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ABSTRACT

Paused Pol II has been implicated in the generation of short non-coding RNAs,
such as transcription start site RNAs (TSSa RNAs) and transcription initiation RNAs
(tiRNAs), which are found within or around the 5’ ends of gene promoters. The
generation of these RNAs (which I termed “processed RNAs”) is known to occur in the
nucleus; however, whether their biogenesis is co-transcriptional or post-transcriptional is
unknown. These RNAs have been proposed to be remnants of 5° to 3’ processing and
protected by paused Pol II. Processed RNAs may represent a novel class of small RNAs

derived from promoter-proximal transcription termination.

I hypothesized that processed RNAs are co-transcriptionally generated from
RNAs associated with paused Pol II. In order to distinguish between a co-transcriptional
or post-transcriptional event, I fractionated the nucleus into the chromatin fraction and
the nucleoplasmic fraction. If these processed RNAs were generated co-transcriptionally,
they would be present in the chromatin fraction along with the chromatin-bound paused
Pol II complex, and if they were generated post-transcriptionally, they would be present
in the nucleoplasmic fraction. I demonstrated that processed RNAs associate with the
chromatin fraction, indicating that they are co-transcriptionally generated. I further
developed a modified version of PRO-Seq (PRO-Start and processed PRO-Seq) to

confirm that processed RNAs are generated from paused Pol II.

In the literature, it is unclear whether the generation of these RNAs is independent

of backtracking. To test whether backtracking was involved in the biogenesis of
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processed RNAs, I compared the 3” end locations of the processed RNAs and short
capped RNAs and found that most genes do not demonstrate backtracking. Alternatively,
to study processing from the 5’ ends, I investigated the role of XRN2, a nuclear 5’ to 3’
exoribonuclease, in the generation of processed RNAs. I discovered that XRN2 depletion
resulted in an enrichment of these processed RNAs, but the results indicated other

proteins may also be involved.

Currently, these processed RNAs are proposed to play a role in gene repression.
Future experiments will focus on identifying and demonstrating the functional roles of

these transcripts.
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CHAPTER 1
BACKGROUND

Regulation of gene expression at the transcriptional level is a highly complex
process which includes transcriptional and epigenetic control. It is not surprising,
therefore, that this process can go amiss and lead to a broad range of diseases such as
cancer, autoimmunity, diabetes, obesity, cardiovascular, and congenital diseases (Lee &
Young, 2013). Disruption of epigenetic processes can lead to an altered gene regulation.
Global epigenetic changes including DNA methylation, histone modifications,
nucleosome positioning, and changes in non-coding mRNAs such as microRNAs have
become hallmarks of cancer (Sharma et al., 2009). Therefore, regulation of gene
expression is important for every aspect of cellular function. To understand how
developmental and homeostatic programmes function requires that we know the
transcription factors involved, their targets, and regulatory points (Adelman & Lis, 2012).
RNA polymerase II (Pol II) is the main protein responsible for transcription of all
protein-coding genes and has been a focus of transcriptional research; thus, it is
imperative to understand every aspect of its regulation and the importance of the

subsequent outcomes in the contribution to human health and disease.



Eukaryotic Transcription

Eukaryotic organisms have developed sophisticated mechanisms of gene
regulation to respond to developmental, environmental, and nutritional cues (Adelman &
Lis, 2012). Regulation of gene expression is achieved in large part by controlling
transcription (synthesis of mRNAs) (Margaritis & Holstege, 2008). Traditionally,
transcription is divided into three main phases: initiation, elongation, and termination
(Orphanides & Reinberg, 2002). In eukaryotes, transcription begins with the assembly of
the pre-initiation complex, which includes general transcription factors TFIIA, TFIIB,
TFIIC, TFIID, TFIE, TFIF (GTFs), and Pol II (Fujita & Schlegel, 2010). With the
assembly of the pre-initiation complex, there are alterations in the manner in which DNA

is packaged into chromatin (Margaritis & Holstege, 2008).

One important feature of Pol II in eukaryotes is its 52 tandem copies of the
consensus repeat heptad Y1S2P3T4SsPsS7 (Corden, 1990; Phatnani & Greenleaf, 2006). In
the early phase of transcription, TFIIH phosphorylates the serine 5 residue within the
carboxy-terminal heptapeptide repeat (CTD) of the largest Pol II subunit (Komarnitsky et
al., 2000; Schroeder et al., 2000). CDK9 of the pTEFb complex is known to

phosphorylate serine 2 (Marshall et al., 1996).

The classical paradigm of transcriptional regulation focuses on the recruitment of
Pol II to the promoter region of the gene as the main step — if not the only step — which is
important in deciding which promoters, and genes, would be active. This observation
may be mostly true for bacteria and yeast. However, the advent of technology has
enabled numerous studies in eukaryotes, including Drosophila (Muse et al., 2007;

Zeitlinger et al., 2007), human embryonic stem cells (Guenther et al., 2007), and other
2



human cell lines, resulting in a paradigm shift from transcriptional regulation occurring

exclusively during initiation to regulation occurring post-initiation as well.

For example, at the genome-wide level, many studies using metazoan model
organisms have revealed a high density of transcriptionally engaged Pol II paused near
the promoter region. This indicates an additional layer of regulation which occurs after
transcription initiation, but before the Pol II (complex) has cleared the promoter (Core &
Lis, 2008; Guenther et al., 2007; Kim et al., 2005; Muse et al., 2007; Zeitlinger et al.,

2007). This new finding was termed Pol II pausing.

Pol II Pausing

In prokaryotes, once Pol Il is recruited, the full-length mRNA transcript is made.
However, studies observed an accumulation of Pol at the 5’ end of the transcribed region
of the Drosophila hsp70 gene, despite the gene being inactive (Giardina et al., 1992; D S
Gilmour & Lis, 1986; Rasmussen & Lis, 1993; Rougvie & Lis, 1988). This phenomenon
was thought to be a strategy that permitted robust and rapid activation of genes (Core &
Lis, 2008; Muse et al., 2007; Nechaev & Adelman, 2008). Further findings that Pol II
carried out transcription in isolated nuclei suggested that paused Pol II had initiated
transcription on inactive genes (Law et al., 1998; Rougvie & Lis, 1988). In addition to
findings in Drosophila, viral genes (HIV) and mammalian genes (Myc, Junb, and Fos)
that exhibited this phenomenon were initially seen as exceptions to a universal rule (Kao
et al., 1987; Krumm et al., 1992; Strobl & Eick, 1992). However, recent studies showed
that in eukaryotes, this accumulation of Pol II (pausing) reflects a regulatory mechanism

(Scheidegger et al., 2019).



Pausing may seem to function as a repressive mechanism. However, a study in
human embryonic stem cells (ESCs) revealed that certain chromatin signatures
accompanied accumulation of Pol II at the promoter region, which was indicative of gene
activity. Surprisingly, only a subset of these genes with such active signatures showed
detectable full length transcripts (Guenther et al., 2007). This contradiction suggested that
both active and seemingly inactive genes can accumulate Pol II at promoter (proximal)

regions.

Further studies that look at transcriptionally engaged Pol II indicated that few
paused genes are transcriptionally inactive (Core et al., 2008). Most models have
revealed that genes which are enriched in signal responsive pathways such as
development, cell proliferation, and stress or damage responses exhibit paused Pol 11
(Adelman & Lis, 2012). Based on Pol Il occupancy at the promoter regions, epigenetic
marks, and gene expression data, Pol II pausing appears to be a new regulatory

mechanism that can be observed on both active and inactive genes.

Requirements of Early Elongation

Many different proteins have been proposed to modulate activities of pausing and
its release into elongation. Factors such as DSIF (DRB Sensitivity Inducing Factor) and
NELF (Negative ELongation Factor), as well as transcription termination factors (Dcpl
a, Xrn2, and TTF2) (Brannan et al., 2012), are enriched at promoters of metazoan genes
and have been implicated in pausing. Pause release is mediated by the kinase activity of
positive Transcription Elongation Factor b (pTEFb). pTEFb phosphorylates the

DSIF/NELF complex (Cheng & Price, 2007; Wada et al., 1998; Yamaguchi et al., 1999;



Zhu et al., 1997). This leads to the dissociation of NELF from Pol II and leads to

elongation.

Products of Transcription

Technological advancements have facilitated whole genome sequencing and
characterization of transcriptomes (Chaitankar et al., 2016; Reuter et al.,2015). In
addition to mRNA, these advancements have revealed a broad range of poorly
understood transcripts (Pertea, 2012). These new findings have disproven previous
hypothesis that the principal purpose of Pol II transcription is protein production; in fact,
only about 2% of transcription initiation events lead to translation (Lander et al., 2001).
Genome sequencing projects have shed further light on the complexities of the genome to
the effect that RNAs are equally as, if not more, important than proteins for controlling
cellular function and phenotype (long non-coding RNAs, miRNA, siRNA, piwi RNA,

etc).

Discovery of Non-canonical Short RNA Species

Currently, there are a plethora of non-coding RNAs, such as the capped Promoter
Associated RNAs (PASRs) (Kapranov et al., 2007; Project, 2009), the uncapped
transcription start site RNAs (TSSa RNAs) (Seila et al., 2008; Valen et al., 2011), and the
uncapped transcription initiation RNAs (tiRNAs) (Taft et al., 2009, 2010), which are
within or around 5’ ends of genes with different characteristics and unknown functions
(Figure 1-1). These RNAs are either short (PASR and TSSa RNAs) or long non-coding
RNAs with varying degrees of stability (Figure 1-2). Other small capped RNAs (Xie et

al., 2013; Zamudio et al., 2014) are substrates for miRNA generation. Similarly, other



smaller groups of RNAs have been observed around splice sites, within the gene body,
and at the 3’ ends of genes. The role and importance of the generation of these RNAs in

the cell is still unknown.

