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Summary

SUMMARY

Expression of the MYC oncoprotein, which binds the DNA at promoters of most
transcribed genes, is controlled by growth factors in non-tumor cells, thus stimulating cell

growth and proliferation.

Here in this thesis, it is shown that MYC interacts with SPT5, a subunit of the RNA
polymerase II (Pol II) elongation factor DSIF. MYC recruits SPT5 to promoters of genes
and is required for its association with Pol II. The transfer of SPT5 is mediated by CDK7
activity on TFIIE, which evicts it from Pol II and allows SPT5 to bind Pol II.

MYC is required for fast and processive transcription elongation, consistent with known
functions of SPTS5 in yeast. In addition, MYC increases the directionality of promoters by

stimulating sense transcription and by suppressing the synthesis of antisense transcripts.

The results presented in this thesis suggest that MYC globally controls the productive
assembly of Pol II with general elongation factors to form processive elongation
complexes in response to growth-factor stimulation of non-tumour cells. However, MYC
is found to be overexpressed in many tumours, and is required for their development and

progression.

In this thesis it was found that, unexpectedly, such overexpression of MYC does not
further enhance transcription but rather brings about squelching of SPTS. This reduces
the processivity of Pol I on selected set of genes that are known to be repressed by MYC,
leading to a decrease in growth-suppressive gene transcription and uncontrolled tumour

growth.

Apoorva Baluapuri - February 2021 1



Zusammenfassung

/USAMMENFASSUNG

Die Expression des MY C-Onkoproteins, das die Promotoren der meisten exprimierten
Gene bindet, wird in gesunden, nicht transformierten Zellen durch Wachstumsfaktoren

reguliert und fordert das Zellwachstum und die Zellteilung.

In dieser Arbeit wurde die Interaktion zwischen MYC und SPT35, einer Untereinheit des
RNA-Polymerase (Pol II) Elongationsfaktors DSIF gezeigt. MY C ist fiir die Rekrutierung
von SPT5 an Promotoren und die Assoziation mit Pol II notwendig. Der Transfer von
SPTS5 auf Pol II setzt die Aktivitdt der Proteinkinase CDK7 voraus, die TFIIE aus dem
Pol II Komplex entfernt und es so SPT5 ermdglicht, an Pol II zu binden.

MYC wird fiir eine schnelle und prozessive Transkriptionselongation bendtigt, was mit
bekannten Funktionen von SPT5 in Hefe iibereinstimmt. Zusétzlich erhoht MYC die
Direktionalitit von Promotoren, indem es die Sense-Transkription stimuliert und die

Synthese der Antisense-Transkripte unterdriickt.

Die in dieser Arbeit vorgestellten Ergebnisse legen nahe, dass MYC in normalen, nicht-
transformierten Zellen die produktive Assemblierung von Pol II mit allgemeinen
Elongationsfaktoren global steigert, um prozessive Elongationskomplexe als Reaktion
auf die Wachstumsfaktorstimulation zu bilden. Die meisten humanen Tumore
exprimieren jedoch deutlich erhohte Mengen des MYC Proteins, das fiir

Tumorentstehung und Progression benétigt wird.

In dieser Arbeit wurde festgestellt, dass eine solche Uberexpression von MYC
unerwarteterweise keine weitere Steigerung der Expression mit sich bringt, sondern zur
Sequestrierung von SPTS5 fiihrt. Dies reduziert die Prozessivitit von Pol II an
ausgewdhlten Genen, welche durch MYC bekannterweise supprimiert werden, was zu
einer Abnahme der wachstumsunterdriickenden Gentranskription und zu einem

unkontrollierten Wachstum fiihrt.

2 Apoorva Baluapuri - February 2021



Introduction

I INTRODUCTION

In multicellular organisms, the DNA sequence remains constant throughout the somatic
and germ cells. However, the messenger RNA (mRNA) transcribed from the DNA, which
in turn gets translated to proteins, varies from cell to cell, time to time, and also differs
between diseased and healthy cells. This regulation not only makes multicellular
organism possess variability in cell type, but also gives them ability to respond to external

cues from environment (like growth factors).

One way to bring about such variety of mRNA production is to regulate the behaviour of
the key enzyme which is responsible. The molecular structure and behaviour of this
enzyme, RNA Polymerase II (Pol II) is conserved (partially) across the metazoans and its
distribution on chromatin changes in response to a variety of proteins, called transcription
factors (TFs). Such factors could operate in many ways, but a key feature of these proteins
is the ability to bind to DNA in a sequence specific manner. Among the many TFs which
regulate cellular functions involved in cell growth and proliferation, is the widely studied
onco-protein MYC. It brings about its action by altering the distribution and behaviour of
Pol II, but the exact mechanisms by which this phenomenon is carried out, remains

hitherto unknown.
1.1 Physiological and Oncological Functions of MYC

1.1.1 Expression of MYC and its relation to Oncogenesis

Tumour formation in humans and murine experimental systems is usually driven by
deregulated protein function (Hanahan and Weinberg, 2011). This deregulation of protein
function can be caused due to either a change in amino acid sequence of the proteins, or
due to change in its levels. These proteins arise from genes that belong to a certain class
of gene called oncogenes. One such example of an oncogene is KRAS. Like other
members of this gene family, the protein from this gene is a GTPase and a key player in
multiple signal transduction pathways. According to The Cancer Genome Atlas (TCGA),

mutations in KRAS gene are found to be present in more than 40% of all patients in the

Apoorva Baluapuri - February 2021 3



Introduction

TCGA database (Cerami et al., 2012). These mutations, occurring from a single
nucleotide substitution, are in turn responsible for change in single amino acid resulting

eventually in a gain of function mutation of KRAS function.

In contrast, there are certain proto-oncogenes, whose oncogenic function is not resulting
from changes in amino acid sequence, but from the levels of protein. One such example
of such genes is the MYC family of genes, alterations of which are found in more than
10% of all patients in the TCGA database (Gao et al., 2013) and in 28% of pan cancer
occurrences. In published reports, MYC amplifications in breast cancer were found in as

many as 48% of cases and up to 78% in osteosarcoma (Schaub et al., 2018).

MYC proteins, which consist of c-MYC (from MYC gene), MYCN (from MYCN gene)
and MYCL (from MYCL gene), are known to be expressed at higher levels in tumour
compared to the normal tissue (McKeown and Bradner, 2014) and are one of the most
highly amplified oncogenes in various cancers types (Dang, 2012). For example, genomic
rearrangement events like chromosomal translocation which result in the juxtaposition of
the open reading frame (ORF) sequence for MYC from chromosome 8 with sequences
from IgH genes’ enhancer elements in chromosome 14, are the key cause of Burkitt’s
Lymphoma (Hayday et al., 1984). Since these enhancer elements are specifically active
in mature B-cells, the translocation of MYC to IgH locus drives high levels of MYC
mRNA and protein in B-cells (ar-Rushdi et al., 1983) (Schmitz et al., 2014). Similar
mechanism is the causative action behind tumour progression in multiple myeloma as
well (Shou et al., 2000). Comparably, in case of medulloblastoma, the most common type
of childhood brain cancer, the G3 subgroup which is characterized by comparatively poor
prognosis, is known to be stratified by high MYC expression as well (Roussel and
Robinson, 2013) (Vo et al., 2016).

However, amplification of the gene is just one of the mechanisms by which MYC levels
are elevated. Increased levels of MY C family of proteins can, in fact, stem from multiple
mechanisms. Since MYC is downstream of key pathways involved in cell growth and
proliferation pathways, their deregulation often results in high levels of MYC in the
resulting tumours. For example, defects in the WNT-APC pathway found in human colon
carcinoma results in overexpression of MYC (He, 1998). MYC levels are also affected in
leukaemia arising from deregulation of Notch signalling pathways (Palomero et al.,

2006). Multiple E3 ligases and mutation in thereof have been implicated in causing high
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Introduction

MYC levels, thus explaining MYC’s frequent overexpression without gene amplification

in tumours (Farrell and Sears, 2014).

1.1.2 The essential nature of MY C proteins

Key role of MYC in life cycle of cells and organisms is not restricted to only tumour cells.
In normal cells, MYC transfers environmental signals to cellular processes like
proliferation, apoptosis, energy metabolism, and differentiation (Eilers and Eisenman,
2008). This essential nature of MYC proteins in development and growth has been shown
multiple times using a multitude of experimental systems. In mice where the c-MYC gene
has been replaced by null alleles using homologous recombination, the homozygous
mutant mice did not complete the gestation cycle, had embryos with smaller size and the
yolk sac cells did not show signs of primitive haematopoiesis (Trumpp et al., 2001).
However, mice heterozygous for null allele escape embryonic lethality, but achieve body
mass which is considerably smaller their wild type litter mates (Trumpp et al., 2001)
(Dubois et al., 2008). In contrast, when the markers of aging like fibrosis, bone density
and cholesterol were studied in adult mice heterozygous for null allele, it was found that
they show lesser signs of aging when compared to mice expressing wild type alleles
(Hofmann et al., 2015), showing the differences in MYC function during embryogenic
development as compared to mature organisms. Surprisingly, proliferation assays on T-
cells from these mice showed that MY C was not required for T-cell activation in response
to antigenic stimulation, indicating that MYC’s effect on mammalian body size was
driven by change in cell number, and not cell size (Trumpp et al., 2001). Finally, in terms
of its functions at ectopic levels in mature cells, MYC was also identified as one of four
genes, called Yamanaka factors, other being SOX2, OCT4, and KLF4, that could
reprogram differentiated cells to a pluripotent stem cell state (Takahashi and Yamanaka,

2006), indicating its key role in stemness and differentiation as well.

1.1.3 MYC as a therapeutic target

In the last 30 years, multiple studies have proven the dependency of tumour initiation and
maintenance and MYC levels in many different experimental models (Dang, 2012). A
striking example of tumour initiation or development originating from MYC
overexpression has been shown in a mouse model for medulloblastoma (Kawauchi et al.,
2012), in addition to several other models, like for leukaemia, hepatocellular carcinoma

and mammary adenocarcinoma (Gabay et al., 2014).
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On the other hand, using mouse models, it had also been shown that a reduction in MYC
levels results in ablation of tumours. For example, in a mouse system for acute myeloid
leukaemia where MYC was overexpressed in haematopoietic cells, it was found that the
tumours established in this manner were actually reversible when MYC level were
reduced by a Tet-off system (Felsher and Bishop, 1999) (see 1.1.4 for details). This has
also been shown in a mouse model of colorectal cancer, where deletion of MYC in adult
small intestines results in abolishment of tumour formation due to repression of the WNT

pathway (Sansom et al., 2007).

This addiction of tumours to MYC can be appreciated further in mouse models, where
MYC driven tumours can be reversed. Tamoxifen driven MYC activation in adult mice
with homozygous alleles for MYC-ER chimeric protein (see 1.1.4 for details) results in
transformation of adenomas to adenocarcinomas which can be reversed by subsequent
deactivation of MYC (Kortlever et al., 2017). This reversible MY C switch has eventually
been shown for other kinds of tumour, like pancreatic ductal adenocarcinoma as well.

(Sodir et al., 2020).

A key point that emerges from the above studies is that since the tumours are dependent
on MYC, the systemic suppression of MY C expression in an organism could be beneficial
in terms of tumour regression, while having a low impact on key physiological functions
of MYC. One of the most striking proof of this principle originates from experiments
involving systemic conditional expression of a dominant-negative allele of MYC, called
OmoMYC (Soucek et al., 2008). In these studies, rapid regression of lung
adenocarcinomas and glioblastomas (Annibali et al., 2014) was induced but without
impacting proliferation of normal tissues in a major way, at least at early time points.
Such promising results have even given way to efforts which have raised OmoMYC from
proof of principle to a possibly feasible anti-MYC therapy, by bypassing the requirement

of germline engineering and delivering it directly to cells (Beaulieu et al., 2019).

Such studies, in addition to other, have raised the opportunity for a therapeutic potential
against MY C driven tumours by targeting either levels of MY C or by inhibiting the DNA-
binding capacity of MYC (Mass6-Vallés et al., 2020). Several other possibilities have
been put forward, not only to target MYC levels directly, but also by targeting its
cofactors (see 1.2 for details) and specific dependencies in tumour cells (Wolf and Eilers,

2020).
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However, successful application of these efforts into viable clinical drugs remains elusive
to date. This impediment originates from the fact that the exact mechanisms by which
MYC executes the essential role in a cell, are not fully understood. Hence, inhibition of
its physiological function could have deleterious effects on the cell. In fact, this was
already seen in mice with long term expression of OmoMYC, where the proliferative
intestine tissue was severely affected (Soucek et al., 2008). Additionally, such inhibition
of MYC could have extremely organ system specific results depending on the cellular
concentration (Lorenzin et al., 2016), and in absence of an understanding of what drives
this specificity mechanistically, it is difficult to design a fully viable therapy. This lack
of knowledge on MYC’s mechanism has been damping the efforts in development of

better drugs which can target MYC driven tumours.

Hence, the need for a detailed understanding of how MYC carries out its molecular
functions at different levels in a cell, is the underlying rational behind the work described

in this thesis.

1.1.4 Cellular and animal models to study MYC functions

The MYC phenotypes outlined in the earlier sections, both physiological and oncological
are a function of its levels in cells (Levens, 2013). In order to dissect its molecular
mechanism, many laboratories around the world have made consistent and continuous
efforts to modulate MYC levels in a wide variety of systems. While judging the utility of
a cellular system, two factors play a critical role. Firstly, the degree of change in MYC
levels can impact the phenotype in a major way. Given that low levels of MYC are found
in resting cells, while medium levels are indicative of proliferative cells as compared high
levels as found in cancer cells, the exact and complete change of MYC levels is a critical
requirement to study MYC function. Secondly, the degree of acuteness with which the
MYC levels are altered is also important since over long time periods, the possibilities of
resulting phenotype stemming from indirect effects of MYC level alteration cannot be

positively ruled out.

In terms of the magnitude of change in MYC levels, a system that has proven to be of
high utility in many studies involves the application of inducible tetracycline responsive-
promoter element (TRE). The TRE promoter, which is the basis of tetracycline resistance
in Gram-negative bacteria, can be stimulated either by reverse tetracycline-controlled

transactivator (rtTA) in response to doxycycline (dox) (“Tet-On”) treatment (Gossen et
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al., 1995) or it can be supressed using tetracycline-controlled transactivator (tTA) (“Tet-
Off”) upon dox treatment (Gossen and Bujard, 1992). Mice in which Myc expression was
placed under the control of tTA, expression of which was itself under the control of the
IgH enhancer and the SRa promoter (EpuSR-tTA), dox treatment resulted in stark
reduction of MYC levels with concomitant regression of the tumours which were
associated with high MYC levels (Felsher and Bishop, 1999). Similarly, T-cell
lymphomaMYC-Te-Off gygtem has been used to connect the link between MYC and TGF
autocrine signalling in lymphoma formation and maintenance (van Riggelen et al., 2010).
Additionally, Tet-on system has been applied in human osteosarcoma cell line resulting
in U208 MYC-Tet-On gygtem to study tumour specific gene expression profiles (Walz et al.,

2014) and to account for these profiles by promoter affinities (Lorenzin et al., 2016).

In terms of the acuteness of MYC activation, a ground-breaking cellular system was
developed more than 30 years ago which utilized conditional alleles of MYC by fusing
the hormone-binding domain of the human oestrogen receptor gene to the human MYC
(MYC-ER) (Eilers et al., 1989). In this system, the cells harbour a MYC-ER chimeric
protein that can be activated by 4-hydroxytamoxifen (OHT), which in turn shuttles the
protein from cytoplasm to nucleus via estradiol binding. Subsequently, this approach was
utilized to study MYC function in transgenic mice as well (Lawlor et al., 2006) where a
reversibly switchable model of tumour formation and regression was used. In fact,
application of this system in neuroblastoma cell lines for MYCN has already been useful
to study the molecular mechanisms impacted by MYCN since it generates a gene

expression profile that resembles MYCN amplified neuroblastoma (Herold et al., 2019).

While the Tet-on/off systems offer the advantage of drastic overexpression and depletion
of MYC protein in a cellular system context, it could take many hours before the effect
of such changes can be observed, whereas the ER system takes relatively short time to
manifest the effects. However, the Tet-on/off system imparts a tight control on MYC
expression, while the MYC-ER system is known to allow activation without OHT as well

(Sohal et al., 2001).

Additionally, cellular systems offer the advantage of being amenable to manipulation by
siRNA and shRNA as well. These methods can work very effectively (Lorenzin et al.,
2016) (Popov et al., 2007), but the depletion can be observed only after time period of

several hours.
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Cellular systems in which MYC levels can be altered within short time offer the
advantage that the effects can be interpreted as directly MY C driven without any caveats.
Extraordinarily rapid kinetics has been shown while using the auxin-inducible degron
(AID) system (Nishimura et al., 2009) to degrade AID-tagged MYC protein in K562 and
HCT116 cell lines within less than an hour, thus showing selective MYC dependent
amplification of genes involved in biosynthetic pathways (Muhar et al., 2018).

However, in spite of the extensive utility of the above-mentioned systems, they suffer
from a number of limitations. Firstly, acute systems like AID can only be used to deplete
MYC, and cannot be used to study the effect of its overexpression. Secondly, the same
cellular system cannot be used to study MYC functions at low, medium and high levels
in tandem. Only few studies have utilized a cellular system to study the phenotypes
without MYC while comparing it to normal cells and to cells with high MYC levels.
Hence, the resulting gap in our understanding of molecular mechanisms of MYC

functions across different levels is still conspicuous.

Here, in this work, it is attempted to bridge this gap by using a combination of siRNA
mediated depletion and Tet-on mediated overexpression (see 4.2) of MYC to modulate

its concentrations in U20S cells over two orders of magnitude.

1.2 Molecular Mechanisms of MY C function

MYC belongs to the basic helix-loop-helix family of transcription factors which regulate
transcription by binding to DNA at specific sites (Prendergast et al., 1991). Like all
transcription factors, MYC contains a trans-activation domain and DNA binding domain.
The N-terminus of MYC has been implicated in trans-activation and trans-repression of
many target genes, and thus termed as Transregulatory Domain. The amino acid sequence
of MYC protein indicates the presence of a dimerization interface comprising of basic
helix-loop-helix leucin zipper (bHLH-LZ) domain at the C-terminus, which binds to
DNA. Compared to this dimerization domain, the overall sequence homology of the N-
terminal is not particularly high among the MYC proteins (MYCN, CMYC and MYCL),
but it does include short stretches of amino acids that exhibit remarkable sequence

similarity (Fig 1.1).
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Figure 1.1 MYC boxes and their function.

Diagram showing conserved C-terminus domain responsible for DNA binding along with small stretches
of amino acids called the MYC boxes which show a high degree of conservation in the N-terminus.
Function definitions of MYC boxes 0-IV are based on deletions and/or point mutations. Examples of
proteins that interact with the relevant MYC boxes are indicated. AURKA, Aurora kinase A; BR, basic
region; FBXL3, F-box and leucine rich repeat protein 3; FBXW7, F-box and WD repeat domain containing
7; GSK3, glycogen synthase kinase 3; HCFCI, host cell factor C1; HLH, helix-loop-helix; LZ, leucine
zipper; MAX, MYC associated factor X; MIZ1, MYC interacting zing finger protein 1; P400, E1A binding
protein p400; PIN1, peptidylprolyl cis/trans isomerase NIMA-interaction 1; PP2A, serine/threonine protein
phosphatase 2A; TFIIF, general transcription factor IIF subunit 1; TRRAP, transformation/transcription
domain-associated protein; WDRS, WD repeat domain 5. This figure was published in similar form in

(Baluapuri et al., 2020).

These stretches of conserved amino acid sequences, called MY C Boxes, are six in number
and some of the functions and interacting proteins of the MYC boxes are well described
(Fig 1.1). Multiple studies over the last few decades have resulted in a detailed

understanding of the role of MYC’s protein structure towards its functions.

1.2.1 Structure of MYC protein

1.2.1.1 DNA-binding dimerization domain

The bHLH-LZ domain confers specificity to dimer partner via the helix-loop-helix-
leucine zipper (HLHZ) region and to DNA via interactions between the basic (b) region
and the major groove of the double helix. Another member of the same family of
transcription factors, MAX, serves as an obligate dimerization partner of MYC, and MYC
monomers have not been found. MYC’s DNA binding property, thus relies upon
heterodimerization of the MYC and MAX bHLH-LZ regions prior to sequence-specific
DNA binding (Blackwood and Eisenman, 1991). Such heterodimers bind to a core
hexanucleotide element (5'-CACGTG-3") (Blackwell et al., 1993) (Solomon et al., 1993),

termed the Enhancer box (E-box). Cocrystal structures of such heterodimers on their E-
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box targets have revealed how they can mediate specific, high-affinity DNA binding,
while indicating that leucine zipper residues specify MYC’s heterodimerization with

MAX (Nair and Burley, 2003).

However, several variations of the above-mentioned interactions and DNA binding exist.
MYC and MAX are just two of the members of a vast network of interacting transcription
factors (Conacci-Sorrell et al., 2014). In cells with oncogenic MYC levels, the zinc finger
protein MIZ1 (Myc- interacting zinc finger protein 1) dimerizes with MYC and is
recruited to the MYC target sites on DNA, thereby causing repression of such genes
(Peukert et al., 1997). However, mechanisms of formation of MYC, MAX and MIZ1
complex formation on promoters is not clear yet (Wiese et al., 2013). The E-box DNA
sequence is enriched in MYC binding sites on chromatin, but many of the binding sites
show non-consensus from this sequence suggesting that other variables regulate

chromatin binding of MYC as well (see 1.2.2) (Guo et al., 2014) (Lorenzin et al., 2016).

1.2.1.2 Transregulatory Domain

The N-terminus of MYC proteins consist of long regions of low complexity, which are
interrupted by stretches of high conservation, called MYC Boxes (MB), and the current
consensus defines six of them (MBO, I, II, IIla, IIIb and IV)(Meyer and Penn, 2008).
Some of the functions of MYC proteins are tightly linked to these MYC boxes. For
example, while MBI regulated MY C stability by its interactions of various E3-ligases and
kinases (Farrell and Sears, 2014), at the same time it also antagonizes function of FBXW7

via binding to Aurora Kinase A (AURKA) (Dauch et al., 2016).

MBII interacts with proteins involved in chromatin remodelling and histone acetylation
such as TRRAP (transformation-transcription domain-associated protein) (McMahon et
al., 2000) (McMabhon et al., 1998), NuA4 Complex and P400 helicase protein (Kalkat et
al., 2018). MBIIIb regulates histone H3Lys4 (H3K4) methylation to make active
promoters accessible for MYC by interacting with WDRS (Thomas et al., 2015). Such
examples are just a representative set of interactions which highlight the variety of roles

MYC fulfils through the MYC boxes.

However, while considering the role of the MYC boxes in MYC functions, it must be
noted that MYC proteins are actually intrinsically disordered except for the bHLHZ

domain, and resolve into structured form only when complexed with other proteins.
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Evidence for such complexes has been in abundance. For example, crystallographic
structures have been resolved for complexes of MYC with WDRS5 (Thomas et al., 2015),
TBP (Wei et al., 2019) and MYCN with AURKA (Richards et al., 2016).

In contrast to the detailed understanding of MYC boxes and the functions they execute,
the role of the regions which are not well conserved among MYC proteins (Fig 1.1) in

between the MY C boxes has been of rather limited nature.

1.2.1.3 Disordered Regions of MYC Proteins

Proteins which have disordered regions in their structure have been shown to separate
into membrane less regions in the cell in a dynamic fashion (Chong et al., 2018), where
they get separated from rest of the adjoining compartment due to the difference in the
regions’ physical properties (Brangwynne et al., 2009). This phenomenon is termed phase
separation of proteins, and its role in gene regulation was suggested for the first time in
context of single super enhancer locus being able to regulate transcription of many genes

at the same time in proximity of transcription factors (Sabari et al., 2018).

The same concept has now been extended to single transcription factors (TFs) activating
genes directly through the phase-separation capacity of their activation domains (Boija
et al., 2018). Even though MYC proteins have large regions within MYC boxes which
are disordered, the evidence and mechanisms for MYC participating in phase separation
is not yet clear. Studies of unperturbed phase separation of MYC with other TFs are
restricted only to in vitro experiments (Boija et al., 2018), and its relevance in cellular

context is not understood.

MYC proteins utilize a wide variety of mechanisms in order to fulfil their role as a
transcription factor and oncoprotein. An obvious question that arises in light of this
variety is which of these mechanisms can be rate limiting for gene regulation by MYC.
In the last few years, immense body of work has come up which describes the impact of

MYC on transcription of its target genes.

