributing very little to global acetylation levels, it has been
found to be important for the regulation of specific genes (Durant and Pugh,
2006; Hilton et al., 2005). In the temperature sensitive ts13 mutant cell line
discussed in the previous section, transcriptional activation of cell cycle

regulatory proteins, cyclin A, cyclin D1, and cyclin E, is diminished when the cells
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are grown at the restrictive temperature, and introduction of HAT-deficient TAF1
does not rescue activation of these genes (Hilton et al., 2005). Importantly, the
HAT-deletion mutant TAF1 used in those experiments was still found to bind
TFIID as efficiently as wildtype TAF1, further suggesting enzymatic HAT activity
is vital for activation of those cell cycle genes and the domain is not merely a

scaffold used in recruitment of the transcriptional machinery (Hilton et al., 2005).

Ubiquitin activating/conjugating (UBAC) domain

TAF1 has a ubiquitin-activating/conjugating domain that has been shown
to monoubiquitinate the H1 linker histone (Pham and Sauer, 2000). Nuclear
extract was subjected to SDS-page using gels containing histones, bound
proteins were then renatured and tested for ubiquitination activity, leading to the
identification of TAF1 as a E1/E2 UBAC enzyme (Pham and Sauer, 2000).
Subsequent in vitro ubiquitination assays showed TAF1 specifically
monoubiquitinates H1 histones and the domain responsible for this activity lies
somewhere between amino acids 768-1218 (Pham and Sauer, 2000). It was also
shown that cells expressing UBAC-deficient TAF1 had globally reduced levels of
monoubiquitinated H1 (Pham and Sauer, 2000). While polyubiquitination of
proteins is generally associated with proteasomal degradation,
monoubiquitination can have other regulatory effects. Mutations in the UBAC

domain of TAF1 in drosophila embryos is correlated to a reduction in
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transcription, implying H1 monoubiquitination by TAF1 may be important for
transcriptional activation (Pham and Sauer, 2000). It has also been shown that
TAF1 contributes to monoubiquitination of Pax3, facilitating its proteasomal
degradation; this interaction is linked to regulation of myogenic differentiation

(Boutet et al., 2010).

Double bromodomain (DBrD)

The C-terminus of TAF1 contains two bromodomain motifs, together
called a double bromodomain (DBrD) which binds to acetylated lysine residues
on both histone and non-histone proteins (Jacobson et al., 2000; Li et al., 2007).
Through isothermal titration calorimetry experiments, it was found that the DBrD
binds to a fully acetylated H4 peptide (having 4 acetylation sites: K5, K8, K12,
and K16) with an affinity of ~5uM and a stoichiometric ratio of 1:1 (Jacobson et
al., 2000). Further experiments demonstrated that an H4 peptide with two of the
sites acetylated binds with higher affinity than a peptide with only one
acetyllysine, suggesting that binding of one of the bromodomain motifs may have
a cooperative effect on binding of the other (Jacobson et al., 2000). Aside from
binding to histones, TAF1 also binds to acetyllysines on non-histone proteins via
the DBrD. Diacetylation of the tumor suppressor p53 by p300 serves as a
transcriptional activation switch by recruiting TFIID to target genes through

TAF1s DBrD (Li et al., 2007). The presence of both a HAT and DBrD domain
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gives TAF1 the ability to recruit TFIID to activated regions of chromatin through
acetyllysine binding and to then further modify the chromatin, promoting
transcriptional activation. This theme is seen in other HATSs, for example the
CBP/P300 co-activator contains both HAT and bromo- domains (Chen et al.,

2010).

Winged helix and zinc knuckle DNA binding domains

Recruitment of TFIID to gene promoters is facilitated in part by the ability
of TAF1 to directly bind DNA. Two separate DNA binding domains have been
identified and structurally characterized as a winged helix-turn-helix motif and a
conserved zinc knuckle motif (Curran et al., 2018; Wang et al., 2014). Mutations
in either DNA binding domain results in a decrease in TFIID occupancy on
promoter DNA and a reduction in cell proliferation and viability (Curran et al.,
2018; Wang et al., 2014). The ability of exogenously expressed TAF1 to rescue
the ts13 mutant cell line grown at the restrictive temperature is equally reduced
when mutations to either one of DNA binding domains are introduced and this is
further exacerbated with mutations in both domains; demonstrating the critical
function of both domains in TAF1-mediated TFIID recruitment (Curran et al.,

2018; Wang et al., 2014).
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Kinase Domains

In an attempt to determine if a kinase was associated with TFIID, the
complex was immunopurified followed by an in vitro kinase assay which showed
TAF1 becomes phosphorylated (Dikstein et al., 1996). Further analysis revealed
TAF1 itself has intrinsic kinase activity, capable of autophosphorylation as well as
specific transphosphorylation of the TFIIF subunit, RAP74 (Dikstein et al., 1996).
Deletion analysis lead to the discovery of two separate kinase domains within
TAF1, both separately capable of auto- and transphosphorylation of serine and
threonine residues (Dikstein et al., 1996). Since then other substrates or TAF1
kinase activity has been discovered; TAF7, another subunit in TFIID, as well as
the tumor suppressor p53 (Gegonne et al., 2005; Li et al., 2004). No mechanistic
function of RAP74 phosphorylation by TAF1 has been published though it has
been speculated that it's likely associated with transcriptional regulation (Dikstein
et al., 1996). TAF7 and TAF1 interact very extensively in the TFIID complex, the
structure of which has been analyzed crystallographically, and it was found that
TAF7 represses TAF1 HAT activity until phosphorylation of TAF7 by TAF1 which
leads to a conformational change that relieves this repression (Gegonne et al.,
2001; Gegonne et al., 2005; Kloet et al., 2012) . This interaction links TAF1
kinase activity to the regulation of cell cycle specific genes, as the HAT activity
was shown to be important for expression of a number of these (Kloet et al.,
2012). TAF1 also phosphorylates tumor suppressor p53, a transcription factor

heavily involved in cell cycle regulation (Li et al., 2004). It was shown that p53
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phosphorylation by TAF1 causes dissociation of both proteins from the p21
promoter, acting as a shutoff switch for this cell cycle repressor (Li et al., 2004;
Wu et al., 2014). To further demonstrate the importance of the kinase domains of
TAF1 in cell cycle-specific transcriptional regulation, it was found that rescue of
the ts13 temperature sensitive mutant cell line when grown at the restrictive
temperature is greatly reduced upon addition of TAF1 deficient in kinase activity,
a similar result as seen with HAT-deficient and DNA-binding-deficient TAF1
mutants (O’brien and Tjian, 1998). One known inhibitor of TAF1 kinase is the
naturally occurring flavone, apigenin, though this compound has been shown to
inhibit a handful of other ATP binding proteins, it has been used in research

studies of TAF1 kinase (Critchfield et al., 1997; Liu et al., 2004).

TAF1 in disease

X-Linked dystonia parkinsonism and X-linked intellectual disability

syndrome

Reduced expression of a neuron-specific variant, N-TAF1, as well as the
presence of an SVA-type retrotransposon in exon 32, has been linked to a
neurodegenerative disease, X-linked dystonia parkinsonism (XDP), a disease
that has only been found in people of Filipino descent (Ito et al., 2016). Other
TAF1 variants have been linked to a specific phenotype characterized by facial

dysmorphology, intellectual disability, and other neurological effects; seen only in
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males (O’Rawe et al., 2015). Bioinformatic studies revealed 8 single-nucleotide
variants (SNVs) and TAF1 gene duplication specific to individuals displaying this
phenotype (O’'Rawe et al., 2015). Interestingly, 4 of the SNVs involve changes to
amino acids within the region of TAF1 important for TAF7 binding and HAT
regulation, and another SNV found to change an amino acid in one the

bromodomains (O’Rawe et al., 2015).

TAF1 in cancer

Advancements in bioinformatics and computational biology have leaped
forward in recent years as more tumor samples are sequenced and made
available on platforms like The Cancer Genome Atlas (TCGA). A 2013 study
analyzed mutations in 3281 tumors across 11 cancer types and found TAF1 to
be one of the most frequently mutated general transcription factors (Table 1.1,
Kandoth et al., 2013). The highest rates of TAF1 mutation were found in uterine
corpus endometrial carcinoma (UCEC) and second highest in lung squamous
cell carcinoma (LUSC) (Kandoth et al., 2013). A 2018 study analyzed over 9000
tumor samples across 33 different cancer types to identify cancer drivers; TAF1
was called in the analysis as a likely oncogenic driver of uterine corpus
endometrial carcinoma (UCEC) (Bailey et al., 2018). In a more mechanistic
study, increased TAF1 expression was shown to enhance androgen receptor

(AR) transcriptional activity which is associated with the progression of prostate
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cancer (Tavassoli et al., 2010). The Cancer Genome Atlas currently reports 475
TAF1 mutations found in 395 cancer cases, the most frequent mutation, R890C,
being in the HAT domain. As TAF1 has been repeatedly shown to exert some
control over cell cycle through its numerous domains and functions, it makes

sense that mutations would be found in cancer.

1.3 TAF1 and p53

Tumor suppressor p53 is a transcription factor involved in activating a
wide variety of genes involved in cell cycle regulation, DNA damage response,
metabolism, and apoptosis (Kruse and Gu, 2009; Vousden and Prives, 2009).
One mechanism by which p53 activates transcription of a target gene, p21, is by
recruiting TAF1 and subsequently TFIID through interaction between acetylated
lysines on p53 and the double bromodomain of TAF1 (Li et al., 2007).
Diacetylation of p53 mediated by p300/CBP and PCAF in response to DNA
damage facilitates recruitment of TAF1 in complex with a Holo-TFIID to the p21
promoter, activating transcription (Bode and Dong, 2004; Li et al., 2007). This
activation can be switched off by another functional characteristic of TAF1, its
kinase activity (Li et al., 2007). TAF1 phosphorylates p53 at thr55 which causes
dissociation of both p53 and TAF1 from the p21 promoter, thus halting
transcription (Li et al., 2007; Wu et al., 2014). Furthermore, it was shown that

TAF1 mediated phosphorylation of p53 facilitates increased interaction with the
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E3 ubiquitin ligase, MDM2, ultimately to leading to degradation of p53 (Li et al.,
2004). Treatment with apigenin (a TAF1 kinase inhibitor) leads to a significant
induction of p53 due to an increase in the unphosphorylated species which is

less readily degraded (Liu et al., 2004).

TAF1 kinase is cellular ATP concentration dependent

Phosphorylation of p53 by TAF1 fluctuates with cellular ATP
concentrations, which was shown under DNA damage conditions (Wu et al.,
2014). Following DNA damage, PARP-1 is activated which results in a depletion
of cellular ATP, and during this early stage of the DNA damage response, TAF1
kinase activity concurrently drops and p53 stabilizes on the p21 promoter,
activating transcription and thus halting cell cycle (Carson et al., 1986; Wu et al.,
2014). The ATP sensor and master metabolic regulator, AMPK, senses the
increased AMP:ATP ratio and by the later stages of the DNA damage response,
cellular ATP levels have recovered (Ethier et al., 2012). As the recovery of
cellular ATP takes place, p53 thr55 phosphorylation returns to basal levels and
cell cycle is allowed to resume as transcription of p21 is terminated (Figure 1.3;
Wu et al., 2014). Using small molecules, 4AN and compound c, to inhibit PARP-1
and AMPK, respectively, cellular ATP levels can be stabilized resulting in little or
no change to the status of TAF1-mediated p53 phosphorylation following DNA

damage (Wu et al., 2014). TAF1 kinase was found to have a Kmartp of 1.9mM,
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which is inside the physiological range, making TAF1 kinase activity sensitive to
fluctuations in cellular ATP (Wu et al., 2014). These results suggest TAF1
regulates cell cycle via p53 phosphorylation in response to changes to cellular

ATP status (Wu et al., 2014).

1.4 E2F1

E2F1 is a transcription factor that plays a role in both activation and
repression of transcription, and like p53 acts as a key regulator in cell cycle and
the DNA damage response (Roworth et al., 2015). The E2F family consists of
nine proteins, E2F1-8 (with two versions of 3; a,b) where 1-3a are considered to
be activators of transcription while 3b-8 have been shown to act mainly as
transcriptional repressors, though there are many exceptions to this
categorization (Chong et al., 2009). The role of E2F1 in cell cycle has been well
characterized however this protein’s role in DNA damage response and in
inducing apoptosis remains to be controversial and is a source of many
conflicting reports. In G1, E2F1 protein levels are kept relatively low and it exists
in a repressed state, bound to the pocket protein pRB, which binds to and
sterically blocks the transactivation domain at the C-terminus of E2F1
(Flemington et al., 1993). Upon mitogenic signaling, Cyclin D becomes activated
through the MYC and RAS pathways and subsequently associates with CDK 4/6

to phosphorylate pRB which lowers the binding affinity between pRB and E2F1

19



resulting in transcriptional activation of Cyclin E by E2F1 (Matsushime et al.,
1992; Roworth et al., 2015). E2F1 itself also undergoes many post-translational
modifications that result in enhanced activation including acetylation by P/CAF
(Martinez-Balbas et al., 2000). Cyclin E associates with CDK2 which in turn
facilitates hyperphosphorylation of pRB resulting in complete dissociation from
E2F1 (Roworth et al., 2015). Since E2F1 upregulates its own transcription, as
cells enter S-phase there is a rapid amplification of E2F1 protein levels as a
result of the activated Cyclin E/CDK2 which in turn allows for further activation of
Cyclin E and A transcription as well as many other genes required for DNA
replication (Roworth et al., 2015). During S-phase E2F1 protein slowly returns to
basal levels as Cyclin A binds and recruits SKP2 which facilitates E2F1

ubiquitination and subsequent degradation (Dubrez, 2017).