Some of these RNAs have arisen out of divergent transcription, a phenomenon in
mammals and yeast promoter regions where Pol II is initiated in both the sense and
antisense directions. Divergent transcription has been observed in most promoters:
products of divergent transcription generate these RNAs (Transcription Start Site-
associated RNAs TSSa-RNAs) in both the sense and antisense directions (Seila et al.,
2008). A study showed that certain short RNAs associated with the promoter were

involved in gene silencing (Kanhere et al., 2010).



PROMPTS

oA

mRNA
tiRNA ‘

PALRS/PASRS h e
= Sense strand
:——|
—_— Antisense strand
PALRS/PASRS == 7
= TARS
PROMPTS

Figure 1-1.  Non canonical RNA species around a hypothetical protein coding gene.
DNA is shown in blue and standard RNA are shown in green. Non canonical RNA
species are shown in red. These transcripts are found both in the sense and antisense
direction. Some of the transcripts are long (PROMPTS and PALRS) and others are short
(PARS and tiRNAs). TARS are located at the 3’ ends of genes. Adapted from (Clark et
al., 2013).
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Figure 1-2.  Characteristics of non canonical RNAs. A. In yeast, CUTS and SUTS are
long noncoding RNA sequences Non-canonical RNAs are capped, Non-capped long and
short. Single-headed arrows indicate the direction of transcription, and their position
indicates the genomic region from which the ncRNA is transcribed. Mammalian genome
show more complexities. There are long noncoding RNAs such as PARLS and
PROMPTS, short non-capped (TSSa-RNAs) and capped (PASRs and NRO-RNAs). Used
with permission (Carninci, 2009).



Preker et al., (2008) depleted the exosome machinery in their study, and this led
to the discovery of small RNAs (PROMoter upstream Transcripts - PROMPTs) which are
polyadenylated and unstable, suggesting that some of these RNAs are short lived. These
PROMPTS transcripts also occur both in the sense and antisense directions (Preker et al.,
2008). Preker et al., (2008) suggested that these transcripts correlate with gene activity
and may have a regulatory role. Recently, a study by Zamudio et al., (2014) discovered
that some RNA Pol II genes produce hairpin RNAs that feed into the miRNA pathway to

produce transcription start site miRNA.

Premature Transcription Termination at the Site of
Promoter-Proximal Pausing

The difference between the density of Pol II at the promoter region and the gene
body has intrigued the transcriptional field. This disconnect can occur as a result of Pol
IIs which are not distributed evenly along the DNA (gene), but rather favouring certain
locations such as the promoter-proximal sites, where they spend more time before
resuming elongation. Potentially, the fraction of time Pol II spends on a given gene
relative to release into elongation can contribute to the differences among gene

expression.

Alternatively, the same pattern can be observed if these Pol IIs are prematurely
terminating (Buratowski, 2009) (Figure 1-3). Subsequent studies have hypothesized that
premature termination at the promoter region can explain the relatively lower amount of
Pol IT on gene bodies. Core et al., (2008) suggest premature termination may be a reason

for the high densities of Pol II at the promoter region; this may be due to a promoter

9



experiencing high initiation rates as well as high rates of premature termination relative
to the number of Pol II that escape into productive elongation (Figure 1-3). Hence, there

is detection of high levels of engaged Pol II immediately prior to the point of termination.
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Figure 1-3. A scheme showing Promoter Proximal RNA Pol II pausing. A Pol II ChIP

of Fus gene (Abbas unpublished) showing the discrepancy in signal at the promoter
region compared to gene body and B with two possible outcomes. Premature termination
to produce a short non-coding RNA and elongation to produce a matured RNA.
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Few findings support the idea that once at the paused site, Pol II can either
elongate to synthesize the mRNA or undergo premature termination by producing a short
RNA(Buckley et al., 2014; Krebs et al., 2017). Buckley et al., (2014), using Hsp 70 as a
model system in Drosophila, attempted to address the gap in knowledge related to the
contribution of premature termination to accumulation of Pol II at the promoter. They
observed that heat shock, which activates Hsp70 genes, dramatically increased the
incidence of elongation of Pol II without decreasing the incidence of premature

termination.

Previously, studies have shown that the HIV gene produces an abundant 59
nucleotide RNA, a product of premature termination of the early elongation complex.
These short transcripts play a transcriptional repressive role in the regulation of the HIV
gene in humans. This strategy resembles transcription anti-termination in bacteria,
wherein transcription begins at the promoter region but then soon terminates. However,
there is no current evidence that suggests high levels of promoter-proximal termination
by Pol II at endogenous genes in eukaryotes performs similar functions to anti-

termination in prokaryotes (Adelman & Lis, 2012).

It is an established fact that many genes exhibit paused Pol II. It is important to
investigate how the elongation machinery is manipulated to give rise to gene activation or

repression.

Pol IT Pausing and Histones

Studies have shown that combinations of histone modifications can determine

gene activity; that is, either activation or repression. A study showed that most genes

12



associated with H3K4me3, H3k9ac and H3k14ac modifications in the promoter region.
About half of these genes showed inactivity. Genes that showed activity by proceeding to
elongation to produce matured transcripts showed enrichment of additional histone marks
H3k36me3 and H3k79me2. Genes that lacked these marks still exhibited Pol II binding to
the promoter region and produced 5’ transcripts of 70 or less nucleotides (Guenther et al.,
2007). This study showed that most genes support initiation, but do not complete
transcription. This, together with other studies, suggests that premature termination may

be a source of all the various RNAs seen which are associated with the promoter regions.

A review (Adelman & Lis, 2012) highlighted the absence of contribution of
premature termination to the promoter proximal Pol II signal and elongation signal in the
field of transcriptional regulation. Premature termination at the paused site remains
enigmatic, even though in recent years there have been studies (Kanhere et al., 2010;
Project, 2009) to suggest that these terminated RNAs may not be merely by-products of

transcription. These suggest a repressive regulation of gene expression in the cell.

Products of Paused Pol 11

There is mounting evidence that the promoter is not only a hub for transcription
initiation to produce mature mRNA. Additionally, many non-coding RNAs appear to be
generated within the promoter region. Consistent with the short RNAs produced by Pol 11
pausing, recent studies have discovered short RNAs associated with the promoter regions

of genes.

Even though different studies support the notion that Pol II pausing may have an

alternative non-canonical pathway by premature termination, which generates small

13



RNAs, there is an absence of conclusive studies. For example, transcription termination
factors XRN2 and TTF2 (Brannan et al., 2012), which are known to be responsible for
transcription termination at the 3’end of genes, have been recently found to be enriched at
promoters of human genes and may be responsible for premature termination of paused
RNA pol-II complex. These findings support the notion that Pol II pausing is a decision
point at which production of full length mRNA transcripts and short RNA transcripts can
take place from the same gene promoter, which is an indication that the interplay between
the mRNA and short RNA produced from the same gene may be regulatory. However,
because this is a novel finding, the mechanisms and regulatory roles of premature

termination remain unknown.

Proposed Mechanism for Generation of Some Promoter Associated RNAs

Some promoter associated RNAs were proposed to be by-products of
backtracking (Taft et al., 2009), a process where after pausing, Pol II retreats to a site
with high thermodynamic stability when it encounters an obstacle(Nechaev et al., 2010).
Studies by Valen et al., (2011) proposed that these RNAs are remnants of RNA
processing and are protected by paused RNA Pol II. When XRN1/2 was depleted in the
same study, they observed an increase in the lengths of these RNAs towards the 5’ end,
suggesting a role of XRN1/2 in post transcriptional processing of transcriptional start site

associated RNAs and supporting the study by Brannan et al. (2012).

These findings point to a novel, previously unappreciated regulatory mechanism
that involves Pol II pausing producing both mRNA and microRNA-like molecules from
the same promoter, leading to a paradigm shift in our understanding of transcriptional

regulation.
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Models of Premature Termination