1.2.2 Target Genes of MYC proteins

As mentioned above, MY C shows enhanced affinity to E-boxes in vitro and consequently,
initial studies restricted their work on MYC binding to genes which had E-boxes at the

binding sites. However, the first genome wide studies showed that surprisingly, MYC can
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bind indiscriminately to the majority of promoters (Kim et al., 2008), many of which
lacked E-boxes (Fernandez, 2003) (Guo et al., 2014) (Lin et al., 2012) (Nie et al., 2012)
(Sabo et al., 2014) (Walz et al., 2014). Even though MY C occupies promiscuously almost
all open promoters, its binding largely correlates with expression of genes and

trimethylated H3K4 (Guccione et al., 2006) (Walz et al., 2014).
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Figure 1.2 Target genes of MYC

Heatmaps (left) of all genes in human genome showing MYC and Pol II binding. Volcano plot (right)
showing up-(blue) and down-regulated (red) genes by MYC. Data used from Walz et al., 2014. Part of this
figure was published in similar form in (Baluapuri et al., 2020).

While the characterisation of the genes that are bound by MYC (i.e., target genes) and
their correlation with expression has been established unequivocally, the consensus on
exact set of genes regulated by MYC remains a topic of intense debate, and is highly
experimental system and level dependent (Fig 1.2). For example, in U20SMYC-Tet-On
system (Walz et al., 2014), MYC is shown to bind to 20,014 sites, of which 8,401 are
within 1.5 kb of transcription start sites (TSS). When MYC levels are increased in this
system upon addition of Dox, the number of MYC binding sites increases to 45,645, of
which 14,926 are close to promoters, representing almost all actively transcribed genes
in the genome. However, of these genes, 462 genes were activated, and 896 genes were
repressed by MYC, of which only 220 upregulated and 256 downregulated genes were
direct target genes (Fig 1.2). This brings to light the paradox that exists between the
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seemingly lack of correlation between MYC binding and gene-regulation, which can be

explained in terms of various models.

1.2.2.1 The specific gene regulation model

MYC-MAX
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Gene 1 Gene 2 Gene 3 Gene 4

Figure 1.3 The specific gene regulation model

MYC-MAX dimer’s structural characterization of enhancer-box (E-box) binding define MY C-induced
target genes. Green arrows indicate activation, red arrow indicates repression and grey arrows indicate no

regulation of genes. This figure was published in similar form in (Baluapuri et al., 2020).

The paradox produced above by comparison of the gene expression data with the
chromatin binding data of MYC proteins (Fig 1.2) is not only limited to a single
experimental system. Same concept has been shown in B-cell lymphomagenesis in mice,
in cultured B cells and fibroblasts (Sabo et al., 2014). Additionally, another study carried
out in B cells showed major discrepancy in the number of MYC bound genes and MYC
regulated genes (Tesi et al., 2019). Thus, the conclusion from such studies would suggest
that MY C binds to all promoters and functions as a specific regulator of genes (Fig 1.3).
While it is activating some genes, it is repressing another set of genes. Therefore detection
of MYC binding on chromatin should not be equated to a productive transcriptional event
According to this model, the amplification of RNA content in the cells (see 1.2.2.2) can
simply be explained by the fact that MYC regulates genes which belong to pathways that
drive forward global RNA production (Kress et al., 2015).

1.2.2.2 The global gene activation model

In order to probe the physiological function of MYC, studies have overlaid genome-wide
patterns of MYC recruitment, Pol II binding and chromatin modifications to show that
MYC does not specifically activate or repress genes of a particular transcriptional
programs, but universally amplifies production of mRNA on all genes. For example,
when primary B- or T-splenocytes from mouse expressing MY C-eGFP were stimulated
with lipopolysaccharide (LPS) or concanavalin A respectively, the cells showed increased

eGFP-fluorescence. Moreover, when resting cells were compared with activated cells for
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patterns of MYC binding and gene regulation, it was found that mRNA output of genes
directly correlated with MYC binding at all active genes (Nie et al., 2012). This model
has subsequently been called the ‘global amplifier’ model of MYC function (Fig 1.4), and
it suggests that MYC recruitment to all genes is productive since it brings about an
increase in the rate of overall transcription, and that, is the key mechanism of MYC
function. The very principle was also shown in a B cell system of Burkitt’s lymphoma
where the cells harbour a Tet-off MYC transgene, which when taken off tetracycline,
show increase in MYC levels from 13,000 to 362,000 molecules per cell after 24 hrs. This
increase in MYC levels was found to show a corresponding increase in mRNA production
and an associated increase in phosphorylated form of RNA Pol II, thus indicating global

amplification in transcription (Lin et al., 2012).
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Figure 1.4 The global gene activation model

Genome-wide chromatin immunoprecipitation sequencing (ChIP-seq) studies of MYC identified that MYC
binds at the promoters of most RNA polymerase II (Pol IT)-bound and expressed genes. Accordingly, MYC
induces a global increase in cellular mRNA levels in some biological systems. Green arrows indicate

activation. This figure was published in similar form in (Baluapuri et al., 2020).

In this model, the gene repression can be explained by either the argument that
“repressed” genes are just less activated genes compared to average level of activation,
or by invoking indirect mode of regulation enforced by transcriptional or chromatin

repressors recruited to the target genes.

The discrepancy with the specific gene regulation reports discussed earlier can be
resolved by the fact that in absence of spiked in RNA, the algorithms used to calculate
the differential expression obfuscate the global effects. Even when a spike in RNA is
used, the internal normalization procedures of such algorithms can again offset the
changes in global increase of RNA levels (Lovén et al., 2012). Such explanations seem

to be in line with the fact that tumours driven by MYC proteins can be made to regress
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by global inhibition of transcription using chemicals that restrict Pol II activity via cyclin
dependant kinases (CDKs) (Huang et al., 2014) (Chipumuro et al., 2014). At the same
time, it must be noted that such changes in gene expression are highly dependent on cell

culture conditions (Lewis et al., 2018).

1.2.2.3 The gene-specific affinity model

At the first glance, the above-mentioned models seem to be in strong contradiction, but
the results on which these models are based on, can be accommodated to provide a simple
explanation for global binding and specific gene regulation by MYC (Lorenzin et al.,
2016). Surprisingly, binding of MYC/MAX to promoters requires additional proteins,
like WDRS, which stabilize binding to DNA sequence, even at E-boxes. Additionally,
when increasing MYC levels over a broad range of concentrations, the binding changes
at promoters are not a linear function of the concentration. At low concentrations, MYC
occupies primarily target genes with DNA sequence that have high affinity for MYC
(“High Affinity Target Genes”), and this binding in not inconsequential. In fact, this set
of genes consists of the ones that drive growth of the cell, and this concept is in alignment
with gene-specific model, which states that global changes in RNA levels occur indirectly
as a result of MYC-driven cell growth. When the levels of MYC increase in a cell, its
binding on these set of genes does not increase any more, and consequently, expression
of such genes may not change upon increasing MY C since the promoters are already fully
occupied. This holds true, for instance, in case of highly transcribed genes involved in
growth (e.g., ribosomal protein genes and genes involved in ribosome biogenesis and
translation). However, for a different set of genes, MYC invades the promoters which
contain DNA sequence with low affinity for MYC, and as a result, these genes get
regulated only at high concentrations of MYC (“Low Affinity Target Genes”). Regulation
of such genes, for example the ones involved in extra cellular matrix interaction, can be
thus used to explain the oncogenic function of MYC. Recently, this model has also been
extended to enhancer invasion by MYCN to explain the transcriptional amplification in

neuroblastoma (Zeid et al., 2018) as well.

Thus, the gene-specific affinity model (Fig 1.5) does not require invoking the concept of
unproductive MY C binding. In other words, changes in MY C binding govern the changes
in gene expression, like how it was proposed in global amplification model. Further, gene
repression which occurs at high levels can be partly explained by MYC/MIZ1 complexes

which are known to form at high levels, but it is unclear, if this is the only repressive
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mechanism. For examples, the mechanisms of repression for genes which do not show

MIZ1 binding, has not been clarified in complete detail.
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Figure 1.5 The gene-specific affinity model

Genes with high promoter-MYC affinity are bound and upregulated by MYC at physiological levels, but
are not further induced at oncogenic levels as binding is already saturated. Instead, oncogenic MYC
upregulates low-affinity target genes. The affinity model can reconcile the seemingly opposing specific
gene and global gene models. Green arrows indicate activation, red arrow indicates repression and grey

arrows indicate no regulation of genes. This figure was published in similar form in (Baluapuri et al., 2020).
One key aspect, that holds true universally for the above models, is that even though the
studies that have resulted in these models have enhanced our understanding of MYC
biology, none of them explain the precise nature and molecular mechanisms which govern

MY C mediated gene regulation.

1.2.3 MYC mediated gene regulation

In contrast to the exhaustive and precise cataloguing of target genes of MYC and the
enormous efforts in finding transcriptional signatures that are indicative of MYC’s
physiological and oncogenic role, it is still not known precisely how MYC regulates Pol
IT behaviour to dictate the changes in RNA levels. Studies have not only shown global
redistribution of Pol II on chromatin as a result on MYC inhibition (Rahl et al., 2010),
but also shown that MYC could modulate Pol II behaviour at multiple steps of
transcriptional cycle (de Pretis et al., 2017). Additionally, MYC has been reported to
interact physically with multitude of Pol II modulators, which could in part explain the
mechanism behind MYC’s gene regulation capacity. Such modulators can be studied in
two categories. The first category consists of proteins that do not directly modulate Pol 11
behaviour, but modify histone proteins and remodel chromatin to allow alterations in the

transcriptional landscape of the cell. Second category, on the other hand, consists of
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proteins that cause direct alterations in Pol II behaviour by either binding to Pol II or by
causing post translational modifications, thus changing its distribution and kinetic

behaviour on genes.

1.2.3.1 Indirect Pol II Modulators

Pol II behaviour can be modulated indirectly by changing its accessibility to the
transcribed regions in the genome. This can be implemented by either modifying the
histones on chromatin, or by remodelling the chromatin itself. Among the proteins that
are known to interact with MYC, many of them are the enzymes which have histone
acetyltransferases (HAT) activity, like GCN5 (McMabhon et al., 2000) and TIP60 (Frank
et al., 2003) which modify histones 3 and 4, respectively. Additionally, MYC interacts
with the acetyltransferases p300 (Faiola et al., 2005), CBP (CREB binding protein)
(Vervoorts et al., 2003) and the SWI/SNF subunit BAF47/SNF5 (Cheng et al., 1999) to
modulate the epigenetic landscape of the cell. Yet another protein which modifies
histones and interacts with MYC is WD40 domain protein WDRS, which not only brings
about the assembly of histone modifier complexes but aids in the recruitment of

MYC/MAX to chromatin in permissive chromatin environment (Thomas et al., 2015).

On the other hand, MY C interacts with protein having chromatin remodelling capacity as
well. Also, these proteins themselves are known to interact with HAT activity proteins.
For example, via MB II, MYC interacts with transformation/transcription domain-
associated protein (TRRAP) (McMahon et al., 1998), which in turn is a scaffold protein
for other complexes like as the transcription-promoting histone acetyltransferase complex
NuA4 (Zhang et al., 2014). More recently, this was also shown using high throughput
proteomics approach as well, that MBII interacts with HAT complexes like TRRAP and
Tip60, and drives MYC driven tumour initiation (Kalkat et al., 2018). TRRAP is found
to interact with proteins with yet other kinds of enzymatic activity. An example in this
regard includes the helicase P400 E1A-binding protein which is devoid of HAT activity
(Fuchs et al., 2001).

1.2.3.2 Direct Pol II Modulators

Regulation of the transcriptional process can be carried out not only by modifying the
chromatin and histone proteins, but also by executing post translational modification of
the Pol II molecule itself and/or of the proteins that directly bind to it. For example,
CDK7, which is part of the holoenzyme TFIIH, is reported to interact with MYC
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(Bouchard et al., 2004) (Cowling and Cole, 2007), showing that MYC could affect
phosphorylation of Pol II CTD and other transcription factors like TFIIE (see section 1.3).
Yet another modulator of Pol II activity is CDK9, which is a component of positive

elongation factor (p-TEFb) (Marshall and Price, 1992).

Highlighting the principle that MYC could regulate several steps in the transcription
cycle, it has been shown that the p-TEFb, in addition to CDK7, can be recruited by MYC
at single gene level (Bouchard et al., 2004) (Eberhardy and Farnham, 2002). This
interaction has been reported multiple times (Kanazawa et al., 2003) as an explanation
of MYC’s role in cell proliferation and differentiation, but one of the most exhaustive
work which highlighted MYC’s role in embryonic stem cells of mice was using chromatin
binding redistribution of Pol II (Rahl et al., 2010) where the interaction of MYC with
CDKO9 was reported to have rate limiting role in regulation of transcription (Price, 2010).
Although this redistribution of Pol II has been reported to be driven by MYCN as well
(Biichel et al., 2017) (Herold et al., 2019), conclusive evidence that this behavior is solely

via CDKDJ9 interaction remains elusive.

However, when the proteins in the proximity of MY C were biotinylated by a biotin ligase
fused to it, and subjected to mass spectrometry following streptavidin affinity capture, it
could be shown that MBO mediates interactions with CDK9 via direct binding to the
general transcription factor TFIIF, and this interaction was indeed critical for tumour
growth (Kalkat et al., 2018). Given that the mediator complex is also found to interact
with MYC (Adhikary and Eilers, 2005), and is also required for enabling sense and
antisense transcription in conjunction with TFIIF (Bernecky and Taatjes, 2012), Pol II
modulators certainly offer strong candidature in being MYC’s key interacting partner(s)

to drive its functions in the cell.

Over the last few decades, multiple reports have shown that Pol II behaviour is actually
dependent on proteins that directly interact with Pol II and can act as negative and positive
regulators of transcription (Marshall and Price, 1992). It is also worthy to note that not
only the pause-release of Pol II during transcription cycle, but also the steps preceding
and following it (Kouzine et al., 2013) also seems to regulate the total output of the
process (Guenther et al., 2007) (Gilchrist et al., 2008). The interaction of CDK9 with
MYC alone doesn’t clarify, which of the step(s) in the transcription cycle is/are rate-

limiting in nature in context of MYC. Additionally, using pause-release itself as a proxy
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for elongation, and associating it as rate-limiting with respect to transcription regulation

by MYC doesn’t describe the effects of MYC on Pol II in full detail.

It remains entirely open that MYC could affect the step of transcription cycle in which
Pol II spends most of its time in the transcription cycle, i.e., productive elongation. This
brings focus on the role of those Pol II modulators, which regulate its behaviour by
directly attaching to specific binding sites (Cramer, 2019a) on the Pol II holoenzyme
during the elongation phase of transcription cycle specifically (Noe Gonzalez et al.,

2020).

1.2.3.3 Handover mechanism for regulation of transcription by MYC

Interestingly, among the proteins that directly interact with Pol II and regulate its
behaviour on chromatin, MYC seems to be interacting with proteins which assist Pol 11
in elongation of nascent RNA. One such example is the PAF complex (Jaenicke et al.,
2016), which binds to Pol II and aids in transcription by stabilizing the elongation
complex of Pol II (Vos et al., 2018a). Furthermore, it has been shown that MYC itself is

recruited to chromatin in a PAF dependent manner as well (Gerlach et al., 2017).

E3ligase / TSS

YAVA VAV a avVAV4

MYC/

Figure 1.6 Handover mechanism for regulation of transcription by MYC

Possible elongation factors (TF#1) handed over to Pol II by MYC. The handover can happen by help of
either an E3 ligase or CDK.

The fact that association of MYC with individual elongation factors like PAF complex
(Jaenicke et al., 2016) can occur, indicates the possibility of a handover mechanism (Fig
1.6) where MYC binds to the promoters and hands over associated proteins to Pol II in

order to make Pol II processive.

However, the details explaining this suggested mechanism remain incomplete in several
aspects. Firstly, it has not been shown if this handover actually occurs with PAF complex,

nor has it been shown that in absence of this handover, Pol II behaviour is affected.
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Secondly, mechanistic details on how CDKs mediate this handover were not studied
either. In fact, interaction of MYC with PAF complex was found to be E3-ligase
dependent, since it was enhanced in presence of proteasomal inhibitor (Jaenicke et al.,
2016). Thirdly, it was not explored if the interaction of MYC with PAF complex drives
the function of MYC in terms of gene regulation. Finally, since there hasn’t been a
systemic study exploring the handover, it’s not known if PAF complex is only protein

which is handed over from MYC to Pol II or several proteins undergo this handover.

Thus, in the current study, to fill the gaps mentioned above, it has been attempted to find
the protein(s) that are handed over to Pol Il via MYC, and the dependency on CDKs for
this handover is further explored. Additionally, attempts have also been made to find

which is the rate limiting step on transcription in absence of this handover.
1.3 Mechanisms of Transcription Regulation

1.3.1 Molecular mechanisms of the transcription cycle

During the process of transcription, Pol I undergoes transition from one stage to next by
virtue of interaction with various transcription factors and kinases. Classically, in vitro
biochemical assays have revealed plethora of the proteins that bind to Pol II along each
step of the transcription cycle. Also, recent advances in cryo-electron microscopy have
offered clear insights into the structural mechanisms of regulated transcription initiation

and elongation (Cramer, 2019a), which can be studied in the order of occurrence.

Firstly, the open chromatin offers Pol II possibility to scan the promoters (Dynan and
Tjian, 1983) (McSwiggen et al., 2019) (Kadonaga, 2019) and some initiation factors, like
TATA binding protein (TBP) bind to chromatin (Goodrich and Tjian, 1994) in order to
stabilize the melted DNA double strand at promoters, which allows binding of Pol II to
chromatin, and this binding is modulated on the basis of interaction with set of general
transcription factors of Pol II (TFII). The first of such factors to bind Pol II during

initiation and stabilize it on chromatin is TFIID.

Secondly, during initiation of transcription, Pol II dissociates with TFIID and associates
with TFIIE (Conaway et al., 1991) (Fig 1.7). Next, the Pol II transcribes 30-300 bp from
the transcription start site (TSS), before it associates with DSIF (DRB sensitivity inducing
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factor, consisting of SPT5 & SPT4) and NELF (Negative Elongation Factor) causing it
to undergo pausing (Price et al., 1989).

Next, a variety of elongation factors like TFIIS, ELL and PAF (Shilatifard et al., 2003)
(Chen et al., 2015) (Conaway and Conaway, 2019) get associated with Pol II in a stepwise
manner, thus eventually modulating Pol II activity further while ensuring processive
movement of Pol II to transcribe full length nascent mRNA. The factors involved in early
stage, like DSIF/NELF have capacity to modulate the factors in later stages of
transcription, like TFIIS, as well (Palangat et al., 2005).

Elongation is also assisted by proteins like SPT6 and FACT which act as chromatin
modulators at the same time (Bortvin and Winston, 1996) (Orphanides et al., 1998)
(Jeronimo and Robert, 2014). This processive movement continues till Pol IT encounters
a poly-adenylation site in genome, which when transcribed attracts multiple termination
factors to the nascent RNA (Proudfoot, 2016) and results in its cleavage from transcribing
Pol II, which in turn slows down considerably before being evicted from chromatin by

XRN2 (Cortazar et al., 2019).

3030047
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Figure 1.7 The transcription cycle and its potentially regulated steps.

Binding of GTFs (red, maroon, yellow and orange circles) facilitate Pol II (green) binding to chromatin.
CDK7 (blue pentagon) binds to Pol II and phosphorylates TFIIE (maroon), allowing Pol II to break contact
with it, while transcribing few hundred bases downstream of the TSS, producing an RNA (red line) and
pauses, mediated by SPT5 (red circle). CDK9 (light blue pentagon) is recruited directly or indirectly and
phosphorylates SPTS. Pol II escapes from the pause, either terminating or entering productive elongation.
After the Pol IT complex transcribes the gene, it encounters termination factors (grey and white circles), and

the RNA is released. The freed Pol II can eventually reinitiate transcription.

Importantly, the changes in these set of proteins are accompanied by the changes in post
translational modifications of these proteins as well as of Pol II. The modifications that
are associated with Pol II during these transitions are restricted to the post-translational
modifications of the heptad repeat (YSTPSPS) in the C-terminal domain (CTD). Among
these post translational modifications, phosphorylation is the most well studied one.
Broadly, phosphorylation of Ser5 by CDK?7 is a mark of initiated, but paused Pol II;
whereas Ser2 phosphorylation is associated with pause released Pol II (Fuda et al., 2009).

However, the precise nature of the phosphorylation status of these residues is much more
complicated, and a Pol II CTD code has been proposed (Schiiller et al., 2016) which
indicates a signature of double (or more) phosphorylation might exist which behave as a
landing pad for elongation factors to bind to Pol II CTD and assist in the transcription
process (Bentley, 2014). However, the post transcriptional modifications are not
restricted to just Pol II. The associated CDKs which regulate CTD phosphorylation, also
impact other proteins like TFIIE and SPT5 which are bound to Pol II (see section 1.3.2).

In the last few years, a key paradigm which has appeared in the field of Pol II regulation
is the fact that clustering of the above-mentioned proteins takes place with Pol II to
facilitate their interactions and reactions. Among the first of such proteins reported were
BRD4 and the mediator complex, which form liquid-like condensates with Pol II (Sabari
et al., 2018) due to weak interactions driven by long disordered regions. Additionally, it
was shown that these condensates containing Mediator and Pol II are sensitive to certain
transcription inhibitors and their dynamic interactions regulate transcription elongation
(Chong et al., 2018), thus indicating that the phase separated condensates can be

modulated in response to chemical perturbations.

These results eventually paved way to the reports which indicated that phosphorylation
of Pol II CTD had a major impact on clustering and activity of Pol I in these condensates
as well. CTD condensates can get bigger until they are dissolved by phosphorylation at
Ser5 CDK7 (Boehning et al., 2018), thus freeing up Pol II molecules for processive
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elongation. Moreover, both in vivo and in vitro experiments suggest that while CTD
phosphorylation by both CDK7 and CDK9 causes a reduction in CTD incorporation into
Mediator condensates, it increased the incorporation of CTD into condensates rich in
splicing factors (Guo et al., 2019). Thus, phase separation of Pol II also seems to be a key
driving factor behind the transition from one stage to another during transcription
(Cramer, 2019b). As mentioned earlier in this work, even though MYC proteins contain
long stretches of disordered regions, it is not yet shown if MYC is localized to such Pol

II rich condensates or not.

1.3.2 Transitions between the steps of the transcriptional cycle

The previously mentioned steps in the transcription cycle actually offer points of gene
regulation, and thus are catalysed by well-defined set of kinases, which consist mostly of
CDKs, and act in a step wise manner upon the factors bound to Pol II and on the CTD of

Pol 11 itself.

Firstly, the transition of initiated to paused Pol II is associated with eviction of TFIIE
from Pol II and the very same binding site is then occupied by SPT4/5 (Grohmann et al.,
2011). This transition is associated with production of nascent RNA which is few hundred
base pairs long and considered to be catalysed in part by CDK7 (Fig 1.7). It has been
shown that inhibition of CDK7 increases TFIIE retention and prevents DSIF binding to
Pol IT (Larochelle et al., 2012). However, in spite of the indications that CDK7 might be
driving the handover of SPT4/5 to Pol I, it is not clear what are the substrates of this
kinase activity, nor it is clear if the handover is mediated by another chromatin bound

transcription factor.

Next, the nascent RNA transcribed moves out of Pol II from the exit channel and serves
as an identification site for SPT5 which binds selectively with the Pol II early elongation
complex (Missra and Gilmour, 2010). SPT5 with its partner SPT4 give rise to a complex
called DSIF (dichloro-1-B-D-ribofuranosyl-benzimidazole [DRB] sensitivity-inducing
factor) and then SPT5 binds to Pol II near the RNA exit channel (Bernecky et al., 2017)
(Vos et al., 2018a) (Vos et al., 2018b), where it helps in nascent RNA capping (Pei and
Shuman, 2002). The negative elongation factor (NELF) complex then recognizes the Pol
II-SPT5 complex and binds to it (Marshall and Price, 1992). The paused state is stabilized
by both SPT5 and NELF (Yamaguchi et al., 1999) since NELF ensures that reactivation
of the Pol II catalytic site does not take place (Vos et al., 2018a) (Vos et al., 2018b). The
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transition from paused to elongating Pol II is catalysed by CDKO (Lis et al., 2000). CDK9
phosphorylates SPT5 (Kim and Sharp, 2001) and NELF, which converts SPTS5 into a
positive elongation factor and releases NELF from Pol II, thus further increasing the
processivity of Pol II by SPT5 mediated re-winding of transcribed DNA and thereby
allowing the inhibition of aberrant backtracking of Pol II by TFIIS (Bernecky et al., 2017)
(Ehara et al., 2017).