Under DNA damage conditions, E2F1 becomes stabilized and activated
through phosphorylation by ATM/ATR and CHK2 (Lin et al., 2001; Stevens et al.,
2003). Following these modifications, E2F1 transcriptionally activates a multitude
of genes involved in repair pathways and apoptosis. E2F1 can induce apoptosis
in a p53-dependent and p53-independent manner (Roworth et al., 2015). E2F1
activates p53 by upregulating expression of ARF which inhibits MDM2 thus
stabilizing p53 (Berkovich et al., 2003). E2F1 also directly activates transcription
of APAF1 and p73 as well as BH3-only proteins BIM and NOXA, all of which
ultimately lead to apoptosis (Moroni et al., 2001; Roworth et al., 2015). TOPBP1

is a negative regulator or E2F1-induced apoptosis that binds to the N-terminal
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region of E2F1 and recruits chromatin remodelers BRG1/BRM that work to shut
down expression of E2F1 target genes (Liu et al., 2004). API5, a gene under
E2F1 regulation acts as both an activator and repressor of E2F1. API5 is an
apoptosis inhibitor that has been shown to repress E2F1-mediated apoptosis,
interestingly, it has also been shown that API5 is required for E2F1-mediated
activation of cell cycle genes (Morris et al., 2006; Navarro et al., 2013). In
contrast to activating pro-apoptotic genes, E2F1 has also been shown to
upregulate many genes involved in DNA repair such as RPA2, a ssDNA binding
protein that localizes at sites of DNA damage (Chen et al., 2016). A highly tuned
balance between E2F1, p53 and the factors that positively and negatively
regulate them ultimately decide whether a cell will survive or not after DNA

damage.

1.5 FOXM1

FOXM1 is one of roughly 100 FOX transcription factors that all share a
common DNA binding domain, the forkhead box (sometimes called winged helix)
domain (Liao et al., 2018). FOX proteins are characterized from FOXA to FOXR
based on sequence homology, all playing unique roles in the cell (Laissue,
2019). ChIP-seq experiments revealed that FOXM1 uniquely binds to CHR
elements (cell cycle genes homology region), whereas the majority of other FOX

proteins are thought to bind to the RYAAAYA canonical forkead binding motif

21



(Chen et al., 2013). The binding of FOXM1 to CHR elements was then found to
be reliant on interaction with the MMB activator complex (Chen et al., 2013).
FOXM1 has been shown to be a key regulator in cell cycle, proliferation, and
plays an important role in differentiation. Mutation, aberrant expression, and
dysregulation of FOXM1 is linked to developmental defects and cancer; most
significantly, overexpression of FOXM1a and b has been shown to drive
progression of pancreatic cancer (Cui et al., 2014; Liao et al., 2018; Marchand et

al., 2019).

FOXM1 is an 84 kDa protein that consists of an N-terminal repressor
domain, the conserved forkhead DNA binding domain, and a C-terminal
transactivation domain (Clark et al., 1993). There are 4 known isoforms,
FOXM1a-d, as a result of alternative splicing that all have variations in the
transactivation domain (The UniProt Consortium, 2019). FOXM1a shows no
transactivation activity while all 3 other isoforms do (Kong at el., 2014). Direct
interaction between the N-terminal repressor domain and the transactivation
domain cause an autoinhibitory confirmation of the protein, which is relieved by
phosphorylation by Cyclin-A/CDK complexes in G2 (Laoukili et al., 2008).
FOXM1 expression is induced as cells enter S-phase and remains high through
the rest of mitosis, activating a host of different target genes necessary for
mitosis; two of the most well characterized targets being PLK1 and CCNB1 (Chai
et al., 2018; Fu et al., 2010; Leung et al., 2001) . Expression of FOXM1 is tightly

regulated by multiple transcription factors; transcriptionally activated by E2F1 and
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suppressed by p53, among others (Millour et al., 2011). FOXM1 is subject to
many posttranslational modifications including phosphorylation, acetylation,
SUMOylation, and ubiquitination (Liao et al., 2018). Of the most prevalent PTMs
made to FOXM1 is phosphorylation; multiple CDKS, PLK1, CHK2, and ERK1/2
have been shown to phosphorylate FOXM1at sites spanning the protein, some

having activating effects and some repressing (Liao et al., 2018).

In the DNA damage response (DDR), FOXM1 plays an important role by
activating transcription of many genes involved in the different mechanisms of
DNA repair (Liao et al., 2018). In early stages of DNA damage there is an
induction of FOXM1 via E2F1 driven transcriptional activation (Zona et al., 2014).
An activated CHK2 phosphorylates and stabilizes FOXM1, followed by increased
expression of FOXM1 target genes involved in DDR (Tan et al., 2007). It is
necessary to downregulate FOXM1 once target DDR genes have been activated,
which is achieved through p53-mediated repression of E2F1 (Barsotti and Prives,
2009; Millour et al., 2011). Downregulation of FOXM1 by p53 overpowers other
activating signals like PTMs and direct E2F1 driven transcriptional activation,
allowing for proper arrest of cell cycle, DNA damage repair, and apoptosis, as
FOXM1 driven expression of cell cycle progression genes comes to a halt

(Barsotti and Prives, 2009; Millour et al., 2011; Zona et al., 2014).
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1.6 Summary of Chapters

In Chapter 2, | investigate whether TAF1 phosphorylates any transcription
factors other than those already known. Given that TAF1 phosphorylates several
GTFs as well as the cell cycle regulator, p53, we hypothesized there may be
other sequence specific transcription factors that are targeted by TAF1 kinase as
a mode of transcriptional regulation. Exploiting the fluctuations in cellular ATP
following UV-induced DNA damage and the effect this has on TAF1 kinase
activity, we employ bioinformatics to identify a list of potential phosphorylation
targets and subsequently test them in vitro. We identify 2 novel targets for TAF1
phosphorylation and go on to show that these novel phosphorylation reactions
effect transcriptional activity. This chapter is written as a manuscript to be

submitted for publication.

Chapter 3 describes all the preparatory work that went into the Chapter 2
manuscript. Many proteins needed to be cloned and purified for these
experiments using multiple expression systems (E. coli and insect cell); including
many truncated and mutant proteins. Here | will describe the techniques used to

generate all of these materials.
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1.8 Tables and Fiqures
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Figure 1.1 Formation of the preinitiation complex Schematic representation of
sequential assembly pathway (top) and holoenzyme pathway (bottom) for
forming the transcription preinitiation complex. (Thomas and Chiang, 2006).
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Figure 1.2 Domains of TAF1 Abbreviations are as follows: N-terminal kinase
domain (NTK), C-terminal kinase domain (CTK), histone acetyltransferase
domain, E1/E2 ubiquitin activating/conjugating domain (E1/E2).
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Pan-
BLCA BRCA COAD GMB HNSC KRC AML LUAD LUSC ov UCEC Cancer

VHL 0 0 0 0 0 52 0 0 0.6 0 09 6.9
GATA3 1 106 1 0 2 0 0 26 29 0.3 0.4 32
TSHZ3 2 0.7 3.1 0.7 13 12 05 14.9 6.3 1 39 28
EP300 17.4 08 21 0.3 8 14 0 0.9 4.6 03 52 25
CTCF 2 24 16 0 33 05 05 13 0 03 16.5 24
TAF1 2 1.1 1.6 1.4 23 12 0 4 6.9 19 8.7 2.3
TSHZ2 4.1 0.9 3.1 2.4 13 07 0 686 3.5 1 17 18
RUNX1 1 3.3 1 0 0.7 0 9 04 0 0 1.3 16
MECOM 5.1 0.5 1 1.4 1.7 1 0 3.5 4.6 0.6 3 15
TBX3 31 24 1 0 07 0 0 4.4 29 1 13 14

Table 1.1 10 most commonly mutated transcription factors across 11
cancer types From Kandoth et al., 2013: displays the percent of samples found
to have mutations in each cancer type. Pan-Cancer refers to a statistical analysis
that aims to compare similarities and differences across multiple tumor types.
Abbreviated cancer types are: bladder urothelial carcinoma (BLCA), breast
adenocarcinoma (BRCA), colon and rectal carcinoma (COAD, READ),
glioblastoma multiforme (GMB), head and neck squamous cell carcinoma
(HNSC), kidney renal clear cell carcinoma (KRC), acute myeloid leukaemia
(AML), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC),
ovarian serous carcinoma (OV), and uterine corpus endometrial carcinoma
(UCECQC).

36



8 hours post

DNA damage
y
4-AN— PARP-1 !
ATP |

TAF1 kinase |
activity

r

p53 TFIID 4

p21

16 hours post
DNA damage

l

amPk !

l

ATP I

|

TAF1 kinase T
activity

Compound C

P

[ v 2 l
053 | &

TFID | X%
p21

Figure 1.3 p53 regulation by TAF1 kinase Model for TAF1-mediated regulation
of p53 in response to fluctuations in cellular ATP following DNA damage as

described by Wu et al., 2014.
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Chapter 2: Expression and Purification of TAF1, CDK8, RAP74,
E2F1, FOXM1, ATF2 and SP1
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2.1 Introduction

The work that will be described in Chapter 3 required protein purification
using a variety of different cloning methods, expression systems, and purification
techniques. While using E. coli to express proteins is sufficient in many cases to
generate properly folded and functional molecules, complex human proteins
often require chaperones and posttranslational modifications in order to achieve
functionality, the machinery for which is not found in prokaryotic systems
(Graslund et al., 2008). A popular solution to this problem is using an insect cell
expression system, where these eukaryotic cells can be cultured in suspension
at large volumes to generate similar amounts of protein as can be achieved with
E. coli. Large proteins, such as TAF1 (250kDa), are difficult to express in E. coli.
and furthermore, (as will be described in this chapter), truncations of the N- and
C-terminal kinase domains (NTK and CTK) purified from E. coli do not retain any
activity. This is presumably because they require some eukaryotic translational or
posttranslational machinery. To generate full length TAF1, as well as truncated
NTK and CTK proteins, SF9 insect cells were used, as many other groups have
done to study the enzymatic activity of TAF1 in vitro (Dikstein et al., 1996; Li et
al., 2004; O’Brien and Tjian, 1998). Unlike with E. coli, where the gene of interest
is inserted into the cells via plasmid transformation, baculovirus is generally used
as the method of delivering recombinant DNA into insect cells. In this chapter |

will describe the expression and purification of full length TAF1, truncated NTK
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and CTK domains, and a kinase dead TAF1 using a baculovirus expression

system.

To study TAF1 kinase activity in the experiments presented in Chapter 3,
we also needed to generate the substrates to be tested; E2F1, FOXM1, ATF2,
Sp1, and RAP74, which was done using E. coli. When applicable, bacterial
expression of proteins is the most ideal method because it's not only cost
efficient, but these cells are easy to culture and manipulate for large scale
preparation with optimal expression. Generally, there is some optimization that
must be done for bacterial protein expression including how long expression is
induced for, when expression is induced, and the temperature at which the cells
are grown during induction. For instance, inducing expression of the protein of
interest at the normal growing temperature of 37°C will result in very rapid
expression. However, this often results in problems with degradation, solubility,
and folding. In this chapter | will describe the expression of these transcription
factors in E. coli and purification using a variety of affinity chromatography
techniques and our efforts to overcome the issues presented above. The data
described in the next chapter show that TAF1 phosphorylates E2F1 and FOXM1.
We also mapped the phosphorylation site on E2F1. This involved cloning,
expressing, and purifying many truncations and mutant E2F1 proteins which will

also be described in this chapter.
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2.2 Results

Purification of full-length wildtype TAF1

To purify TAF1 from insect cells, we first needed to make a recombinant
baculovirus housing the TAF1 gene that includes a tag for affinity purification. To
ensure the protocols were working, a baculovirus capable of expressing green
fluorescent protein (GFP) as a positive control was also generated. Through PCR
cloning, a FLAG tag was added to the N-terminus of TAF1 and the recombinant
gene was ligated into a baculovirus donor vector, a plasmid that has the viral
polyhedrin promoter (Figure 2.1A). This donor plasmid also includes the right and
left arms of the Tn7 transposon which flank the gene of interest (and promoter),
this facilitates transposition of the gene into the baculoviral genome. This is an
engineered technology that is now commonly used for inserting foreign DNA into
the baculovirus genome (Luckow et al., 1993). The GFP gene was cloned
separately into a donor vector. Following construction, the donor plasmid was
transformed into commercially obtained DH10Bac E. coli cells. These cells house
a large circular piece of DNA called a bacmid (~136kb) that includes the entire
baculoviral genome with the attTh7 target transposition site where the FLAG-
TAF1 (or GFP) gene will be inserted (Bac-to-Bac Baculovirus Expression System
Manual, 2015). These transformed cells were plated on agar containing X-gal
and underwent blue/white color screening. A special feature of the bacmid in the
DH10bac cells is that it is engineered so that successful transposition of the gene

of interest into the bacmid leads to disruption of the lacZa gene causing the
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colonies to remain white; whereas unaltered bacmid-containing cells grow as
blue colonies (Bac-to-Bac Baculovirus Expression System Manual, 2015). White
colonies were isolated and grown in liquid culture, followed by purification of the
recombinant bacmid DNA using a midi-prep kit specific for large DNA molecules.
The bacmid DNA constructs, now containing the FLAG-TAF1 gene or GFP gene,
were then transfected into SF9 insect cells grown in monolayer culture using the
cationic polymer, PEI, which allows the DNA to be endocytosed into the cells
(Boussif et al., 1995; Sonawane et al., 2003). After transfection, the insect cells,
now containing the full viral genome, produced a first-generation virus which
buds out from the cells and into the growth media. Cells transfected with the
GFP-containing bacmid were monitored using a fluorescent microscope to track
progression of the viral production process by viewing expression of GFP (Figure
2.1B). We found that the transfection process was not very efficient, with maybe
~5% of the cells expressing GFP at 48 hours post transfection, which is not
surprising given the size of the bacmid. However, as the virus buds out of the
successfully transfected cells, it infects neighboring cells which propagates
throughout the plate. By 96 hours post-transfection, nearly 100% of cells were
expressing GFP. Additionally, the TAF1 baculovirus infected cells showed similar
morphology to the GFP infected cells, indicating the TAF1 virus was also being
produced. The virus containing media was collected and used to infect additional
cells to amplify the virus to achieve a higher viral titer. To verify that the FLAG-

TAF1 virus was functioning properly, some infected cells were lysed and protein
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was analyzed via Western Blot, revealing robust expression of TAF1. At this

point, the GFP baculovirus was no longer needed.