Brannan et al., (2012) observed that XRN2, a nuclear 5’- 3’exonuclease, and
TTF2 are responsible for transcription termination at the 3’ ends of genes. XRN2 and
TTF2 were enriched at promoters of metazoan genes and colocalized with decapping
proteins DCP1a and DCP2. The location of these proteins coincided with the occupancy
of paused Pol II. Knockdown of XRN2 and TTF2 led to the redistribution of paused Pol
IT away from the start site either upstream or downstream. This finding suggests that
under certain conditions, paused Pol II can undergo premature termination (Figure 1-4A).
In another model, the microprocessor complex (Drosha and Dgcr8) recruits XRN2 and
SetX to the promotor of HIV1 in Hela cells to initiate premature termination. This
involves a stem loop RNA which is cleaved by Drosha. The cleaved RNA is further
processed by Rrp6, generating a small RNA (Wagschal et al., 2012) (Figure 1-4B).
Austenaa et al., (2015) also demonstrated that WDRS82, SET1 H3K4 methyltransferase,
and PP1 phosphatase abolished Pol II termination when depleted. They observed that
enhancers and promoters produce Pol II dependent short ncRNA and these were
elongated when these proteins were depleted. These studies suggest that different proteins
(Table 1-1) play a role in premature termination and may be context dependent. This
implies that pausing is a regulatory decision point in transcription that can direct the
production of two different types of RNA from the same gene promoter. Generating the
mRNA and pause release can also result in premature transcription termination to
produce a short noncoding RNA. The possible release of these short RNAs has been
difficult to characterize, partly because of exosome activity that rapidly degrades short

transcripts that are generated (Preker et al., 2008).
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Figure 1-4.  Models of premature termination at Promoter Proximal RNA Pol II
pausing region. A Decapping model of premature termination RNAs at the 5° ends of
genes are decapped by decapping proteins DCP leaving the ends with monophosphates.
The monophosphate ends serve as a substrate for the 5’ to 3’ exoribonuclease to degrade
the RNA. Together with transcription factor 2 (TTF2) they terminate Pol II. Used with
permission (Brannan et al., 2012) and B Microprocessor model of premature termination.
Used with permission (Wagschal et al., 2012). The microprocessor complex DGCRS8 and
Drosha are recruited to the promoter region. The microprocessor complex internally
cleaves the RNA and the RNA associated with Pol II is terminated by XRN2. The free-
floating RNA from the internal cleavage is further processed by Rrp6 to form a miRNA-
like RNA.
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Methods Used to Decipher Gene Regulation at the Transcription Level

The balance between production and degradation of RNA from a given locus
determines its steady state in a cell. The change in gene transcription (in response to
stimuli) can be a result of altered RNA synthesis, stability or both (Paulsen et al., 2013).
Current genome-wide approaches used in gene expression studies include Global Run On
sequencing (GRO-Seq) (Core et al., 2008), Native elongating transcript sequencing (Net-
Seq) (Churchman & Weissman, 2011; Mayer et al., 2015; Nojima et al., 2015), Short
capped RNA sequencing (scRNA-Seq) (Nechaev et al., 2010; Samarakkody et al., 2015)
and Bromouridine sequencing (Bru-Seq) (Paulsen et al., 2014). In global run-on and
sequencing (GRO-Seq), nuclei from cells are isolated and initiated RNA are allowed to
run-on in vitro in the presence of 5’bromouridine 5’triphosphate (Br-UTP). RNAs with
Br-U incorporated are immunoprecipitated and sequenced. In Native elongating transcript

sequencing (Net-Seq), nascent RNA is isolated by immunoprecipitation
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Table 1.1. Proteins implicated in premature termination from three proposed
models of premature termination.

Gene Symbol Description Reference
s~ Hela, HIV Brannan et al, 2012,
XRN2 Nuclear 5’-3’exonuclease Model Wagschal et al., 2012
TTF2 Transcription Hela, HIV Brannan et al., 2012
Termination factor 2 Model
EDC3 Enhancer of mRNA Hela Brannan et al., 2012
Decapping 3
DCPla Decapping mRNA la Hela Brannan et al., 2012
DCP2 Decapping mRNA 2 Hela
Drosha Class 2 ribonuclease III ~ HIV model Wagschal et al., 2012
enzyme
DGCR8 DiGeorge syndrome HIV model Wagschal et al., 2012
critical region 8
Rrp6 3’-5’exoribonuclease
SetX Senataxin HIV model Wagschal et al., 2012
WDRS82 WD repeat domain 82 Mouse Austena et al., 2015
macrophage
SET1 H3k4 methyl transferase =~ Mouse Austena et al., 2015
macrophage
PP1 Nuclear protein Mouse Austena et al., 2015
phosphatase phosphatase 1 macrophage
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of Pol II elongation complex followed by deep sequencing of the 3’ends of the nascent
transcript associated with Pol II. Short-capped RNA sequencing

(scRNA-Seq) involves isolation of nuclei, size selection of short RNA species, and
enzymatic degradation of RNAs that lack a 5° cap before sequencing. scCRNA-Seq
identifies the start site of genes and the promoter proximal paused site of genes.
Bromouridine sequencing (Bru-Seq) involves the metabolic pulse-chase sequencing of
nascent RNA with bromouridine in cells to study stability of RNAs by monitoring its

synthesis and degradation.

Most genome-wide techniques such as Global run on and sequencing (GRO-Seq)
(Core et al., 2008), Native elongating transcript sequencing (Net-Seq) (Churchman &
Weissman, 2011), Short capped RNA sequencing (scRNA-Seq) (Nechaev et al., 2010)
and Bromouridine sequencing (Bru-Seq) (Paulsen et al., 2013) have not taken the
possible role of termination into account. Some of these methods have conflated the
extracted RNAs, which makes it difficult to distinguish between RNAs associated with
chromatin and premature terminated RNAs. Secondly, some of these approaches (Net-
Seq and scRNA-Seq) do not distinguish between newly formed RNAs and previously
made RNAs. Thus, these methods do not fully capture the complexities associated with
regulation and the contribution of nascent RNA synthesis or RNA decay to steady state

RNA changes (Paulsen et al., 2013)

Gap in the Field

Many small RNAs around the promoter region have been ascribed different
names but may essentially be the same. The reason for this difference in nomenclature

stems from different approaches used and the technological challenges at the time of
19



discovery. A subset of these RNAs, tiRNAs (Taft et al., 2009) and TSSa RNAs (Valen et
al., 2011), are likely to be generated by the same paused Pol I and may be a pathway that

leads to premature termination.

The biogenesis of these RNAs has not been fully established, with processes such
as backtracking (Taft et al., 2009) and 5’ end processing being implicated but not proven
(Brannan et al., 2012; Nojima et al., 2015; Valen et al., 2011). The limitation in these
studies was the approach used to compare the location of the 3’ ends of these RNAs. The
3’ ends were compared to the location of Pol II in ChIP experiments. Pol I ChIP has low
resolution, which makes it difficult to rule out the processes of backtracking, since it is
difficult to obtain the exact location of the Pol II at single nucleotide resolution.
Additionally, these experiments were carried out in nuclei or whole cell fractions, even
though the results obtained suggest that their biogenesis is co-transcriptional and not

post-transcriptional.

I addressed these limitations by purifying short RNAs associated with chromatin
and preparing libraries by selecting for capped and uncapped RNA. This approach
allowed me to determine, with nucleotide resolution, the location of both capped RNA
and uncapped RNA within the promoter region. This approach is also important to prove
the premise that these short RNAs are generated from capped RNA. Short RNAs in the
paused state should be associated with chromatin, while the nucleoplasm or cytoplasm
should contain short RNAs generated by termination (Figure 1-5). Thus, fractionation of
cells into chromatin, nucleoplasm, and cytoplasm provides a platform to estimate the

amount of short RNAs in these fractions.
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This study attempts to address this gap in knowledge by examining the

distribution of various RNA species across cellular sub fractions.
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Figure 1-5. A scheme of showing the cell fractions that can have products of
premature termination . The short RNAs generated can be found on chromatin,
nucleoplasm or cytoplasm.
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CHAPTER 2
MATERIALS AND METHODS
Cell Culture

MCF7, a human breast cancer cell line derived from a metastatic site by pleural
effusion, was used in the study. These were obtained from American Type Culture
Collection (Manassas, Virginia). Cells were cultured in DMEM/F-12 medium (Gibco,
Thermo Fisher Scientific) with 10% fetal bovine serum (Atlanta Biologicals, Georgia).
Cells were grown in an Eppendorf New Brunswick Galaxy 170S at 37°C and 5% CO2

incubator. The growth medium was changed every 3 days.

Western Blotting

Cells were lysed in Urea lysis buffer (§M Urea, 1% SDS, 126mM Tris pH 6.8),
and protein concentrations were determined using a Qubit 1.0 fluorimeter and Qubit
protein assay kit (Invitrogen). The cell lysates were run on a Biorad Any kD Mini
PROTEAN TGX gel. The ladder used was the ECL Rainbow Marker (Amersham). The
gel was transferred onto a PDVF membrane using a wet transfer method for 2 hours. The
blots were blocked in 5% milk in TBS with 0.1% Tween 20 (Sigma) for 1 hour. The blots
were immunoblotted with anti-XRN2 (Abcam), anti-ExoSC3 (Abcam), anti-ExoSC10
(Abcam) to validate the siRNA depletions and anti-Actin (Millipore) was used as the
control protein. Anti-Tubulin (Abcam), a cytoplasmic marker, anti-U1snRNP 70 (Santa
Cruz), a nucleoplasmic marker, and anti-histone H3 (Abcam), a chromatin marker, were

used to validate the efficiency of the fractionation. These primary antibodies were
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incubated overnight at 4°C. The blots were washed with 1x TBST three times for ten

minutes each, incubated with horseradish peroxidase (HRP) secondary antibody (GE) at a

dilution of 1:10000 for 1 hour, and washed with 1x TBST three times for ten minutes

each before being treated with Luminata Forte Western HRP substrate (Millipore) and

imaged using an Odyssey imager.

Table 2.1. List of antibodies used for Western blotting.