In order to probe the exact steps and drivers of the regulators of each step, small molecule
inhibitors have been used which act on kinases and on other factors which drive these
transitions. For example, flavopiridol, which binds to pTEFb and inhibits its activity
(Chao and Price, 2001), is used extensively to probe Pol II behaviour (Bensaude, 2011).
Similarly, THZ1, a selective covalent CDK7 inhibitor, was initially reported to have anti-
tumour activity (Kwiatkowski et al., 2014) but has been since then used in mechanistic
studies extensively (Sampathi et al., 2019). Eventually, chemical compounds with higher
specificities for their respective kinases have been developed (Brigelmann et al., 2017)
(Kelso et al., 2014), and different compounds have been utilized in studying molecular
mechanisms in transcription based on the application involved. However, due to the
shared structural properties among the CDKs, there exists a redundancy in the selectivity
of these inhibitors (Table 1.1), and thus, caution must be maintained while interpreting
results based on use of these inhibitors. However, for studying gene regulation, inhibitors
have been used not only for modulating CDK activity, but to modulate MYC activity as
well (Yin et al., 2003).
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Table 1.1 Comparison of inhibitors used in studying transcription

Number of black spots indicate inhibitory activity specific to the mentioned CDK. The table is based on
data from https://www.selleckchem.com/CDK.html.

One of the more strikingly examples of use of inhibitors in the field of MYC biology
comes from treatment of embryonic stem cells with 10058-F4, an inhibitor of MYC/MAX
heterodimerization (Yin et al., 2003). This caused a reduction of Ser 2 phosphorylated
Pol II but had no effect on Ser5 phosphorylated Pol II (Rahl et al., 2010). This affected
not only the levels, but the distribution of Pol II on the chromatin, as determined by ChIP-
Seq analysis as well. 10058-F4 treatment decreased the RNA Pol II binding in the gene
body, where elongating Pol II is found, but did not change the Pol II binding at the
promoter. Similar results were obtained when MYC was depleted or when cells were
treated with flavopiridol, a small molecule compound that inhibits CDK9 (Chao and

Price, 2001) indicating role of MYC in transcription elongation.

However, ChIP-Seq of Pol II reveals only the distribution on the chromatin and not its
activity. Also, utilizing phopho-specific antibodies for immunoprecipitation relies on the
quality of antibody and comparison of the results between the antibodies requires certain
assumptions. In fact, if the differential impact of MYC on various stages of transcription
has to be taken into account (Michel and Cramer, 2013), than Pol II ChIP-Seq falls short

of the required discrimination between defects in elongation and/or pause release.

In other words, Pol II molecules transcribing a smaller number of base pairs per minute
will be cross linked more on the chromatin, thus increasing the read density in the region,
giving false impression of increased Pol Il activity. Hence, other methods, which measure
Pol II activity are instead required while studying impact of MYC on transcription

elongation.

1.3.3 Methods to study changes in transcription

In the recent years, due to rapid advances in next generation sequencing (NGS)
technologies, deep sequencing methods have become relatively affordable to use and this
has resulted in a wide variety of NGS based techniques to study the process of
transcription on all genes globally (Wissink et al., 2019). Such techniques can be broadly
divided into techniques which study the distribution of Pol II on chromatin and other

techniques which study the actual enzymatic activity of Pol II. Among the techniques that
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study the distribution of Pol II on chromatin, the most widely used are briefly touched

upon in the next few paragraphs.

Chromatin immunoprecipitation followed by sequencing (ChIP—seq) can be used to map
RNA Pol II binding in a genome-wide manner (Park, 2009) by sequencing the DNA
fragments which are bound to Pol II. While total and phospho-specific Pol IT ChIP-Seq
provide genome-wide maps of Pol II localization, they are blind for kinetic Pol II
molecules. Thus, paused, stalled and slowly transcribing Pol II are captured in higher
density as compared to moving and transcribing Pol II, and this confounding factor

prevents accurate read out of transcription elongation and splicing (Table 1.2).

Stages of Transcription Properties of transcription
2 ) &
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< {\\»\\fo Q,boe Q"’\)&) Q>o° A Q}é‘ &9% Qi\y & & QOQQ Q@o (')\&0
Total Pol Il ChIP-Seq ° ° ° L4
Ser5 Pol Il ChIP-Seq ° °
Ser2 Pol Il ChIP-Seq ° ° °
mNET-Seq ° ° ° ° ° ° °
GRO-Seq ° ° ° ° °
PRO-Seq ° ° °
Co-PRO-Seq ° ° °
4sU-Seq ° ° ° ° . .
4sUDRB-Seq ° ° . ° . . [
TT-Seq ° ° ° ° ° °
SLAM-Seq ° °

Table 1.2 Comparison of techniques utilized to study transcription

Black spots indicate if a particular stage or property of transcription can be studied by the given technique
or not. While multiple properties can be studies with the same technique, the ones used in this thesis are
highlighted in green box, thus allowing most properties and stages of transcription to be captured.

Mammalian native elongating transcript sequencing (mNET-seq) reduces the reliance on
Pol II position on chromatin alone, by extracting chromatin-bound RNA from
immunoprecipitated Pol II, and subjecting it to deep sequencing after fragmentation
(Nojima et al., 2015). This technique is based on native elongating transcript sequencing

(NET-Seq) (Churchman and Weissman, 2011) and can capture genome wide nascent
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RNA transcription and its processing events (Nojima et al., 2015). However, since
mNET-Seq is still an IP based technique, the data from it still depends on antibody

quality, crosslinking and fragmentation time.

On the other hand, several techniques are used to study the enzymatic activity of Pol II

itself, and some them have been widely used in the last few years.

Gene run on sequencing (GRO-Seq) uses NTP-biotin run on followed by biotin affinity
purification. Such techniques, or its variation have been successfully used to describe
novel phenomenon like divergent transcription in mammals (Core et al., 2008), but
remain dependent on in vitro run on where novel initiation events are prevented by
addition of sarkosyl to the run on buffer. This might result in unintended release of paused
Pol II and may disengage regulatory factors bound to the polymerase (Gregersen et al.,
2020).

In 4sU-Seq, the metabolic labelling of nascent RNA by short pulse of 4-thiouridine (4sU)
allows biotinylation of nascent RNA, thus allowing utilization of streptavidin based pull
down. This enriched nascent RNA can then be studied by subjecting to cDNA library
preparation and deep sequencing (Windhager et al., 2012). In this way, the kinetics of
transcription elongation, molecular mechanisms of Pol II activity and their contribution
to the regulation of gene expression can be studied in a genome wide manner. In 4sU-
Seq, the nascent RNA labelling is carried out in vivo. This doesn’t require nuclei isolation,
thus reducing variability or cellular stress that might be introduced during the
transcription reaction. Furthermore, the labelling reaction can be stopped by the direct
addition of Qiazol or Trizol solution on the cells, thus controlling the exact duration of
labelling in a very precise manner. This point become more relevant when experiments

on many replicates and conditions are conducted at the same time.

4sUDRB-Seq is a technique, which is in technical terms similar to 4sU-Seq. A key feature
of 4sU-Seq is that it allows measurement of only the processivity of Pol II (defined as
nucleotide additions per initiation event). Although this knowledge already enables the
differentiation between effects on Pol II pause-release as compared to premature
termination of Pol II, it doesn’t indicate if the actual nucleotide additions per min
(elongation rate) are affected as well. While low elongation rates could be concurrent

with low pausing (Saponaro et al., 2014), it has also been shown that, reduced elongation
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rates lead to premature eviction of Pol II from the chromatin, and these effects could

happen independently of changes in processivity (Mason and Struhl, 2005).

In other words, slowly transcribing Pol II could still be processive, and conversely low
processivity can be a result of low elongation rates as well. Thus, to differentiate between
these scenarios, Pol II molecules can be synchronized at the start site by treating cells
with CDKO9 inhibitors (table 1.1) and released with concomitant labelling of nascent
RNA. This technique was originally developed by Oren lab (Fuchs et al., 2015) and since
then, variations of this technique have been performed by Svejstrup and Shilatifard labs
(Saponaro et al., 2014) (Gregersen et al., 2019) (Liang et al., 2018) and applied to

differentiate regulation of elongation with pausing and/or other stages of transcription.

However, in order to account for the possibility that multiple stages could be regulated at
the same time, data from two or more such techniques could be utilized to make a
comparative account instead of relying on absolute changes. Also, since 4sU-Seq would
not be a readout for paused Pol II, ChIP-Seq data would still be required to rule out

changes in pausing or pause release.

It is a strong possibility that the effects on nascent transcription result from changes in
Pol II processivity and cannot be caused by changes in pause release. Changes in Pol II
initiation, pause release and processivity induce distinct alterations in 4sU-Seq and Pol 11
ChIP-Seq profiles, as ChIP-Seq measures the spatial distribution of Pol II molecules
(regardless of elongation that is fast, slow or does not occur), while 4sU-Seq measures

transcriptional activity during the 4sU-pulse period.

Therefore, changes in pause release result in a redistribution of reads between the pause
site and the gene body in Pol I ChIP-Seq but do not cause a relative redistribution in the

4sU signal. Instead, the whole curve is “shifted” (Figure 1.8).
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Figure 1.8 Orthogonal techniques to study Pol II behaviour.

Orange and purple lines indicate unperturbed and perturbed conditions causing change in Pol II behaviour.
The curves indicate the possible extrapolated virtual average density profiles generated by various
techniques and their interpretations. TR = Travelling Ratio, PS = Processivity Score and ER = Elongation

rate.

Consequently, pause release affects the traveling ratio (TR, ratio of reads in paused
regions and gene body of genes (Rahl et al., 2010)) calculated from ChIP-Seq but not the
processivity score (PS, measured as ratio of reads in distal and proximal regions of the
gene) calculated from 4sU-Seq. Additionally, the changes in processivity might either
stem from changes in elongation speed (indicated by the point at which read density
approaches background in 4sUDRB-Seq) or utilization of promoter proximal alternative

polyadenylation sites.

In other words, since TR would still be increased if processivity of Pol II is reduced, it
would be erroneous to conclude the key stage in transcription cycle which gets affected
is pause release based on Pol II ChIP-Seq data alone, since the nascent RNA based
techniques would add orthogonal dimension to the study, and would add crucial
information on pol II behaviour which cannot be learnt from binding information of Pol

II. These points highlight the need to study regulation of transcription by multiple
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orthogonal techniques which can dissect changes in Pol II distribution from changes in

Pol II activity.

1.4 Aim of the study

The main aim of this study is to find the exact molecular mechanism by which MYC
regulates transcription. This aim would be pursued by working on two distinct, but related

lines of investigation.

Firstly, it will be examined precisely which step in the transcription cycle is regulated by
MYC. In order to find the key rate limiting step of transcription, metabolic labelling and
purification of nascent RNA would be carried out in a cellular system where MYC levels
can be acutely changed. These results would be used to test the hypothesis if MYC has
an impact on transcription elongation or not, and more importantly, if these changes in

elongation are rate limiting for MYC mediated gene regulation.

Secondly, description of the mechanism behind this regulation would be explored in
terms of which transcription factor is responsible for changing Pol II behaviour via MYC.
Additionally, which CDK is mediating the handover of such molecules from MYC to Pol
IT would be probed as well. This would be performed by a screen involving chemical
inhibition of various kinases to find which of them is required by MYC to regulate

transcription elongation.

While attempting to answer the above questions, it would be attempted to answer in which
cellular compartments within the nucleus does the above processes take place, and if the
formation of Pol II associated phase separated compartments are relevant for MYC or

not.

More importantly, the degree of change in the precise step of transcription affected by
MYC would be utilized to explain how MYC generates its specific gene expression
profile, specifically with the hypothesis whether the changes in the gene regulation by

MYC correlate with these changes or not.

Finally, the above outlined work carried out at low, medium and high cellular levels of
MYC will be used to explain how MYC establishes tumour specific gene expression
profiles, ultimately assisting in the functional understanding and eventually targeting of

this important oncogene.
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2 MATERIALS

2.1 Cell Lines

Table 2.1 List of cell lines used.

Name Source Reference
U20SMYC-Tet-On Wolf Lab Walz et al, 2014
SH-EP MYCN-ER Eilers Lab Herold et al., 2019
HMLE Weinberg Lab N/A

2.2 Consumables

Table 2.2 List of consumables used.

Consumable Manufacturer
Cell Culture Well Plates (12 Well, 24 Well) Greiner

Cell Culture Well Plates (15 cm) Greiner
CellView Cell Culture Dish, PS, 35/10 MM Greiner

Filter Tips Sarstedt

Glass Pasteur Pipettes Hartenstein
Glasspipetts Sml, 10ml, 25ml Hartenstein
Microscope cover glasses (@ 10 mm) Hartenstein
Microscope slides (ca. 76x26 mm) R. Langenbrinck
Parafilm Bemis

PCR tubes Sarstedt
Pipette Tips Sarstedt
Reaction tubes (1.5 ml, 2 ml) Sarstedt
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2.3 Manufacturers & Developers

Table 2.3 List of manufacturers and developers.

Manufacturer/Developer

Location

Abcam

Cambridge, UK

Adobe San José, CA, USA
AppliChem Darmstadt, Germany
Beckman Coulter Brea, CA, USA
Bio-Rad Miinchen, Germany
Biolegend / Biozol San Diego, CA, USA
Biorad Munich, Germany
Bioviz Charlotte, NC, USA
Carl Roth GmbH Karlsruhe, Germany
Carl Zeiss AG Oberkochen, Germany
Cell Signaling Danvers, MA, USA
Cellvis Mountain View, CA, USA
Eppendorf AG Hamburg, Germany

GE Health Care Life Sciences

Chicago, IL, USA

Gibco

Karlsruhe, Germany

Gilson

Middleton, WI, USA

Greiner Bio One

Frickenhausen, Germany

Hartenstein

Wiirzburg, Germany

Hartmann

Heidenheim

Heraeus Instruments

Langenselbold, Germany

Horizon

Cambridge, UK

[1lumina

San Diego, CA, USA

Leica Microsystems

Wetzlar, Germany

LI-COR Bioscience

Lincoln, NE, USA

Life Technologies GmbH Carlsbad, CA, USA
Merck Millipore Billerica, MA, USA
Microsoft Redmond, WA, USA

New England Biolabs GmbH

Frankfurt, Germany

Nikon Instruments Europe B.V

Amstelveen, Netherlands

Qiagen

Hilden, Germany

Roche Diagnostics

Rotkreuz, Switzerland

Santa Cruz Biotech

Santa Cruz, CA, USA

Sarstedt AG and Co. Niimbrecht, Germany
Serif Europe West Bridgford, UK
Sigma St. Louis, MS, USA
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StarLab Hamburg, Germany
VWR Int. Darmstadt, Germany
Wayne Rasband (NIH) Bethesda, MD, USA

2.4 Equipment

Table 2.4 List of equipment used.

Equipment Type Manufacturer
Blotting System PerfectBlue Tank Electro Blotter Web S Peqlab

Cell culture incubator BBD 6220 Heraeus

Cell counter CASY cell counter Innovatis
Centrifuge Galaxy MiniStar VWR Interantional
Centrifuge 5417 R Eppendorf
Centrifuge 542 Eppendorf
Centrifuge Multifuge 1S-R NA

Centrifuge Avanti J-26 XP Beckman Coulter
Chemiluminescence imaging | LAS-4000 mini Fujifilm
Fluorescence readers Odyssey® CLx Infrared Imaging System LI-COR
Fluorescence readers Infinite 200 PRO Microplate Reader Tecan

Heating block Dry Bath System STARLAB
Heating block Thermomixer® comfort Eppendorf
Microscope Axiovert 40CFL Zeiss

Microscope DMI 6000 B Leica

Microscope Ti-Eclipse Nikon
Microscope SP8 (DM6000) upright microscope Leica

Microscope Elyra S.1 SIM - Super Resolution Microscope Zeiss

Nucleic acid analysis Experion Automated Electrophoresis Biorad

Nucleic acid analysis Fragment Analyser Agilent

PCR thermal cycler Mastercycler Pro S Eppendorf
Photometers UltrospecTM 3100 pro UV/Visible Amersham Biosciences
Photometers NanoDrop 3000 Thermo Scientific
Power supply PowerPac HC Biorad

PVDF transfer membranes Immobilion P and FL Transfer Membranes Millipore
SDS-PAGE system Mini-PROTEAN Tetra Cell Biorad
Sequencing equipment NextSeq500 [llumina

34
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Vortex mixer Vortex-Genie 2

Scientific Industries

Water bath ED-5M heating bath

Julabo

Magnetic Plate MAGNUM™ EX Universal Magnet Plate

Alpaqua

Magnetic Rack DynaMag™-2 Magnet

Thermo Fisher Scientific

2.5 Chemicals

Table 2.2 List of chemicals used.

Chemical Source
Doxycycline Sigma
Protease Inhibitor Cocktail Sigma
Phosphatase Inhibitor Cocktail 2 Sigma
Phosphatase Inhibitor Cocktail 3 Sigma

Hoechst 33342

Thermo Fisher Scientific

Alexa 488-conjugated phalloidin

Thermo Fisher Scientific

SYTO-RNA Stain

Thermo Fisher Scientific

DRB (5,6-Dichlorobenzimidazole 1-b-D-ribofuranoside) | Sigma

THZ1 Hydrochloride MedChem
LDC000067 Selleckchem / Biozol
LDC4297 Selleckchem / Biozol
4-thiouridine (4sU) Sigma

Actinomycin D Sigma

Dynabeads MyOne Streptavidin T1

Thermo Fischer Scientific

Pierce DTT (Dithiothreitol), No-Weigh Format

Thermo Fischer Scientific

MG132

Selleckchem / Biozol

16% Paraformaldehyde

Science Services GmbH

Poly-L-Lysine Solution 0.01%

Sigma

EZ-Link™ HPDP-Biotin

Thermo Fischer Scientific

Pierce™ Dimethylformamide (DMF), Sequencing grade

Thermo Fischer Scientific

Bicinchoninic acid solution

Sigma
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2.6 Media & Supplement

Table 2.3 List of media and supplement used.

Media/Supplement Source

DMEM Thermo Fisher Scientific
RPMI Thermo Fisher Scientific
Opti-MEM Thermo Fisher Scientific
FBS Sigma
Penicillin/Streptomycin Sigma

FluoroBrite™ DMEM

Thermo Fisher Scientific

2.7 Kits and Detection Systems

Table 2.4 List of kits and detection system used.

Kits/Detection System Source
PLA Duolink Kits Sigma
Quant-iT Ribogreen RNA Assay Kit Sigma
Quant-iT PicoGreen dsDNA Assay Kit Sigma
NEBNext ChIP-Seq Library Prep Master Mix Set NEB
NEBNext Ultra Directional RNA Library Prep Kit NEB
NEBNext rRNA Depletion Kit (Human/Mouse/Rat) NEB
RNeasy MinElute Cleanup Kit Qiagen
miRNeasy MiniKit Qiagen

Dynabeads MyOne™ Streptavidin T1

Thermo Fisher Scientific

NextSeq 500/550 High Output Kit v2 (75 cycles)

[1lumina

SYBR Green qPCR Master Mix

Thermo Fisher Scientific

Agencourt AMPure XP Beckman Coulter
Fluoromount Aqueous Mounting Medium Sigma

NEBNext Multiplex Oligos for Illumina NEB

Duolink Probemaker Sigma
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Materials

Table 2.5 List of primary antibodies used.

Antibodies Source Application Concentration
Rabbit monoclonal anti-MYC (Y69) Abcam IF, IB, PLA 1:400, 1:5000
Mouse Monoclonal anti-MYC (C33) | Santa Cruz Biotechnology | IF, PLA 1:100
Mouse monoclonal anti-vinculin Sigma IB 1:5000
Rabbit polyclonal anti-HA (Y-11) X Santa Cruz Biotechnology | IF, PLA 1:1500
Rabbit monoclonal anti-SUPT5SH Abcam IF, PLA 1:500
Rabbit polyclonal anti-SUPT6H Novus Biologicals IF, PLA 1:200
Mouse monoclonal anti-Pol IT (F-12) | Santa Cruz Biotechnology | IF, PLA 1:800
Mouse polyc. Pol II (HS) (pSer2) Biolegend IF, PLA, IB 1:400, 1:1000
Rabbit monoclonal anti-CDK2 (78B2) | Cell Signaling Technology | IB 1:1000
Mouse monoclonal anti-TF2EB (A-1) | Santa Cruz Biotechnology | IF, PLA, IB 1:100
Rabbit monoclonal K48-Ub Abcam IF, PLA 1:600
Mouse monoclonal anti- Pol I Santa Cruz Biotechnology | IF 1:2500

2.9 Secondary Antibodies

Table 2.6 List of secondary antibodies used.
Fluorophore/Tag Species | Source Application | Concentration
Alexa 488 rabbit Thermo Fisher Scientific | IF 1:600
Alexa 488 mouse | Thermo Fisher Scientific | IF 1:600
Alexa 568 rabbit Thermo Fisher Scientific | IF 1:600
Alexa 568 mouse | Thermo Fisher Scientific | IF 1:600
Alexa 647 rabbit Thermo Fisher Scientific | IF 1:600
Alexa 647 mouse | Thermo Fisher Scientific | IF 1:600
ECL- IgG Horseradish Peroxidase rabbit GE Healthcare 1B 1:7500
ECL- IgG Horseradish Peroxidase mouse | GE Healthcare 1B 1:7500
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2.10 Solution and Buffers

4-Thiouridine (4sU), 100 mM

. Dissolve 250 mg of 4sU in 9.6 ml of nuclease free water. Use 200 pl per 10ml.
. Make 600 pl aliquots

5,6-Dichlorobenzimidazole 1-b-d-ribofuranoside (DRB), 50 mM

. Dissolve 50 mg of DRB in 3135 ul of nuclease free water. Use 20 ul per 10 ml.
. Make 100 pl aliquots
. Freeze at -20°C

Biotin labelling buffer, 2.5x

. Mix 25 mM Tris (pH 7.4) with 2.5 mM EDTA. (1.25 mL Tris (1 M) + 250 ul
0.5 M EDTA + 48.5 ml nuclease free water)

. Use 100 pl per sample.

. Make 1 ml aliquots.

. Freeze at -20°C

Dynabeads washing buffer, 2X

. Mix 2 M NaCl with 10 mM Tris (pH 7.5),1 mM EDTA and 0.1% (vol/vol)
Tween 20.

. E.g. (20 ml 5SM NaCl + 500 pl Tris 1M + 5 ml 1% Tween 20 + 24.5 ml nuclease
free water)

. Use 400 pl per sample.

. Make 5 ml aliquots

. Freeze at -20°C

Dynabeads washing solution A

. Mix 100 mM NaOH with 50 mM NacCl.

. E.g. (2.5 ml 2N NaOH + 500 pl 5M NaCl + 47 ml Nuclease free water)
. Use 100 pl per sample.

. Make 1 ml aliquots

. Freeze at -20°C

Dynabeads washing solution B

. Prepare 100 mM NaCl. (1 ml 5N NaCl + 49 ml Nuclease free water)
. Use 50 pl per sample.

. Make 1 ml aliquots

. Freeze at -20°C.
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Biotin HPDP-DMF stock

. Dissolve 50 mg of EZ-Link biotin HPDP in 50 ml of DMF.

. Heat the mixture to 37 °C for ~1 h until dissolved.

. Use 50 pl per sample.

. Make 1 ml aliquots

. Freeze at -80°C. DMF corrodes some classes of plastics. Do not use cell-culture

plastic pipettes. Use only plastic tips which are of the PP grade for aliquoting.
PBS

137 mM NaCl

2.7 mM KCl

10.1 mM Na,HPO,
1.76 mM KH,PO,
autoclaved

RIPA buffer

e 50 mM HEPES (pH 7.9)

e 140 mM NaCl

e 1ImMEDTA

o 1% Triton-X-100

e 0.1% Sodium deoxycholate 0.1% SDS

SDS sample buffer 6X

1.2 g SDS pellet

6 mg Bromophenol blue
4.7 ml Glycerol 86%
2.1 ml water

0.93 ¢ DTT

SDS running buffer

e 25 mM Tris Base
e 250 mM Glycine
e 0.1% SDS

TBS-T

0.2% Tween-20
25mM Tris
140mM NaCl
Adjust to pH 7.4

Trypsin solution

e 0.25% Trypsin
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e 5mMEDTA
e 223 mM Tris (pH 7.4)
e 125mM NaCl

Materials

200X Reduction agent for Bis-Tris system

20X Transfer buffer Bis-Tris system

IM Sodium bisulfite
3.5X Bis-Tris buffer
1.25 M Bis-Tris

Adjust pH 6.7 with HC1

e 25 mM Bicine
e 25 mM Bis-Tris
e 1 mMEDTApH7.2

2.11 Nucleic Acids

Type Source Reference Sequence/Target
siRNA Horizon Discovery Group L-003282-02-0050 ON-TARGETplus Human MYC
siRNA Horizon Discovery Group D-001810-10-50 ON-TARGETplus Non-targeting
siRNA Horizon Discovery Group L-006531-00-0005 ON-TARGETplus Human GTF2E1
siRNA Horizon Discovery Group L-017725-00-0005 ON-TARGETplus Human GTF2E2
siRNA Horizon Discovery Group L-003241-00-0005 ON-TARGETplus Human CDK7
siRNA Horizon Discovery Group L-009782-00-0005 ON-TARGETplus Human HCE1
RTqPCR | Fuchs et al., Nat.Prot.,2014 | OPA1+2kb F ACCATGGATGCCATTGAGTCA
RTqPCR | Fuchs et al., Nat.Prot.,2014 | OPA1+2kb R TGTGCCATCACCAGGAGACAT
RTqPCR | Fuchs et al., Nat.Prot.,2014 | OPA1+22kb F AGATGTGAAAGTCAGGTGGCAT
RTqPCR | Fuchs et al., Nat.Prot.,2014 | OPA1+22kb R CAGACCTGCCAAGAAGTGCTT
RTqPCR | Fuchs et al., Nat.Prot.,2014 | OPA1+28kb F GTGGCCAGGCTTTAGCTGAAT
RTqPCR | Fuchs et al., Nat.Prot.,2014 | OPA1+28kb R CAGCCCTCAGACTGAACCAGTT
RTgPCR | Walz et al., Nature, 2014 b2MGF GTGCTCGCGCTACTCTCTC
RTqPCR | Walz et al., Nature, 2014 b2MGR GTCAACTTCAATGTCGGAT
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2.12 Bioinformatic Tools and versions

Tools Version Source

Bowtie vl.2 http://bowtie-bio.sourceforge.net/index.shtml

Bowtie v2.3.2 http://bowtie-bio.sourceforge.net/index.shtml

Bedtools v2.26.0 https://github.com/arq5x/bedtools2/releases

SAMtools vl.3 http://samtools.sourceforge.net

Deeptools v2.4.2 https://deeptools.readthedocs.io/en/develop/index.html
Ngsplot v2.61 https://github.com/shenlab-sinai/ngsplot/
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3 METHODS

3.1 Cell Culture Methods

3.1.1 Cell Growth, splitting, freezing and thawing

U20S MYC-Tet-On were cultured in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin solution. Human mammary epithelial cells (HMLE) were
cultivated in advanced DMEM/F12 supplemented with 20 ng/ml EGF, 0.5 mg/ml
Hydrocortisone, 10 mg/ml Insulin (human), 1% penicillin/streptomycin solution, 1%
glutamine solution and 15 mM HEPES (pH 7.2). Human Neuroblastoma SH-EP cells
were grown in RPMI medium supplemented with 10% FBS and 1%
penicillin/streptomycin solution. All cell lines were cultured at 37°C, 5% CO2 and
routinely screened and found negative for mycoplasma contamination in a PCR-based

assay.