Expression conditions were optimized through time and virus titrations to
find the best conditions with minimal protein degradation but high expression. We
found that high concentrations of virus or increased duration of infection resulted
in increased TAF1 degradation or cell death. The best expression conditions
were found to be a ~1:50 dilution of the virus into the growth media and
harvesting after 48 hours (Figure 2.1C). To use these conditions on a large scale,
SF9 insect cells were adapted to suspension culture and grown up to 0.5L and
infected at a cell density of ~3 million cells/mL followed by harvesting 48 hours
later. Previous work in our lab found that TAF1 (a nuclear localized protein) has
better activity if extracted from the nucleus of the insect cells as opposed to
whole cell lysate. Presumably, this is because any incorrectly folded or degraded
TAF1 protein does not get transported into the nucleus. Nuclei from infected cells
were isolated using a Dounce homogenizer followed by high salt extraction to

release nuclear proteins.

The purification of FLAG-TAF1 extracted from the nuclei of infected SF9
cells was performed using commercial anti-FLAG antibody conjugated agarose
beads using a batch method (as opposed to a column). FLAG-TAF 1-containing
nuclear extract was incubated with the beads for 3 hours and then collected by
centrifugation and washed 3 times each with high and low salt wash buffers.

Following the wash step, the beads were incubated with a small volume of a
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glycerol-containing storage buffer that had a high concentration of FLAG peptide,
to elute the protein. The purified FLAG-TAF1 was analyzed for purity and
concentration by SDS-PAGE and silver staining, using a standard curve of BSA
on the gel (Figure 2.1D). It was found that the elution contained roughly 50ng/ul
of FLAG-TAF1 with some minor degradation products or contaminant proteins
giving rise to some fainter bands lower on the gel. As will be described in
Chapter 3, we found this purified TAF1 did have kinase activity, and was able to

autophosphorylate and trans-phosphorylate target proteins.

Purification of kinase dead TAF1

Since wildtype human TAF1 likely interacts with many proteins inside
insect cells due to homology of the transcription machinery throughout
eukaryotes, it is important to have a kinase dead mutant TAF1 as a negative
control when using this expression system. This allows verification that any
phosphorylation seen in a kinase assay is due to TAF1 and not some co-purified
contaminating kinase. A previous publication describes a TAF1 mutant that
contains 11 point mutations in the NTK, rendering the domain inactive though still
allowing incorporation into TFIID (O’Brien and Tjian, 1998). These mutations
occur clustered in two stretches in the NTK described as NT1 and N7, where
multiple D, E, K, C, and S amino acids are mutated to A (Figure 2.2B) (O’'Brien

and Tjian, 1998). Our kinase dead TAF1 was made using this NTK mutant in
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addition to deletion of the CTK, since the active site in that domain is unknown
(Figure 2.2B). This construct, which we already had in our lab from previous
experiments, was used to create a baculovirus to express kinase dead TAF1.
Since the majority of this mutant TAF1 is identical to the wildtype, and can be still
be incorporated in TFIID, we reasoned that it would likely co-purify with the same

contaminants as the wildtype TAF1 from insect cells, an ideal negative control.

In the same way the baculovirus was made to express wildtype TAF1, we
prepared a baculovirus for production of the kinase dead TAF1. The mutant gene
was PCR cloned to include an N-terminal FLAG tag and ligated into the
pFastBac1 vector (Figure 2.2A). Once the baculovirus was made, expression
optimization was performed with the same time and dilution titrations as were
done with the wildtype. We determined that the same conditions used for the
wildtype would be suited for the mutant protein. After large scale infection, FLAG-
kinase-dead TAF1 was extracted from the nuclei and purified in the same fashion
as the wildtype, resulting in roughly the same purity and concentration (Figure
2.2C). As will be described in the next chapter, this kinase dead TAF1 was

unable to phosphorylate any target proteins.

Purification of the N- and C-terminal kinase domains of TAF1

Because we are primarily interested in TAF1 kinase activity, truncated

kinase domains (NTK and CTK, both ~50kDa) were purified. We first purified
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these two truncations using bacteria. The NTK and CTK truncated genes (TAF1
amino acids 1-434 and 1425-1893, respectively) were cloned into the pET22b
expression vector, which includes a C-terminal 6X His tag (Figure 2.3A,B).
Expression tests using BL21 E. coli cells revealed the CTK is more efficiently
expressed than the NTK which showed a high degree of degradation. This was
improved by expressing the NTK at a low temperature,18°C in contrast to the
30°C initially used. Large scale cultures were grown and lysed via sonication,
and batch purifications were carried out using nickel beads, eluting the proteins
with imidazole (Figure 2.3C). As was expected from the expression tests, the
CTK was purified to a higher concentration than the NTK. The two purified
proteins were tested for kinase activity where we found neither were capable of
auto- or transphosphorylation. This is most likely due to a lack of some required
posttranslational modifications or chaperone proteins needed for the NTK and

CTK to fold properly.

Since the attempt at applying a bacterial expression method for purifying
the kinase domains of TAF1 lead to inactive protein, the insect cell expression
system was deemed necessary. This method has been used to produce active
NTK and CTK truncations in the literature as well in our lab previously (Dikstein
et al., 1996). In the same way that the wildtype TAF1 and kinase dead TAF1
were generated (described in the previous sections of this chapter),
baculoviruses were made to express HA tagged NTK and FLAG tagged CTK

(Figure 2.3D and 2.3E). After baculoviruses were made and tested for
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expression, large scale volumes of SF9 insect cells grown in suspension were
infected and HA-NTK and FLAG-CTK protein was extracted from nuclei. To
purify the NTK in batch, Anti-HA antibody was conjugated to Protein A agarose
beads, by chemical crosslinking using dimethyl pimelimidate. The HA-NTK was
eluted from the beads using HA peptide. CTK was purified in batch using anti-
FLAG agarose beads in the same way as the wildtype TAF1 (Figure 2.3F). In
agreement with the literature, both truncations showed autophosphorylation
activity, and were able to phosphorylate target proteins (Figure 2.3F). These
truncated TAF1 proteins were to be used for a project that became outside of the
scope of this dissertation but can be used (along with the baculoviruses to make

more protein) by future students.

Purification of RAP74

RAP74, a 74kDa protein, is a subunit of TFIIF and a known
phosphorylation target of TAF1 (Dikstein et al., 1996; Flores et al., 1989). The
next chapter of this dissertation describes an investigation of TAF1 kinase,
aiming to identify novel targets. For those experiments, a positive control was
needed to verify the purified TAF1 was functional, thus RAP74 was used for this
purpose. Because this protein has previously been used in our lab to study TAF1
kinase activity, a bacterial expression plasmid containing a His-tagged RAP74

was available to use. His-RAP74 was expressed in BL21 E. coli cells at 30°C for
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5 hours and lysed via sonication. Batch purification was carried out by incubating
clarified lysate with Ni-NTA resin for 1 hour which was collected via centrifugation
followed by 3 high salt and 3 low salt washed. His-RAP74 was eluted into a

glycerol-containing storage buffer with 250mM imidazole (Figure 2.4).

Purification of E2F1

E2F1 is a 47kDa protein, consisting of a Cyclin A binding domain, a DNA
binding domain, heptad repeat and marked box domains (which together make
up its dimerization domain), and a transactivation domain (Cress and Nevins,
1994; Jost et al., 1996; Trouche and Kouzarides, 1996; Xu, et al., 1994; Zheng et
al., 1999). A bacterial expression plasmid, pGEX, containing the E2F1 gene with
an N-terminal GST tag was obtained (Figure 2.5A). GST-E2F1 was expressed in
BL21 E. coli cells, lysed by sonication. Batch purification was carried out by
incubating clarified lysate with glutathione agarose beads followed by 3 high salt
and 3 low salt washes. GST-E2F1 was eluted from the beads using 20mM
reduced glutathione in a 20% glycerol-containing storage buffer (Figure 2.5D).

This purified protein was used in the experiments presented in Chapter 3.
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Purification of 4 E2F1 truncations and 7 mutants for phosphorylation site

mapping

To map the phosphorylation site(s) on E2F1, multiple E2F1 constructs
including truncations and single amino acid mutants were purified. Truncations
consisting of E2F1’s four major functional domains were cloned via PCR into a
bacterial expression vector, pPGEX-6P-1, to be purified through a N-terminal GST-
tag as was done with the full-length protein (Figure 2.5B). The truncations, amino
acids 1-108, 109-198, 199-361, and 362-437 (the Cyclin A binding domain, the
DNA binding domain, the dimerization domain, and the transactivation domain,
respectively), were expressed in BL21 E. coli cells under the same conditions as
the full length E2F1, and purified in the same way using glutathione agarose
beads (Figure 2.5E). The only truncated protein to have some degradation
problems was the transactivation domain, likely because of intrinsic disorder,
something common in transcription factors’ transactivation domains (Sigler,
1988). These purified E2F1 domain truncations were used in the phosphorylation

site mapping experiments that will be discussed in the next chapter.

For mapping the phosphorylation site inside the transactivation domain of
E2F1 (described in Chapter 3), we used phosphorylation deficient mutants to
investigate each of the 7 possible sites (six serine and one threonine, Figure
2.5C). To do this, we utilized site-directed mutagenesis, a process that involves
PCR amplifying an entire plasmid that contains the gene of interest using primers

that contain the desired mutation. These PCR reactions were carried out using
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the pGEX-6P-1 plasmid containing the E2F1 transactivation domain truncation as
the template; seven different reactions were run with each primer set specific for
mutating one of the seven possible phosphorylation sites to alanine. After the
reactions were carried out, the resulting samples were digested with the
methylation-sensitive restriction endonuclease, Dpnl, to remove any remaining
wildtype template plasmid, which is methylated (compared to the unmethylated
mutant plasmid produced in the PCR). Finally, the Dpnl digested PCR reactions
were transformed into E. coli cells and the resulting colonies were screened for
plasmids containing the correct mutation. Once all seven plasmids were
confirmed to have the desired mutations (S364A, S375A, S382A, S392A, S401A,
S403A, and T433A), the mutant proteins were all purified. All seven mutant
proteins were expressed in BL21 E. coli under the same conditions as the
wildtype truncation and purified in the same way using glutathione beads (Figure
2.5F). The resulting purified mutant E2F1 transactivation domain truncations
were used for determining the site of phosphorylation by TAF1 which will be

presented in Chapter 3.

Purification of the CDK8 kinase module

The phosphorylation site we mapped for E2F1 has previously been
described as a CDKS8 target site. In order to make sure we were not seeing a

signal from co-purified CDK8 in our TAF1, we carried out a CDK inhibition assay
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which required purified CDK8. This kinase requires two additional proteins to
achieve activity, Cyclin C, and MED12. Baculoviruses for expression of FLAG-
CDK8 and Cyclin C, as well as a bacterial expression vector for GST-MED12
were provided by Tom Boyer. The baculovirus stocks were amplified with insect
cells and tested for expression. Insect cells grown in suspension were co-
infected with both the FLAG-CDKS8 and Cyclin C viruses followed by co-
purification using anti-FLAG beads. (data shown in Figure 3.6 in the following
Chapter). GST-MED12 was expressed in BL21 E. coli cells and purified using
glutathione agarose beads. The co-purified CDK8 and Cyclin C and purified
MED12 were combined and used for a kinase assay described in Chapter 3
where we found this CDK8 complex was able to autophosphorylate and

transphosphorylate target protein.