Antibody Catalogue Company Dilution/working
Number concentration used

anti-XRN2 Ab72181 Abcam 1:1000

anti-ExoSC3 Ab190689 Abcam 1:1000

anti-ExoSC10 Ab50558 Abcam 1:1000

anti-Nuclear matrix p84 Ab487 Abcam 1:1000

(5E10)

anti-Tubulin Ab44928 Abcam 1:200

anti-U1snRNP 70 (c18) Sc-69571 Santa Cruz | 1:100

Anti-Histone h3 (pan) 07-690 Abcam

Anti-HSF1 H-311 Santa Cruz | 1:200

Anti-Ser-2 clone 3E 10 04-1571 Millipore 1:2000

anti-Actin (clone C4) MAB1501 Millipore 1:5000
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siRNA Depletion

Silencer® Select siRNAs (Negative control 1, XRN2, ExoSC3 and ExoSC10)
were obtained from Ambion. Using Lipofectamine p3000 (Invitrogen), Opti-MEM
(Gibco), 300 pmole of siRNA were transfected into 15¢cm dishes of MCF7 cells and

allowed to grow for 4 days before harvesting.

Cell Fractionation

Cells were grown in a 15cm dish and harvested at a confluency of 80%. Cells
were washed with 10ml cold PBS, scraped in PBS and centrifuged at 4C at 1000xg for a
minute. The supernatant was discarded. Cells were resuspended in lysis buffer
(10mMTris-Cl pH7.5, 2mM MgCl2, 3mM CaCl2, 0.5% IGEPAL (Sigma-Aldrich), 10%
glycerol (Sigma), 2 Units/ml SUPERase-In (Invitrogen), Protease Inhibitor Cocktail
(Sigma)) and gently pipetted up and down 20 times using a p1000 tip with the end cut off
to reduce shearing and incubated on ice for 7 minutes. The nuclei were centrifuged and
pelleted for 7mins at 4°C at 1000 — 2000xg. The supernatant (cytoplasm) was aliquoted
(by 5% total volume of lysate), and the pellet was resuspended in lysis buffer. The nuclei
were centrifuged for Smins at 4°C at 1000 — 2000xg and the supernatant was discarded.
The nuclei were resuspended in 100ul of Freezing buffer (5S0mM Tris-Cl pH 8.3, 40%
glycerol, 5SmM MgCl2, 0.1mM EDTA) for storage -80°C. This protocol was modified
from Core et al., (2008). The cell swelling step was removed and the lysis incubation was

shortened to keep the cytoplasmic RNA intact.
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Run-On Permanganate footprinting detects positional change in Pol II complex

To determine if Pol II complexes remained stable and supported transcription in
isolated frozen nuclei, I performed Run-On and permanganate footprint assays. RNA
nucleotides were added to isolated nuclei at 30°C for 5 minutes to allow transcriptionally
engaged polymerases to resume transcription. Thymines associated with single stranded
DNA were cleaved with piperidine and Ligated-Mediated PCR was performed using
radiolabeled primers. PCR products were run on 6% sequencing gels to visualize the Pol
II “transcription bubbles™ at base pair resolution through mapping of thymines in single
stranded DNA regions (Gilmour & Fan, 2009). Figure 2-1 (Purple block) shows the loss
of signal downstream from the TSS and an increase in band intensity at +86. The bands
signal the location of the transcription bubble. This shift of signal was moderate in lane 8,
as expected since the run-on in lane 8 was performed for only 1 minute. In lane 9, where
run-on was performed for 5 minutes, the signal intensity of the bands that correspond to
the transcription bubble in lane 8 diminished considerably, signifying that Pol II had
moved. This indicated that the run-on reaction was successful and that these nuclei were

viable.

This result demonstrated that nuclei possess stable complexes which remain intact
after isolation. Notably, transcriptional complexes appeared to be stable and were
identical in both fresh and frozen nuclei (Figure 2-1, lanes 4 and 5). This suggested that
freezing nuclei at -80°C did not affect their integrity. Hence, frozen nuclei were used for

subsequent experiments.
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Figure 2-1: Permanganate footprinting of the SNAI1 gene on run-on nuclei in Hela cells
shows changes in Pol I complexes on SNAIL. The state of Pol II complexes in nuclei
were investigated under different isolation, storage and run-on conditions. Run-on
reactions (Lane 6-9) followed by permanganate footprinting treatment (Lane 1-9)
underwent ligated mediated PCR. The amplified regions were displayed on a 6%
sequencing gel and visualized by autoradiography. Lane 1 is the A/G marker, Lane 2 is
naked DNA (N.DNA) treated with permanganate, Lanes 3 is cell in lysis buffer, Lane 4 is
fresh nuclei, Lane 5 is frozen nuclei, Lane 6 is run-on ice with no ATP, Lane 7 is run-on
at 30°C for 5 min with no ATP, Lane 8 is run-on at 30°C for 1 min with NTP, and Lane 9
is run-on 30°C for 5 min with NTP. The dark bands (purple block) show the location of
Pol II.
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Nuclear Run-On shows that isolated nuclei have RNAs that can be extended

To test the integrity of the RNA associated with the Pol II complexes during
nuclei isolation (Core et al., 2008), the RNA was labeled using a 5-Bromo-UTP (BrUTP)
analog and a radioactive nucleotide (a32P-CTP), which served as a tracer. The labeled
RNA was then pulled down using agarose beads that were conjugated with an antibody
specific for a-BrdU. Figure 2-2 (A and B), lanes 2 and 6 show that unfragmented RNAs
were not degraded which suggested that the isolation of nuclei did not affect the integrity

of the RNAs.

After one round of bead binding (Figure 2-2 C), I measured both the unbound and
eluted RNA for BrU labelled RNA. Run-on was performed using only CTP as a control.
Lane 4 shows a 30% enrichment of BrU labelled RNA compared to the control CTP only,
lane 2, which is barely detected. RNAs were thus extended in the reaction, which
suggested that RNAs remained intact and associated with Pol II during nuclei extraction.
These results established that the nuclei isolation procedure could be used for my

purposes.
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Figure 2-2: Specificity of a-BrdU beads after one round of bead binding. A 15% gel
image (ethidium bromide staining) B. Gel image visualized by autoradiography. Run-On
nuclei RNA labelled with Br-UTP and a*?P-CTP as the radioactive tracer in Hela nuclei.
Lane 1 is ssSRNA, lane 2 is unfragmented RNA o**P-CTP, Lanes 3 is cell in lysis buffer
Lane 4: unbound RNA a*?P-CTP, Lane 5: eluted RNA o’*P-CTP, Lane 6: unfragmented
RNA BrU a*?P-CTP, Lane 7: fragmented RNA Br-UTP o*?P-CTP, Lane 8: unbound
RNA Br-UTP a*?P-CTP, Lane 9: eluted RNA Br-UTP CTP o*2P-CTP. C. Quantification
by scintillation counting. Binding and Elution of NaOH-hydrolysed Br-UTP -RNA to a-
BrdU beads were verified by Scintillation counting.
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Nuclei Fractionation

My main goal was to identify and characterize the RNAs associated with Pol II on
chromatin and the other fractions. To fractionate the nuclei into the chromatin fraction
and the nucleoplasm fraction, the isolated nuclei were resuspended first in NUN1 buffer
[20mM Tris-HCI pH 8.0, 75mM NacCl, 0.5mM EDTA, 50% Glycerol, Proteinase
Inhibitor 100x Sigma, 2units/ml SUPERase-In (Invitrogen)], vortexed, and then NUN2
buffer [20mM HEPES-KOH pH 7.6, 7.5mM MgC12,0.2mM EDTA, 300mM NaCl, 1M
Urea, 1% IGEPAL(Sigma), Protease Inhibitor cocktail (Sigma), 2units/ml SUPERase-In
(Invitrogen)] was added at a ratio of (1:9.6 ul). The nuclei were vortexed for 5 secs every
5 mins at maximum speed and incubated on ice for 15 minutes. The nuclear lysate was
spun at 21,000xg at 4°C for 15 minutes to pellet the chromatin. The supernatant was
collected as nucleoplasm and the pellet (chromatin) was washed in 500ul of HSB buffer
(10mM Tris-HCI, pH 7.5,500mM NaCl10mM MgCl2) and spun at 21,000xg for 5 mins.
The supernatant was discarded. The fractions were stored in -80°C. The method was

adapted from Mayer et al., 2015 and Nojima et al., 2015

To study the distribution of short RNAs in the nucleoplasm and chromatin
fractions, I adapted previously published protocols (Mayer et al., 2015; Nojima et al.,
2015; Wuarin & Schibler, 1994) to break up nuclei into the chromatin and nucleoplasmic
fractions. After I fractionated the nuclei into the chromatin and nucleoplasmic fractions, I
blotted for proteins specific to each fraction to check that the isolation approaches were

successful and that there was minimal-to-no cross contamination.

Specifically, I selected Nuclear Matrix Protein and SnRNP 70 for my

nucleoplasmic markers (Figure 2-3A). I observed that these two proteins were localized
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to the whole cell, nuclei, and nucleoplasm as expected, and not to the cytoplasm or
chromatin fractions. The cytoplasmic marker Tubulin was specific to the whole cell and
the cytoplasmic lysate (Figure 2-3A). Because histone proteins are expected to localize to
the chromatin fraction, I used Coomassie staining to visualize these small proteins, which
are abundant and less than 20 kDa (Figure 2-3B). The histone proteins localized to the

whole cell, nuclei, and chromatin fractions as expected.

To test the effect of salt on Pol II complexes during the fractionation of nuclei, I
tested two salt concentrations (300mM and 500 mM). I excluded salt from the nuclei
fractionation buffer (300mM) and centrifuged at 1000xg. I collected the supernatant and
pellet. I performed this reaction with 300mM and 500mM NacCl. I collected the
supernatant and pellet in both instances. Washing with high salt (500 mM NaCl) may
remove any RNAs that are not tightly bound to the chromatin. The effectiveness of this
step was evaluated by Western blotting. [ used Ser 5P and Ser 2P, which are markers of
two different phosphorylation states at the C-terminal domain of Pol II. These proteins
are expected to localize to the chromatin fraction; however, there is little known about

their presence in the nucleoplasm.