For splitting of cell cultures, the media was removed, and cells were washed once with
PBS. 1 ml of warm trypsin solution was added per 15 cm dish and incubated for 2-3 mins
at 37°C. Trypsin activity was stopped by adding fresh medium containing FBS, followed
by collection in falcon tubes and centrifuged at 1200 rpm for 4min. The media was then
aspirated, and the cell pellet was resuspended in fresh medium and a portion of cell

suspension was plated in new dishes with medium.

For long-term freezing storage, cell pellet was resuspended in 1ml freezing medium,
transferred in cryo-vials and slowly frozen at -80°C. After 24 hours, cells were stored in
a liquid nitrogen storage tank. To thaw frozen cells, the cryo-vials was quickly warmed
up at 37°C in a water bath and then the cell suspension was transferred in a dish containing

fresh medium.

3.1.2 siRNA transfection

2.2 million U20S cells were seeded over 15 cm dish, approximately 24 hrs before
transfection. For each transfection, 16 pl of respective siRNA and Lipofectamine

RNAIMAX were added to separate tubes of 1.15 ml OptiMEM. After brief vortexing,
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they were allowed to be incubated for 5 min at RT. This was followed by mixing both of
them and incubated for another 20 min at RT. This mix was then added to 8 ml
transfection medium (DMEM with 2% FBS), and added on the cells which were washed
at least 2 times with PBS. On the next day (18 hrs post transfection), cells were washed
multiple times with PBS and 10 ml full media was added, 6 hrs after which cells were

split and then harvested 24 hrs later.

3.2 Cell Biology Methods

3.2.1 Indirect Immunofluorescence

20,000 cells per 10 mm were grown directly on cover slips placed in each well of 24 well
plate. Before fixing, the cells were washed twice with ice cold PBS and fixed by
incubating them in 4% paraformaldehyde for 15 minutes at room temperature. This was
followed by washing in TBST and permeabilized with 0.3% Triton-X 100 solution in
PBS, followed by washing in TBST. Blocking was carried out subsequently with 10%
goat serum, 2% BSA, 5% sucrose in PBS solution for 45 minutes at 37°C. The cover slips
with the cells were moved into a wet chamber and incubated with 80 pl primary antibody
diluted in blocking solution. After overnight at 4°C, cells were washed 3 times with TBST
and then incubated for 45 minutes at 37°C with 40 pl secondary antibody in blocking
solution, Hoechst nuclear stain (1:1000) and Phalloidin, where applicable. After washing
3 times with water, the cover slips were mounted on a glass slide using a small drop of
aqueous mounting medium. The slides were stored at 4°C in the dark scanned under

confocal microscope.

3.2.2 Proximity Ligation Assay

Cells were plated at a density of 20,000 - 35,000 cells per 10 mm? coverslip in each 24
well plate and left to adhere overnight before washing with ice cold PBS and fixing with
4% paraformaldehyde. After washing away the excess PFA with PBS, the cells were
permeabilized with 0.3% Triton X-100, followed by 3X wash in TBST, and treated with
blocking solution (10% goat serum, 2% BSA, 5% sucrose in PBS) for 45 min. After being
transferred to wet chamber, the coverslips were incubated overnight at 4°C with 80 pl
primary antibodies in blocking solution and then used in in situ proximity ligation assays
as per manufacturer’s instructions. Briefly, cells were treated for 1 hour at 37°C with plus

and minus probes directed at rabbit and mouse antibodies, respectively. Then probes were
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ligated for 30 minutes at 37°C. Next, in situ PCR amplification was done with Alexa 568-
or Alexa 488-conjugated oligonucleotides for 2.5 h at 37°C. Samples were stained with
Hoechst 33452 and Alexa 488- or Alexa 568-conjugated phalloidin mounted on

microscope slides using Fluoromount (Sigma), and imaged under a confocal microscope.

3.3 Molecular Biology & Biochemistry Methods

3.3.1 Determination of Protein Concentration

For protein isolation, cells were washed twice with ice cold PBS, scraped in a 1.5 ml tube
and then pelleted at 1200 rpm for 5 minutes at 4°C. The cell pellet was lysed by adding
300 pl ice cold RIPA buffer with proteinase and phosphates inhibitors (1:1000) and left
for 20 minutes on ice. Subsequently, the cellular debris was removed by centrifuging the
tubes at 13600 rpm for 5 minutes at 4°C followed by aspirating the supernatant in a new
tube. This was subjected to flash freeze in liquid nitrogen and stored at -80°C. For protein
concentration determination, 1.5 pl of protein sample was mixed with 100 pl
bicinchoninc acid and CuSO,(50:1) solution in a 96-weel plate in duplicates. The solution
was incubated 37°C till the colour change was observed, which was followed by
measurement of absorption at 550 using an appropriate reference. The measured values

were then compared with a BSA calibration curve to estimate the protein concentration.

3.3.2 Immunoblotting

Proteins were separated in size by SDS-PAGE, followed by transfer on a PVDF
membrane by means of a tank blot system. Briefly, the PVDF was first activated for 30
seconds in methanol and then kept in in the transfer buffer. Next, blotting sandwich was
assembled while being flooded in transfer buffer in the following order: sponge,
Whatman papers, gel, membrane, Whatman papers, sponge. In order to remove air
bubbles, each layer of sandwich was rolled over with a plastic roller. Finally, the transfer

was performed by exposing the sandwich to 400 mA electric current for 3 hrs at 4 °C.

Following the transfer, membrane was washed once in TBST before blocking at room
temperature with a 5% solution of milk in TBST. Next, the blocked membrane was
incubating with primary antibody overnight at 4 °C. Afterwards, the membrane was

washed TBST before being treated with HRP-labelled secondary antibody for 1 hour,
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followed by washing with. Immobilon Western HRP Substrate was used according to the

manufacturer’s instructions and detected by LAS- 4000 mini imager (Fujifilm).

3.3.3 RNA Extraction and cDNA synthesis

Specifically, for RT-qPCR, the cells from 10 cm plate were harvested with 700 pl
peqGOLD TriFast solution after aspirated of media and the lysate was transferred into a
1.5 ml reaction tube. 200 pl chloroform was added and the suspension was vortexed for
10 seconds, followed by centrifugation for 10 minutes at 20000 g at 4°C. The upper
aqueous phase containing the RNA (~350 pl) was transferred into a new reaction tube,
and treated with 350 ul isopropanol and 1 pl glycogen. Next, the samples were left on ice
for 10 minutes followed by centrifugation for 10 minutes at 20000 g at 4°C. The
supernatant was aspirated, and the RNA pellet was subsequently washed twice with 75%
EtOH. The washed RNA pellet was air-dried and solubilized in 20 pl nuclease free water.
The concentration of RNA was measured with NanoDrop 1000 and its purity was

estimated via ratio of absorbance at 260nm and 280nm, and eventually stored at -80°C.

Total RNA was transcribed into complementary DNA (cDNA) by taking 4 pl of random
hexanucleotides and adding them 1 ug of RNA diluted in 15 pl of water. The mix was

denatured by heating at 65°C for 1 minute and transferred to ice for 2 minutes.
The following master mix was set up for each cDNA mix per sample:

20 ul 5X MLV buffer

0.4 pl Ribo-lock RNase inhibitor

2.5 ul 10 mM DNTPs

2 ul M-MLYV Reverse Transcriptase (200U/1, Promega)
55.1 pl nuclease free water

80 pl of the above master mix was added to 20 pl of RNA sample with random hexamers

prepared earlier, and subjected to the following order temperatures:

23°C - 10 minutes
37°C - 50 minutes

70°C - 5 minutes
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For measuring pre-mRNA, the cDNA was diluted in 150 pl of RNAase free water and
further used for RT-qPCR.

3.3.4 Real Time Qualitative PCR (RT-qPCR)

For each sample technical replicates were performed, and the reactions were set up with
1:9 diluted 10 uM primer-pairs in SYBR Green mix, mixed with equal volume of cDNA.
The quantification of the amplified DNA was measured by fluorescence monitoring in
every cycle after the end of the elongation step. Calculation of the relative transcript
amount or DNA enrichment was performed using the AA-CT method (Applied
Biosystems User Bulletin 2). For normalization of RNA samples, the housekeeping gene

B2MG was used.

3.4 Imaging Methods

3.4.1 Confocal Microscopy

For obtaining images with Nikon Ellipses TE confocal line scanning microscope system,
slides were scanned at constant scanning rate with 300 nm stack size and fixed digital
zoom at 60X object under oil (Plan Apo, NA 1.42, WD 0.15 mm) immersion. The
confocal lasers used were 405 nm UV diode, 488 nm Argon ion, 568 nm Green/Y ellow
Diode and 647 nm red diode with minimum pinhole size possible. For image acquisition
settings, aspect ratio was ensured to be 1:1 and oversaturated pixels were checked with
intensity (Hi-Lo) mode. Stacks of 0.3 um spaced sections were taken using with 1200 X
1200-pixel resolution with 12-bit depth range at 8 ous scanning speed. For using Leica
SP8 confocal line scanning microscope system, white laser with AOBS (Acousto-Optical
Beam Splitter) along with UV diode laser was used. 2x PMT, 1x PMT (Trans) and 2x
HyD detectors were used to capture excited emissions, while the image acquisition

settings were set to 1064 x 1064 pixels, with a depth range of 8 bits.

3.4.2 Structured Illumination Microscopy

The cells for treated in the same fashion as for confocal microscopy, except high precision
glass coverslips were used to seed the cells. For obtaining images with Zeiss Elyra S.1
scanning system, the coverslip mounted on the slides was placed on the holder scanned
with Zeiss inverted microscope using Immersol 30°C Oil (NA = 1.518). Xcite 120 PCQ

excitation lamp was used for multichannel fluorescent illumination to locate cells with
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oculars. ZEN 2012 coupled with sCMOS pCO-EDGE camera was used to drive the
scanning system. For all images, The Plan-Apochromat 63X/1.4 Oil DIC was used. The
grating size was calculated automatically during acquisition by ZEN 2012 software
depending on the laser. Exposure time, laser intensity and number of grating rotations
was kept constant for individual experiment and comparisons. After raw image
acquisition, the super-resolution image was processed using 3D-SIM setting for all
channels for whole sized image. Laser excitation light (672, 561 and 488 nm) was
shuttered using a tilt mirror filter FSet77 HE with grating size calculated separately each
individual laser. Unprocessed image stacks were composed of 25 images per z-section
(five 72-degree phase-shifted images per angle at each of five interference pattern angles).
The z-sections were scanned at a spacing of every 250 nm for a total raw data image count
of 525 images per 1.5 um section. Full super-resolution 1 pm wide stacks with 78.35 x
78.35 um field of view at 2048 x 2048 pixels resolution with 16-bit dynamic range was

captured.

3.4.3 direct Stochastic Optical Reconstruction Microscopy

20,000 cells per well were grown on 8 well CellVue High Precision glass chamber, and
treated in the same manner as for confocal microscopy, with an additional end-fixation

step with 2% paraformaldehyde and 0.2% glutaraldehyde.

dSTORM (direct Stochastic Optical Reconstruction Microscopy) was performed by
Patrick Eiring and Marvin Jungblut (Department of Biotechnology, University of
Wiirzburg) on a single molecule sensitive widefield setup. The setup was built around an
inverted microscope equipped with an oil-immersion objective (60x, NA 1.45).
Excitation lasers used were 641 nm (Cube 640-100C; Coherent) and a 532 nm diode laser
(Nano250; Linos), with irradiation intensities of 1-5 kW/cm2. Laser lines were used in
combination with by dichroic mirror and coupled into the microscope objective using an
polychromatic mirror which also separated the excitation light from the fluorescence. Pair
of lenses (L1 and L2) placed in the excitation path to direct the laser on the back focal
plane of the oil-immersion objective ensured homogeneous widefield excitation. The
experiments were performed in internal reflection fluorescence (TIRF)-illumination or by
a highly inclined and thin beam that allows axial sectioning (highly inclined and

laminated optical sheet, HILO).The fluorescence light in the detection path was filtered
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using bandpass filters and imaged with an EMCCD with quantum yields of 80-90% in

the visible range.

To minimize the drift, a nosepiece stage to decouple the specimen and the objective from
the microscope stative was used. The switching buffer containing 100 mM MEA (-
mercaptoethylamine) was added to the fixed cells before data acquisition. The
reconstruction was done with the opensource software rapidSTORM which was
developed in the Sauer laboratory (Wolter et al., 2012). The reconstructed images were
set to 10 nm per pixel and display the data colour-coded whereas the colour intensity is
directly proportional to the localization density per pixel weighted with the photon

number per localization. Before all the actual measurements, calibration measurements

to create a transformation matrix were performed with 200 nm fluorescent microspheres.

3.4.4 Image Processing

Images from confocal systems were processed using ImagelJ (http://imagej.nih.gov/ij/).
The z stacks were converted to maximum intensity projections, processed with 0.8 factor
Gaussian blur in relevant channels and were used for intensity quantification, counting of
PLA signals and co-localization quantification. For display purposes, the images were
normalized to same value of brightness and contrast within a single experiment using
Imagel. During 3D-SIM image processing, the output of raw data from the ZEN 2012
was processed at the same time using 3D-SIM algorithm in SR mode of ZEN 2012. The
microscope was routinely calibrated to calculate both the lateral and axial limits of image
resolution under our experimental conditions. Super resolved images were rendered in
ImagelJ for conversion to merged channel format and the final image for display and co-
localization/intensity measurement were normalized for brightness to same value in a
single set of experiment using ImageJ. After normalization, an ImageJ plug-in, Coloc2
was used for calculation of Pearson’s co-efficient and Overlap co-efficient after Manders.
During calculation, manual thresholding was necessary to be carried out as the images

were normalized already.
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3.5 Next Generation Sequencing Based Methods

3.5.1 mRNA-Seq

RNA was isolated using RNeasy kit with DNAase digestion on columns, following the
manufacturer’s instruction manual and eluted in 20 pl of nuclease free water. After
extraction, RIN assessment using Standard RNA Sensitivity Kit on Fragment Analyzer
was carried out. Only samples with RIN > 8 were processed further. following which
mRNA was isolated with NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB)
and the subjected to library preparation using the NEBNext Ultra Directional RNA
Library Prep Kit for Illumina, following the manufacturer’s instructions. After the final
purification, the concentration and size distribution of the library was check with
Fragment Analyzer using the NGS Fragment High Sensitivity Analysis Kit (1-6,000 bp).

The libraries were sequenced on a NextSeq500 Illumina platform for 75 cycles.

3.5.2 4sU-Seq

4-8 million cells per 15 cm plate were treated with 1-2 mM 4-thiouridine (4sU) for 10 or
15 min before being harvested in QIAzol reagent. Total RNA was subjected to extraction
using miRNAeasy kit with on-column DNAase digestion implemented. The resulting
RNA was tested for quality on a Bioanalyzer or Fragment Analyzer, and quantified on a
Nanodrop spectrophotometer. 50- 120 mg of resulting total RNA in 100 pl nuclease free
water was biotinylated using EZ-Link Biotin-HPDP in 0.2 mg/ml dimethylformamide in
biotin labelling buffer for 2 h with rotation at 25°C. Resulting biotinylated RNA was then
subjected to clean up using chloroform-isoamylalcohol (24:1) extraction in MaXtract
(high density) tubes. The top aqueous phase was taken and mixed with 1:10 volume of 5
M NaCl and an equal volume of isopropanol along with 1 ml of Glycoblue coprecipitant.
Resulting mixture was then placed on room temperature for 5 min followed by
centrifugation at 20,000 g for 20 min while cooling maintained at 4°C. The supernatant
from the centrifuge aspirated and the remaining pellet was washed twice by adding 75%
ethanol and centrifugation at 20,000 g for 10 min while cooling maintained at 4°C. After

the second centrifuge, the pellet was air dried and resolved in 100 pl nuclease free water.

The resulting biotinylated RNA was subjected to pull down using 50 pl of Dynabeads
MyOne Streptavidin T1 beads which were suspended in 100 pl wash buffer for 15 min at

25°C with rotation. The beads were washed with biotin wash buffer while implementing
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magnetic separation. Ultimately, 4sU labelled RNA was eluted with 100 pl of freshly
prepared 100 mM DTT in nuclease free water, and cleaned using RNeasy MinElute Spin
columns. The 4sU labelled RNA was quantified with the RiboGreen Assay subjected to
cDNA library preparation. cDNA libraries were prepared using Ultra RNA Library Prep
kit in combination with NEBNext rRNA Depletion Kit (Human/Mouse/Rat) while using
16-19 PCR cycles, depending on the input. Subsequent libraries were checked for size
distribution and concentration on a Bioanalyzer or on the Fragment Analyzer using the

NGS Fragment High Sensitivity Analysis Kit (1-6,000 bp).

3.5.3 DRB 4sU-Seq

8-10 million cells per 15 cm plate were seeded before carrying out 2.5 h of DRB treatment
after which the cells were washed with PBS and released from transcription block by
adding culture medium containing 1-2 mM 4sU for indicated times for 10 or 15 minutes
for the respective release time. The labelling was subsequently terminated by harvesting
the cells in 2.1 ml QIAzol reagent and storing in 3 separate tube, which were flash frozen
in liquid nitrogen. After thawing, the lysates were processed in the same way as for 4sU-

Seq.

3.5.4 Illumina NextSeq500 Sequencing

Once individual libraries with compatible index combinations were pooled together, they
were again tested for library size and concentration, while running a previously calibrated
library mix on the same lane on fragment analyser. Following the correction for variation
based on the previously calibrated library mix, the new library mix was diluted to 4 nM
concentration and mixed in equal volume with 200 mM NaOH for denaturation. The
denaturation was halted by adding 200 mM Tris-Cl following by dilution in Illumina
supplied hybridisation buffer to a final concentration of 1.8 pM. In order to check for base
calling errors, 1-3 pl of 1.8 pM pre-denatured PhiX library was added to the mix and
loaded on high throughput [llumina flowcell for NextSeq500 and subjected to 75 cycles

of sequencing by synthesis followed by 8+8 cycles of index sequencing.
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3.6 Bioinformatic Methods

3.6.1 References and databases

The human reference genome build 37 released in 2009 (hg19) was used throughout the
study. RefSeq genomic coordinates for all genes, exons, introns and rRNA cluster were
downloaded from UCSC (University of California, Santa Cruz) table browser. Pre-built
chromosome sizes and index for Bowtie were downloaded from Illumina iGenomes suite.
For gene set enrichment analysis, version 5.2 of C2, C5 and Hallmark databases were

downloaded from Molecular Signature Database hosted by Broad Institute.

3.6.2 Read Alignment

FASTQ files from Illumina’s BaseSpace environment were downloaded and checked for

indexed combinations post catenation in the following way:

# Checking for number of occurrences of each index combination in the merged file

sample.fastq | ~@\NB500931"' | d: -f 10 | | c | nr > sample.txt

In order to find the coordinate location of the short reads on the reference genome,
bowtie2 was used with one mismatch allowed. Before alignment, the FASTQ files
downloaded, catenated and unzipped on the high-performance cluster (HPC) and were

checked for quality with FASTQC.

For 4sU-Seq data, this was implemented with bowtie in the following manner:

t =S ——norc -p 64 hgl9 sample.fastq sample_norc.sam
t -S ——nofw —p 64 hgl9 sample.fastq sample_nofw.sam

The command to align to reference genome was as follows:

x hgl9 sample -S sample.sam -N 1 —p 75 2> sample.txt

In case of stranded alignment, two files, one for each strand was generated using -norc
and -nofw parameters of bowtie2.

The resulting sam file was transformed into a binary bam file using samtools, while being

sorted during the conversion as follows:

view —-bS sample.sam | sort -T tl/aln.sorted — -0 sample.sorted.bam
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3.6.3 Normalization Procedures

The mapped reads from each resulting bam file was collected by -F 4 flag using samtools,

counted and stored into a single text file:

c -F 4 $sample.sorted.bam Total_hg19_Mapped_Reads. txt

For 4sU-Seq and 4sUDRB-Seq, the exons from contaminating mature RNA confound the
counts of bam files. Hence, only the reads falling into the intronic regions was kept.
Additionally, in order to ensure the normalization was carried out only based on Pol 11
transcribed reads, rRNA recads were also removed from the bam fields before

normalization:

intersect sample.sorted.bam -b Exons.bed -v sample.ex_cl.sorted.bam
intersect sample.ex_cl.sorted.bam —-b 3pUTRexons.bed -v sample.ex_3p_cl.sorted.bam

intersect sample.ex_3p_cl.sorted.bam -b 5pUTRexons.bed -v sample.ex_5p_cl.sorted.bam
intersect sample.ex_5p_cl.sorted.bam —-b rRNA.bed -v sample.hgl9.cleaned.bam

The number of mapped reads post cleaning were again counted using the approach
mentioned above, and all files were then subsampled to the minimum number of reads
after shuffling the reads, followed by converting the files into bedGraph format in order

to allow visualization in Integrated Genome Browser :

BAMS=. /*.hg19. cleaned.sorted.bam
for sample in $BAMS
do
sample now being normalized to 9348088 reads
view -H $sample ./$sample".header.txt
view -F 4 $sample v '~@' - - n 9348088 sample".header.txt" - view -bS - sample”.norm.bam

sort $sample".norm.bam" -o $sample".read.normalized.bam
index $sample'.read.normalized.bam
sample now has the following number of reads:
view -c -F 4 $sample .re#d.normallzed.bam
ibam $sample”.read.normalized.bam" -g hg19.chrom.sizes -bg sample".read.normalized.bedGraph

3.6.4 RNA Pol II Elongation Rate calculations

RNA Pol II elongation rates from 4sUDRB-Seq were computed using TERate (Zhang et
al., 2016). The intronic regions of each gene was divided into 300-bp non-overlapping
bins, and the read density in each 300-bp bin was calculated. Such bins within the
promoter region were randomly selected and treated as ‘‘expressed bins.”” Another set of
such bins within the region around the TES of long genes (>60 kb) was randomly selected
for “‘background bins’’. Yet another class of bins, called *‘transcribed bin’” was selected
as the bin for which the read density of expressed bins was higher than that of the
background bin. For each gene on which the elongation rate was calculated, the position

of the last two consecutive “transcribed bins” was defined as the transcription “wave
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front”. Thus, the distance transcribed within the specific release time for a gene was
calculated from its TSS to the transcription “wave front”, and the Pol II elongation rate
was predicted by dividing the transcribed distance by the release time of the specific

experiment.