Purification of FOXM1

A FOXM1 bacterial expression vector containing an N-terminal His-tag
was purchased and expression tests were carried out (Figure 2.6A). FOXM1 did
not express well in E. coli, there was little induction of the protein upon addition of
IPTG, and what amount of protein that expressed was heavily degraded and
largely insoluble. Though a range of induction temperatures and times were
tested (from 18°C to 37°C), this had little effect on improving the expression of

FOXM1. To resolve the solubility issue, different extractions buffers were tried,
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varying in pH and addition of different non-ionic detergents and glycerol. We
were able to modestly improve solubility and homogeneity of the protein,
however, there still remained a very prominent degradation product at a higher
concentration than the full-length protein (Figure 2.6B). This was used in
preliminary kinase assays and we found FOXM1 was a target of TAF1-mediated
phosphorylation (described in Chapter 3). However, because the degradation
product was phosphorylated in our kinase assays, this reduced the signal for the
full-length (data not shown). To continue, we needed to improve the purification

so that the phosphorylation results would be clearer.

Next, we tried to express FOXM1 in insect cells, which involved
generating a baculovirus to express FOXM1 using the same processes
described previously in this chapter (Figure 2.6C). We found that FOXM1 did
express much better in insect cells but instead of having degradation problems
like we had in E. coli, we found that FOXM1 co-purified with some unknown
kinase (Figure 2.6D). In testing the insect cell expressed FOXM1 in kinase
assays, it showed very strong phosphorylation signal when there was no purified
TAF1 added, owing to whatever co-purified with FOXM1 (data not shown).
Additional rounds of purification were attempted but did little to reduce this strong
background signal. While insect cell expressed purified FOXM1 had little
degradation, it was not useful for our kinase assays due to high background

signal.
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Our last attempt to purify FOXM1, that would have minimal degradation
and no contaminant kinases, was to truncate the FOXM1 protein, deleting the
transactivation domain, and expressing it in E. coli (Figure 2.6E). As previously
mentioned, transactivation domains tend to have disordered regions and can
lead to expression and degradation difficulties in E. coli. This truncated FOXM1
construct was cloned and we found that it did express much better in E. coli
compared to the full-length protein (Figure 2.6F). Since there still remained a
small degree of degradation (though less than with the full-length construct), we
added a second affinity tag, GST, to the C-terminus of the protein. Through this
method, running tandem purifications, one for the N-terminal His-tag, followed by
one for the C-terminal GST-tag, we were able to capture full length protein with
much less degraded FOXM1. The purification of the His-ATAD-FOXM1-GST
protein construct was carried out by both nickel affinity and glutathione affinity
chromatography, and the resulting protein retained significantly less degradation
products (Figure 2.6F). This was the protein used in the kinase assay that will be

presented in Chapter 3.

Purification of ATF2

Another protein we identified as a potential TAF1 kinase target was ATF2.
A pGEX bacterial expression vector containing the ATF2 gene with an N-terminal

GST tag was obtained as a gift from a colleague and used to express the protein
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in BL21 E. coli cells. ATF2 expressed very robustly and was highly soluble. Due
to the large amount of protein obtained after growing a 0.5L culture, the
purification was carried out using a gravity column (as opposed to the batch
method used for the previously described purifications), to make it easier to
capture all of the protein. A 2mL glutathione agarose column was prepared, and
the purification was carried out at 4°C. Multiple elution fractions were collected,
the third having the highest concentration of ATF2, this fraction was used for

experiments in Chapter 3 (Figure 2.7).

Purification of Sp1

Sp1 was the fourth transcription factor that we tested for phosphorylation
by TAF1. To purify this protein a pGEX bacterial expression vector containing the
Sp1 gene with an N-terminal GST tag was obtained from a colleague. This
protein was expressed in BL21 E. coli first at 30°C for ~5 hours but we found this
resulted in prominent degradation products. It was then expressed at 18°C
overnight which helped considerably with the degradation, though some
remained. Sp1 was purified in batch using glutathione agarose beads (Figure

2.8). This purified protein was used in kinase assays as described in Chapter 3.
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2.3 Discussion

There are many methods to express human proteins without using human
cells, making it more accessible to study them as culturing human cells is more
time consuming, costly, and challenging, especially when trying to generate a
large amount of protein. E. coli expression systems are very useful and easy to
work with, having a workflow from cloning to protein expression that can be done
in a matter of days. However, for certain proteins, these cells are not sufficient for
generating functional molecules. Insect cell expression systems are a powerful
tool for generating hard-to-express proteins or those that require posttransiational
modifications. The tools that are now commercially available for generating
recombinant baculovirus make it more user friendly to use insect cell systems.
One of the most common early methods of generating recombinant baculovirus
consisted of co-transfecting insect cells with wildtype baculovirus and a transfer
plasmid containing the gene of interest (Miller, 1988). The gene would then be
incorporated into the viral genome via homologous recombination, however, this
happened at very low efficiencies (<1%) and then required multiple rounds of
plaque purification to isolate recombinant virus (Miller, 1988). This was a very
time and labor-intensive process but revealed this expression system to be
powerful in generating large amounts of complex proteins. Now, the site-specific
transposition method as described in this chapter, is commercially available and
relatively cheap, making this expression system much easier and faster to work

with. In this chapter I've described the process of purifying wildtype human TAF1,
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as well as a kinase dead mutant, and kinase domain truncations that retained
proper activity using insect cells. This process was part of the preparatory work

that went into the experiments described in Chapter 3.

Also described in this chapter was the purification of all the substrates
needed for kinase assays that will be described in Chapter 3; RAP74, E2F1,
FOXM1, ATF2, and Sp1. As phosphorylation data was collected and we found
E2F1 and FOXM1 to be targets of TAF1 kinase, more proteins required
purification for further investigation. Our original FOXM1 purifications contained
degradation products, and since we saw phosphorylation of this protein (and the
degradation product) we wanted to improve our FOXM1 expression method.
After trying insect cells for FOXM1 expression and finding it co-purified with very
active kinases that interfered with our TAF1 mediated phosphorylation results,
we tried deleting a disordered domain, which improved our degradation issue in
E. coli. The final improvement our purified FOXM1 was to include two separate
affinity tags on either end of the protein and running tandem purifications to
isolate the full-length protein. Additionally, we needed to generate multiple E2F1
truncations and then mutants for phosphorylation site mapping. This was an
extremely involved process involving many rounds of cloning, including site-
directed mutagenesis, and subsequently many rounds of purification. This was all
successful and we were able to map the phosphorylation site (described in

Chapter 3).
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The purification methods described in this chapter included multiple
affinity-based methods; GST fusion proteins, His-tags for nickel affinity
chromatography, and FLAG and HA epitope tagging for antibody-based affinity
purification. Many of these experiments were carried out using the batch method
of protein purification which is easy and ideal for small amounts of protein,

though ATF2 was purified using a column due to high amounts of protein.

2.4 Materials and Methods

Baculovirus protein expression and purification

Recombinant baculovirus for the expression of wildtype TAF1, kinase-
dead TAF1, NTK, CTK, and FOXM1 were generated according to Gibco’s Bac-
to-Bac Baculovirus Expression System USER GUIDE using the pFastBac1
transfer plasmid (Gibco) and DH10bac E. coli cells (Gibco). Transfections of
bacmid DNA were performed with PE| transfection reagent. SF9 insect cells were
grown at 27°C either in monolayer or suspension culture using EX-CELL 420
serum free growth media. Protein expression conditions were optimized for each
baculovirus. For expression of CDK8 and Cyclin C, baculovirus stocks were
gifted to us from Thomas Boyer’s lab at the University of Texas Health Science

Center, San Antonio.

Nuclear extracts for baculovirus expressed FLAG-TAF1, FLAG-kinase-
dead TAF1, FLAG-CTK, HA-NTK, and His-FOXM1 were prepared as described
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previously. FLAG purifications were carried out using ANTI-FLAG M2 Agarose
Affinity Gel (Sigma); nuclear extracts were incubated with beads for 3 hours and
collected via centrifugation followed by 3 low salt washes, 3 high salt washes,
and elutions using 1 mg/ml FLAG peptide (Sigma). Proteins were stored at -80°C
in 20% glycerol. HA purifications were carried out in the same way but using anti-
HA (12CA5) conjugated beads and elutions used 1 mg/ml HA peptide (Sigma).
His-tag purifications were carried out in the same way but with Ni-NTA Resin

(Thermo) and elutions carried out with 250mM Imidazole (Sigma).

Primers used for cloning into pFastBac1:

FLAG-TAF1 (wildtype): 5" —
GCGGGATCCACCATGGACTACAAAGACGATGACGACAAGATGGGACCCGG
CTGCGATTT-3"AND 5’ -

ATAAGAATGCGGCCGCTCATTCATCAGAGTCCAAGT -3’

FLAG-kinase-dead-TAF1: 5" —
GCGGGATCCACCATGGACTACAAAGACGATGACGACAAGATGGGACCCGG
CTGCGATTT-3and 5 -

ATAAGAATGCGGCCGCTCAAGCTGCTTCTTTAGCAGTAC -3’
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HA-NTK: 5’ -
GCGGGATCCACCATGTACCCATACGATGTTCCAGATTACGCTGGACCCGGC
TGCGATTTGCT -3 and 5" -

TTTATAGCGGCCGCATCATCCTCCCAATGCAGCT -3

FLAG-CTK: 5" —
GCGGGATCCACCATGGACTACAAAGACGATGACGACAAGTTCCACACTCCA
GTCAATGC -3’ and 5'-

ATAAGAATGCGGCCGCTCATTCATCAGAGTCCAAGT -3’

His-FOXM1: 5" —
CGCGGATCCATGCGCGGATCCATGAAAACTAGCCCCCGTCG -3 and 5’ —
ATAAGAATGCGGCCGCCTAATGATGATGATGATGATGCTGTAGCTCAGGAA

TAAACT -3

Bacterial protein expression and purification

His-RAP74, GST-E2F1 (full length, 4 truncations, and 7 mutants), wildtype
His-FOXM1, His-ATAD-FOXM1-GST, GST-ATF2, GST-Sp1, NTK-His and CTK-
His, and MED12 were all expressed using BL21 DE3 E. coli cells. IPTG

(GoldBio) was used to induce expression, OD at time of induction was optimized
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for each protein as well as length of induction. All proteins were extracted using a
10% glycerol, 1% Triton X-100 (Sigma) Tris buffer and sonicated at 20%
amplitude for ~ 4 minutes. Cell debris was cleared via high speed centrifugation.
Purifications were either carried out in batch or via gravity column using either
Glutathione Agarose (Pierce) or Ni-NTA Resin (Thermo), with low salt and high
salt washes followed by elution with either 20mM L-Glutathione reduced (Sigma)

or 250mM Imidazole (Sigma).

Plasmids used for bacterial expression:
His-RAP74 plasmid was a gift from A.J. Berk
HA-TAF1 pCMV plasmid was a gift from R. Tjian

E2F-1 wt-pGex2TK was a gift from William Kaelin (Addgene plasmid # 21668 ;

http://n2t.net/addgene:21668 ; RRID:Addgene_21668)
pET-6xHis/hFOXM1 was purchased from VectorBuilder (ID: VB160702-1008wrc)
Sp1-pGEX plasmid was a gift from Thomas Gilmore

MED12-pGEX plasmid was a gift from Tom Boyer.

Primers used for cloning into pGEX-6P-1:

E2F1 aa 1-108: 5’ - CGCGGATCC ATGGCCTTGGCCGGGGCCCCT -3’ and &’

— ATAAGAATGCGGCCGCTCAAGCTGGCCCACTGCTCT -3
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E2F1 aa 109-198: 5' - CGCGGATCCCGGGGCAGAGGCCGCCATCC - 3’ and

5 — ATAAGAATGCGGCCGCTCAGCCCACTGTGGTGTGGCTGC -3

E2F1 aa 199-361: 5 - CGCGGATCCGTCGGCGGACGGCTTGAGGG - 3’ and

5 — ATAAGAATGCGGCCGCTCACCGGGACAACAGCGGTTCTT -3’

E2F1 aa 362-447: 5 — CGCGGATCCGGCAGCCTGCGGGCTCCCGT -3’ and

5 — ATAAGAATGCGGCCGCTCAGAAATCCAGGGGGGTGA -3

FOXM1-His: 5" — CGCGGATCCATGAAAACTAGCCCCCGTCG -3 and 5" -
ATAAGAATGCGGCCGCCTAATGATGATGATGATGATGCTGTAGCTCAGGAA

TAAACT -3

Site-directed mutagenesis

Site-directed mutagenesis for creating the 7 Ser/Thr to Ala E2F1 mutant
transactivation domain truncations was performed according to QuickChange I/
Site-Directed Mutagenesis Instruction Manual (Agilent). PCR reactions were
carried out using Pfu polymerase (agilent) and digested with Dpnl (NEB) followed
by transformation into DH5alpha cells. Plasmid was extracted from colonies and

mutations were confirmed via sanger sequencing.