I compared the supernatant fractions from the 300 mM NaCl wash protocol and
replaced 300 mM NaCl with 500 mM NacCl in another condition. I did not see enrichment
of these proteins in the supernatant fractions. snRNP70 was used as a marker for
separation of chromatin from the nucleoplasm (Figure 2-4). I found that the complexes
remained stable even in high salt concentration and did not dissociate from the chromatin.
This confirmed that the DNA, RNA, Pol II ternary complexes were highly stable (Wuarin

& Schibler, 1994).
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Figure 2-3. A. Western blot validation of cell fractionation in MCF7 cells. A. Subcellular
localization of proteins were probed to evaluate the fractionation. The cytoplasmic
marker used was Tubulin, nucleoplasm markers were snRNP70 and nuclei matrix
protein. B. Coomassie staining of cellular fractions in MCF7 cells. Lane 1: the protein
ladder, lane 2: whole cell lysates, lane 3: cytoplasmic lysate, lane 4: nuclear lysate, lane
5: nucleoplasmic lysate, and lane 6: chromatin lysate. Histone proteins served as
chromatin markers, which could be seen in whole cell lysates, nuclear, and chromatin
lysates.
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Figure 2-4: Pol II complexes are stable in high salt washes. Subcellular localization of
proteins was probed to evaluate the state of Pol II in different salt buffers. Lane 1. Nuclei
without any treatment. Lane 2 (Pellet) and lane 3 (supernatant) after nuclei were treated
with lysis buffer without 300mM NacCl, Nuclei were fractionated with 300mM NaCl and
the Pellet (chromatin) and supernatant (nucleoplasm) were collected (lane 4 and 5
respectively). Nuclei were treated with 500mM fractionation buffer and the supernatant
(nucleoplasm) and pellet (chromatin) were collected (lane 6 and 7 respectively). NaCl is
important in nuclei fractionation, as shown by enrichment of nucleoplasmic markers in
lanes 5 and 7. Pol II phosphorylation (Ser 5P and Ser 2P) states were used to visualize
Pol II. Pol II was enriched in nuclear and chromatin fractions (lanes 1,2,4&6).
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Radioactive Ligation Mediated (LM) PCR detects small RNA

It is difficult to detect short RNA by conventional qPCR, or polyadenylation
qPCR, splinter ligase PCR, and Northern blot analysis (results not shown) because of the
abundance detection limits of these approaches and the small size of these RNAs.
Therefore, to detect these RNAs, I used a method based on ligation mediated PCR
combined with radioactivity to detect these RNAs in the cytoplasm, nucleoplasm, and
chromatin cell fractions. Radioactivity amplifies the signal so that even low abundance

RNASs can be detected

Because the RN As were short in nature and not conducive for standard qPCR, I ligated
adapters to the 3’ ends of the RNA in a similar manner to small RNA library preparation.
This allowed me to design a reverse primer for amplification based on the sequence of
the adapter (Figure 2-5). For the forward primer, I selected two genes, SNAII and
HSPA1B, which were known to exhibit pausing based on previous data (Samarakkody et
al., 2015), and designed primers at the promoter region of these genes to amplify these
regions. I selected SNORDA49A as a control gene. To test whether this approach worked,
I selected one primer each for SNAIl and SNORD49A and two different primers for
HSPA1B and performed the reactions in the presence or absence of the enzymes ligase
and reverse transcriptase (RT) (Table 2-2). This gave me four conditions: the RNAs with

or without an adapter, and with or without the RT reaction to make cDNA.
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Figure 2-5: Ligation mediated PCR Schematic diagram for Radioactive Ligation
Mediated PCR (Radioactive LM PCR). RNAs are ligated at the 3’ prime end with
adapters. The RNAs were reverse transcribed to generate cDNA. The cDNAs were
amplified and subsequently amplified with a radiolabelled primer.
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I used the cycle threshold (Ct values), which is the number of cycles for which a
fluorescence product can be detected above the background signal, to assess whether the
approach worked. A lower Ct signifies more of the product. Here, lower Ct values for the
positive control (RNA plus ligase plus the RT) compared to the three negative controls
(+ligase -RT, -ligase +RT, -ligase -RT) indicate that the experiment worked. For this
experiment, I designed two primers for the HSPA1B gene, and one primer each for
SNORD49A and SNAII. Of these four primers, three resulted in an application product. I
proceeded to clone the products of the amplification (Figure 2-6A) to further validate the
approach. The sequenced products (Figure 2-6B) were BLATed on the UCSC genome
browser, and an example (Figure 2-6B,C) shows the sequenced clone mapping to the

expected region on the genome.

I tested this approach in different cell fractions, in the presence and absence of
reverse transcriptase (Table 2-3), and I was able to detect RNAs in all of the fractions. |
also tested this approach on two different batches of in vitro transcribed RNA (Set A and
Set B) containing RNA (28, 48S, 58S, 7S) of different lengths using the four
aforementioned conditions. These RNAs were generated in the lab using DNA sequences
designed from the mouse genome and in vitro transcribed using MEGAscript™ T7
Transcription Kit (Ambion) (Table 2-4). The approach worked because the Ct values for
the positive controls were again lower than those of the negative controls. 2S and 4S
RNAs showed low Ct values compared to 5S and 7S, suggested that the in vitro made

RNA were of high quality.

I next set out to assess the limits of detection by using different concentrations of

these RNAs. I tested the approach on diluted RNAs in whole cell and chromatin fractions
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using plus or minus RT conditions. I expected and observed a 3-cycle difference in the
10-fold dilution series, confirming that there was indeed a 10-fold dilution. This affirmed

the sensitivity of the approach (Table 2-5).

Table 2-2: CT values of small RNA adapter ligation qPCR tested on specific genes under
four conditions.

Conditions SNORD49A | HSPA1A+5F | HSPA1B+2F | hSNAI1 4T _20
+ligase +RT | 24.03* 32.70 26.17* 27.38%*

+ligase -RT Not detected 37.85 36.66 37.51

—ligase +RT | 38.01 36.01 34.32 37.57

—ligase -RT Not detected 38.95 37.20 38.24

Table 2-3: CT values of small RNA adapter ligation qPCR tested on specific genes with
and without reverse transcriptase in various cell fractions.

+RT Whole Cell | Cytoplasm | Nucleus | Chromatin | Nucleoplasm
Snord49AF | 23.96 29.75 22.65 20.03 22.32
hspAIB+2F | 26.16 25.88 25.39 24.01 25.10
hSNAI14t 20 | 27.34 29.96 26.27 24.56 27.34
Spike 2sf 20.81 20.53 21.12 20.47 19.70
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Figure 2-6: Validation of Ligation Mediated PCR A. Agarose gel of qPCR products of
ligation mediated PCR. Expected sizes of products. B. Sequencing results SNORD49A,
SNAII, and HSPA1B+2F qPCR product. C. SNAII Validated on UCSC genome
browser.
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Table 2-4: CT values of small RNA adapter ligation qPCR tested on in vitro made RNAs
with and without reverse transcriptase.

SetA +ligase +Rt | SetA +ligase -Rt | SetA -ligase +Rt | SetA -ligase -Rt
28f 4.37 32.60 14.19 32.92
4Sf 3.58 19.65 13.49 25.60
5Sf 34.15 36.51 38.80 38.96
7St 20.91 37.41 35.76 37.63
SetB +ligase +Rt | SetB +ligase -Rt | SetB -ligase +Rt | SetB -ligase -Rt
28t 6.86 28.05 16.47 29.00
4Sf 2.84 16.44 15.04 23.24
5St 28.48 36.85 35.27 37.80
7St 24.30 38.61 36.03 37.89

Table 2-5: Determining the amount of starting RNA sufficient for adapter ligation qPCR
-extracted RNA with and without reverse transcriptase.

+RT wC WC 1:10 WC 1:100 Water + Tru3P
SNORD49AF 22.48 25.62 28.69 35.47
SNAII 4t 20 28.91 31.64 35.25 37.54
HspA1B2F 27.15 30.13 32.98 35.09
+RT Chromatin | Chromatin Chromatin 1:100 Water

1:10
SNORD49AF 18.57 21.50 25.79 0.00
Snai 4t 20 25.37 28.51 32.10 0.00
HspA1B2F 23.14 26.45 30.25 37.93
-RT wC WC 1:10 WC 1:100 Water + Tru3P
SNORD49AF 0.00 36.15 0.00 0.00
Snai 4t 20 37.13 36.42 36.29 36.74
HspA1B2F 35.03 35.57 35.84 36.24
-RT Chromatin | Chromatin Chromatin 1:100 Water

1:10
SNORD49AF 0.00 0.00 0.00 0.00
Snai 4t 20 35.65 37.03 37.24 0.00
HspA1B2F 34.07 35.32 35.48 36.43
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I further modified this approach to incorporate a radiolabeled primer. First, |
determined the minimum number of amplification cycles that would be required before
adding the radiolabeled primer. I found that 16 cycles were sufficient to amplify the RNA
before I proceeded to further amplify with 4 cycles of the radiolabeled primer. The
product was first run on a polyacrylamide gel to determine the number of amplification
cycles needed for detection (Figure 2-7). Subsequent experiments were resolved on a

sequencing gel.
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Figure 2-7: Optimization of Amplification cycle for LM radioactive PCR. HspA1B,
Snail 4T 20, and SNORD49A. PCR products were run on a 15% PAGE gel to determine
the optimum amplification cycles for the amplification of short RNA. The expected sizes
were SNORD49A: 78. SNAI14T 20: 51-62. HSPA1B: 50-70
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Testing enzymes to map the 5’ End Status of the Observed LM PCR RNA Products

I devised an approach to investigate the modifications associated with the 5’ ends
of these RNAs. First, I tested the RNA 5” Pyrophospho-hydrolase RppH (NEB), Alkaline
Phosphatase, Calf Intestinal (CIP) (NEB), Terminator 5'-Phosphate Dependent
Exonuclease (Epicenter) (Terminator), and RNA 5" Polyphosphatase (Epicenter)
enzymes (Figure 2-8A) on phosphorylated RNA oligos using enzymatic reactions to
check whether the enzymes were working. CIP catalyzes the dephosphorylation of 5" and
3" ends of DNA and RNA. XRN-1 (NEB) is a processive 5'—3" exoribonuclease,
requiring 5" monophosphate ends. Terminator degrades RNAs with a 5 monophosphate
end. RppH is a decapping enzyme which removes pyrophosphate from the 5’ end of

triphosphorylated RNA to leave a monophosphate RNA.