An example of this implementation for 10-minute release time is shown below:

sample.bedGraph TERate
TERate
refFlat.txt 300 > refFlat_bins.txt
split

split/

../split_bedgraph.sh ../sample.bedGraph
../split_refFlat.sh ../refFlat_bins.txt

bin F"_" '{print "nohup ../bedgraph_to_hits "$1"_bedgraph.txt "$1"_bin.txt > "$1"_hits.txt &"}

o/
split/#_hits.txt > sample.txt
k4,4 -k1,1 -k2,2n -k3,3nr sample.txt > sorted_hits_sample.txt
sorted_hits_sample.txt 10 300 | k1,1 —k4,4nr {al$1,++b[$1]1=$0}END{for(i in b)print ali,1]}' > TERate_output_sample.txt

3.6.5 Density plots and heat maps

Average density plots were generated from strand-based normalized bam files with
NGStools (Shen et al., 2014) with the gene lists as specified for each graph. Next, the
density files for sense and anti-sense reads were collected and averaged for all genes in
the gene group over both strands and re-plotted in R. When replicates were normalized to
individual number of reads between each condition, the resulting densities as mentioned
here were then re-normalized to same read density for all curves under comparison. The

same rule was implemented to generate metagene plots.

For heatmaps, the sorting parameter used was either gene length or Pol II elongation rates
as measured by independent 4-min and 8-min release 4sSUDRB-Seq experiments in U20S
cells (unperturbed for MYC levels), and only the genes for which the elongation rates
could be measured in all experiments were considered (n = 2,163). Heatmap generation
was carried out using deeptools. BAM files were converted to bigwigs with a bin size of
50 using bamcoverage. computeMatrix was utilized with reference-point as TSS and bin
size of 50 to generate a read and position based matrix in a sorted manner; —sortRegions
parameter was set to keep and the sorted reference file (sorted for gene length or speed)
was used as the input for -R parameter. The resulting matrix was then used for
plotHeatmap command with same -zmin and -zmax values for the set of conditions under

comparison. A representative command for the above description is as follows:
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reference-point referencePoint TSS \

a 120000 -b 1500 \

bs 5\

p max \

sortRegions no \

R references.bed \

S \
sample.bw \

out sample.txt.gz

m sample.txt.gz \

out sample.pdf \

zMin @ \

whatToShow 'heatmap and colorbar' \

colorMap Blues \

sortUsing region_length \

regionsLabel 'Expressed_Genes' \

samplesLabel Control \

labelRotation 45 \

zMax 1

3.6.6 Read Density-based score calculations

Gene based scores were calculated by dividing reads in a specific region of the gene with
other. Specifically, processivity scores were calculated from stranded bam files from 4sU-

Seq data, where the sense strand bam files were converted to bed files:

i sample.plus.bam > sample.plus.bed

coveragebed from bedtools was used to calculate read densities falling in proximal and

distal gene regions:

a proximal.txt -b sample.plus.bed > sample.plus.proximal.txt

a distal.txt —-b sample.plus.bed sample.plus.distal.txt

The proximal region was demarcated as the region from TSS+1 kb to TSS+2 kb, whereas
the distal region was marked to be from TSS+5 kb to TSS+7 kb. The processivity ratio
was defined as the log2 FC of pseudo-count added reads in the distal and proximal regions.
Only genes longer than 8 kb were considered for this calculation. In case of calculation
for directionality score, the same bed files as above were used. Sense reads were retrieved
similarly with coveragebed and the pseudo-counted reads were divided by gene length to
overcome bias towards long genes, while for antisense reads the region 1 kb upstream of
TSS, but for the reads from the opposite strands was used. Directionality ratio was defined
as the log2FC of sense reads to antisense reads. Very small genes (< 0.3 kb) were

excluded from the analysis.

3.6.7 Gene Differential Expression Analysis

In order to calculate gene regulation (in terms of log2FC), stranded BAM files were used

to calculate read counts per gene. For each replicate, these reads were normalized for gene
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length and sequencing depth. Reads in exonic regions were not considered. Expression
filter was set based on reads per kilobase per million (RPKM) averaged over all samples.
Fold change was calculated as log2 ratio of averaged reads from replicates, and
significance was calculated with Benjamini-Hochberg algorithm, implemented via limma

package in R.
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4 RESULTS

4.1 4sUDRB-Seq reveals wide variation in elongation rates

In order to measure the impact on MY C on elongation, precise measurement of elongation
rates was required. 4sUDRB-Seq is a technique in which all the Pol II in cells are
synchronized to stay paused at the promoters by reversible CDK9 inhibition using DRB.
Release of this pause and allowing the Pol II to transcribe for a specific time period can
be achieved by washing the cells with PBS, and during this time, the nascent RNA is
concomitantly labelled with 4sU, thus allowing precise measurement of distance
transcribed on the genes in the specific release time. Since the concentration and time for
which the cells need to be treated with DRB in order to achieve this reversible Pol I block
varies from cell line to cell line, it was required to carry out a pre-experiment to test these
factors. Additionally, the Pol II elongation rates also differ between cell lines (Fuchs et
al., 2015), and thus the release time also needs to be checked in a way that it allows Pol

II to travel without transcribing the whole gene.

To test these parameters, gene-based DRB assay employing qPCR with intronic primers
to capture nascent RNA was performed on the OPAI gene. This was performed on
intronic regions close to exons which were 2, 22 and 28 kb downstream of the TSS and
the release was performed for 4, 8, 16, 24 and 32 minutes (Fig 4.1A). Expression of
nascent RNA was calculated as fold changes (FC) over non-DRB treated (NT) condition.
In case of promoter proximal primer pair (2 kb), all release time points showed higher
expression, whereas in case of primers for 22 kb exon, higher expression than NT was
shown only after 24 minutes of release. Similarly, for primers against 28 kb exon, higher
expression than NT was achieved after 32 minutes, indicating Pol II speed of around 1
kb/min. This experiment allowed the deduction of several points with respect to U20S

cell line.

Firstly, 2.5 hours of DRB treatment is sufficient to block the transcription since the
relative expression was least in 0 min release time point. Secondly, the DBR induced

block of transcription is reversible and release time of as less as 4 min can be used in
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U20S cells to deduce Pol II elongation rates. Finally, it can be seen that Pol II advances
into gene body at a more or less constant rate, and thus, this technique can be implemented

genome-wide to measure Pol II elongation rates.
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Figure 4.1 DRB assay for measuring elongation rates.

(A) Analysis of OPAI1 nascent RNA in U20S cells, immediately after 2.5 hrs DRB treatment and at the
indicated release time points after DRB removal. NT = non-treated. Pre-mRNA levels were determined by
qRT-PCR, employing intronic primers. All values were normalized to B2MG in the same sample. Levels
in NT samples were set as 1. Bars indicate averages of three technical replicate experiments; error bars

represent standard deviation. (B) Scheme depicting the 4sUDRB-Seq experiment carried out to measure
elongation rates in unperturbed cells.

In order to confirm if the release times ranging from 4 min to 16 min were sufficient to
capture the elongation rates genome-wide, 4sSUDRB-Seq was carried out at 4 min, 8 min
and 16 min release time points (Fig 4.1B). Newly synthesized RNA was labelled by 4sU
during these release times, and purified after biotinylation using streptavidin-based
capture, and subjected to Illumina sequencing. The sequences base-pairs when aligned to
the human genome, reveals the pile-up from density of reads. These reads thus represent
the region of the gene transcribed within the time-interval of 4sU treatment and DRB

release.

The location along the gene where read density approaches background levels can be
considered as the ‘‘transcriptional wave front’’, which indicates the genomic distance that

Pol II transcribed during the release interval. Inspection of individual genes on the
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Integrated Genome Browser (IGB) showed that the distance travelled by Pol II after DRB
washout could be clearly measured and this distance increased with the longer release
times (Fig 4.2). This distance, when divided by the time of DRB release, gives elongation
rate of the respective gene in that experiment. For example, for TOPI, since the
transcription wave front can be approximated at 11 kb, 18kb and 35 kb for 4 min, 8§ min
and 16 min release experiments, the elongation rate in these experiments can be deduced

as 2.75, 2.25 and 2.19 kb/min, thus showing a high degree of correlation between the

experiments.
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Figure 4.2 4sUDRB-Seq can be used to calculate Pol II elongation rates.

IGB (Integrated Genome Browser) track of 4sU labelled RNA indicating the transcriptional wave front for
TOPI and CHIC? genes with the indicted DRB release times. Horizontal lines above gene names show the
genomic location from TSS to TES, with vertical lines representing the exon locations. Scale bars represent
10 kb, and arrows with values indicate the approximate distance from TSS. Parts of this figure appear in a

similar form in (Baluapuri et al., 2019).

Additionally, these results were not restricted to single genes. In order to visualize the
transcriptional wave fronts for multiple genes, reads from all expressed was averaged and
displayed (Fig 4.3A) for the given experiments. Here, only long genes were considered,
since in short genes, the transcriptional wave front would already cross the TES for the

given release time points. Such averaged density plot showed that as the release time
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increased, the wave front averaged over all genes reached background levels at a later
position in the gene body, showing that the genomic distance which Pol II can transcribe
is directly proportional to the time of release from DRB block. However, such effects
could be driven by few highly expressed genes. To rule out such a possibility, heat maps
showing the wave front were generated and sorted for gene length, with the longest genes
on top and shortest at the bottom (Fig 4.3B). Such an analysis revealed that on all
expressed genes, the transcription wave front covered longer distances into the genes for

8-min release compared to the 4-min release time.
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Figure 4.3 4sUDRB-Seq transcription wave fronts are a function of release times.

(A) Averaged reads’ density plot of 4sSUDRB-Seq reads comparing various release times for all expressed
genes. Arrows indicate the location where wave-front approaches background levels after the indicated
DRB release times. (B) Heatmap sorted for gene length showing 8 mins release times cover greater distance

as compared to 4 mins. The dotted line marks the gene ends.

In order to quantify the absolute Pol II elongation rates in terms of kilobases travelled per
minute (Fig 4.4) a previously published algorithm (Zhang et al., 2016) was utilized and
implemented on this 4sUDRB-Seq experiment. These speeds showed marked variations
in Pol II elongation rates among the genes, and this variation was found to be consistent

among the various release experiments. In other words, the genome consists of genes
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which can be transcribed in terms of bases/min faster than the other, and the classification

of such genes remains consistent throughout the different release times.

Pol Il Elongation Rates
[Kb/min]
w
|

Slow I Medium J Fast

Figure 4.4 Elongation rates from 4sUDRB-Seq

Pol II elongation rates from TERate algorithm 4 min after release from DRB inhibition. Genes were
classified as “Slow”, “Medium” and “Fast” based on elongation rate measurements from an independent

experiment (8 min after DRB release). This figure appears in a similar form in (Baluapuri et al., 2019).

These experiments show that 4sUDRB-Seq can be used to generate reliable and
reproducible elongation rates in U20S cells to measure changes in the elongation rates of

Pol II transcription.

4.2 Cellular system to study primary effects of MYC

Further, in order to find out if the elongation rates as calculated by 4sUDRB-Seq are a
function of MYC levels, a combination of siRNA mediated depletion and Tet-on
mediated overexpression in U20S cell line was utilized to acutely manipulate MYC

levels in these cells.
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Figure 4.5 Cellular system to establish acute changes in MYC levels.
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(A) Immunoblot of MYC in U20SMYCTet0n cells before (MYC OFF) and after re-establishment of MYC
concentration at physiological levels (MYC ON) using combination of Dox and siRNA against MYC (see
“Methods™). Vinculin is shown as loading control. (B) Immunofluorescence images captured by confocal
microscope from indirect immunostaining against MYC in MYC ON and MYC OFF conditions. (blue:
Hoechst-stained nuclei, magenta: MYC, green: phalloidin; scale bar: Sum). This figure appears in a similar

form in (Baluapuri et al., 2019).

SMYC-Tet-ON ¢ells were used, and the addition of

In this experimental set-up, the U20
doxycycline (Dox) was preceded by transfection of cells with siRNA against MYC. Thus,
MYC concentration in these cells were reduced to very low levels first, followed by re-
establishment of endogenous MYC levels within 12-16 hours by addition of Dox. The
cells in this condition were termed as “MYC ON” and were compared to cells in which

Dox was not added after siRNA treatment (‘“MYC OFF’’).

Upon comparing the levels of MYC through immunoblotting, it was found that the
concentrations of MYC in doxycycline-treated cells matched endogenous levels (Fig
4.5A). This cellular system thus brings about acute changes in MYC levels, and
counterbalances the off-target effects of siRNA treatment, if any. To confirm the cellular
distribution of MYC, indirect immunostaining against MYC in paraformaldehyde fixed
cells was performed followed by imaging under confocal microscope. Similar to earlier
noted cellular distribution (Lorenzin et al., 2016), MYC showed uniform nuclear
localization and the changes in its level were not driven by just a few cells, but were found

to be evenly distributed across the culture (Fig 4.5B).

These results demonstrate that this new experimental set-up with MYC-ON and MYC-
OFF conditions can be used to manipulate MYC levels acutely and uniformly in the

U20S cells, and is thus suitable for analysing the elongation rates of Pol II.

4.3 Elongation Rates of Pol II are regulated by MYC levels

MYC being a protein with fast turnover rate of synthesis and degradation, it was possibly
that MYC levels could be affected after DRB treatment since DRB blocks mRNA
synthesis by Pol II. Therefore, to rule out the possibility that MYC transcription itself
was hampered by DRB treatment, it was required to check if MYC levels are unperturbed

by short term DRB treatment or not.
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Figure 4.6 MYC levels remain unaffected by DRB treatment.

(A) Immunoblot showing comparison of MYC levels in various durations of DRB treatment along with 16
hours of Dox treatment. CDK2 is shown as loading control. (B) Immunofluorescence images captured by
confocal microscope from indirect immunostaining against MYC in MYC ON and MY C OFF conditions.
(blue: Hoechst-stained nuclei, magenta: MYC; scale bar: Sum). This figure appears in a similar form in

(Baluapuri et al., 2019).

Towards this end, immunoblotting in U20SMY¢-Tet-ON

cells was carried out against MYC
to check for MYC levels after DRB treatment for 2.5 hours in presence and absence of
Dox, and compared to levels in cells in which the DRB treatment was carried out only for
0.5 hour. The results showed that the change in MYC levels upon Dox treatment was
found to be similar among the cells which were treated with DRB as compared to the ones
which were treated with DMSO (Fig 4.6A). In order to check the distribution of MYC
within the nuclei, indirect immunostaining was performed and viewed under confocal

microscope. Images from this experiment neither showed any redistribution of MYC

within the nuclei, nor showed major variations of MYC levels among the cells (Fig 4.6B).

Since the cellular system defined above allowed to study primary effects of MYC,
4sUDRB-Seq was performed at two different release times after DRB treatment on cells
from MYC ON and MYC OFF conditions. The cells were released from DRB block for
10 minutes with a concomitant labelling of nascent RNA, and the transcription wave front

of Poll II was compared between MYC ON and MYC OFF conditions.
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Figure 4.7 MYC is required to maintain fast elongation rates.

Genome browser tracks of FBXWI11, RAB2A and TAF?2 genes indicating the transcription wave front in
MYC ON (dark blue) condition compared MYC OFF (light blue) condition from 10 mins release DRB4sU-
Seq. Scale bars represent 10 kb, and arrows with values indicate the approximate distance from TSS. This

figure appears in a similar form in (Baluapuri et al., 2019).

Upon inspection of multiple individual genes (Fig 4.7), on one hand, the density of
nascent RNA was found to be unaltered near the TSS. On the other hand, the
transcriptional wave front in MYC OFF cells was found to be significantly behind when
compared to MYC ON cells. In order to confirm if this was a global effect, 4sU read
densities were averaged and plotted for all expressed genes between the length of 50 kb

to 100 kb.
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Figure 4.8 MYC is required globally to maintain fast elongation.

(A) Density of reads from 4sUDRB-Seq followed by 10 mins release time, averaged for 3,732 genes (50—
100 kb long). (B) Heatmaps of reads from same experiment, aligned to TSS and the genes were then sorted
for Pol II velocity calculated from an independent 4 min unperturbed condition experiment shown in Fig

4.4. This figure appears in a similar form in (Baluapuri et al., 2019).

This comparison of average densities (Fig 4.8A) revealed that the transcription wave front
in absence of MYC lagged by 10 kb in the 10 mins release time. However, to rule out the
possibility that such an effect was driven by just a few highly expressed genes, heat maps
depicting the transcriptional wave-fronts were generated. Comparison of the wave fronts
in the heat map showed that the genes that showed the maximum lag in wave front in
absence of MYC, were the ones which had highest elongation rates as well (Fig 4.8B).
Importantly, the decrease in rate of elongation was not driven by a few genes, but found

to be all across the heatmap.

Next, an additional experiment with a DRB release time of 15 mins was carried out to
test if this effect was restricted only to a specific release time. Upon inspection of browser
tracks, similar results were noted as in case of 10 mins release (Fig 4.9). Whereas the
transcription wave front was found to be ahead by approx. 19 kb on PPPIR12A4 gene, the
comparison of averaged densities revealed a difference of approx. 11 kb among the

wavefronts from MYC OFF and MYC ON conditions.
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Figure 4.9 Changes in elongation rate by MYC are independent of release times.

Genome browser tracks of PPP/R12A4 gene indicating the transcription wave front in MYC ON condition
compared MYC OFF condition in 15 mins release DRB4sU-Seq. Scale bars represent 10 kb, and arrows
with values indicate the approximate distance from TSS.

In order to quantify the reduction in elongation rates upon MY C depletion over each gene,
TERate algorithm was used to calculate the rates in terms of bases/minute. This
quantification for the 10 min release experiment revealed that in presence of MYC, the
average elongation rate was found to be 3200 bases/minute, which dropped down to 2700
bases/minute in absence of MYC. The elongation rates captured over all genes when
compared for 10 minutes release experiment showed significant reduction in elongation
rate in MY C OFF condition (Fig 4.10A). Importantly, when a ratio between the rates from
MYC ON and MYC OFF cells was calculated, it was found to correlate significantly to a
high degree between the 10- and 15-minutes release experiments (Fig 4.10B) indicating
a dependence of Pol II elongation rates on MYC levels. The results from the above
experiments suggest that the reduction in the ability of Pol II to transcribe at a fast rate
happens far away (Fig 4.8A, 4.9B) from the promoter, where MYC is known to be bound
(Rahl et al., 2010) (Walz et al., 2014).

Since DRB treatment synchronizes all Pol II at the start sites, changes in pause release
cannot account for the reduction in elongation rate in MYC OFF condition. Hence, a
deeper investigation into the Pol II elongation complex was required to understand how

MY C maintains fast elongation rates of Pol II.
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Figure 4.10 Pol II elongation rates are a function of MYC levels.

(A) Boxplot showing a comparison of elongation rates in MYC ON and MYC OFF conditions for 10
minutes release experiment (B) Scatterplot showing the correlation between the ratios of elongation rates
(in MYC ON and OFF) for the 10- and 15-minutes release experiments. Statistical significance measured

by two-sided Wilcoxon test. Parts of this figure appear in a similar form in (Baluapuri et al., 2019).

4.4 MYC is required for assembly of Pol II Elongation Complex

One of the possibilities how MYC could alter the elongation rates would be if it assists in
the assembly of factors on Pol II before the elongation phase of transcription cycle begins.
However, the number of such factors is quite high, and required a systematic unbiased

study.

4.4.1 MYC dependent recruitment of SPTS5 to Pol II on chromatin

In order to check if MYC affects the interactome of Pol II while bound to chromatin, a
series of mass spectrometry-based experiments were carried out by my colleague where
the interactome of MYC and Pol II was compared (Fig 4.11A) (experiments performed
and analysed by Julia Hofstetter, Department of Molecular Biology and Biochemistry,
University of Wiirzburg). These experiments suggested that in absence of MYC, SPTS5

and SPT6 proteins cease to interact with chromatin bound Pol II.

In terms of techniques used to confirm interaction of other proteins with MYC as
predicted by mass spectrometric analysis, techniques like co-immunoprecipitation (Co-
IP) and proximity ligation assay (PLA) have been used (Jaenicke et al., 2016) (Gerlach et
al., 2017). While Co-IP is a definitive proof of interaction between proteins, PLA utilizes
in situ PCR between oligomers ligated to antibodies against the two proteins in
paraformaldehyde fixed cells. Since the fluorophores added in a subsequent step are

linked to oligos hybridizing to sequences in the amplicons, bright fluorescent dots can be
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seen under the microscope with proper excitation, and counter-staining with nuclear or
cytoplasmic dyes (Hoechst and phalloidin, respectively) offers spatial information within

the cell while being able to give quantitative comparisons between different conditions.

Based on the above-mentioned arguments, PLA with antibodies against SPT5 and
transcriptionally engaged form of Pol II (pSer2 Pol II) was performed in U20S MYC ON
and MYC OFF system. Upon inspecting confocal images of cells from MYC ON
condition, it was found that PLA foci, which are indicator of proximity between the
respective antibodies, were limited to nucleus in the cells (Fig 4.11B). Since the
transcriptionally engaged Pol II is restricted to nucleus, presence of foci in nucleus was

not surprising, but showed the specificity of the antibodies and the technique.
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Figure 4.11 MYC driven recruitment of SPTS to Pol II

(A) Venn diagram depicting the intersection between the Pol II interactome and the MYC interactome.
Interactome experiments and analysis were performed by Julia Hofstetter. (B) Immunofluorescence images
taken using confocal microscope between pSer2 Pol II and SPTS in cells treated with (MYC ON) or without
MYC (MYC OFF) for U20S and HMLE cell lines (C) Quantification of PLAs shown in (B). Statistical
significance measured by two-sided Wilcoxon test. This figure appears in a similar form in (Baluapuri et

al., 2019).

However, the number of these foci decreased drastically in images of cells from MYC
OFF conditions, and were found to be significantly lower while comparing the
quantifications from multiple experiments (N=3) and cells (approx. 100 cells) (Fig
4.11C). Additionally, these results were not restricted to U20S MYC ON and OFF
system, but were found in HMLE cells as well where MYC levels were altered using

siRNA targeted against MY C and compared to siRNA with non-targeting sequences (Fig

Apoorva Baluapuri - February 2021 67



Results

4.11 B, C). These results show that interaction of SPT5 and Pol II is a function of MYC

levels, and this holds true across multiple cellular systems.

However, one potential factor that could explain the above results, would be the reduction
in the protein levels of SPT5 and/or pSer2 Pol I1. To rule out this possibility, pSer2 Pol II
and SPT5 levels in the cells fixed with paraformaldehyde were checked using indirect
immunostaining (Fig 4.12A) as well as by quantification of immunoblots from multiple
experiments and repetitions (Fig 4.12B). In both experimental setup no significant change
in the respective proteins was detected. Since the levels of SPTS and pSer2 Pol II were
constant, it can be concluded that it is actually the levels of MYC that regulate SPT5-Pol

II proximity in cells.
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Figure 4.12 SPTS and pSer2 Pol II levels are unaffected by MYC

A) Immunofluorescence images taken on confocal microscope from indirect immunostaining of SPTS,
MYC and pSer2 Pol II in presence (MYC ON) and absence of MYC (MYC OFF). (B) Immunoblot of
MYC, SPTS and p-Ser2 Pol II from cells shown in (A). Numbers below indicate the ratio of each protein
to MYC OFF condition from at least three experiments. CDK2 was used as a loading control. This figure

appears in a similar form in (Baluapuri et al., 2019).

4.5 MYC mediated SPT5 handover is driven by CDK7 via TFIIE

The fact that MYC interacts with SPTS5, and this interaction is instrumental in loading
SPT5 to Pol II raises the question how this can occur mechanistically. One possibility is
that when MYC binds to the promoters, it recruits SPT5 along with it and hands SPTS5
over to Pol II upon transcription initiation. Since the transcription process is heavily
regulated by CDKs (see 1.3.1), it is possible that they also mediate this transfer of SPT5
from MYC to Pol II.
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Since PLA can be used to measure the proximity between SPT5 and Pol II, this can be
used as a readout to check whether Pol II elongation complex contains SPTS5 or not. This

readout can be used to study the transfer of SPTS5 to Pol II and its dependence on CDKs.

4.5.1 CDKY7 is responsible for transfer of SPTS from MYC to Pol II

In order to probe which CDK was involved in handing over SPTS from MYC to Pol II, a
screening approach with a small library of kinase inhibitors was used (see 1.3.2). In this
approach, first, PLA between MYC and SPT5 was carried out and then compared with
results of PLA between SPT5 and Pol II carried out separately after inhibition of
individual CDKs.

However, a key requirement for such an assay to work accurately would be similarity in
the protein levels of MYC and SPTS upon CDK inhibition. To test this, paraformaldehyde
fixed cells were subjected to indirect immunofluorescence imaging against SPTS5 and
MYC, and the resulting confocal images were compared between cells treated either with
pan-CDK inhibitor DRB or DMSO (4.13A). Also, the levels of both proteins were also
measured by quantifications of immunoblots under same conditions (Fig 4.13B). These
experiments did not show any significant changes in levels or nuclear distribution of
MYC and SPTS5 upon pan-CDK inhibition, thus showing that the changes noted PLA
signals are caused by changes in proximity of respective proteins and are not a function

of proteins levels in the cells

MYC SPTS

DMSO

DRB

THZ1

Figure 4.13 SPTS and MYC levels are unaffected by CDK inhibition
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A) Immunofluorescence images taken on confocal microscope from indirect immunostaining of SPT5
(magenta) and MYC (yellow) after treatment of U20S cells with various transcription inhibitors (scale
bars: 5 pm). (B) Immunoblot of MYC and SPT5 in U20S cells treated with pan CDK inhibitor DRB. CDK2

is shown as a loading control. This figure appears in a similar form in (Baluapuri et al., 2019).