Primers used for site-directed mutagenesis:

S364A: 5 - TTGTCCCGGATGGGCGCCCTGCGGGCTCCCGTG -3 and 5" —

CACGGGAGCCCGCAGGGCGCCCATCCGGGACAA -3
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S375A: 5" — GACGAGGACCGCCTGGCCCCGCTGGTGGCGGCC -3 and 5’ —

GGCCGCCACCAGCGGGGCCAGGCGGTCCTCGTC -3

S382A: CTGGTGGCGGCCGACGCGCTCCTGGAGCATGTG -3 and 5 —

CACATGCTCCAGGAGCGCGTCGGCCGCCACCAG -3

S392A: 5’ - GTGCGGGAGGACTTCGCCGGCCTCCTCCCTGAGGAGTT -3’

and 5 — CTCAGGGAGGAGGCCGGCGAAGTCCTCCCGCACATGCT -3

S401A: 5 — CCTGAGGAGTTCATCGCCCTTTCCCCACCCCAC -3 and 5" -

GTGGGGTGGGGAAAGGGCGATGAACTCCTCAGG -3’

S403A: 5’ — GAGTTCATCAGCCTTGCCCCACCCCACGAGGCC -3 and 5" —

GGCCTCGTGGGGTGGGGCAAGGCTGATGAACTC -3

T433A: 5 — GACTTTGGGGACCTCGCCCCCCTGGATTTCTGA -3 and 5 —

TCAGAAATCCAGGGGGGCGAGGTCCCCAAAGTC -3
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2.6 Fiqures

FLAG-TAF1-pFastBacl
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Figure 2.1 Purification of TAF1 using baculovirus. (A) Plasmid map of FLAG-
TAF1 in pFastBac1 baculovirus donor vector. (B) Propagation of control GFP
baculovirus at time points following transfection of the donor plasmid, done
alongside transfection of TAF1 baculovirus. (C) Western blot of dilution titrations
using amplified TAF1 baculovirus; 1:10 and 1:20 dilutions killed virtually all the
cells within 24 hours. (D) Silver stained gel showing purified FLAG-TAF1 next to
BSA standards for concentration determination.
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Figure 2.2 Purification of kinase dead A2/N7 ACTK TAF1. (A) Plasmid map of
kinase dead TAF1 cloned into pFastBac1 baculovirus donor vector. (B)
Schematic of wildtype versus kinase dead (A2/N7 ACTK) TAF1. Region labeled
NT1 contains stretch of mutations: 4 Dto S, 1 Eto A, and 1 Kto A. N7 contains
second stretch of mutations: 1 Cto A, 1 Sto A, 2D to A, and 1 E to K. (C) Silver
stained gel showing purified kinase dead TAF1 next to wildtype.
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Figure 2.3 Purification of TAF1 NTK and CTK. (A and B) pET22b plasmid
maps of bacterial expression vectors for expression of His-tagged NTK (A) and
CTK (B). (C) Coomassie stained gel of purified bacterial expressed NTK and
CTK with BSA standards. (D and E) pFastBac1 maps of donor plasmids for
generating baculovirus for insect cell expression of HA-NTK and FLAG-CTK. (F)
Coomassie stained gel of purified NTK and CTK from insect cells. Activity was
assayed via in vitro kinase assay using different truncations of E2F1.
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Figure 2.4 Purification of RAP74. (A) Expression tests for RAP74 in BL21 E.
coli cells carried out at 30°C for 5 hours, time points indicated are hours after
adding IPTG. (B) RAP74 elution from Ni purification.
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Figure 2.5 Purification of E2F1: full length, truncations, and mutants. (A)
Map of full length E2F1-pGEX plasmid (Addgene plasmid #21668) used for
expressing E2F1 and for subcloning all truncation and mutations. (B) Schematic
of domains of E2F1 that were each separately purified. (C) Amino acid sequence
of transactivation domain of E2F1 with possible phosphorylation sites highlighted.
S375is in red, as this was the phosphorylation site found to be specific for TAF1
kinase. (D) Purification of full length E2F1. (E) Purification of truncated domains
of E2F1, including full length E2F1 on the gel. (F) Purification of E2F1
transactivation domain mutants after site-directed mutagenesis was performed,
shown next to wildtype transactivation domain truncation.
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Figure 2.6 Purification of bacterial and insect cell expressed FOXM1. (A)
Map of His-FOXM1-pET (full length) plasmid for bacterial expression. (B)
Purification of His-FOXM1 from bacteria, shows soluble protein from cell extract,
elution and BSA standards for concentration determination. (C) Map of His-
FOXM1-pFastBac1 for baculovirus generation for insect cell expression of full
length His-FOXM1. (D) Purification of His-FOXM1 from insect cell whole cell
extract, two elutions shown. (E) pGEX-6P plasmid map with truncated FOXM1
(transactivation domain deleted), includes N-terminal GST tag and C-terminal His
tag, for bacterial expression. (F) Purification of truncated FOXM1, first elution
shown after GST purification only, second is from GST followed by Ni

purification.
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Figure 2.7 Purification of ATF2. (A) Expression test of ATF2 in E. coli, showing
time points following addition of IPTG. (B) Purification of GST-ATF2 using a 2ml
glutathione gravity column, showing soluble protein fraction from cell extract, flow

through from column, and 7 elutions.
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Figure 2.8 Purification of Sp1. (A) Expression test for Sp1 in E. coli cells
checked at 0, 3, and 5 hours post induction. (B) Purification of GST-Sp1, showing
soluble fraction from cell extract, flow through, 3 elutions, and BSA standards for

concentration comparison.
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Chapter 3: TAF1 regulates transcriptional activity of E2F1 and
FOXM1 through phosphorylation

Chapter 3 is intended to become a publication. Work presented in this chapter is

a collaboration of all co-authors for the publication. Dr. Joy Lin is responsible for

the TAF1 ChlIP-Seq which provided the data shown in Figure 3.1, Figure 3.2, and
Table 3.1. Dr. Lily Maxham performed the bioinformatic analysis shown in Figure
3.1A, B, and E, Figure 3.2, and Table 3.1. Dr. Lily Maxham performed the TAF1,

p53, FOXM1, Sp1, and ATF2 ChIP assays shown in Figure 3.3A and the FOXM1
ChIP assays shown in figure 3.4C
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3.1 Abstract

TAF1 is the largest subunit of general transcription factor TFIID and
possesses intrinsic protein kinase activity. We previously reported that TAF1
phosphorylates p53 on the p21 promoter, leading to dissociation of p53 and TAF1
from the promoter and inactivation of transcription. Because TAF1 binds to many
promoters, we investigated whether it regulates other enhancer-bound
transcription factors in a similar manner. ChlP-seq analysis revealed a list of
promoters that TAF1 differentially binds under different kinase conditions. Through
bioinformatics analysis, we identified a set of candidate transcription factors,
including E2F1, FOXM1, Sp1 and ATF2. Upon performing in vitro phosphorylation,
we found that TAF1 directly phosphorylates E2F1 and FOXM1, two transcription
factors that are essential in cell cycle regulation. Furthermore, we mapped the site
of E2F phosphorylation to Ser375 and show that mutation of the phosphorylation
site affects E2F1 DNA binding and transcription. These data shed light on the dual
role of TAF1 as both a general transcription factor involved in genome-wide
regulation of transcription activation, and a protein kinase involved in negative

regulation of specific transcription.
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3.2 Introduction

Transcription activation is carefully orchestrated in order to maintain
proper control of all cellular processes. It requires the assembly of the basic
transcription machinery at the promoter which consists of enhancer-binding
transcription factors, coactivators, and general transcription factors (GTFs) as
well as the RNA polymerase Il (Pol Il) enzyme. As the first GTF assembled on
the promoter, TFIID is a 1.3MDa complex consisting of the TATA-box binding
protein (TBP) and 13 TBP associated factors (TAFs; Burley and Roeder, 1996;
Tora, 2002). The largest TAF, TAF1, is a multifunctional protein enzyme that
possesses a histone acetyl transferase (HAT) domain, an E1/E2 ubiquitin
activating and conjugating (UBAC), a double bromodomain, multiple DNA binding
domains, and N-terminal and C-terminal kinase domains (Dikstein et al., 1996;
Jacobson et al., 2000; Mizzen et al., 1996; Pham and Sauer, 2000; Curran et al.,
2018). TAF1 plays a critical role in transcription initiation with the ability to
recognize and bind core promoter facilitating recruitment of other components of
the basic transcription machinery (reviewed in Thomas and Chiang, 2006). Once
all necessary factors are recruited to a promoter, transcription of the DNA

template from a specific start site occurs rapidly and with high accuracy.

While TAF1’s role in transcription initiation has long been studied, the
mechanisms by which it modulates transcription via its kinase activity are less
clear. Our previous findings revealed that, upon DNA damage, TAF1 is recruited

to the p21 promoter through interaction with acetylated p53, activating
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transcription and subsequently halting cell cycle (Li et al., 2007). However, TAF1
also turned off p21 transcription in the later stages of DNA damage by
phosphorylating p53 on the promoter, causing dissociation of p53 and TAF1 from
the promoter (Wu et al., 2014). Furthermore, we showed that, upon DNA
damage, the ability of TAF1 to both positively and negatively regulate p53-
mediated p21 transcription is dependent of its kinase activity (Wu et al., 2014). At
early times of DNA damage, poly (ADP-ribose) polymerase-1 (PARP-1)
activation causes a depletion of cellular ATP (Schreiber et al 2006), which
inhibits TAF1 kinase activity and p53 phosphorylation. This enables TAF1 to
support p53 mediated p21 transcription (Wu et al., 2014). Reduction of cellular
ATP levels leads to activation of AMP-activated protein kinase (AMPK). Once
activated, AMPK regulates several metabolic responses (Hardie, 2007) that
recover ATP levels at later times of DNA damage. The ATP recovery increases
the kinase activity of TAF1, which leads to p53 phosphorylation, and dissociation

of p53 and TAF1 from the promoter (Wu et al., 2014).

As a subunit of TFIID, TAF1 is bound to many promoters (Kim et al, 2005)
and interacts with a multitude of transcription factors, leading us to hypothesize
that there may be others, like p53, that are regulated by TAF1-mediated
phosphorylation in a similar manner. To search for new TAF1 phosphorylation
targets, we employed ChlP-seq to identify promoters that TAF1 differentially
binds under different kinase conditions. Through bioinformatics analysis, we

identified a set of candidate transcription factors that bind to those promoters.
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Upon testing phosphorylation of several transcription factor candidates from our
analysis, we reveal that TAF1 phosphorylates both E2F1 and FOXM1. We also
found that TAF1-mediated phosphorylation negatively regulates their
transcriptional activity. Given both E2F1 and FOXM1 are involved in cell cycle
regulation and, like p53, are dysregulated in many cancers, this study provides
new insights into the role of TAF1 protein kinase in regulation of specific

transcription.

3.3 Results

Identification of 421 promoters that show kinase dependent TAF1

occupancy

In an effort to find new phosphorylation targets of TAF1, we first
determined whether the previously reported phosphorylation dependent TAF1
binding on the p21 promoter (Wu et al., 2014) occurs in a broader scale. TAF1
ChIP-seq was performed to assess TAF1’s overall binding to the promoter in
response to UV irradiation under two TAF1 kinase conditions: 8 hours after UV
while TAF1 kinase activity is reduced due to ATP depletion, as well as 16 hours
after UV while TAF1 kinase activity is recovered (Wu et al, 2014). To ensure the
kinase activity plays a role in the promoter binding, we also treated cells with
TAF1 kinase inhibitor apigenin at 16 hours after UV. Analysis of the sequencing

data revealed TAF1 genome-wide binding is increased at 8 hours after UV, which
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is followed by a decrease in binding at 16 hours after UV (Figure 3.1A).
Furthermore, the decrease at 16 hours was rescued when recovery of TAF1
kinase activity was blocked by apigenin (Figure 3.1A). Utilizing the TAF1 ChlP-
seq datasets available in the ENCODE database, we showed that the TAF1
peaks identified in our analyses overlap at least sixty percent in 6 other cell lines
(Figure 3.1E).

An analysis of TAF1 peaks that showed significant increase from 0 to 8
hour and significant decrease from 8 to 16 hour after UV leads to 2352 resulting
peaks within 3 kb of a transcription start site (Figure 3.1B). To assess the effect
of TAF1 kinase activity, these peaks were then intersected with peaks that
rescued by the TAF1 kinase inhibitor apigenin. This resulted in 634 rescuing
peaks (Figure 3.1B). Since apigenin, which is a naturally occurring flavonoid
compound, is known to inhibit other protein kinases, we also performed ChlP-
seq, with or without apigenin, at 8 hours after UV while TAF1 kinase activity is
already low to remove potential off-target effects (Figure 3.2). This approach
filtered out 159 peaks form the previously identified 634 peaks (Figure 3.1B).
Using ChIPpeakAnno, we found the remaining 475 peaks represented 421
unique promoters (Figure 3.1B). Genome browser view of TAF1 binding to RPA2
and API5, two representative promoters, illustrated TAF1 binding increases from
0 to 8 hour, reduces from 8 to 16 hours and is rescued by apigenin at 16 after UV
(Figure 3.1D). A pathway enrichment analysis was performed on the 421

promoters, which revealed cell cycle and metabolism as the top two pathways
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regulated by TAF1 kinase activity (Figure 3.1C). These results suggest that, upon

UV, TAF1’s binding to the promoter is selectively modulated by its kinase activity.