I set up different experimental conditions to check the efficacy of these enzymes.
I observed that Terminator completely degraded RNA while XRN-1 did not. Next, I
tested RNA 5" Polyphosphatase and RppH. I set up different experimental conditions to
determine the efficacy of RppH and Polyphosphatase enzyme. I observed that both

enzymes could be used for investigating the 5’ end modifications of RNA (Figure 2-8B).
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Figure 2-8: Polyacrylamide gel images of enzyme activity. A. Terminator (Ter) enzyme
degraded monophosphate RNAs better than XRN1. B. Polyphosphatase enzyme and
RPPH enzyme degrade triphosphorylated RNAs as advertised.
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RNA Preparation

Total RNA isolation

Total RNAs were isolated from whole cell fractions using the Qiagen miRNeasy
kit. The cell pellets were resuspended in 700ul of QIAzol and incubated on the benchtop
at room temperature for 5 minutes. The homogenate was mixed with 140ul of chloroform
and vigorously mixed for 15 seconds. The homogenate was placed on the benchtop for 2-

3 minutes and the RNA isolation was performed according to manufacturer’s instruction.

qPCR

Two micrograms of RNA from whole cell aliquots were added to 2.5 uM of
Random Hexamer, heated at 70°C for 5 minutes, and reverse transcribed into cDNAs by
adding a pre-made mix (0.5x First Strand Synthesis Buffer (Invitrogen), 2.5mM DTT,
0.5mM dNTPS, and SSRT III reverse transcriptase enzyme (Invitrogen)). The reaction
was incubated at 50°C for 50 mins and heat inactivated at 85°C. Primers used for gPCR
are listed in Table 2-6. GAPDH or Actin primers were used as control housekeeping
genes and the analysis. ACt and AACt 2*-AACt are calculated to get the expression fold

change.
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Table 2-6. List of qPCR primers and their sequences

Primer Sequence
RT-HSP90AAT1 forward ATG AGC CTG AGG TGA ACT TG
RT-HSP90AAT1 reverse GCT CTTCCTCCGCTCTTITG

RT-HSPH1 forward

GCT TTC TCC CAG GGT TTC TTA

RT-HSPHI1 reverse

CAC TCA GAA GGA CAC ACA GAC

hActinF_QiaRT Forward

GCA AGG GACTTC CTG TAA CAA

hActinR_QiaRT reverse

CAT CCC CCA AAG TTC ACA ATG

hGAPDHF QiaRT forward

CCC AAT ACG ACC AAATCC GTT

hGAPDHR_QiaRT reverse

TCT CTG CTC CTC CTG TTC G

hHSP70F QiaRT forward

GCT GAT GAT GGG GTT ACA CA

hHSP70R_QiaRT reverse

CGA GAA GGA CGA GTT TGA GC

hSnailF QiaRT forward

AGT GGG GAC AGG AGA AGG G

hSnailR QiaRT reverse

CAA GAT GCA CAT CCG AAG CC
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Preparation of short-capped RNAs

The major short-coming in the existing short capped RNA detection
(Samarakkody et al., 2015) in mammalian systems is the tedious and time consuming
phenol chloroform extraction step used for buffer exchanges and extraction of RNA at
multiple steps. To overcome this, experiments to test the suitability of columns for
extracting small RNA were performed. A small DNA oligo (hCDH1) was labelled by
o*?P-CTP to mimic small RNAs. Three different approaches were used: Zymo Oligo
Clean & Concentrator columns kit (Zymo), Qiagen miRNeasy kit columns (Qiagen), and
Trizol (Ambion) method of RNA extraction. The 3P labelled hCDH1 DNA oligo was

prepared by adding T4 Polynucleotide Kinase (PNK) (NEB) and ATP (NEB).

Equal aliquots were extracted either by passing the mixture through a Zymo or a
Qiagen column and eluted twice. In the case of Trizol extraction, the labelled
oligonucleotide was extracted once. The unbound fraction during the process was
collected. The same approach was used for a32P-CTP alone. Both eluted and unbound
fractions were collected, and signals were measured using a scintillation counter. Zymo
columns showed more efficient binding when compared to the Trizol extraction and the
Qiagen columns (Figure 2-9). Moreover, using Zymo to elute the oligos took 5 minutes,
compared to several hours for the phenol chloroform extraction method. Therefore, I
adopted the Zymo columns for extracting and concentrating short capped and uncapped

RNASs from fractions.
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P32 labelled primer Trizol Eluted 1
P32 labelled primer Qiagen Eluted 2
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Figure 2-9: Testing different RNA columns from different vendors for extraction of small
RNA using a radiolabelled DNA oligonucleotide (32P labelled hCDH1). Equal aliquots
of the *?P labelled hCDH1 were extracted using Qiagen columns, Zymo columns and
Trizol method of extraction. Two elution steps were performed for the Qiagen and Zymo
columns and one extraction step was performed for the Trizol step. The unbound
fractions were collected at each step. Signals were measured with a scintillation counter.
Zymo columns extracted small oligonucleotides more efficiently than Qiagen columns or
Trizol.
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Short Capped RNA library preparation

Short capped RNA libraries were made from RNA purified from chromatin
fractions (2 replicates) instead of from nuclei fractions, as published previously
(Samarakkody et al., 2015). To address my questions, the extra step of purifying short
capped RNAs was necessary to compare these RNAs directly with short uncapped RNAs
from chromatin. To generate libraries, chromatin fractions were first treated with 5’
polyphosphate dependent polyphosphatase (Epicenter) to reduce the 5’ ends of RNAs
with tertiary and secondary phosphates to monophosphate RNAs. These were further
degraded using the 5’ exonuclease, Terminator, to leave only capped RNA in the fraction.
The capped RNA was then uncapped using the decapping enzyme RppH. The libraries
were made using the NEBNext small RNA kit. I first generated libraries and sequenced
on the Miseq to validate the Zymo inclusion in the protocol. Libraries were sequenced to

a range of depth of 40 to 70 million reads (Table 2-7).

Table 2-7: Alignment percentages for short capped RNA sequencing

Short capped Rep 1 Rep 2
Number of raw reads 69304879 44147638
UNIQUE READS:

Uniquely mapped reads number 15615680 16593788
Uniquely mapped reads % 22.53% 37.59%
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Short uncapped RNA Sequencing

I next developed an approach to characterize short uncapped processed RNA
which have 5 monophosphate ends. This enabled me to examine genome-wide RNA
processing within the promoter region of genes (Project, 2009; Taft et al., 2009; Valen et
al., 2011), by sequencing small 5’-monophosphorylated RNAs prepared from the

chromatin, nucleoplasmic, and cytoplasmic fractions of MCF-7 cells.

Total short RNAs (< 200 nucleotides) were extracted using Qiagen miRNeasy kit
from the chromatin, nucleoplasmic and cytoplasmic fractions. I included an additional
step to concentrate RNAs using the Zymo DNA Clean & Concentrator. These RNAs
were then run on a Bioanalyzer to check the concentration, and libraries were made using
a NEBNext small RNA kit. To select for uncapped RNAs, I ligated adapters to the 5’ and
3’ ends of my total short RNA (capped and uncapped RNA). Since these RNAs have 5’
monophosphate ends and 3’ hydroxyl ends, there was no need for any enzymatic

reactions to deplete other RNAS with different 5’ ends present in my samples.