To test CDK involvement, the above-mentioned PLA experiments were performed in
biological triplicates on paraformaldehyde fixed U20S cells which were treated with
various CDK inhibitors for 4 hours and compared to each other, along with U20S cells
which were treated with DMSO. If the handover of SPT5 from MYC to Pol II would be
hampered by a certain inhibitor, increased PLA signal between MYC and SPTS with a

concomitant decrease in signal between SPT5 and Pol II would be noted.

Upon observing the changes in PLA signals induced by DRB (a pan-kinase inhibitor),
PLA signal for MYC/SPTS5 was found to be increased (Fig 4.14 A,C) whereas the signal
for SPT5/Pol II antibody pair decreased (Fig 4.14 B,D), indicating that indeed one of the
CDK was responsible for the handover of SPT5 from MYC to Pol II. When more specific
CDK inhibitors THZ1 and LDC4297 (which inhibit CDK7) were used, similar results
were seen. However, when using a CDK9 inhibitor (LDC67), no increase of PLA signal
between MYC and SPTS5 was noted (Fig 4.14 C). These results indicate that specifically,
CDK?7 was responsible for handover of SPT5 from MYC to Pol II.

DMSO

THZ1 LDC4297 LDC67

D

p= . p= p= p= = = = =
1.1x1028 5.7x10°5 5.4x10C  0.991 0ax107 6501016 Bax107 7.4x10°3

PLA:
MYC/SPT5

PLA
Pol II/SPT5

C

— 20
7 o 30
0 £ 3
INERLE 23 |
= 3510 =
220 H e B gy O ]
<E £2 =
E‘g O [ P E 10 7
g S1pm 38 =
= = — s - N
0
9% % % ‘. % Ot
S S G C‘a@) %O % % %,
AN

Figure 4.14 CDKT7 is responsible for transfer of SPT5 from MYC to Pol I1
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(A and B) Immunofluorescence images taken from confocal microscope between MYC and SPTS5 (A) or
SPTS5 and total Pol II (B) in cells treated with CDK inhibitors (DRB, THZ1, LDC4297, LDC067) or DMSO
as control. (C) Quantification of PLAs shown in (A). The quantification of proximity pairs upon inhibitor
treatment was calculated in independent experiments and normalized to the DMSO condition. (D)
Quantification of PLAs shown in (B). The quantification of proximity pairs upon inhibitor treatment was
calculated in independent experiments and normalized to the DMSO condition. Statistical significance

measured by two-sided Wilcoxon test. This figure appears in a similar form in (Baluapuri et al., 2019).

In order to confirm this results in an experiment where CDK7 levels are genetically
manipulated instead of chemically inhibiting it, siRNA against CDK7 (siCDK7) was used
to deplete the levels of the protein in the U20S cells. The same set of PLA experiments
as above was performed in U20S cells which have been treated with siCDK?7 for 48 hours
and compared with cells which were treated with non-targeting siRNA (siCTR). The
MY C/SPTS5 signals in siCDK7 treated cells were again found to be higher while SPT5/Pol
IT PLA signal were lower as compared to those in siCTR treated cells (Fig 4.15 A-C),
thus showing that CDK7 indeed mediates the transfer of SPT5 from MYC to Pol II.
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Figure 4.15 CDK?7 depletion prevents SPTS handover to Pol I by MYC

Immunofluorescence images taken from confocal microscope between SPT5 and MYC (top) or between
MYC and SPTS5 (top) and SPT5 and total Pol II (bottom), observed without CDK?7 (siCDK?7) or with CDK7
(siCTR) in U20S cells (Yellow dots: intensity centres of proximity pairs, blue: Hoechst stained nuclei,
magenta: Phalloidin staining, scale bar: 5 pm). (B), (C) Quantification of respective PLAs shown in (A).
Statistical significance measured by two-sided Wilcoxon test. This figure appears in a similar form in

(Baluapuri et al., 2019).

4.5.2 TFIIE i1s responsible for CDK7 sensitivity

The experiments described above point towards the dependency on CDK?7 activity for
SPTS binding to Pol II. This finding is in line with current literature (see 5.2), but the
exact molecular details of this dependency are not known. While it is described that

CDK?7 phosphorylates Pol II CTD and SPTS5 (Larochelle et al., 2006), we could not

Apoorva Baluapuri - February 2021 71



Results

identify any phospho-site on SPTS5 which is altered by CDK?7 inhibition (data not shown).
However, CDK?7 is additionally known to phosphorylate HCE (Human Capping Enzyme,
also known as RNGTT (RNA Guanylyltransferase and 5'-Phosphatase)) for enabling
mRNA-capping, and TFIIE (Larochelle et al., 2012) for converting Pol II into a receptive
state for SPT5 binding (Nilson et al., 2015). To test which of the substrates of CDK7
were critical in transfer of SPT5 from MYC to Pol 11, it was important to deplete either
of these above-mentioned proteins, i.e., HCE and TFIIE and check if transfer of SPT5
from MYC onto Pol II is perturbed. First, HCE was depleted in U20S cells by treating
them with siRNA targeted against RNGTT (HCE) gene for 48 hours and PLA between
Pol II and SPTS5 was performed after fixation and compared with cells which were treated
with siCTR. Since this experiment did not show any decrease in the number of proximity
pairs between Pol II and SPTS5 (Fig 4.16), it can thus be concluded that that HCE doesn’t

plays a critical role in SPTS handover, at least in this cellular system.
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Figure 4.16 Depletion of HCE1 does not decrease SPT5-Pol II proximity

Immunofluorescence images taken from confocal microscope (A) and their quantification (B) of PLAs
between Pol II and SPTS5, observed in the absence (siHCE1) or presence (siCTR) of the human capping
enzyme in U20S cells (Yellow dots: intensity centres of proximity pairs, blue: Hoechst stained nuclei,
magenta: Phalloidin staining, scale bar: 5 um). This figure appears in a similar form in (Baluapuri et al.,

2019).

This pointed towards the hypothesis that TFIIE prevents association between SPTS and
Pol II, which could be rate-limiting for handover of SPT5 from MYC. To confirm this,
similar PLA was performed after depletion of one of the TFIIE subunits via siRNA (Fig
4.17A). Additionally, the same PLA was also performed in presence and absence of
CDK7 inhibitor THZ1. The expectation in this experiment was that a higher fold change
between siTFIIE and siCTR would be noted for SPT5/Pol II proximity pairs in THZ1
treated cells if CDK7 really helps in evicting TFIIE from Pol II complex. Even though

the number of proximity pairs decreased upon THZ1 treatment, the fold change upon
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depletion of TFIIE was indeed higher (FC=6) when compared to uninhibited condition
(FC=1.46) (Fig4.17 B, C).
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Figure 4.17 CDK7 mediated eviction of TFIIE from Pol IT

(A) Immunoblot showing depletion of TFIIE-beta, vinculin is shown as loading control
Immunofluorescence images (B) and quantification (C) of PLAs between SPTS and total Pol II in cells
shown in (A), combined with or without THZ1 treatment. The proximity pairs upon inhibitor and depletion
of TFIIE were quantified and displayed as boxplots (yellow dots: intensity centres of proximity pairs, blue:
Hoechst stained nuclei, magenta: Phalloidin staining, scale bar: 5 um). Statistical significance measured by
two-sided Wilcoxon test.This figure appears in a similar form in (Baluapuri et al., 2019).
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Figure 4.18 TFIIE release converts Pol II into a receptive state for SPT5

Immunofluorescence images taken from confocal microscope (A) and their quantification (B) of PLAs
between SPTS and total Pol II. TFIIE was depleted in cells with CDK7 inhibition (via LDC4297) or
depletion (via siCDK7) and compared to controls cells. The number of proximity pairs was quantified and
the ratio between TFIIE-depleted cells to control cells was calculated as fold change (FC). Statistical
significance measured by two-sided Wilcoxon test. For (A), yellow dots: intensity centres of proximity
pairs; blue: Hoechst stained nuclei; magenta: Phalloidin staining; scale bar: 5 pm. This figure appears in a

similar form in (Baluapuri et al., 2019).
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Similar results were obtained when CDK7 was either depleted using siRNA or inhibited
by a more specific inhibitor LDC4297 (Fig 4.18). When the fold changes between the
number of proximity pairs (siTFIIE vs siCTR) for SPT5/Pol II PLA was calculated, it
was always found to be higher in CDK?7 inhibited or depleted conditions (Fig 4.17, Fig
4.18), thus indicating that the release of TFIIE could allow Pol II to bind SPTS5.

It can thus be concluded from these experiments that CDK7 phosphorylates TFIIE in
order to generate a SPTS5 receptive Pol II complex, thus enabling the handover of SPT5
from MYC to Pol II.

4.6 Pol 11 Processivity and Directionality is regulated by MYC
levels

SPTS is known to affect multiple aspects of Pol II behaviour in yeast. Depletion of SPT5
in yeast using an auxin-inducible degron allele resulted in increase of antisense
transcription and decrease of sense transcription. In other words, in absence of SPT5, Pol

II complex loses directionality and processivity during transcription (Shetty et al., 2017).

If SPTS indeed gets transferred to Pol II by MYC, then similar changes in Pol II behaviour
can be expected when MYC levels are altered in cells as well. To estimate changes in
promoter directionality, metabolic labelling of nascent RNA with 4-thiouridine (4sU) was
performed for a short time (15 mins) followed by biotinylation of RNA and pull-down
using streptavidin beads. The resulting RNA was then converted into cDNA libraries in
a fashion which preserved the information on which strand do the reads originate from,
and subjected to deep sequencing. This technique, called 4sU-Seq, was performed in

triplicates in U20S cells corresponding to MYC ON and MY C OFF conditions.

4.6.1 MYC levels regulate directionality of Pol 11

Upon inspection of 4sU-Seq reads on individual genes, it was noted that the absence of
MYC resulted in decreased reads in the direction of genes itself, suggesting lower
transcription in sense orientation (Fig 4.19). However, on the anti-sense strand at
upstream promoter, the reads showed behaviour opposite to that of the sense strand. In
MYC OFF conditions, the 4sU-Seq signal was found to be increased at the upstream
antisense promoters as compared to the reads in MYC ON condition in the same region

and gene.

74 Apoorva Baluapuri - February 2021



Results

20 20

) MYC ON : MYC ON
doad Ji 4 antisense ol ol L ._antisense
20 20
- 7
E] C ]
4 MYC OFF k) MYC OFF
i i uu antisense £ ol antisense
2 40 g 30
3 3
2 2
2 MYCON ~ 'lh "ﬂ I MYC ON
sense sense
40 30
MYC OFF MYC OFF
sense sense mmwm.um.mm“ o nd
I +

»l tosdodd ol
L | Pt KAl

STAMBP CTCF

15

antisense  MYC ON

—

—-—

o

MYC OFF
antisense

e DAL L A oo

140

MYC OFF
sense

e
NPM1

N
= r

4sU density [reads]

Figure 4.19 MYC levels regulate directionality of Pol I1

Genome browser picture of nascent RNA. Example of normalized directional 4sU signal at the STAMBP,
CTCF and NPM1 gene from U20S cells in the absence (MYC OFF) and presence of MYC (MYC ON).

Scale bars represent 10 kb. This figure appears in a similar form in (Baluapuri et al., 2019).

This pointed towards a defect in ratio of Pol II undergoing sense and antisense
transcription, which is in line with the function ascribed for SPT5 in yeast (Shetty et al.,
2017). In order to test if this was a phenomenon happening on all genes, read densities
were averaged across the length of all expressed genes and compared between MYC ON
and MYC OFF condition. Such a comparison (Fig 4.20 A) revealed that in MYC OFF
condition, nascent RNA signal decreased along the genes while showing an increase in
reads in upstream anti-sense direction, while in MYC ON condition, the sense
transcription showed high level of reads across the genes with less degree of antisense

transcription.

In order to quantify this behaviour, ratios of reads in sense and antisense direction, termed
as directionality score (Core et al., 2008), were calculated for each gene. Comparison of
directionality scores between MYC ON and MYC OFF showed consistent effects across
the replicates (Fig 4.20 B) indicating that MYC levels affect the directionality of Pol II
across all genes (Fig 4.20 C).

Apoorva Baluapuri - February 2021 75



Results

A MYC OFF MYC ON B Replicate No. 1 Replicate No. 2 Replicate No. 3
— Sense — Sense p=31x10%¢ p=12x1047 p=95x10204
Antisense ~— Antisense
0.08
T
2 0.06 o 54 |
>° )
28 004 )
L =)
i . . ]
e u Eme B
: Fol I . O
£ 1 ]
o8 Bl
- 051 E
5 04 3
> 8 MYC ChiP e
g2y 031 — Total Pol Il ChiP O -15 4 1
O <
a- 024
E
g 014
0.0 — > O<<<< s OQ<< & OQQ
75 -5 25 TSS 25 5 75 O O O O < K@)
& § & & & S
Genomic region [kb] Ay A A
C

MYC ON

N = o = N

MYC OFF

Directionality score

Figure 4.20 Pol II loses directionality globally in absence of MYC

(A) Normalized average read density of 4sU-sequencing experiments (upper panel) in U20S cells in the
absence and presence of MYC. Curves showing spatial distribution of reads independently aligned to sense
and antisense strands around +/- 7.5 kb of TSS for genes longer than 8 kb. Comparison to MYC and RNA
Pol IT binding in the same region originating from ChIP-sequencing data is shown (lower panel) as average
read density (Walz et al., 2014). (B) Box plot of directionality scores. Directionality scores in U20S cells
in the absence and presence of MYC (approximately 10,400 expressed genes, p-value, two- tailed unpaired
Wilcoxon test). Directionality scores were calculated by dividing reads from TSS-TES by TSS-1.5 kb gene
regions for all genes. (C) Heat map with normalized directionality scores for all 3 replicates calculated in
the absence and presence of MYC (approximately 10,400 expressed genes, TSS: Transcriptional start site).

This figure appears in a similar form in (Baluapuri et al., 2019).

4.6.2 Processivity of Pol II is a function of MYC levels

Upon closer inspection of genes in browser tracks, it was evident that in some cases, more
reads were found in TSS proximal ends of the genes in MYC OFF condition as compared
to MYC ON condition. However, this behaviour changed after a few kb from the
promoter, and into the gene bodies. In fact, less reads were found the very same genes in

the distal ends of the genes in MYC OFF condition (Fig 4.21 A).

This loss of processivity is distinct from changes in elongation rate (Mason and Struhl,
2005), and indicates a ratio of all Pol II that successfully completed transcription as
compared to the ones that initiated the transcription. Low processivity of Pol II would

indicate premature termination of the transcription cycle. To test this, processivity scores
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(i.e. ratio of distal to proximal 4sU-Seq reads) were calculated. This analysis revealed that
MYC levels regulate Pol II processivity across all replicates (Fig 4.21 B) and over all the
expressed genes in the genome (Fig 4.21 C).

While this cellular system allows acute manipulation of MYC levels, utilization of
estrogen receptor fused to MYC results in even faster activation (Eilers et al., 1989) of
MYC’s activity. Also, since MYCN is also known to affect Pol II behaviour (Biichel et
al., 2017), it was also possible the MYCN regulates processivity of Pol II in the cellular

systems where c-MYC is expressed to lower degree.

In order to test if the Pol II processivity is dependent on MYCN, SH-EP neuroblastoma
cells that express a MY CN-estrogen receptor chimeric protein were used, in which upon
addition of 200 nM OHT for 4 hours, MYCN is activated. 4sU-Seq carried out in this
system in biological triplicates revealed a similar phenotype where MYCN activation
increased the processivity of Pol II with mild effect on suppression of antisense

transcription (Fig 4.21 D).
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Figure 4.21 Processivity of Pol II is a function of MYC levels

(A) Genome browser pictures of various genes. Normalized 4sU-sequencing reads from U20S cells
visualizing transcriptional activity in the absence (magenta) and presence (green) of MYC in U20S cells.
Scale bar represents 5 kb. (B) Box plot of processivity scores. Processivity scores were calculated by
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dividing reads from distal by proximal gene regions for approximately 10,400 expressed genes in U20S
cells. (p-value, two-tailed unpaired Wilcoxon test). (C) Heat map with normalized processivity scores for
all 3 replicates calculated in the absence and presence of MYC (approximately 10,400 expressed genes).
(D) Combined normalized average read density of 4sU-sequencing experiments (triplicates) in SH-EP-
MYC-ER cells with (OHT) and without (ETOH) MYC activation. Curves showing spatial distribution of
reads independently aligned to sense and antisense strands around +/- 7.5 kb of TSS for genes longer than

8 kb. This figure appears in a similar form in (Baluapuri et al., 2019).

4.6.3 MYC enables productive transcription by RNA Pol II

The above noted dependency of Pol II processivity on MYC raises the question if there
is a specific genomic feature in the genes at which this loss of processivity becomes
apparent. One such genomic location known to affect Pol II processivity is the presence
of promoter proximal alternative poly-adenylation sites (aPAS) (Derti et al., 2012) which
when utilized result in premature termination of transcription (Fong et al., 2015). To
check if aPAS utilization is dependent on MYC levels, reads from 4sU-Seq in MYC ON
and MYC OFF conditions were aligned to the first alternative polyadenylation site and
the drop in nascent RNA synthesis seemed to start at precisely this location (Fig 4.22A).
This points towards the hypothesis that MYC driven gene regulation could take place

through increasing Pol II processivity and suppressing premature termination.
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Figure 4.22 MYC enables productive transcription by RNA Pol 11

(A) Average read density from 4sU-Seq data of U20SMYCTe0n cells in the absence (blue) and presence
(purple) of MYC, representing MYC OFF and MYC ON conditions. Reads were plotted around the first
alternative polyadenylation-site (PAS) downstream the promoter. (B) Kernel density plots of ratio between
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reads from eRNA locations (The FANTOM Consortium et al., 2014) between MYC ON and MYC OFF
conditions. (C) Immunofluorescence images taken on confocal microscope of PLAs between pSer2 Pol 11
and K48-Ub in U20SMYC-TetOn ¢ells at normal (MYC ON) and oncogenic (MYC HIGH) levels of MYC
(under MG132 treatment for 4 hours), achieved by overexpressing MYC through Dox treatment. (D)
Quantification of PLAs shown in (C). (yellow dots: intensity centres of proximity pairs; blue: Hoechst
stained nuclei; magenta: Phalloidin staining; scale bar: 5 pm). Parts of this figure appears in a similar form

in (Baluapuri et al., 2019).

Yet another aspect which needs clarification in this regard is the fate of such prematurely
terminated Pol II. One possibility is that such Pol II complexes when disengaged from
sense strand, get engaged at multiple other locations on the genome and engage in
pervasive transcription. This indeed seems to hold true for upstream antisense promoters,
which are transcribed at low MYC levels (Fig 4.20), but it remains open if there are other

such genomic locations as well.

Another category of such pervasively transcribed but well-defined genomic features is
enhancer RNA (eRNA) (The FANTOM Consortium et al., 2014). To test if this categopry
is affected as well, eRNA regulation based on reads from 4sU-Seq was calculated, and
the density of eRNA showing increased expression was plotted to compare with the
eRNA which show decreased expression in MYC OFF condition. This analysis (Fig 4.22
B) showed that the number of eRNA loci which increase transcription upon MYC
depletion is higher than that of those loci which decrease transcription. It can thus be
concluded that Pol II which get disengaged from genes due to premature termination get

utilized elsewhere to carry out pervasive transcription.

However, it is also possible that the reduction in Pol II processivity results in permanent
stalling, and do not disengage from the chromatin. Such permanently stalled Pol II
complexes are known to be ubiquitinated at lysine (K-48) moieties which causes it to be

degraded by the proteasomal system (Noe Gonzalez et al., 2020).

In order to test if such un-processive Pol II are undergoing ubiquitination, PLA between
K48-Ubi molecules and pSer2-Pol Il were carried out in presence of MG132 in U20S
cells corresponding to the MYC ON and MYC OFF system mentioned earlier. Indeed,
this experiment showed increased signal in MY C OFF condition (Fig 4.22 C, D), pointing
out towards the fact that not all Pol I molecule disengaged from chromatin and recycled,
and some of the non-processive Pol II get tagged for degradation by proteasomal
machinery. However, in absence of verification of Pol II ubiquitination by precise and

quantitative methods, these results can be considered to be indicative in nature.
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That being said, it can be concluded from these analyses and experiments that MY C levels
are instrumental in shifting the Pol II transcription from a pervasive and non-productive

manner to a processive and productive one.

4.7 MYC regulates gene expression by altering speed,
processivity and directionality of Pol II

4.7.1 MYC mediated defects in elongation rate, processivity and
directionality correlate with each other

It has been shown from the work originating from Bentley lab that mutant Pol II which
transcribes with slower elongation rate shows less directionality as well in transcription
(Fong et al., 2017). Thus, it was likely that MYC mediated changes in processivity and
directionality also correlate with each other. In order to test this, the changes in
directionality and processivity between MYC ON and MYC OFF were calculated per
gene, and the median value of the difference from groups of equal sized bins was plotted

against each other.
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Figure 4.23 MYC mediated effects on Pol II behaviour correlate and affect gene regulation

(A) Scatterplot showing the correlation between MY C-driven changes in Pol II behaviour. Mean values of
bins containing an equal number of genes are shown. The x axis indicates the changes in promoter
directionality by calculating the differences in the directionality score (log2FC) between MYC ON and
MY C OFF conditions based on 4sU-Seq data. The y axis indicates the change, calculated similarly for the
processivity scores. (B) Scatterplot analysing the correlation between MY C-mediated changes in Pol II
elongation rates and gene regulation. Mean values of bins containing an equal number of genes are shown.
The x axis displays the change in gene expression by comparing the logoFC from 4sU-Seq data in the
presence and absence of MYC (MYC ON, MYC OFF). The y axis depicts the difference in the elongation
rates in 10 minutes release experiment of 4sSUDRB-Seq. (r: correlation coefficient). (C) Correlation
between MY C-driven changes in gene regulation and other parameters of Pol II behaviour. Mean values of
bins containing an equal number of genes are shown. The x axis shows MYC- mediated changes in gene
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regulation (log2FC) in the presence and absence of MYC from 4sU-Seq data. The y axis shows MYC-
dependent changes in directionality (orange), ratio of 4sU read density in the promoter region (“initiation”,
black), and traveling ratio (TR) based on ChIP-Seq of total Pol II (grey). m indicates slope of regression
curve. This figure appears in a similar form in (Baluapuri et al., 2019). (D) Gene sets most affected by
MY C-directed changes in directionality of Pol II. Change in directionality score was used as a ranking
parameter for gene set enrichment analysis between 4sU-Seq data from cells with and without MYC
expression. A positive normalized enrichment score (NES) indicates gene sets with bi-directional
transcription upon depletion of MYC. (E) Gene sets most affected by MY C-mediated effects on elongation
when gene set enrichment analysis was performed on genes ranked for change in elongation rate between
cells with and without MYC expression. A positive normalized enrichment score (NES) indicates gene sets
with reduced elongation rate upon depletion of MYC.

This analysis (Fig 4.23 A) showed that the set of genes on which Pol II are least processive
at low MYC levels, on the very same genes, Pol II also loses its uni-directional

transcribing property and transcribed anti-sense transcripts as well.

The above-mentioned MY C dependent changes on Pol II behaviour are also likely to have
a functional role in terms of regulation of gene expression. Given that MY C binds to all
promoters and could hand over elongation factors to Pol II (see 1.2.2), it raised the
possibility that by regulation of the processivity and elongation rates of Pol II, MYC could
regulate the output of transcription and thus cause the genes to be activated. This
hypothesis would be in line with “global amplifier” model of MYC function as proposed
by the Levens and Young labs (Lin et al., 2012) (Nie et al., 2012), and would mean that

all binding of MYC has a functional relevance.

In order to test this hypothesis, the gene regulation values from newly synthesized RNA
(4sU-Seq) were correlated with MYC mediated changes in Pol II behaviour. First, the
changes in Pol II elongation rates as measured by 4sUDRB-Seq were correlated with gene
regulation, and it was found that the gene groups which showed the largest difference in
elongation rates between MYC ON and MYC OFF conditions, were also the genes which
were activated by MYC the most (Fig 4.23 B).