Identification of target transcription factors that are negatively regulated by

TAF1 via phosphorylation

To determine potential transcription factors that bind to the 421 promoters,
we utilized the ENCODE database which encompasses ChlP-seq data of 161
transcription factors from datasets from 91 different cell lines, and overlapped
those bound genomic regions with 421 promoters, with a cutoff of +/- 0.2kb from
the center of the TAF1 peaks. We then ranked the transcription factors by how
many of promoters they bind to (Table 3.1). Not surprisingly among the top
ranked were general transcription factors (GTFs) such as RNA Pol Il. However,
we also observed sequence specific transcription factors in this analysis. Based
on their known interaction with TFIID or other members of the general
transcription machinery and function in cell cycle regulation, four candidate
transcription factors, FOXM1, Sp1, ATF2 and E2F1, were selected from the list

for further analysis on their potential regulation by TAF1.

To begin, we first verified their binding to their corresponding target
promoters by ChIP assays under the same conditions as the TAF1 ChlP-seq
(Figure 3.3A and 3.3B). For FOXM1, we examined the binding to the BRIP1,
SIRT1, and POLEZ2 promoters, all of which are involved in DNA damage

response (DDR) (Alves-Fernandes and Jasiulionis, 2019; Frugoni et al., 2016;
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Monteiro et al., 2012). For Sp1, we assayed the binding to the SOD2, RPS9, and
PIGT promoters that are involved in reactive oxygen species, metabolism, cell
cycle, and development, respectively (Kvarnung et al., 2013; Lindstrom and
Nistér, 2010; Zelko et al., 2002). ATF2 binding was analyzed on the MSH6 and
RAD23B promoters that are involved in DNA repair (Kunkel and Erie, 2005;
Masutani et al., 1994). For E2F1, we examined its binding to the API5 and RPA2
promoters that are involved in apoptosis and DDR, respectively (Kunkel and Erie,
2005; Morris et al., 2006). The ChIP assay revealed that, like p53 binding on the
p21 promoter, FOXM1, Sp1, ATF2, and E2F1 all bound to the target promoters
with a binding pattern displaying an increase at 8 hours and a decrease at 16
hours, as well as a rescue by at 16 hours post UV apigenin. As expected, TAF1
shows the same binding pattern on these promoters. To assess functional
significance of the differential binding of those transcription factors on their
transcription activity, hnRNA was detected by gPCR at 0, 8, and 16 hours
following UV as well as at 16 hours plus apigenin (Figure 3.3C). The assay
indicated that hnRNA levels of target genes corresponded to the binding of
transcription factors to the promoters. These results suggest that binding of
FOXM1, Sp1, ATF2, and E2F1 to their target promoters and subsequent

transcription are modulated by TAF1 kinase activity.

TAF1 directly phosphorylates E2F1 and FOXM1
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To test whether TAF1 could directly phosphorylate candidate transcription
factors like p53, E2F1, FOXM1, ATF2, and Sp1 were expressed in bacteria,
purified, and then subjected to in vitro kinase assays with baculovirus expressed
and purified TAF1 (Figure 3.4A, see figure 3.6 for purifications). As a measure of
the specific kinase activity of TAF1, we include phosphorylation of RAP74 as a
positive control and a TAF1 kinase-dead mutant (KD) as a negative control. Our
results revealed that wild type TAF1 phosphorylates two of four transcription
factors, E2F1 and FOXM1 (Figure 3.4A). To verify the specific phosphorylation,
we also showed that the TAF1 kinase inhibitor apigenin blocked phosphorylation
of E2F1 and FOXM1 by TAF1 (Figure 3.4B). We should note that the purified
FOXM1 used in the kinase assays was a truncated protein (aa 1-599) with the
transactivation domain deleted due to solubility and degradation of full-length

protein.

We have previously shown that phosphorylation of p53 by TAF1, which
leads to the dissociation of p53 and TAF1 from the p21 promoter, is cellular ATP
level dependent (Wu et al., 2014). Following DNA damage, activation of PARP-1
leads to a decrease in cellular ATP level, which results in lower TAF1 kinase
activity at 8 hours post UV. This decrease in ATP level is later sensed by AMPK,
which allows for a recovery of cellular ATP level at 16 hours post UV (Wu et al.,
2014). With two confirmed novel phosphorylation targets, we next test if their
DNA binding is also regulated by cellular ATP level under identical conditions.

We treat cells with the specific inhibitors of PARP-1 and AMPK, 4-AN and
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compound C, to block PARP-1 mediated depletion of cellular ATP and AMPK
mediated recovery of cellular ATP (Wu et al, 2014) and assayed for the effect on
E2F1 and FOXM1 binding to their target promoters. As shown in Figure 3.4C,
blocking PARP-1 and AMPK activity eliminated the binding pattern of E2F1 and
FOXM1 after UV. These data provide further evidence that E2F1 and FOXM1 are

regulated by TAF1 in a cellular ATP dependent manner.

TAF1 phosphorylates E2F1 at Ser375

To better understand TAF1-mediated phosphorylation, we aimed to
identify the residue of E2F1 phosphorylated by TAF1 (Figure 3.5). We first made
4 truncated E2F1 constructs consisting of its 4 main functional domains, or group
of domains: amino acids 1-108, 109-198, 199-361, and 362-347 (Figure 3.5A).
These truncated E2F1 proteins were expressed in bacteria, purified, and then
subjected to in vitro kinase assays with purified TAF1 (see Figure 3.6 for
purifications). The assay shows that TAF1 specifically phosphorylates E2F1
transactivation domain (aa 362-347) (Figure 3.5B). Next, we individually mutated
all 7 possible phosphorylation sites (6 serine and 1 threonine) within this domain
to alanine and subjected them to an in vitro phosphorylation assay with purified
TAF1 (see Figure 3.6 for purification). Results show that the only mutant unable
to be phosphorylated by TAF1 was the S375A mutant, indicating that Ser375

may be the primary target for direct phosphorylation of E2F1 by TAF1 (Figure
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3.5C). Interestingly, Ser375 has previously been described as a CDK8
phosphorylation site (Zhao et al., 2013). To rule out identified Ser375
phosphorylation is not due to a contaminant CDK8 activity under our assay
condition, we showed the specific CDKS8 inhibitor, SEL 120-34A, while inhibited
CDK8-mediated E2F1 phosphorylation, did not have any effect on TAF1-
mediated E2F1 phosphorylation (Figure 3.5E). These data indicate that TAF1

directly phosphorylates E2F1 at Ser375.

To examine if TAF1 could phosphorylate E2F1 at Ser375 in vivo, we
overexpressed wildtype TAF1 and kinase-dead mutant TAF1 (KD) in U20S and
detected Ser375 phosphorylation of E2F1 using the phos-Ser375 specific
antibody. As illustrated in Figure 3.5D, phosphorylation of endogenous E2F1 at
Ser375 was clearly detected upon overexpression of TAF1, but not upon TAF1
KD mutant. Those data suggested that the kinase activity of TAF1 was

responsible for Ser375 phosphorylation of endogenous E2F1.

TAF1 negatively regulates E2F1 and FOXM1 through phosphorylation

To examine the effect of TAF1 phosphorylation on E2F1 and FOXM1
binding to target promoter and transcription, we overexpressed wildtype TAF1
and kinase-dead mutant TAF1 in U20S and examined the binding by ChIP
assays and transcription by RT-qRCR (Figure 3.7). We found that, similar to p53,

both E2F1 and FOXM1 show a decrease in binding to their target promoters
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when wild type TAF1, but not the kinase-dead mutant, is overexpressed (Figure
3.7A). Consistent with this result, we also detected a reduction in the RNA level
of E2F1 and FOXM1 target genes when wildtype TAF1, but not kinase dead
TAF1, was overexpressed (Figure 3.7B). These data indicate that
phosphorylation of E2F1 and FOXM1 by TAF1 negatively regulates their

promoter occupancy and represses the transcription of target genes.

Since we identified the phosphorylation site on E2F1, we investigated the
direct effect of this phosphorylation on E2F1 binding to a target promoter using
phosphorylation mutants. We co-transfected cells with empty vector, wildtype
TAF1 or kinase dead TAF1 overexpression plasmid with wildtype E2F1, S375A
E2F1, or phosphor-mimetic S375D E2F1 overexpression plasmid, and assayed
promoter binding with ChIP-PCR (Figure 3.7C). We observed an increase in
binding with the S375A mutant compared to wildtype E2F1 when TAF1 is not
overexpressed, and furthermore, we saw no change in binding upon
overexpression of wildtype or kinase dead TAF1 (Figure 3.7C). Consistent with
our model, the S375D phospho-mimetic E2F1 showed a decrease in binding
compared to wildtype when co-transfected with empty vector and no change in
binding upon overexpression of wildtype or kinase dead TAF1 (Figure 3.7C).
These results provide further evidence that TAF1-mediated phosphorylation of

E2F1 on Ser375 negatively regulates promoter binding.
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2.4 Discussion

While TAF1’s role in transcription initiation has long been studied, the
molecular mechanisms by which it modulates transcription via its kinase activity
are less clear. Our previous findings revealed a TAF1 kinase activity dependent
mechanism for cell cycle regulation which functions through phosphorylation and
inactivation of p53, suggesting a dual role for TAF1 in both positive and negative
regulation of transcription (Li et al, 2004, Li et al, 2007). In addition, we reported
TAF1 kinase activity was modulated by cellular ATP level (Wu et al., 2014). In
this study, through ChlIP-seq analysis, we were able to identify two more novel
targets of TAF1 kinase. Furthermore, we've shown that TAF1 phosphorylates
E2F1 and FOXM1 leading to reduction in transcription of target genes. These
data provide additional evidence for TAF1 modulating transcription via its kinase

activity.

E2F1 is a well-known regulator of cell cycle, responsible for transcriptional
activation of a host of genes required for G1 progression and DNA replication
(Roworth et al., 2015). Though the classically understood function of E2F1 is to
promote cell cycle, it has also been shown to activate DNA damage repair genes
and can induce cellular apoptosis; the complex role of this transcription factor in
altering cell fate is tightly regulated by a host of posttranslational modifications
that, through different mechanisms, alter its ability to transactivate target genes

(Lin et al., 2001; Moroni et al., 2001; Roworth et al., 2015; Stevens et al., 2003).
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TAF1 regulating E2F1 transcriptional activity through phosphorylation offers a

new mechanism by which TAF1 kinase activity is involved in regulating cell cycle.

As previously described (Zhao et al., 2013), the kinase module of
Mediator, CDK8, phosphorylates E2F1 at Ser375. Here we find that TAF1 also
contributes to E2F1 phosphorylation on that residue. As Mediator and TFIID are
both components of the general transcription machinery that incorporate kinase
subunits, it's not surprising that there is some overlapping or redundant
phosphorylation-mediated regulation. CDK8 can phosphorylate other proteins
associated with the general transcription machinery as well as many sequence
specific transcription factors which has been shown to have both positive and
negative regulatory effects on transcription (Reviewed by Poss et al., 2013). This
is similar to the functional diversity of TAF1 as a kinase, with phosphorylation of
TAF7 and TFIIAB associated with transcriptional activation, but phosphorylation
of p53, E2F1 and FOXM1 is observed to have a negative effect on transcription
(Kloet et al., 2012; Solow et al., 2001; Wu et al., 2014). Additionally, both CDK8
and TAF1 are important in the regulation of p53-dependent transcription of p21,
demonstrating that these two kinase subunits of the general transcription
machinery may work in coordination to orchestrate and fine-tune some gene-

specific transcriptional regulation (Donner et al., 2010; Wu et al., 2014).

Among four candidate transcription factors we analyzed, ATF2 and Sp1
were found to display the same binding pattern following DNA damage as p53 on

several target promoters, however, we did not detect their phosphorylation by
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TAF1 in vitro. It's possible that these two transcription factors are regulated in a
TAF1 kinase-dependent manner, but not through direct phosphorylation. Many of
the promoters identified in our analysis are regulated by multiple sequence
specific transcription factors, raising possibility for many modes of indirect
regulation. Interestingly, it's been shown that E2F1 and Sp1 interact directly,
which could potentially enable Sp1 dissociation through E2F1 phosphorylation. In
fact, E2F1 seems to bind all of the Sp1 and ATF2 target promoters we identified
for differential binding following DNA damage, which could potentially facilitate
regulation of other transcription factors by TAF1. In addition, it is also possible
that Sp1 and ATF2 may be phosphorylated by TAF1 in vivo, but not in vitro, due

to lack of proper in vivo configuration and interaction partners.

Finally, both E2F1 and FOXM1 are known regulators of cell cycle,
responsible for the transcription activation of a host of required genes. Though
their classically understood function is to promote cell proliferation, they have
also been implicated in the DNA damage response. It is well documented that
the complex role of E2F1 in altering cell fate is tightly regulated by a range of
posttranslational modifications that, through different mechanisms. TAF1 has
previously been shown to play a critical role in cell G1 progression (Wang and
Tjian 1994; Li et al 2004). Thus, the work presented here, revealing TAF1 as a
negative regulator of E2F1 and FOXM1 under DNA damage conditions, expand
our understanding of TAF1 kinase activity in regulating cell cycle. Furthermore,

regulation by TAF1 is likely an important factor influencing the role of E2F1 and
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FOXM1 in the DNA damage response. Interestingly, TAF1 has been suggested
as a significantly mutated gene in multiple cancer types (Kandoth et al., 2013). A
recent study predicted TAF1 as a likely oncogenic cancer driver in uterine corpus
endometrial carcinomas (UCEC) (Bailey at al., 2018). Given its role in cancer,
negative regulation of E2F1 and FOXM1 by TAF1 through phosphorylation could
potentially be perturbed with mutation, contributing to cancer progression.
Though this requires further investigation, the research presented here may help

to unravel some of the complex regulatory mechanisms altered in cancer cells.