The adapters were diluted 1:1 with water and the final PCR was performed for 16
cycles. The libraries were purified from a 6% polyacrylamide gel and then validated on a
Bioanalyzer 2100 and quantified by the Biorad QX200 Droplet Digital PCR (ddPCR)
system prior to single end sequencing on the Illumina HiSeq 4000 (Novogene) (Figure 2-

10). Libraries were sequenced to a range of depth of 40 to 80 million reads (Table 2-8).
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Figure 2-10: Systematic approach for studying short RNA distributions. A. Bioanalyzer
validation of short RNA <200 nt from the various cell fraction. The bands show size
distribution of the different RNAs in each fraction. Short RNAs in cytoplasmic,
nucleoplasmic and chromatin fractions isolated look different. B 6% Polyacrylamide gel
of short RNA libraries of different fractions. Bands show different library products
amplified. Adaptor to adaptor products are found at about 125bp C. An example of a
bioanalyzer image of chromatin library excised from the gel (B) and purified. The library
size ranges from about 140nt to 180 nucleotides.
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Table 2-8. Alignment statistics for short uncapped RNA

Small uncapped processed Rep 1 Rep2 Rep 3 Rep 4
Number of raw reads 83749227 | 64404688 57480821 59538825
UNIQUE READS:

Uniquely mapped reads
number 41191547 | 31267317 20936275 15136387
Uniquely mapped reads % 49.18% 48.55% 36.42% 25.42%

Precision Run On sequencing (PRO-Seq)

Nuclei were prepared from one 15c¢m dish and resuspended in 100 ul of Freezing
buffer (50mM Tris-Cl pH 8.3, 40% glycerol, 5SmM MgCl2, 0.1mM EDTA). The nuclei
were treated with biotin-11-NTPs (Perkin Elmer) (Mahat et al., 2016). All four
biotinylated NTPs were used in each run-on reaction. Run-on reactions and library
preparations was done exactly according to (Mahat et al., 2016). I modified the approach
to select for specific 5° end modifications of RNA (see Table 2-9). Libraries were
validated on the Bioanalyzer 2100 and quantified by the Biorad QX200 Droplet Digital

PCR (ddPCR) system prior to sequencing.

For naturally occurring processed RNAs with 5° monophosphate ends (termed
processed PRO-Seq), I carried out the run-on reaction without any enzymatic reaction or
fragmentation. To select for RNAs with capped and triphosphate 5’ modifications
(termed PRO-Start RNASs in this study), I treated the RNA with Terminator to degrade
RNA with monophosphate ends and RNA 5’ pyrophosphohydrolase to reduce both the

capped RNA and triphosphate RNA to monophosphate RNA before proceeding to library
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preparation. I also looked at all possible uncapped conditions (triphosphorylated,

monophosphorylated, and degraded) RNA by using CIP to remove the phosphate group
at the 5” end. I re-phosphorylated by using T4 PNK (Table 2-9). I selected RNAs with

only triphosphate ends (PPP PRO-Seq RNAs) as a control. To select for PPP PRO-Seq

RNAs, I degraded RNAs with monophosphate ends by using Terminator I further

reduced the triphosphate ends with RNA 5" polyphosphatase before proceeding to library

preparation.

Table 2-9. Modified PRO seq Approach

Step 1 Step 2 Captures Fragmentation | Replicates
PO4 Monophosphate No 2
(processed RNA (naturally
PRO-Seq) occuring)
PRO-Start Terminator | RppH 7meGpppRNA and | No 2
triphosphate RNAs
CIP_PRO-seq | CIP PNK Triphosphate No 1
RNAs,
monophosphate
RNAs RNA,
degraded RNAs
PPP PRO-Seq | Terminator Triphosphate No 2
(Triphosphate) RNAs
PRO-Seq RppH PNK fragmented Yes 2
monophosphate
RNAs

Sequencing was done either on a MiSeq instrument (UND) or Novogene. Paired

end (50 bp) runs were done on the MiSeq and single end (50 bp) runs were done on the

Sequencing and Bioinformatics

HiSeq (Novogene) using a small RNA sequencing option (on a HiSeq instrument).
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Bioinformatics

Data were analysed using the following software and command lines.

1) Quality control analysis was done using an open source software tool FastQC using the

following command line:

fastqc <filename.gz>

where filename.gz is the name of the data file.

2) Adapters were removed using the Cutadapt tool with the following command lines:

cutadapt -a <adapter sequence> -o output.fastq input.fastq.

where adapter sequence is the adapter sequence to be removed

output.fastq is the name of the output file

input.fastq is the name of the input file.

3) The data was aligned to the reference genome using the STAR aligner (Dobin et al.,
2013) to provide a map of transcription across the genome using the following

command lines:

STAR --runThreadN 10 --genomeDir/ --outFileNamePrefix File.Name. --
outFilterMismatchNoverLmax 0.05 --outFilterMatchNmin 10 --
outFilterScoreMinOverLread 0 --outFilterMatchNminOverLread 0 --alignlntronMax

1 --readFilesCommand zcat --readFilesIn File.Name.fq.gz,

The following options were used:
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--runThreadN: the number of cores

--genomeDir: path to the folder containing STAR index

--outFileNamePrefix: File name

--outFilterMismatchNoverLmax: number of mismatches <= 5% of mapped length (for

example, 0 mismatch is allowed for 16-19b, 1 mismatch for 20-39b, etc.)

--outFilterMatchNmin 10: reads >=10b matched to the genome

--outFilterScoreMinOverLread 0 --outFilterMatchNminOverLread 0 --alignIntronMax

1: switching off splicing.

--readFilesCommand zcat --readFilesIn File.fq.gz: to use gz compressed files as input

The STAR aligner trim reads at the 5’ ends for quality control purposes; however, that
removes important information for my experiment. Hence, I filtered out reads that STAR

trimmed. To do so, the following awk command was run on the output SAM files:

awk "{S=0; split($6,C,/[0-9] *¥/); n=split($6,L,/[NMSID]/); if (and($2,0x10)>0 &&
C[n]=="S") {S=L[n-1]} else if (and(32,0x10)==0 && C[2]=="S") {S=L[1]}, if (S<=1)

print }'" Aligned.out.sam > Aligned.filtered.sam

I filtered out reads >48 bp using samtools as a quality measure since the sequencing
length was 50 bp. The bam files were intersected with a repeat list to remove repeats

using bedtools.

The data was analysed using bedtools and samtools to generate 5’ ends, 3’ ends,

and the length distribution. I used an in-house gene curated list as reference point to
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obtain the 5’ ends, 3’ ends, and lengths of reads located between 100 nucleotides

upstream and downstream of the TSS.

Normalization

For gene expression, I obtained reads that were located between 200 nucleotides
downstream of the TSS and 1000 nucleotides upstream of the TES. I divided this number

by the length of the gene body for each gene.

The figures were drawn using PRISM.

Gene List and Curation

Gene definitions were downloaded from UCSC. Genes with duplicate names
with the same TSS were consolidated by selecting the longest isoform. Gene isoforms
with different TSSs (beyond 100 nt difference) were resolved by considering the TSS
with the highest Pol II ChIP signal in MCF-7 cells. Using a list of protein coding genes
downloaded from HGNC, only protein coding genes were selected. The TSS were
reannotated using 5’ Start-seq RNA positions. The nucleotide with the highest number of
“sense” reads within +/- 500 bps of the TSS was identified as the reannotated TSS. Genes
with fewer than 5 Start-seq reads were discarded. The resulting list contained 10,114

entries.
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CHAPTER 3

RESULTS: DEVELOPMENT OF PROTOCOL TO INVESTIGATE
PREMATURE TERMINATION DURING POL II PAUSING

Introduction

Premature termination has been proposed to occur within the promoters of genes
for decades. How this occurs is not known. In my initial studies, I hypothesized that the
full-length transcripts from the paused Pol II (Figure 3-1A) is terminated (Figure 3-1B)
into the nucleoplasm. Most approaches used to study premature termination have focused
on the suggested proteins involved in regulating the termination (Brannan et al., 2012;
Nojima et al., 2015). A few studies have focused on the properties of the RNAs (Project,
2009; Tatft et al., 2009; Valen et al., 2011) within the Pol II complex during Pol 11
pausing and their functional relevance by focusing on RNAs in nuclear or whole cell

lysates.

I was particularly interested in characterizing the various RNAs associated with
Pol II at the promoter region in different fractions (chromatin, nucleoplasm, and
cytoplasm) in order to delineate the premature termination pathway. In order to select for
these RNAs, I had to perform several fractionation steps to first isolate nuclei and then
further separate the nuclei into the chromatin and nucleoplasm fractions. Cell
fractionation has been previously used to study gene regulation and splicing (A. & D.L.,
2009; Bhatt et al., 2012). In this instance, the method allowed me to not only focus on the
chromatin associated RNAs, but also to identify and further study the various species of

RNAs within each specific fraction (see Methods).
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Figure 3-1. Model of premature termination around the promoter region of genes. A.
Paused RNA on a gene is generated when Pol II pauses within 100 nucleotides
downstream of the TSS. B. During Pol II pausing, paused Pol II can undergo premature
termination to release paused RNA. In this model, the released RNA transcript length
corresponds to the distance between the TSS and the paused Pol II.
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LM PCR detects short RNA Products at the promoter region

To test my hypothesis that during Pol II pausing, Pol II complexes are dissociated
at the promoter region to release a short RNA, I applied the radioactive LM PCR method
I developed to RNA extracted from whole cell, cytoplasm, nucleoplasm, and chromatin
fractions. To determine the size of the products of amplification, I made ladders that
could be detected via radioactivity. I end labelled DNA primers of known sizes using

PNK (NEB). These markers were run alongside the LM PCR products.

My control gene (SNORD49A) showed an approximate length of 67 nucleotides
(Figure 3-2). This is based on the product length obtained after cloning and sequencing
(Figure 2-6B). The difference between the position of amplification product to the ladder
could be attributed to the properties of the DNA being compared. The ladder was single
stranded while the amplified products were double stranded. Single stranded DNA travels
faster through the gel than double stranded DNA. Despite the molecular weight
mismatch, the results indicated in principle that this approach could be used to study low

abundance and short RNAs (Figure 3-2).