Second, since multiple steps in transcription could be regulated at the same time (Michel
and Cramer, 2013), and in certain cases MY C indeed seems to be regulating pause-release
of Pol II (Rahl et al., 2010), parameters indicative of change in each step of transcription
cycle were generated (change in 4sU-Seq reads in promoter region for “initiation”,
traveling ratio (Rahl et al.,, 2010) for “pause-release” and directionality score for
“elongation”), and correlated again with gene-regulation. Importantly, MYC driven
changes in directionality, and to some extent changes in initiation, were found to be

stratified with gene regulation in a stronger fashion (r=0.87, directionality vs gene
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regulation) as compared to traveling ratio, indicating that transcription elongation is the

key rate limiting step in terms of driving MY C mediated gene regulation. (Fig 4.23 C)

Next, to confirm that MYC mediated changes in elongation rate impact known set of
MYC target genes, the changes in elongation rates were used as a ranking parameter and
this ranked list was then used to perform gene set enrichment analyses (GSEA). This
analysis showed that the genes on which elongation rates changed the most, were found
to be enriched in well-known sets of MY C- induced genes (Fig 4.23 E). Finally, the same
analysis was performed using changes in directionality as a ranking parameter, and known
sets of MYC target genes were yet again found to contain the genes on which

directionality was most impacted by MYC (Fig 4.23 D).

Thus, from the above analysis and experiments, it can be concluded that MYC driven
change in Pol II behaviour, specifically in the step of transcription elongation, is what

stratifies global gene regulation by MYC.

4.7.2 Gene length stratifies for MYC’s impact on Pol II behaviour

Since it is known that genomic features like gene length correlate with elongation rates
(Veloso et al., 2014), it was possible that the above mentioned MY C mediated effects on
elongation can also be stratified based on the length of genes. In order to test if such a
correlation holds true for MYC mediated gene regulation and its effects of elongation,
directionality scores and gene regulation values were compared on single-gene basis, and
the behaviour of genes on the extreme ends of this correlation was analysed at browser

track level.

Firstly, the genes which showed the maximum change in transcription directionality were
also regulated by MYC the most (Fig 4.24 A). While this is in line with the analysis
presented earlier (Fig 4.23 C), it was found upon inspection of such genes in Integrated
Genome Browser (IGB) tracks, that these genes have length which are many-folds longer
than mean value of gene length in the human genome (24 kb). One such example is the
CDK13 (Fig 4.24 B) gene (150 kb long), which showed drastic change in sense and
antisense transcription when compared between MYC ON and OFF conditions, and at
the same time is activated by MYC (log2FC = 1.8). On the other hand, genes which were
not activated by MYC, showed no difference in antisense transcription between MYC

ON and OFF conditions, and were found to be shorter compared to average gene length
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(Fig 4.24 C). The correlation of gene regulation by MYC was found to hold true for all
MY C regulated genes (r=0.91) (Fig 4.24 D), and could be confirmed on single gene levels
as well (Fig 4.24 E, r= 0.69).
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Figure 4.24 Gene length correlates with MYC-mediated gene regulation

(A) 2D-density plot showing the correlation between MYC-mediated gene regulation and change in
directionality scores between MYC ON and MYC OFF for significantly expressed genes. Yellow colour
indicates higher number of genes in the plot region as compared to purple colour which indicates a smaller
number of genes in the plot region. Each white dot indicates a single gene. (B) Indicative browser track
showing sense and antisense transcription for CDK/3 gene which is upregulated in MYC ON condition as
compared to MYC OFF (C) Indicative browser track showing sense and antisense transcription for PGAM 1
gene which is not upregulated in MYC ON condition as compared to MYC OFF (D) Scatterplot showing
the correlation between MYC-mediated gene regulation and length of genes. Mean values of bins
containing an equal number of genes are shown. The x axis displays the change in gene expression by
comparing the log2FC from 4sU-Seq data in the presence and absence of MYC (MYC ON, MYC OFF).
The y axis indicates the gene length in terms of log2kb. One-way ANOVA was performed for p-value and
r value calculation using linear regression model fitting in R version 3.4.4 (E) 2D-density plot showing the
correlation between MY C-mediated gene regulation and length of genes for 7,343 significantly expressed

genes. Parts of this figure appear in a similar form in (Baluapuri et al., 2019).
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These analyses show that since the regulation of genes happens at the step of elongation,

longer genes are more susceptible to regulation by MYC as compared to shorter genes.

4.7.3 MYC drives the regulation of genes involved in UV response

However, long genes depend additionally on CDK12 for their regulation, and this is
known to be most pronounced on DNA damage response genes (Krajewska et al., 2019).
These results were primarily based on chemical inhibition of CDK12 by THZ531, and
since CDK7 and CDKI12 partially share similarity in structure, it is a reasonable
assumption that such inhibitors have overlap in their target genes. Given CDK7 was
involved in MYC dependant handover of SPT5 to Pol II, and long genes were most
affected by low MYC levels, it was then tested if ranked GSEA of directionality and

elongation rates show enrichment of genes involved in DNA damage response or not.
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Figure 4.25 MYC drives the regulation of genes involved in UV response

Gene sets affected by MYC-mediated effects on Pol II behaviour. Gene set enrichment analysis was
performed on genes ranked for change in directionality score (A) and elongation rate (B) between cells with
and without MYC expression. A positive normalized enrichment score (NES) indicates gene sets with bi-

directional transcription (A) or reduced elongation rate (B) upon depletion of MYC.

Correspondingly, genes downregulated upon UV treatment in cells were found to be
enriched among genes showing least antisense transcription in MYC ON condition (Fig
4.25 A). Conversely, the genes upregulated in UV response were found among the gene
sets enriched in MYC OFF condition, indicating that indeed MYC drives the regulation

of genes involved in UV response. Gratifyingly, similar results were obtained when the
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ranking parameter in GSEA was changed to Pol II velocity measured by 4sUDRB-Seq
(Fig 4.25 B).

Taken together, these experiments and analyses point towards the conclusion that MYC
is a global regulator of Pol II behaviour and ensures that Pol II remains processive,
directional and maintains fast elongation rates to enforce the regulation of its target genes.
These target genes are global in nature, though the effects of such regulation are more

pronounced on long genes.

4.8 MYC Shapes its Tumour Specific Gene Expression Profile by
Squelching Elongation Factors away from Pol 11

4.8.1 High MYC levels reduce Pol II elongation rates and processivity

U20S cells express less than 100,000 molecules of MYC per cell, comparable to many
normal proliferating cells. However, in general, cancer cells express high levels of MYC,
with multiple myeloma and colorectal cancer cell lines reaching up to a million MYC

molecules per cell (Lin et al., 2012) (Lorenzin et al., 2016).

Hence, to study the effect of oncogenic MYC on transcriptional elongation, in contrast to
the MYC ON condition, MYC expression was induced by addition of doxycycline
without siRNA-mediated silencing of MYC in U20SMYC-TetOn ¢elg, resulting in ten-fold
increase of MYC levels from 112,744 molecules in EtOH treated cell to 3,414,787
molecules in Dox treated cells (Lorenzin et al., 2016) (Fig. 4.26 A,B). This increase in
MYC concentration is spread uniformly among the cells, resulting in MYC driven

oncogenic gene expression signature (Fig. 4.26 C) (Walz et al., 2014).

In order to explore the regulation of transcription elongation by oncogenic MYC,
elongation rates, processivity scores and directionality scores were required to be
calculated in this cellular system additionally. Thus, in this cellular system, termed as
MYC HIGH, 4sUDRB-Seq and 4sU-Seq were used to measure Pol II elongation rates

and processivity.
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Figure 4.26 High MYC cellular system

(A) Indirect immunostaining images captured by confocal microscope and (B) immunoblot of U20SMY¢

Tet-On cells depleted of MYC (MYC OFF: siMYC), in the “MYC ON”’ condition (siMYC, doxycycline)
with oncogenic levels (MYC-HIGH: doxycycline) and untreated to show endogenous levels. (C) Gene set
enrichment analysis indicating that MYC HIGH condition is representative of oncological levels of MYC
since the gene regulation shows upregulation of gene sets defining MY C-amplified tumours. MYC is shown

in magenta colour in (A). Parts of this figure appear in a similar form in (Baluapuri et al., 2019).
Contrary to expectations, high MYC levels didn’t further increase, but caused decrease
in Pol II elongation rates compared to cells with endogenous MYC levels. Inspection of
individual genes showed reduction in edge of transcriptional wave front from 54 kb in
MYC ON to 41 kb in MYC HIGH on the EFR34 gene in 15 minutes DRB release
experiment (Fig 4.27 A).

These results were not restricted to a single release time point but were also found in 10
min release experiments with a concomitant reduction in processivity on the same genes

(Fig 4.27 B).
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Figure 4.27 High MYC levels reduce Pol II elongation rates and processivity

(A) Genome browser pictures of the EFR3A4 gene in a 4sUDRB-Seq experiment. The wave front indicates
the location of Pol II 15 min after release from DRB inhibition at normal (54 kb) and high (41 kb) levels of
MYC. (B) Comparison of genome browser pictures of the SMURF?2 gene in a 4sUDRB-Seq and 4sU-Seq
experiment. The wave front indicates the location of Pol IT 10 min after release from DRB inhibition at
normal (51 kb) and high (39 kb) levels of MYC, and shows decreased reads in distal regions as compared

to proximal regions of the gene in MYC HIGH for 4sU-Seq. Scale bars represent 10 kb, and arrows with
values indicate the approximate distance from TSS.

When read density of Pol Il was compared at high MYC levels, the signal of nascent RNA
in 10 min release experiment for 4sUDRB-Seq was found to fall to background level
approx. 10 kb behind the signal from MYC ON cells (Fig 4.28 A). Further, fast
transcribing genes were found to be again more susceptible to loss of elongation rates, as

shown by heat maps sorted for Pol II elongation rates (Fig 4.28 B).

Precise quantification of elongation rates based revealed reduction in the median
elongation rate in from 3270 bases/min to 2940 bases/min (Fig 4.28 C) in 10 minutes
release experiment which correlates with the reduction in rates in 15 minutes release

experiment as well (Fig 4.28 D).
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Figure 4.28 Gene specific changes in elongation rates at high MYC levels

(A) Averaged density profile for normalized reads from 4sUDRB-Seq for 3,732 genes (50—100 kb long) 10
min after DRB release, at normal (MYC ON) and oncological (MYC HIGH) MYC levels. The reads were
aligned to each TSS and averaged (B) Heatmaps of normalized 4sU reads (10 min after DRB release) in
the absence and presence of MYC sorted for elongation rates for 2,018 genes on which elongation rates
were calculated (C) Pol II elongation rates as calculated by TERate (Zhang et al., 2016) in the absence
(OFF) and presence of MYC (ON) and at oncogenic MYC levels (HIGH). Statistical significance was
determined by a two tailed unpaired Wilcoxon test. (D) Correlation in the changes of elongation rates
(log2FC) between MYC ON and MYC HIGH conditions for 10- and 15-minutes release 4sUDRB-Seq

experiments. Parts of this figure appears in a similar form in (Baluapuri et al., 2019).
The experiments indicate that at high concentrations, MY C reduced elongation rates and

processivity of Pol II, thus causing a repression of specific genes.

4.8.2 SPTS and SPT6 are squelched away from Pol 11

When MYC is overexpressed in the cells to the levels indicated in Fig 4.26, the amount
of soluble, non-chromatin bound MYC increases in the nucleoplasm (Lorenzin et al.,
2016). It has also been observed that when transcription factors are present in excess in
nucleus, they could play a repressive role in transcription (Cahill et al., 1994) and this

phenomenon is called squelching (Gill and Ptashne, 1988).

Since it was shown already earlier in this study that MY C interacts with elongation factors

SPTS5 and SPT6 and hands them over to Pol 11, it raised the possibility that MYC could
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squelch these elongation factors away as well. This would imply higher degree of
proximity between MY C and these elongation factors if they indeed undergo squelching.
To test if interaction with elongation factor like SPT5 increased upon MYC
overexpression, PLA were carried out between MYC and SPT5 in MYC HIGH
conditions. As compared to MYC ON, the PLA signal was found to be higher in MYC
HIGH (Fig 4.29).
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Figure 4.29 MYC and SPTS share higher proximity in MYC HIGH condition

(A) Immunofluorescence images taken on confocal microscope of PLAs between MYC and SPTS in
U20SMYC-Tet-On ¢ells at normal (MYC ON) and oncogenic (MYC HIGH) levels of MYC, achieved by
overexpressing MYC through Dox treatment. (B) Quantification of PLAs shown in (A). Statistical
significance was determined by a two tailed unpaired Wilcoxon test. (yellow dots: intensity centres of
proximity pairs; blue: Hoechst stained nuclei; magenta: Phalloidin staining; scale bar: 5 um). This figure
appears in a similar form in (Baluapuri et al., 2019).

On the contrary, when PLA between pSer2-Pol II and SPTS was carried out, the signal
decreased in MYC HIGH condition (Fig 4.30) indicating less SPT5 was associated with

Pol II and more was associated with MY C under these conditions.
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Figure 4.30 SPTS is squelched away from Pol II at high MYC levels

(A) Immunofluorescence images taken on confocal microscope of PLAs between pSer2 Pol IT and SPTS in
U20SMYC-Tet-On ¢ells at normal and oncogenic levels of MYC, achieved by overexpressing MYC through
Dox treatment. (B) Quantification of PLAs shown in (A). Statistical significance was determined by a two
tailed unpaired Wilcoxon test. (yellow dots: intensity centres of proximity pairs; blue: Hoechst stained
nuclei; magenta: Phalloidin staining; scale bar: 5 um). This figure appears in a similar form in (Baluapuri

etal., 2019).
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Similar results were seen for the other elongation factor SPT6 which was found to interact
with MYC (Fig 4.11A). Upon overexpression of MYC, PLA signal between pSer2-Pol 11
and SPT6 was found to be reduced, indicating that Pol II complex stays without critical

elongation factors in cells where MYC is overexpressed to oncological levels (Fig 4.31).

These experiments offer a possible mechanism of MYC mediated gene repression via
squelching of elongation factors from Pol II to reduce elongation rates and processivity

of Pol 1I.
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Figure 4.31 SPT6 is squelched away from Pol II at high MYC levels

(A) Immunofluorescence images taken on confocal microscope of PLAs between pSer2 Pol II and SPT6 in
U20SMYC-Tet-On ¢ells at normal and oncogenic levels of MYC, achieved by overexpressing MYC through
Dox treatment. (B) Quantification of PLAs shown in (A). Statistical significance was determined by a two
tailed unpaired Wilcoxon test. (yellow dots: intensity centres of proximity pairs; blue: Hoechst stained
nuclei; magenta: Phalloidin staining; scale bar: 5 um). This figure appears in a similar form in (Baluapuri

etal., 2019).

4.8.3 Squelching by MYC Establishes its Tumour Specific Gene
Expression Profile

Since the elongation factors were found to be squelched away from Pol I by MYC, and
loss of directionality and processivity was noted as a consequence of increased MYC
levels, it was then tested which genes are most susceptible to loss of productive Pol II

behaviour.

In order to predict these susceptible set of genes, processivity and directionality ratios
were calculated from 4sU-Seq experiments performed in HIGH MYC conditions in
duplicate in U20S cells. These ratios were then used to stratify the resulting gene lists
and compared with the ratios calculated between MYC ON and MYC OFF conditions
earlier. The most repressed genes between MYC OFF/ON conditions (Fig 4.32 A),

showed a drastic reduction in processivity at oncogenic levels (HIGH/ON) when
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compared to physiological levels. Similar results were noted were when directionality

between the two comparison was plotted next to each other (Fig 4.32 B).
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Figure 4.32 MYC’s impact on Pol II function drives gene regulation in cancer

(A) Effects on MYC levels on processivity, calculated for U20S cells with low (OFF), physiological (ON)
or oncogenic (HIGH) levels of MYC, as shown by scores calculated based on data from 4sU-Seq. The
dependency on MYC was shown by calculating the MY C-driven change in processivity (log2FC) per gene.
Negative values indicate processive Pol II at physiological levels of MYC (OFF/ON), whereas for
oncogenic levels (HIGH/ON), they denote decrease of Pol II processivity. Statistical significance was
determined by a two tailed unpaired Wilcoxon test. (B) Effects on MYC levels on directionality, calculated
for U20S cells with low (OFF), physiological (ON) or oncogenic (HIGH) levels of MYC, as shown by
scores calculated based on data from 4sU-Seq. The dependency on MYC was shown by calculating the
MY C-driven change in directionality (log2FC) per gene. Negative values indicate uni-directional Pol IT at
physiological levels of MYC (OFF/ON), whereas for oncogenic levels (HIGH/ON), they denote bi-
directionally transcribing Pol II (C, D) Gene set enrichment analysis where the ranking parameter used was
change in directionality score between normal and high (oncogenic) levels of MYC. Statistical significance
was determined by a two tailed unpaired Wilcoxon test. (C) Gene sets with the highest normalized
enrichment scores (NES). (D) Enrichment plots for the “Schoen NF«xB” gene set and “KEGG TGFf
signalling pathway” gene set. Vertical black bars indicate the position of genes in the ranked gene list; the

enrichment score is shown as a green line. This figure appears in a similar form in (Baluapuri et al., 2019).
Gene set enrichment analysis with genes ranked by change in directionality score between
normal and high (oncogenic) levels of MYC showed that the decrease in directionality
was strongest for sets of genes that are well established as MYC- repressed genes (Fig

4.32 C), including immune response genes and genes encoding components of the TGF-

B pathway (Fig 4.32 D).
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Hence, these experiments show that the high levels of MYC that are expressed in human
tumours do not further enhance transcriptional elongation but rather bring about
squelching of SPT5 and SPT6, reducing the processivity of Pol II transcription. This is
seen specifically and strongly on genes that are known targets of MYC-dependent
repression and regulators of the interactions of tumour cells with the immune system,

resulting is suppression of tumour-suppressive genes.

4.9 MY C shows capacity to form condensate in vivo

Since Pol II itself can phase separate into membrane-less compartments which impact the
output of transcription (Sabari et al., 2018), it raises the question that do all above
mentioned mechanisms take place in these condensates. Also, in addition to SPT5 and
SPT6, several other elongation factors are now known to be transferred to Pol Il by MYC
(Gerlach et al., 2017) (Kalkat et al., 2018) pointing towards its multi-valent property
essential for formation of such phase-separated condensates. Additionally, since MYC
has been shown to phase-separate with transcription factors like the Mediator complex in
vitro (Boija et al., 2018), it remains possible that MYC is a part of such condensates in

vivo as well.

However, to confirm the presence of such condensates with conventional fluorescence
microscopy, it requires ability to discern single molecules from clusters of molecules, and
the dependency of diffraction limit on the size of molecules being resolved, presents a

barrier to this ability (Abbe, 1873).

One of the microscopic techniques which can achieve a resolution higher than what is
restricted by the diffraction limit (resolution limit approx. 40 nm, as compared to 250 nm
of traditional confocal microscopy) (van de Linde et al., 2011) and allows single molecule
imaging is direct Stochastic Optical Reconstruction Microscopy (dSTORM), which can

also be utilized to study single molecule localization and clustering of MYC in vivo.
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Figure 4.33 pSer5 Pol II condensates can be visualized by dSSTORM

Reconstructed image from rapidSTORM (Wolter et al., 2012) showing single molecule localizations of (A)
pSer5 and (B) pSer2 Pol II based on photo-blinking events recorded during JSTORM imaging. Part of the
nucleus (indicated by dotted square) is shown for zoomed in image (A’), (B’). Scale bars denote 5 um in
(A), (B)and 500 nm in (A’), (B’). dSTORM performed by Patrick Eiring and Marvin Jungblut (Department
of Biotechnology, University of Wiirzburg) on staining performed by Apoorva Baluapuri. Post
reconstruction image processing was performed by Apoorva Baluapuri.

Towards this end, it was first required to test if ISTORM method can be utilized for
studying molecular clusters. Hence, initially, those molecules which are known to
undergo clustering were imaged. pSer5 and pSer2 forms of Pol II, which can be stained
using phospho-specific fluorophore labelled antibodies were tested in unperturbed U20S
cells following paraformaldehyde fixation since it is know that pSer5 Pol II undergoes
condensate formation while the elongating form of Pol II (pSer2) gets released from these
condensates (Guo et al., 2019) (Boehning et al., 2018). The resulting images from
reconstruction of localization events showed pSer5 Pol II undergoing marked clustering
behaviour (Fig 4.33 A). Correspondingly, the same staining with pSer2 specific Pol 11
antibody did not show any signs of cluster formation (Fig 4.33 B).
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Figure 4.34 Single molecule localization of MYC

(A) Reconstructed image from rapidSTORM (Wolter et al., 2012) showing single molecule localizations
of MYC molecules in nucleus (indicated by magenta dotted line) based on photoblinking events recorded
during dSTORM imaging. (B) Part of the nucleus (indicated by dotted square) is shown for zoomed in
image next to full scale image, and a selected example of supposed condensate formation with additional
zoom is shown in (C). Scale bars denote 5 um in (A), 500 nm in (B) and 100 nm in (C). dSTORM performed
by Patrick Eiring and Marvin Jungblut (Department of Biotechnology, University of Wiirzburg) on staining
performed by Apoorva Baluapuri. Post reconstruction image processing was performed by Apoorva
Baluapuri.

Since it was evident that ISTORM can detect both clusters and monomers of molecules,
the next step was to test if MYC clusters can be identified and differentiated from single
molecules in cells or not. Towards this end, single molecule localization for MYC was
carried out using monoclonal antibody against MYC which recognized exactly one site

per MY C molecule.

The localization events thus recorded were used to quantify the concentration of MYC
molecules in cells, which resulted in approx. 250,000 molecules per nuclei. This was in
close proximity to the number from earlier studies (Lorenzin et al., 2016) which indicated

that MYC is always present in excess in the nucleus to bind to the chromatin.

Finally, dISTORM was then deployed to test the evidence of MYC cluster formation (Fig
4.34). While there were obvious signs of condensates which were more than 300 nm wide,
sophisticated image analysis is required to test if such the occurrence of such clusters is
statistically significant. Also, in order to rule out that these are artefacts from imaging,

further work like imaging with tagged fluorophores is required.
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Since MYC shows signs of phase separation in vitro (Boija et al., 2018) and undergoes
condensate formation in vivo as shown above in unperturbed cells, it opens the possibility
that MYC can undergo phase separation in response to chemical perturbation and stress

effectors as well.

4.10 Proteasomal inhibition drives phase separation capacity of
MYC

It has been known that proteasomal inhibitor MG132 re-organizes MYC distribution to
nucleoli (Arabi, 2003) and PML bodies (Smith et al., 2004). However, not only the
functional relevance of this phenomenon is unknown, it is also not clear to what extent
does this phenomenon occur, and if these are the only organelles to which MYC is evicted
upon MG132 treatment. It is also possible that other such compartments are visible in
detail only if the structural information within the cell at microscopic level is kept intact.
Additionally, co-staining is required to confirm the compartment identity, and multi-
colour imaging has been so far challenging with traditional high-resolution imaging.
Thus, it was required to carry out high-resolution imaging oriented characterisation of

MYC’s localisation within the nucleus upon proteasomal inhibition.

4.10.1 MG132 treatment squelches MYC away from chromatin

Thus, to check for such compartments, another super resolution imaging technique, called
Structured Illumination Microscopy (SIM) was deployed which allows multi-colour
imaging and at the same time, allows observation of several morphological aspects of
cells which are not possible by conventional microscopy (Schermelleh et al., 2008).
U20SMYC-tet-on gells with MYC at low and high levels were additionally treated with
MG132 for 4 hours before fixation with paraformaldehyde, after which the cells were
permeabilized and stained using antibody against MYC along with a nuclear and actin
marker co-staining. SIM images from these cells were then compared to the images from

the cells which were not treated with MG132.
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Figure 4.35 SIM reveals MYC is restricted to DNA containing compartment in the nucleus.

(A) Overview of super-resolved image from SIM showing localizations of Hochst and MYC. Two nuclei
in the image (indicated by dotted square) are shown for zoomed in image (B), (C). Pearson’s correlation
coefficient between Hochst and MYC is indicated for the two nuclei along with the profile plot of the
intensity over a single pixel wide (dotted line) line across the indicated region. Scale bars denote 5 um in

(A).

SIM imaging showed that under unperturbed conditions, MYC is distributed unevenly in
the nucleus (Fig 4.35). To a minor extent, MYC is found in Hochst negative regions of
the nucleus, but the majority of the MYC molecules were found to be colocalized with

Hochst staining (Pearson’s correlation coefficient (PCC) = 0.53 & 0.41). This observation
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Figure 4.36 MYC is squelched away into DNA free compartment upon MG132 treatment

(A), (A’) Two independent overview of super-resolved images from SIM showing localizations of Hochst,
Phalloidin and MYC. (B), (B’) One nucleus in each image (indicated by dotted square) is shown as zoomed
in image.(C), (C’) Pearson’s correlation coefficient between Hochst and MYC is indicated for the two
nuclei along with the profile plot of the intensity over a single pixel wide (dashed line) line across the
indicated region. Scale bars denote 5 um in (A).

is not surprising and has been recorded multiple times, and is in line with DNA binding
capacity of MYC. However, when the cells treated with MG132 were imaged under SIM
and analysed (Fig 4.36 A, B), MYC localization showed drastic anti-correlation (PCC =
-0.31 and -0.43, Fig 4.36 C, C’) with Hochst positive regions of the nuclei. This indicates
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that MYC is evicted away from chromatin and squelched away into Hochst negative

compartments of the cell.