2.5 Materials and Methods

Reagents, transfection and antibodies

For inhibition of PARP-1, cells were treated with 1uM 4-AN (Trevigen) 30
minutes prior to UV irradiation. For inhibition of AMPK, cells were treated with
10puM Compound C (Millipore) 30 minutes prior to UV irradiation. For inhibition of
TAF1, cells were treated with 40uM Apigenin (Sigma) 6 hours before harvesting.
For inhibition of CDK8, Sel-120 34A (MedChemExpress) was added to in vitro

phosphorylation reaction at the indicated concentrations.

Transfections were performed using BioT (Bioland Scientific) according to
manufacturer’s protocol. For overexpression of wildtype E2F1, S375A, or S375D,
the genes were cloned into pcDNA3.1 vector with FLAG tag via PCR and
prepared using ZymoPure Il maxiprep kit (Zymo). For overexpression of wildtype
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or kinase dead TAF1, pCMV-HAhRTAF11 or p-LXSN-MT-TAF1N1398 A2/N7Ala2

plasmids were prepared using ZymoPure Il maxiprep kit (Zymo).

Antibodies used for Western Blot: anti-TAF1 (6B3, Santa Cruz
Biotechnologies), anti-Vinculin (Vin-11-5, Sigma), anti-E2F1 (KH95X, Santa Cruz
Biotechnologies), anti-phospho (Ser375) E2F1 (Clone 71-10, Sigma). Antibodies
used for ChlIP assay were: anti-p53 (FL393, Santa Cruz Biotechnologies), anti-
E2F1 (#3742, Cell Signaling), anti-FOXM1 (K-19X, Santa Cruz Biotechnologies),
anti-ATF2 (C-19X, Santa Cruz Biotechnologies), anti-Sp1 (PEP2X, Santa Cruz

Biotechnologies), anti-TAF1 (Ab1230), and anti-FLAG M2 (Sigma).

ChIP analysis

ChIP experiments were carried out as previously described (Li et a.,
2007). U20S cells were treated with 20 J/m? UVC, nuclear extracts were
collected at indicated times post UV treatment, and sonicated to generate
chromatin fragments of ~300 bp.

Primer set information: p21: 5-GTGGCTCTGATTGGCTTTCTG and 5'-
CTGAAAACAGGCAGCCCAAG, SOD1: 5-ATTGGTTTGGGGCCAGAGTG and
5-CTCGCAAACAAGCCTCCGTC, SIRT1: 5- GGAGCGGTAGACGCAACA and
5-CGTCCGCCATCTTCCAACT, BRIP1: 5- CGTGGACTTCCCTCCGACTT and
5-ATTCGTCTCGGGTTGTGTGG, POLE2: 5- CTTCCCTCTCGCCCTTCAA and
5- ACTTTCAGCCTACTCGGTCC, BRCA2: 5-TGATAGAAGGTGGAAATGAGG

and 5’- CATAAGGGGGCAGAATAAGAG, SOD2: 5'-
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GGCTCAACATGCTGCTAGTG and 5- CGCTTTCTTAAGGCCCGC, RPS9: 5'-
CCTCTTTCTCAGTGACCGGG and 5'- GTTCAACCACCCTGCTCTGT, PIGT: 5-
CCTGCCTACTCCCTCTCGT and 5- CCGGGATGCGGTTATCAGAG, MSH6: 5'-
TTTAAATACTCTTTCCTTGCCTGG and 5- TCTTCCGCTTTCGAGCAACT,
RAD23B: 5-CCTTGGGTTGGGCAGTAAATC and 5'-
GCACTGGTGTGAAGTGTGAGA, API5: 5" -GGTCAGGACAAGGATAGCGG and
5 -CGGGGACTCAACTCACCTG, RPA2: 5 -TGGTTTTCCGCTATTCCCCC and
5 -GCTCGCCCTCTTGCTAAAAC.

All binding sites were amplified with 30-35 cycles PCR and analyzed by agarose
gel electrophoresis and ethidium bromide staining.

Library generation and lllumina sequencing

Cells were fixed with 1% formaldehyde for 15 minutes and chromatin was
sheared using Diagenode Bioruptor to a size of 200-400 bp. 45ug of sheared
DNA was immunoprecipitated with anti-TAF1 antibody and Protein A beads
(Pierce), washed, and eluted with 1% SDS. 5ug was set aside as input DNA.
Following RNase A treatment (Qiagen) and reverse crosslinking, DNA was
purified using QIAquick PCR purification kit (Qiagen). Libraries for lllumina
sequencing were prepared using the lllumina-compatible NEXTflex ChIP-seq Kit
(Bioo Scientific) as described (Li et al., 2007). The resulting DNA libraries were
validated and quantified by checking the purity, concentration, and size of the
amplicons on the Agilent Bioanalyzer High Sensitivity DNA Chip. Sequencing

was performed on lllumina HiSeq 2000 instrument.
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Data Analysis:

ChIP-Seq data sets were aligned using Bowtie2 (version 0.12.8)
(Langmead et al., 2009) to the human reference genome (GRCh37/hg19).
Alignment files were analyzed with MACS2 v. 2.0.10 using a 0.001 g-value cutoff
(Zhang et al., 2008) to identify the TAF1 peaks. The R Bioconductor package
ChlIPpeakAnno (Zhu et al, 2010) was used to analyze peaks identified by ChiIP-
seq to acquire the closest Ensembl gene (10kb around transcription start site).
MACS was also used for TAF1 differential binding analysis using the C3
stringency parameter (-logio(pvalue)=3, pvalue of < 0.001) to compare difference
in binding between 2 conditions. This was used to find genes with significant
increase in binding from 0 to 8 hours, decrease from 8 to 16 hours, and increase
from 16 hours to 16 hours plus apigenin. We used the k-means clustering
function of the Cistrome ‘Heatmap’ tool (Liu et al, 2011) to display TAF1 ChlP-
Seq levels on heatmaps. In this analysis, the signal profiles from 0, 8, 16, and
16hr +API were entered into Cistrome along with a BED file containing the
genomic regions centered at the summits of TAF1 peaks at 8hr after DNA
damage to generate heatmaps. In the heatmap representation, each row
represents the £2.5 kb centered on the summit of TAF1 enriched peaks and
ranked according to the enrichment of TAF1occupancy at 8 h after DNA damage.

TAF1 kinase assay

Flag tagged TAF1 and kinase-dead TAF1 were expressed in SF9 insect cells

using baculovirus expression system, immunoprecipitated with ant-FLAG M2
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Affinity Gel (Sigma) and eluted with FLAG peptide. His-RAP74, GST-E2F1, His-
FOXM1, GST-Sp1, GST-ATF2 were expressed in E. coli and purified with either
Ni-NTA resin (Qiagen) or Glutathione affinity gel (GE Healthcare). In vitro TAF1
phosphorylation reactions were carried out with ~50ng of TAF1 and 100-200ng of
substrate as previously described (Li et al., 2004). Phosphorylation was detected

by autoradiography.

Mapping E2F phosphorylation site

E2F1 serine-to-alanine mutants were made by site-directed mutagenesis
using QuickChange Il kit (Agilent) according the manufacturer’s protocol. Primer
information: S364A: 5’ -TTGTCCCGGATGGGCGCCCTGCGGGCTCCCGTG
and 5 -CACGGGAGCCCGCAGGGCGCCCATCCGGGACAA
S375A: 5" -GACGAGGACCGCCTGGCCCCGCTGGTGGCGGCC and 5’ -
GGCCGCCACCAGCGGGGCCAGGCGGTCCTCGTC
S382A: 5’ -CTGGTGGCGGCCGACGCGCTCCTGGAGCATGTG and 5’ -
CACATGCTCCAGGAGCGCGTCGGCCGCCACCAG
S392A: 5" -GTGCGGGAGGACTTCGCCGGCCTCCTCCCTGAGGAGTT and 5’ -
CTCAGGGAGGAGGCCGGCGAAGTCCTCCCGCACATGCT
S401A: 5 -CCTGAGGAGTTCATCGCCCTTTCCCCACCCCAC and 5’ -
GTGGGGTGGGGAAAGGGCGATGAACTCCTCAGG
S403A: 5 -GAGTTCATCAGCCTTGCCCCACCCCACGAGGCC and 5’ -

GGCCTCGTGGGGTGGGGCAAGGCTGATGAACTC
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T433A: 5" -GACTTTGGGGACCTCGCCCCCCTGGATTTCTGA and 5’ -

TCAGAAATCCAGGGGGGCGAGGTCCCCAAAGTC

RT-qPCR

RNA was extracted cells using TRIzol reagent (Sigma) according to
manufacturer’s protocol. Reverse transcription was carried out using iScript
Reverse Transcription Supermix (Bio-rad). RT-gPCR was performed using iQ
SYBR Green Supermix (Bio-rad) on a CFX96 Real Time System (Bio-rad).
Primer set information: SIRT1:5-GGGAAGATTGCTCAGGGGTAA and 5'-
TGAGGCACTTCATGGGGTATG
GAPDH: 5-AGGTGAAGGTCGGAGTCAAC and 5-
GACAAGCTTCCCGTTCTCAG
p21: 5-GACACAGCAAAGCCCGGCCA and 5-CAACTCATCCCGGCCTCGCC
SOD2: 5-GAAACCAAGCCAACCCCAAC and 5-TCCAGGTGTCGCATTCTGAT
AP15: 5-TCTCCAGGGTAAAACGGGTG and 5-
TGAAAAACTCCCAACACAAGTC MSH6: 5 -TACAAGGACTGGCAGTCTGC
and 5 -CAGCTGGCAAACAGCACTAC
RPA2: 5 -AACACTGTGGTTCCTCCAGAA and 5’ -
ACTTCCCATTAAACAGGGAGAC
CTNNBIP1: 5 — AGCTGCCTCCGCACTCCATC and 5’ -

TGAGGAAGGAGATGGGATCA
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Figure 3.1 TAF1 ChiIP-seq and analysis (A) Heatmap of TAF1 ChlP-seq carried
out at 0, 8, 16 hours after UV irradiation and 16 hours plus TAF1 kinase inhibitor,
apigenin. Each row represents the +2.5kb region centered on TAF1 peaks bound
at 8 hours post UV and is ranked by TAF1 occupancy. X-axis represents
distance from the transcription start site (TSS), and Y-axis shows pileup number.
(B) TAF1 bound peaks that meet the C3 statistical stringency parameter for each
indicated differential binding analysis overlap. (C) PANTHER Reactome pathway
analysis of 421 promoters that are uniquely mapped from the 475 TAF1 bound
peaks resulting from the differential binding analysis shown in panel B. Shows 10
most statistically overrepresented pathways. (D) UCSC genome browser shots of
TAF1 peaks on API5 and RPA2 promoter at indicated time points following UV
treatment from ChIP-seq. binding analysis shown in panel B. Shows 10 most
statistically overrepresented pathways. (E) Overlap of TAF1 ChlP-seq dataset
with ENCODE datasets from 6 other indicated cell lines.
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Figure 3.2 TAF1 ChIP-seq at 8 hours following UV and 8 hours plus
apigenin Heatmap of 8kb regions of TAF1 bound peaks at 8 hours following UV
treatment and 8 hours plus apigenin. Heatmap ranked by TAF1 occupancy at 8

hours following UV.
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Rank ChIP-seq Promoter (421) Rank ChIP-seq Promoter (421)

1 Pol2 398 51 Maz 150
2 Pol2 366 52 Pax5c20 146
3 Pol2 356 53 Nrsf 145
4 Pol2 346 54 Elf1 144
5 Pol2 324 55 Foxm1 136
6 Pol2 34 56 Ets1 135
7 Tafl 316 57 Thirl 133
8 Pol2 306 58 Max 132
9 Pol2 304 59 nf1 126
10 Pol2 301 60 Spl 125
1 Pol2 288 61 Elkl 124
12 Pol2 288 62 Jund 123
13 Pol2 287 63 Atf2 122
14 Pol2 284 64 Ctef 120
15 Pml 283 65 Sixs 120
16 Pol2 282 66 Tef12 118
17 Elf1 280 67 Tef12 117
18 Mxil 276 68 Nrfl 116
19 Pol2 276 69 Cebpdsc636 115
20 Pol2 274 70 Nfic 115
21 vl 71 71 Tef3 115
22 Yyl 269 72 Nfic 114
23 E2f1 266 73 Whip 112
24 Tafl 265 74 Cmyc 109
25 Sin3ak20 259 75 Pax5n19 108
26 Mxil 257 76 Bhlhe40c 106
27 Tbp 249 7 GrDex100nm 106
28 Pol2 248 78 BhlhedOc 105
29 Tafl 244 79 Chdl 105
30 Cmyc 239 80 Zbth33 104
£ Maz 236 81 Cmyc 103
32 Runx3 230 82 Chd2 102
33 Creb1Dex100nm 229 83 Sixs 102
£ Pol2 228 84 srf 102
35 Cmyc 227 85 Nfyb 101
36 Sin3 227 86 Belafl 100
37 Yylc w2 87 RfxS 95
38 Nrsf 219 88 NfkbTnfa 94
39 Top 207 89 Cref 92
40 Gabp 204 80 Ctef 89
41 Chd2 203 81 E2f4 88
42 Max 202 92 Mta3 87
43 Gabp 198 93 Ctcf 85
44 EIf1 197 84 Ebfl 85
45 Pou2f2 189 95 Kapl 82
46 Spl 173 96 Pul 81
47 Egrt 172 97 Ctef 80
48 Gabp 166 98 Etsl 79
49 Max 158 99 Sin3ak20 ]
50 Mybl25c81192 153 100 Hdac2 78