These Hochst negative regions gave the impression of nucleolar compartments, and since
the nucleoli are themselves phase separated compartments involved in protein quality
control (Lafontaine et al., 2020), it was necessary to test the extent of colocalization of
nucleolar compartment with squelched MYC. Since nucleoli are sites of rRNA
transcription and processing, staining of total RNA in the nucleus gives a proximal
location indicator of nucleolar regions, since rRNA is present in gross excess compared

to mRNA and tRNA.

When total RNA was stained with SYTO-RNA dye and probed for colocalization with
MY C in unperturbed U20SMYC-tet-0n cellg under confocal microscope, it was found to anti-

correlate with MYC and DNA staining. However, when the same was checked for

MG132 treated cells, MYC co-localized to a high degree with RNA (Fig 4.37).

Figure 4.37 MYC partially relocates to nucleoli upon MG132 treatment

DMSO

ETOH +

MG132

Immunofluorescence images taken on confocal microscope showing relative localization of MYC and
SYTO-RNA stained RNA (as a proxy marker for nucleoli) within the nucleus in response to treatment of
cells with MG132 (bottom) and compared with cells which were not treated with MG132 (top) (MYC is

shown in magenta, Hoechst in blue and SYTO-RNA in green).

Further, when U20SMY¢-teton cells were treated concomitantly with Dox and MG132, and
probed for co-localization with RNA, similar results were noted (Fig 4.38). These
experiments resulted in the conclusion that indeed MYC re-localizes to nucleolar

compartment upon proteasomal inhibition.
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However, in all the above immunostainings, it was evident that not all compartments to
which MYC is squelched away, are definitively nucleolar compartments. Some of the
MYC positive compartments in MG132 treated cells remained distinctly negative for
RNA staining (Fig 4.38) indicating that there could be other phase separated
compartments to which MYC can re-locate to upon proteasomal inhibition.

Figure 4.38 MYC behaviour is independent of levels in response to MG132

DMSO

DOX +

MG132

Immunofluorescence images taken on confocal microscope showing relative localization of MYC and
SYTO-RNA stained RNA (as a proxy marker for nucleoli) within the nucleus in response to treatment of
cells with MG132 while overexpressing MY C by addition of Dox (bottom) and compared with cells which

were not treated with MG132 (top) (MYC is shown in magenta, Hoechst in blue and SYTO-RNA in green).

To test which other compartments can MYC re-localize to, MYC was co-stained with
markers for PML bodies as well, which are hubs for sequestration, modification or
degradation of partner proteins (Lallemand-Breitenbach and de The, 2010) (Fig 4.39 A).
Close inspection of the PML bodies revealed high degree of MYC co-localization with
PML protein (Fig 4.39 B).

These results indicate that MY C molecules translocate to phase separated compartments
of the nucleus upon proteasomal inhibition, thus pointing towards the argument that MYC

itself could be undergoing phase-separation in these compartments.

In order to test this hypothesis, MG132 treated cells were further treated with aliphatic
hydrocarbon compound (1,6 Hexane-diol (1,6 HD)) to disrupt the weak interactions that
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drive the phase separation phenomenon, and then stained for MYC to check if 1,6 HD

treatment reverts the distribution of MY C to Hochst positive regions.
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Figure 4.39 MYC partially relocates to PML bodies upon MG132 treatment

(A) Immunofluorescence images taken on confocal microscope showing colocalization of MYC and PML
protein in cells overexpressing MYC and treated with MG132. (B) Zoomed in image of cell marked with
dotted square in (A), with single pixel wide dotted line indicating the location used to generate the
respective line profiles shown (MYC is shown in magenta and PML protein in green; overlap is indicated

in white).

Upon observing the MYC staining in these cells, it was found that these condensates
appeared to be sensitive to 1,6 HD treatment. MYC staining co-localized with DNA in
cells treated with MG132 and 1,6 HD, as compared to cells which were treated only with
MG132, where MYC localization anti-correlated with DNA staining (Fig 4.40). These
observation result in the conclusion that MY C condensates formed in response to MG132

treatment are indeed liquid-liquid phase separated entities.
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Figure 4.40 MG132 dependant MYC condensates are sensitive to hexane 1,6 diol

DOX + MG132 + Digitonin
DMSO

Hexane 1,6 diol

Immunofluorescence images taken on confocal microscope showing dissolving of MG132 induced MYC
condensates upon treatment of cells with hexane 1,6 diol for 15 minutes (MYC is shown in yellow, Hoechst

in blue and Phalloidin in red).

4.10.2 MG132 treatment super-squelches SPT6 and SPTS with MYC

Since it was noted earlier in this study that at supraphysiological levels in the nucleus,
MY C squelches away elongation factors like SPT5 and SPT6 from Pol II (Fig 4.30, 4.31),
it raised the possibility that in presence of MG132, MY C can undergo “super-squelching”

behaviour and phase-separate along with such elongation factors.

Hence, in order to further dissect the composition of these MY C positive phase-separated
compartments, co-staining of MYC was carried out with multiple known MYC
interactors under MG132 treated conditions. Surprisingly, only SPT6 (Fig 4.41 B), and
to certain extent, SPT5 (Fig 4.41 A) were found to be colocalized with MYC in these
condensates formed upon proteasomal inhibition. These results were highly suggestive of
the fact that MYC squelches away elongation factors from chromatin bound Pol II to
condensates which could affect gene regulation, and offer a new mechanism of gene

regulation which is specific to proteasomal inhibition stress.
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Figure 4.41 SPTS and SPT6 are squelched into phase-separated compartments

(A) Immunofluorescence images taken on confocal microscope showing colocalization of MYC and SPTS5
in cells overexpressing MY C and treated with MG132. Zoomed in image of cell marked with dotted square
is shown in inset, with single pixel wide dotted line indicating the location used to generate the respective
line profiles shown (MYC is shown in magenta and SPTS5 in green; overlap is indicated in white). (B)
Immunofluorescence images taken on confocal microscope showing colocalization of MYC and SPT6 in
cells overexpressing MYC and treated with MG132. Zoomed in image of cell marked with dotted square
is shown in inset, with single pixel wide dotted line indicating the location used to generate the respective

line profiles shown (MYC is shown in magenta and SPT6 in green; overlap is indicated in white).

4.11 MG132 treatment changes MYC gene regulation profile

One of the direct effects of squelching elongation factors away from Pol Il by MYC would
be changes in gene expression. To confirm this effect, fold changes in nascent RNA
synthesis upon treatment with MG132 for 5 hours via 4sU-Seq in biological triplicates
were measured in U20SMYC-tet-on cellylar system with high and low levels of MYC (Fig

4.42).
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Figure 4.42 MYC levels upon MG132 treatment and MYC overexpression

Immunoblot showing MYC levels and localization inside the nucleus after 8 hours of DOX and/or 5 hours
of MG132 treatment on U20SMYC-TetOn cells,

In order to compare the effect of MG132 with effect of MYC on gene expression, logoFC
values based on read counts in the intronic regions of the genes were calculated between
the respective conditions, and plotted against the significance (-logio(p-value)).
Specifically, certain known MYC regulated genes were highlighted to see the effect of
MG132 on MYC regulated genes in such volcano plots (Fig 4.43). This analysis showed
that the while MG132 affected some of the MYC repressed genes mildly, MYC activated
genes (NPMI, NCL, RPLS8, RGS16) were heavily repressed by MG132 treatment.
Additionally, MYC transcription itself seems to be repressed by MG132, however, this
does not reflect at MYC protein level (Fig 4.42) due to proteasomal inhibition. Thus, the
repression of the aforementioned genes could not be ascribed to change in MYC protein
levels. Also, genes which are involved in immune surveillance of tumour cells, which are
particularly prone to squelching by MYC (/TGB! and NFKB2) were also found to be
repressed by MG132 treatment.
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Figure 4.43 MG132 treatment changes MYC gene regulation profile

Comparison of regulation of selected MYC target genes (marked in red) in 4sU-Seq from cells
overexpressing MYC (left) or treated with MG132 (right) for 13,182 and 13,578 expressed genes
respectively. 4sU-Seq was performed by Pranjali Bhandare (Department of Molecular Biology and
Biochemistry, University of Wiirzburg) under supervision of Apoorva Baluapuri. All subsequent data
analysis was performed by Apoorva Baluapuri.

In addition to selected genes, regulation of gene-sets indicating expression signatures that
demonstrate patterns of pathway deregulation by MYC (Bild et al., 2006) (Zeller et al.,
2003) were also compared between MYC overexpression and MG132 treatment. These
gene-sets, when highlighted in volcano plots (Fig 4.44 A) showed that MYC regulated
genes, irrespective of them being repressed or activated, were both affected by MG132
treatment. In order to carry out a more global comparison of the gene regulation between
MY C overexpression and MG132 treatment, log2FC of all significantly regulated genes
was plotted as a 2D density plot where the colour coded information on the density of
genes in a location of plot was overlaid on the actual genes as well. This comparison
showed (Fig 4.44 B) that MG132 massively and globally affects the genes normally
regulated by MYC. Not only the genes normally repressed by MYC in a mild manner are
strongly repressed by MG132 treatment, the genes which are activated by MYC get

repressed as well.
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These experiments indicate that MG132 treatment could result in a major change in Pol
IT complex, particularly by squelching of elongation factors by MYC, which results in

repression of genes at a global level, including MYC target genes.
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Figure 4.44 MYC activated and repressed genes are affected by MG132

(A) Comparison of regulation of MYC target gene-sets in 4sU-Seq from cells treated with Dox (top) or
MG132 (bottom) for 13,182 and 13,578 expressed genes respectively. (B) 2D Density plot showing
correlation of gene regulation (log2FC) by MYC (DOX vs ETOH) and MG132 (MG132 vs DMSO) for
4,031 significantly expressed genes in both comparisons. Yellow colour indicates higher number of genes
in the plot region as compared to black colour which indicates a smaller number of genes in the plot region.
Each white dot indicates a single gene
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S DISCUSSION

5.1 MYC as a regulator of Transcription Elongation

Pol II recruited to promoters undergoes a series of transitions during which it
progressively associates with transcription elongation and RNA processing factors to
form a complete Pol II elongation complex (Chen et al., 2018) . During this assembly
process, Pol II acquires the ability to transcribe in a processive fashion to generate full-
length coding transcripts. This raises the important question which factors control
promoter directionality and processive transcription by Pol II. The line of evidence
presented in this thesis indicates that MYC facilitates assembly between Pol II and SPTS
early after initiation, since the transfer of SPT5 from MYC to Pol II depends on the
activity of CDK7. A global redistribution of Pol II on chromatin from the promoter to the
gene body upon MYC activation has been noted earlier, but the molecular mechanisms

underlying this change had remained unclear.

The findings presented here argue that MYC facilitates the assembly of a paused Pol II
complex and promotes transcription elongation by promoting the accumulation of a
substrate - SPT5/Pol II complexes - for subsequent pause-release by CDK9. MYC-
mediated transfer of SPTS5 induces a change in Pol II behaviour from a slow and poorly
processive to a fast and highly processive mode, thus promoting unidirectional
transcription. However, this function of MYC posits the key question, why elongation

would be a regulated step in the transcription cycle.

Firstly, among other things, the easiest explanation could be the same line of reason, as
to why Pol II undergoes pausing: to keep promoters open (Adelman and Lis, 2012) and
Pol II ready to transcribe within short time interval from acceptance of growth signals.
This function could be especially critical in the light of reasoning that the packaging of
chromatin at promoters can function as a barrier to transcription by preventing access to
DNA recognition motif. Abortive transcription, while not contributing to gene
expression, would allow access to such parts of DNA. Since this has been long known for
heat shock response genes (Costlow and Lis, 1984), it is certainly possible for acute and

direct regulation of MYC target genes as well. This way, abortive transcription could
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contribute to an additional regulatory step in the transcription cycle, in combination to
Pol II recruitment which would allow MYC to work together with factors that stimulate

recruitment and other steps to establish a finely tuned regulation of transcription.

Secondly, a more central answer would be in the line of reasoning that, it is one of the
steps that actually can be regulated in a way that impacts the expression of genes. Other
processes related to transcription like nucleotide synthesis are much harder to regulate by
molecular pathways. Additionally, other biological processes, like splicing (Saldi et al.,
2016) (Fong et al., 2014) and translation (Slobodin et al., 2017) are directly linked to
elongation rates of Pol II. Thus, regulating elongation could serve as a central hub for

regulating the output from other processes as well.

This would be in line with the recently demonstrated role of MYC in splicing (Cossa et
al., 2020) where deregulated MYC overrides a quality check on transcript elongation,
whereby splicing defects that would otherwise trigger premature termination are ignored,
leading to locking up of Pol II in unproductive elongation complexes (Fisher, 2020).
Further, Protein Phosphatase 1 (PP1) is a part of complex that associates with the splicing
machinery and provides a feedback control of transcription that can be overridden by
deregulated MYC. Inhibitory phosphorylation of PP1 is carried out by CDK9 (Parua et
al., 2018), whereas dephosphorylation of SPTS5 itself is carried out by PP1 (Parua et al.,
2020), offering multiple points of elongation control which is coupled to transcription

termination and splicing.

Thirdly, recent evidence suggests that the previously assumed non functionality of anti-
sense and other pervasively transcribed species might not be completely true. For
example, based on mass spectrometry and ribosome profiling, it has now been shown that
protein translation outside of annotated exonic sequences in mRNAs is of pervasive
nature as well (Chen et al., 2020). Further, since some HLA-I peptides for certain HLA
alleles are now known to be translated from cryptic open reading frames in supposedly
non-coding region, including anti-sense promoters (Erhard et al., 2020), it could be
hypothesized that MYC could play a role in supressing similar cryptic peptides, which

could explain the biological relevance of antisense transcription to exist in the first place.
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5.2 Role of other MY C interactors in gene regulation

The data shown in this thesis argue that MYC driven regulation is primarily carried out
during elongation step of transcription, via its interaction with SPT5 and SPT6. However,
it is possible the transcriptional cycle is regulated at multiple steps by MYC, and other
body of works (Kalkat et al., 2018) (Rahl et al., 2010) would indicate these steps to be
driven by MYC’s interaction with CDK®9.

This raises an important question. Why do multiple mechanisms of regulation even exist,
and if so, does MY C impact the other steps as well? In part, the answer to such a question
is a thematic one — to be an efficient TF, it needs to modulate multiple steps of
transcription. Thus, it is plausible that CDK9 dependent pause release might be a
regulated step of MYC driven gene regulation (Rahl et al., 2010), but Pol II molecules
which are released from the pause site still need to undergo processive elongation to bring
about a productive gene regulation. Moreover, it could very well be that travelling ratio-
based claims of MYC regulating pause release were simply misinterpretation of changes
on processivity (Ehrensberger et al., 2013). Nevertheless, MY C needs to catalyse the key
transitions of all steps of transcription in order to achieve high levels of transcription

(Kouzine et al., 2013).

5.3 Molecular mechanisms of MY C function at core promoters

In context of transcription regulation, CDKs can regulate the behaviour of Pol II by
phosphorylating not only the CTD of Pol II, but also multiple other regulatory TFs

involved.

During the initiation phase of transcription, CDK7 exerts control on transcription by
allowing a stable Pol II pre-initiation complex to be formed. This action is performed in
multiple steps. CDK7 phosphorylates the Ser5 of Pol II CTD repeats, and additionally,
phosphorylate HCE (Human Capping Enzyme) to allow mRNA-capping. Further, TFIIE
also serves as a substrate for CDK7 (Larochelle et al., 2012), which results in its
dissociation from Pol II. The very same site, which was hitherto occupied by TFIIE, can
now be bound by SPT5 (Nilson et al., 2015), thus resulting in a Pol II complex which can
now transcribe (Fig 5.1, steps 1-3). Further SPTS5 itself is a substrate of CDK7 and helps

in capping of nascent RNA as it is transcribed from Pol II.
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It has been shown that inhibition of CDK7 increases retention of TFIIE with Pol II thus
preventing SPTS5 recruitment and attenuates pausing in human cells (Larochelle et al.,
2012). Thus, a prerequisite for establishment of Pol II pausing is the exchange of TFIIE
for SPT5 which compete for the same docking sites on the surface of Pol II (Grohmann
etal., 2011). The resulting model would indicate that CDK7 activity is required for MYC
driven handover of SPTS to Pol I, since TFIIE eviction is dependent on CDK7 activity.

Building on this model, it is shown, here in this thesis, that depletion of TFIIE facilitates
CDK7-mediated SPTS5 recruitment, thus bolstering role of CDK7 in MYC’s handover of
SPT5 to Pol II (Fig 5.1, steps 3-5).

1. 2 CDK7 : TFIE
‘4 TFIE sPTs "IFIIE s°TS
<
P
Initiation Initiation Pause
ire CDK9 o TFIE
| P\
s s
Coe) e oz
P PP
Pause Elongation

Figure 5.1 Model of MYC's effect on Pol II transcription

MYC binds to chromatin and recruits SPT5 to promoters. CDK7 converts Pol II into a receptive state for
SPTS5 by promoting phosphorylation and eviction of TFIIE, in addition to initiating transcription by CTD
phosphorylation at Ser5 residues. Eventually, CDK9 drives pause release of Pol II by phosphorylating SPT5

and the Ser2 residues of the Pol IT CTD.

Although TFIE and SPT5 both contain sites phosphorylated by CDK7 in vitro
(Larochelle et al., 2012), which factors and phospho-sites CDK?7 utilizes to promote this
factor exchange is not yet known. Nevertheless, data presented in this thesis now gives
rise to a model where eviction of TFIIE by CDK?7 is critical for CDK9’s substrate SPTS
to bind to Pol II, without which productive elongation resulting from SPTS

phosphorylation cannot take place.

Since CDK7 hasn’t been shown to interact with MYC, it could very well be that MYC
mediates the handover of the factors dependent on CDK7 activity in order to bring about

gene regulation via elongation. The data from chemical inhibitor screen presented in this
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thesis show that CDK?7 is critical for handover of SPT5 to Pol Il by MYC. Given SPT5
is a direct substrate of CDK9, these data present now a cohesive model how MYC could

regulate the assembly of productive Pol II elongation complex.

Not only this model enhances our understanding of MYC’s impact on transcription, it
also highlights the relevance of CDK7 and CDK9 as attractive targets for targeting
transition in the transcription cycle for cancer therapy (Parua and Fisher, 2020) for MYC

driven tumours.

5.4 Squelching as a mechanism of gene repression

Regulation of transcription elongation provides an attractive mechanism in terms of gene
activation. However, in addition to activating genes, MY C can also repress certain genes,
and this repression is important in driving its oncogenic role (Gartel et al., 2001) (Seoane
et al., 2001) (Herkert and Eilers, 2010) (Walz et al., 2014) (Sabo et al., 2014). This MYC
driven repression can be explained by the MYC/MIZI ratio at promoters, i.e., an equal
binding of MYC and MIZ1 results in direct repression of genes, whereas higher MYC
binding relative to MIZ1 results in gene activation (Peukert et al., 1997) (Walz et al.,
2014).

In addition to the above-mentioned direct mechanisms of MY C mediated gene repression,
an indirect mechanism of repression by MYC has also been proposed. In this mechanism,
reduction of MYC binding relative to the total chromatin bound MYC upon increase in
its cellular concentration drives repression of the MYC target genes (Tesi et al., 2019).
This “relative” amount of MYC at each promoter was defined as “MYC share” (de Pretis
et al., 2017). Strikingly, the genes with lowest shares are the most strongly repressed
genes. However, no direct mechanism or evidence for such a model has been presented

till now.

The data analysed and compared in this thesis between MYC ON and MYC HIGH show
gene repression of specific genes. This gene repression could stem from increase in local
concentration of soluble MYC which is actually not bound to chromatin, and exhibits
squelching of SPT5 away from Pol II complex. This could be considered as a
confirmatory piece of evidence in favour of decreased “MYC share” driving gene
repression. The genes on which squelching is most prominent, are the well-known MY C-

repressed genes like the ones encoding proteins of the TGF beta pathway or regulators of
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the interactions of tumour cells with the immune system. This concept brings into focus
the hypothesis that while at normal levels MYC acts as a global activator of gene
regulation by generating productive Pol II elongation complexes, at high oncogenic
levels, MYC additionally acts as a specific repressor of genes. Among other factors, this

could explain the selection of cells with high levels of MYC during tumour progression.

However, MYC driven super-squelching of elongation factors is also noted in this thesis
in response to MG132 treatment. Since inhibition of MY C degradation results in locking
of PAF proteins with MYC, this results in dysregulation of MYC target genes (Jaenicke
et al., 2016). The MG132 driven gene regulation and MYC squelching data presented
here are in agreement with these observations since MYC and the associated elongation
factors, SPTS and SPT6, are actually squelched away from nucleoplasm where MYC
target genes’ DNA resides, and is shuttled into nucleolar, PML compartments and
possibly other storage compartments. This indeed needs to be demonstrated conclusively
by measuring the chromatin association of MYC, SPT5 and SPT6 after MG132 treatment
using ChIP-Seq, and indicates scope for future work as an extension of this study. Further,
other interactors could also be a part of these storage compartments, and studying the
interactome of MYC in presence of MG132 could clarify the relevance of these

compartments.

However, future work will determine if proteasomal inhibition is the only stress which
results in MYC squelching and if this has any impact on ribosomal maturation, since
MYC actively evades the site of rRNA transcription while occupying nucleolar space

under MG132 treatment.

5.5 Conclusions

In order to find the exact molecular mechanism by which MY C regulates transcription, a
multi-omics approach was utilized, which included analysis of nascent transcription
(4sU-Seq) combined with measurement of precise elongation rates in kilobases per
minute (4sUDRB-Seq). The data from these techniques was then combined with
sophisticated bioinformatic workflows to establish a model of rate-limiting step in
transcription cycle affected by MYC. To find the mechanisms how MY C affects this step,
a combination of mass spectrometry-based proteomics, biochemical protein-protein

proximity assay and small molecule inhibitor screen was used.

Apoorva Baluapuri - February 2021 111



Discussion

In absence of MYC, elongation rates of Pol II, as measured by 4sUDRB-Seq, decrease to
2700 bases/minute as compared 3200 bases/minute in normal cells. This was
accompanied by a loss of processive Pol II in cells without MYC, as noted by 4sU-Seq.
This regulation of elongation rate and processivity was found to be in strong correlation
with MYC driven gene regulation. Thus, these results establish transcription elongation
as the key rate limiting step for MYC’s impact on changing mRNA levels of all genes in
the cell. Surprisingly, this loss of elongation rate is not only accompanied by reduction
in the number of Pol II molecules which complete transcription to make meaningful
transcripts, but also by an increased number of Pol I molecules transcribing in anti-sense
direction. These results showcase MYC’s s ability to switch the transcription machinery
from pervasive mode to productive mode, resulting in generation of stable full-length

mRNAs and thus driving gene regulation through an unexpected mechanism.

Mass spectrometric analyses combined with biochemical approaches revealed that MYC
directly binds to a critical elongation factor SPT5 and hands it over to Pol Il in a CDK 7
dependent manner. Importantly, chemical inhibition of only CDK?7, and not CDK9
resulted in loss of MYC'’s ability to hand over SPT5 to Pol II at the promoters. These
results showcase MYC as central regulatory hub of biology in the cell due to its ability to
integrate signals from growth factors. This brings cells from resting to proliferating stage
by rapidly switching transcription to a productive mode by handing over SPT5 to Pol II.
As a result of this handover, generation of stable mRNAs and building up of biomass

takes place due to growth-stimuli-induced MY C activation.

In order to find the exact mechanism of gene regulation, when the levels of MYC are
increased to high levels in the cells, a similar multi-omics approach as above was applied
to study Pol II behaviour. Surprisingly, elongation rate and processivity of Pol II did not
further increase with rise in MYC levels, but actually decreased. This caused the genes to
get repressed by premature termination of Pol 11, especially on genes which are involved
in immune surveillance of tumour cells. Further biochemical analyses revealed that this
loss of elongation was due to MY C’s ability to squelch away elongation factors like SPT5
from the Pol II transcription complex, thus reducing the ability of Pol II to make full
length transcripts. The squelching phenomenon was not only noted at high concentrations

of MYC, but was also found in cells where proteasomal machinery was inhibited by

adding MG132.
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The work presented here shows that specificity of gene regulation by MYC is largely
generated by the mechanism by which MYC regulates Pol II function. Specifically, the
high levels of MYC that are expressed in human tumours do not further enhance
transcriptional elongation but rather bring about squelching of SPTS5, reducing the
processivity of Pol II transcription, especially on genes that are known targets of MYC-
dependent repression, like genes encoding proteins of the TGF-beta pathway and
regulators of the interactions of tumour cells with the immune system. This body of work
has thus unravelled that tumours exploit MYC-dependent sequestration of SPTS to
repress tumour-suppressive genes, providing an explanation as to how the high levels of

MYC cause tumour progression.
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