Table 3.1 Top 100 ranked transcription factors bound to 421 promoters 100
transcription factors from ChlP-seq datasets on ENCODE database that bind to
the 421 promoters found in TAF1 differential binding analysis. Proteins are
ranked by the number of the 421 promoters they bind to from TAF1 analysis.
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Figure 3.3 Binding patterns of FOXM1, Sp1, ATF2, and E2F1 following UV
treatment (A) ChIP-PCR for p53, FOXM1, Sp1, ATF2, E2F1, and TAF1, on
multiple promoters from differential binding analysis. Carried out at 0, 8, 16 hours
post UV, and 16 hours + apigenin. (B) ChIP-gPCR validation for FOXM1, Sp1,
ATF2, and E2F1 binding after UV treatment. (C) hnRNA fold change for target
genes that ChIP-qPCR were carried out on.
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Figure 3.4 TAF1 phosphorylates E2F1 and FOXM1 (A) In vitro kinase assay
with purified RAP74, E2F1, FOXM1, ATF2, and Sp1 with TAF1, visualized by
autoradiography. Top bands are TAF1 autophosphorylation. (B) /n vitro kinase
assay with purified RAP74, E2F1, and FOXM1 with TAF1, showing inhibition by
apigenin, visualized by autoradiography. (C) Promoter binding for p53, FOXM1,
and E2F1 with stabilized ATP levels at 0, 8, and 16 hours post UV by inhibiting
PARP-1 and AMPK with 4AN and Compound C, respectively, analyzed by ChIP-
PCR.
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Figure 3.5 TAF1 phosphorylates E2F1 at Ser375 (A) Schematic of 4 domain
truncations of E2F1. (B) TAF1 in vitro kinase assay with 4 E2F1 truncations,
including inhibition by apigenin of TAD domain, phosphorylation visualized by
autoradiography. (C) TAF1 in vitro kinase assay with E2F1 TAD domain
phosphorylation-deficient mutants, visualized by autoradiography (D)
Phosphorylation of E2F1 on Ser375 with transfection of empty vector, TAF1, or
kinase-dead TAF1 overexpression plasmids, visualized by Western Blot using
phospho-S375 E2F1 antibody. (E) /n vitro kinase assay showing phosphorylation
of E2F1 by purified TAF1 or CDK8 with increasing concentration of CK8 inhibitor,
SEL 120-34, visualized by autoradiography.
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Figure 3.6 Purification of RAP74, E2F1, FOXM1, ATF2, Sp1, TAF1, CKD8,
Cyclin C, and MED12. (A) Coomassie stained SDS-PAGE gel of RAP74, E2F1,
FOXM1, ATF2, and Sp1, expressed in E. coli and purified using indicated affinity
tags. (B) Silver stained SDS-PAGE gel of wildtype TAF1 and kinase dead TAF1
(K.D.) expressed in insect cells and purified via FLAG-tag. (C) Coomassie
stained SDS-PAGE gel showing truncated domains of E2F1 purified from E. coli
via GST-tag. (D) Purified bacteria expressed mutants of E2F1 TAD domain
visualized via Coomassie stained SDS-PAGE. (E) Coomassie stained SDS-
PAGE gel showing co-purified CDK8 and Cyclin C co-expressed in insect cells
and co-purified via FLAG-tag on CDK8. (F) Coomassie stained SDS-PAGE gel
on purified MED12 expressed in bacteria and purified via GST-tag.
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Figure 3.7 Phosphorylation of E2F1 and FOXM1 leads to reduced promoter
occupancy and target gene expression. (A) Promoter binding of p53, E2F1,
and FOXM1 with overexpression of wildtype or KD-TAF1, analyzed by ChlP-
PCR. (B) hnRNA fold change of p53, E2F1, and FOXM1 target genes with
overexpression of wildtype or KD-TAF1 analyzed by RT-gPCR. (C) Cells were
co-transfected with TAF1 (empty vector, wildtype TAF1, or KD-TAF1) and FLAG-
E2F1 (wildtype E2F1, S375A, or S375D) and promoter binding was analyzed by
ChIP-PCR using anti-FLAG antibody to pull down exogenously expressed E2F1.
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Chapter 4: Conclusion
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4.1 Conclusions:

As a member of the general transcription machinery, TAF1 plays a critical
role in the expression of protein coding genes. TFIID, the complex TAF1
associates with, is first to recognize and bind to a gene promoter, seeding the
transcription preinitiation complex (Thomas and Chiang, 2006). However, TAF1
is a unique protein among the general transcription machinery as it has a diverse
range of enzymatic functions which gives rise to gene specific regulation. TAF1’s
HAT and kinase activity have both been shown to have a transcriptional
consequence specifically for cell cycle related genes and furthermore, loss of
either domain leads to cell cycle arrest (Noguchi et al., 1994; O'Brien and Tjian,
1998). Our lab has previously reported a mechanism by which TAF1 regulates
cell cycle through phosphorylation of tumor suppressor p53 (Wu et al., 2014).
The results described in this dissertation offer new insights into how TAF1 kinase

activity affects cell cycle regulation.

E2F1 and FOXM1 are both master regulators of cell cycle and the DNA
damage response (Liao et al., 2018; Roworth et al., 2015). We found that
phosphorylation of these two transcription factors by TAF1 leads to a reduction in
promoter binding and expression levels of target genes. Given the nature of
TAF1 kinase being cellular ATP dependent, this implies that FOXM1 and E2F1

transcriptional activity can be regulated by metabolic ques. As our lab has
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extensively studied, p53 is regulated during the DNA damage response by ATP
fluctuations sensed by TAF1 kinase (Wu at al., 2014). The findings presented
here suggest that this is also the case for E2F1 and FOXM1. In the early stages
of DNA damage there is a reduction in TAF1 kinase activity caused by PARP-1
mediated ATP depletion, during this time we see a corresponding increase in
E2F1 and FOXM1 binding to promoters. When ATP levels recover and TAF1
kinase becomes active again we see a drop in E2F1 and FOXM1 binding. This is
the same trend seen with p53 on the p21 promoter. This suggests that TAF1
plays an important role in orchestrating the DNA damage response with the
ability to mediate stabilization of p53, E2F1, and FOXM1 on target genes and
later terminate transcription through the effect that the ATP status of the cell has

on its kinase domains.

The E2F1 target genes focused on in this study were AP15 and RPA2. ChlP-
seq analysis showed a high degree of differential TAF1 binding on these promoters
during times of altered cellular ATP, and in the presence of the TAF1 kinase
inhibitor, apigenin. The function of API5 (apoptosis inhibitor 5) remains largely
ambiguous, particularly in DNA damage conditions; it has been shown to inhibit
E2F1-induced apoptosis in response to certain stressors like a-toxin but, despite
its name, does not seem to have an anti-apoptosis effect in cells that have
undergone DNA damage (Imre and Rajalingam, 2018). RPA2 is a single stranded
DNA binding protein involved in DNA replication and DNA damage repair which

becomes phosphorylated following DNA damage and facilitates homologous
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recombination (Shi et al., 2010). Given that the role of API5 in DNA damage
conditions is not well understood, it is hard to speculate whether the
phosphorylation of E2F1 which leads to a reduction in API5 expression would have
a pro-growth effect or the opposite, or what the consequence for the DNA damage
response might be. However, for RPA2, which is involved in DNA repair, it makes
sense that the TAF1-E2F1 interaction leads to an induction of expression in the

early stages of DNA damage and later facilitates termination of transcription.

The FOXM1 targets we looked at were BRIP1, SIRT1, and POLE2. These
are all heavily involved in DNA damage response. With low TAF1-mediated
phosphorylation in the early stages of DNA damage, FOXM1 stabilizes on these
promoters to induce expression, allowing these DNA repair genes to function at
the appropriate time. And like with p53, and E2F1, at the later stages of DNA
damage TAF1 mediates termination of transcription of these genes. This makes
physiological sense and suggests that TAF1 is one of the many proteins involved

in coordinating the appropriate transcriptional response to DNA damage.

From an evolutionary standpoint, it makes sense that that cells would have
evolved a mechanism to harness this fluctuation in cellular ATP caused by one
component of the DNA damage response as a signal to elicit another. This also
brings up the question of how individuals with metabolic disorders, such as
diabetes, would be affected by this regulatory mechanism. A major phenotype of
diabetes is hyperglycemia, which results in increased ATP production in certain

tissues; this could result in aberrant activation of TAF1 kinase leading to reduced
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levels of p53, FOXM1, and E2F1 target genes. As these transcription factors are
all regulators of cell cycle as well as the DNA damage response, this regulation
may play a part in diabetes leading to an increased risk of cancer, a phenomenon
that has been extensively studied (Giovannucci et al., 2010). Some experiments
currently ongoing in our lab involving high glucose treatment of cells may be able

to shed light on these questions.

Another potential avenue of study that the work described in this
dissertation leads to, is the investigation of the role that acetylation may play in the
regulation of E2F1 and FOXM1 by TAF1. Our lab has previously shown that TAF1
is recruited to the p21 promoter by acetylated p53 through interaction with TAF1’s
double bromodomain (Li et al.,2007). E2F1 and FOXM1 are both acetylated by
P300, the same enzyme responsible for p53 acetylation (Lv et al., 2016; Marzio et
al., 2000). It's possible that TAF1 is recruited to FOXM1 and E2F1 target promoters
through its double bromodomain. This could give rise to a similar mechanism of
regulation as is seen with p53 where acetylation-mediated recruitment of TAF1
leads to transcriptional activation which is later terminated through TAF1’s kinase

domains (Li et al., 2007; Wu et al., 2014).

On a genome wide scale, E2F1, FOXM1, and p53 combined bind to an
enormous set of gene promoters. The ability of TAF1 to regulate the DNA binding
of these transcription factors provides new explanations for the results of older
reports that the kinase domains of TAF1 are necessary for cell cycle progression.

It would be interesting to examine this more quantitatively by doing performing an
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RNA-seq experiment with a cell line that expresses a kinase dead TAF1. This
would allow us to see exactly what genes are affected by TAF1-mediated
phosphorylation. It would also be interesting to do something similar with the other
domains of TAF1 such as the double bromodomain, HAT, and UBAC domain,

assuming altering these wouldn’t completely disturb basal transcription.

TAF1 is one of the most commonly mutated general transcription factors in
cancer (Kandoth et al., 2013). While the most common mutations to TAF1 in
cancer occur within the HAT domain, there are many that have appeared in cases,
according to The Cancer Genome Atlas, that occur within both the NTK and CTK.
The kinase activity of TAF1 has the ability to regulate p53, E2F1, and FOXM1
which are major effectors in cell cycle. It's possible that mutations and subsequent
alterations to the kinase domains of TAF1 could have an effect on regulation of
these cell cycle proteins and confer an oncogenic phenotype. Further analysis
would need to be performed to investigate this possibility. Interestingly, apigenin,
a known TAF1 kinase inhibitor which we’ve employed in many experiments
described in this dissertation, has been shown by many publications to have an
anti-cancer effect (Sung et al., 2016; Yan et al., 2017). While apigenin, a naturally
occurring ATP analog, does have multiple targets other than TAF1, the data
presented in this dissertation may provide further insight into how this molecule
confers anti-cancer effects. Furthermore, this implicates the kinase domains of

TAF1 as a possible drug target for cancer therapy.
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The implications of phosphorylation-mediated transcriptional regulation
facilitated by TAF1 are uniquely interesting when viewed in the context of brain
cells. Mutations in the TAF1 gene, and a neuron-specific isoform, N-TAF1, have
been found to be associated with intellectual disability and X-linked dystonia-
parkinsonism (Gudmundsson et al., 2019; Sako et al., 2011). The TAF1 mutations
observed in patients with intellectual disability are most commonly found in the
HAT domain, double bromodomain, and RAP74-interacting domain (O’Rawe et al.,
2015). N-TAF1 has an insertion of a 6 nucleotide microexon as a result of a neuron-
specific splicing factor, SRRM4/nSR100 (Capponi et al., 2019). It is not known how
these variations to the TAF1 gene affect kinase activity but it's conceivable that
alterations to the protein could have an effect on the kinase domains or interaction
with phosphorylation targets. This also begs the question of how, or if, neuron-
specific TAF1 variations play any part in brain cancer progression. As we've
demonstrated in this dissertation, TAF1 not only regulates p53, but also FOXM1
and E2F1, all of which are dysregulated across many cancer types; variations in
TAF1 could have an effect on this regulation in neural tissues. Furthermore,
metabolic pathways have been suggested as therapeutic targets for glioblastoma;
inhibiting metabolic pathways could alter cellular ATP levels and have an effect on
TAF1 kinase-mediated regulation of p53, FOXM1 and E2F1, perhaps playing into

the benefit of these drugs (Marie and Shinjo, 2011).
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