SNAI1 and HSPA 1B showed products that were not easily interpretable due to
the distribution of fragment sizes (Figure 3-3 and 3-4, respectively) in the various
fractions. The SNAII products showed enrichment in the chromatin fractions for RNAs
which were 36 nucleotides in length. This is similar to the distance of SNAI1-Pol II
complexes from the TSS, as seen in permanganate footprinting studies, as well as the size
of short-capped RNA, as seen in short-capped RNA sequencing (Samarakkody et al.,
2015). However, there were smaller sizes also observed in the nucleoplasmic fractions.

Similarly, for the HSPA1B gene, products 28 nucleotides in length were observed in the
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whole cell, nuclei, cytoplasm, and chromatin fractions, but smaller products at 21 and 23
nucleotides in length appeared to be enriched in the nucleoplasm. Based on these
observations, I envisaged that the shorter products may have been generated through
further processing of RNA associated with paused Pol II and leading to premature
termination. For some of these shorter RNAs, there may be different 5° end modifications

depending on the mechanism involved (e.g. capping versus 5’ monophosphate).
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Figure 3-2. Radioactive LM PCR of SNORD49A in whole cell, cytoplasm, nuclei,
chromatin and nucleoplasm fractions. The fractions were ligated at the 3’ adapter,
amplified, and subjected to further amplification with a labelled primer. This length was
enriched in whole cell, nuclei, chromatin, and nucleoplasm fractions. The length of the
product was calculated using the formula (a-b)=c, a= The length of RNA from start site
to paused site, b=The start site of the primer, c=The length of the adapter (e.g.
SNORDA49A: (71-14)+21="78).
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Figure 3-3. Radioactive LM radioactive PCR of SNAII in whole cell, cytoplasm, nuclear,
chromatin, and nucleoplasm fractions. The fractions were ligated at the 3’ adapter,
amplified, and subjected to a second amplification with a labelled primer. The fragments
which were 36 nucleotides were observed in the whole cell, nuclear, and chromatin
fractions. The cytoplasm and nucleoplasm were enriched in products 30 nucleotides in
length. The length of the product was calculated using the formula (a-b)=c, a=The length
of RNA from start site to paused site, b=The start site of the primer, c=The length of the
adapter (e.g. SNAI1 4T 20: ((39 to 50) -9) + 21 = (51 to 62)).
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Figure 3-4. LM PCR of HSPA1B in whole cell, cytoplasm, nuclei, chromatin, and
nucleoplasm fractions. The fractions were ligated at the 3’ adapter, amplified, and
subjected to a second amplification with a labelled primer. The observed size amplified
were 21, 23, 28, and 34 nucleotides. The length of 34 nucleotides was enriched in
chromatin and nuclei fractions. The lengths of 21, 23, and 28 were observed in all
fractions tested except for the cytoplasm. The length of the product was calculated using
the formula (a-b)=c, a=The length of RNA from start site to paused site, b=The start site
of the primer, c= The length of the adapter (e.g. HSPAIB 70: ((31 to 51)-2)+21= (50 to
70)).
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Mapping the 5’ End Status of the Observed LM PCR RNA Products

To differentiate the various 5’ end modifications (capped, triphosphate,
diphosphate, and monophosphate), I devised an approach by using enzymatic reactions to

select for RNAs with capped, triphosphorylated, or monophosphorylated ends (Table 3-

).

Table 3-1: Approach used to delineate 5’ end modification using radioactive LM PCR

RppH - - - +
RNA 5’ Polyphosphatase - - + -
Terminator - + + +
s Spp
RNAs degraded 5P 5’PP R
5°PPP 5’PPP
Capped products

I observed that when RNAs from the nuclei were probed for SNORD49A, the
signal was decreased in Terminator treatment and decapping+ Terminator treatment.
However, there was no change in polyphosphatase and Terminator exonuclease
treatment, which confounded the results. This is because I observed a decrease in
exonuclease alone; hence, I expected to also see a decrease in the polyphosphatase and
exonuclease condition, irrespective of the activity of the polyphosphatase enzyme in the
presence of triphosphate RNAs (Figure 3-5). However, the signal intensity of the
chromatin associated RNAs in Figure 3-6 do not decrease in the exonuclease reaction

sample, which suggested that monophosphate RNAs may be present in the nucleoplasm.
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This may also explain the decrease in signal for SNORD49A when probed in the nucleus.
Polyphosphatase and decapping conditions showed a decrease in signal, suggesting that
these SNORD49A RNAs possess capped or triphosphate ends on chromatin, as expected

(Figure 3-6).

I observed several distinct species of HSP RNA (Figure 3-5 B, C, D) in
the nuclei. Observations suggested that most of these RNAs were capped (Figure 3-5 B,
C) because these RNAs were susceptible to the decapping enzyme. However, the
digestion pattern gave an incomplete picture about the nature of the other types of RNA.
For example, although the small RNA species lane 7 was expected to be susceptible to
both decapping and polyphosphatase enzyme treatment, it was sensitive to the
polyphosphatase enzyme treatment only. Tests using two different preparations in vitro
prepared RNA - one that was dephosphorylated RNA and a second that was capped —
confirmed that the enzyme treatments degraded RNA in the expected manner. As seen in
Figure 3-7, the unphosphorylated RNA showed no changes in size or signal intensity
when treated with the various enzymes. This was expected because the Terminator
requires a monophosphate end for activity. The capped RNA showed a change in signal
with decapping enzyme and exonuclease as expected because these in vitro transcribed

RNAs were capped in vitro.
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Figure 3-5: Mapping RNA ends in radioactive LM PCR reactions. SNORD49A,
HSPAI1B, and SNAII genes were tested in nuclei fractions. SNORD49A in nuclei
showed susceptibility to decapping enzymes, which suggested they were capped, as well
as susceptibility to exonuclease activity, which suggested they had monophosphate ends
(A). HSPA1B showed some species of RNA that were capped (B&C) and SNAI1 showed
some species that were capped (D).
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Figure 3-6: Mapping RNA ends in radioactive LM PCR reactions. SNORD49A in
chromatin fractions, HSPA1B in chromatin and nucleoplasm fractions were tested.
SNORD49A showed susceptibility to polyphosphatase and decapping enzymes on
chromatin. Initial transcribed RNA has a triphosphate 5’ end and capped structure.
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Figure 3-7. Radioactive LM PCR detection of dephosphorylated and capped RNA.
Dephosphorylated RNA was not susceptible to enzymatic treatments because
exonuclease required a monophosphate end for activity, however Capped RNA was
susceptible to decapping enzyme.
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Based on the above results, I concluded that Radioactive LM PCR may need further
modification to distinguish the 5° end modification. Additionally, RNAs associated with
the promoter region may not only be RNAs generated from paused Pol II, but also may
be RNAs generated from other processes such as:

1. Early transcribing Pol II prior to reaching paused region (Figure 3-8 A)

2. RNAs that have been generated as a result of processing from the 5’ end of the

RNA (Valen et al., 2011) (Figure 3-8 B and C)
3. RNAs that have been internally cleaved between the transcription start site and
the paused region (Wagschal et al., 2012). (Figure 3-8 D)
These different permutations are not easily distinguishable using the LM PCR approach.
Thus, there was a need to design alternative experiments to study these phenomena. I
decided to approach the problem on a genome-wide level by sequencing these short
RNAs and then using PRO-Seq with special modifications to detect the different 5° end

modifications associated with small RNAs at the promoter region.
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Figure 3-8 Different scenarios that can lead to shorter RNA fragments around the TSS of
genes. A. Early transcription complex generates short RNA. B. Co-transcriptional
processing of RNA from the 5’ to 3’ end during Pol II pausing. C. Post transcriptional
processing of 5 ends after premature termination of paused Pol II. D. Internal cleavage
during Pol II pausing to generate two products. RNA associated with Pol II can be
dissociated from chromatin into the nucleoplasm.

70



CHAPTER 4

RESULTS: PROCESSED RNAS ARE THE INTERMEDIATE PRODUCT
BETWEEN PAUSED RNAS AND PREMATURE TERMINATION PRODUCTS

Genome-wide approach to characterizing RNAs at the 5° ends of genes

I recognized that the observed RNAs in the radioactive LM PCR include more
than just full-length transcripts from Pol II paused complexes. There were shorter
fragments which could have been generated from many different processes. RNAs at the
promoter were either capped or uncapped (Figure 4-1). Uncapped RNAs (Figure 4-1),
which I subsequently refer to as processed RNA, have been observed at the promoter
region, and were proposed to have monophosphate ends and to be generated from paused

Pol II (Taft et al., 2010; Valen et al., 2011).

RNAs with monophosphate ends have also been proposed to be generated through
5’ to 3’ exonuclease activity or internal cleavage (Figure 3-8B,D). I found that these
uncapped processed RNAs were not degraded products because degradation by RNAses
and chemical agents leads to 5° OH formation rather than monophosphate ends, and these
degraded RNAs cannot be ligated with adapters for library preparation unless the 5’ and
3’ ends are repaired. Whether these RN As are generated co-transcriptionally or post-

transcriptionally, however, has yet to be determined.
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Figure 4-1: Different types of RNAs (capped and uncapped) around the promoter region
of genes. Short capped RNAs are generated during Pol II pausing and may form a
substrate for processing. Uncapped processed RNAs can be generated co-
transcriptionally (processing occurs on chromatin). Alternatively, uncapped processed
RNAs can be generated post transcriptionally in the nucleoplasm. Both scenarios may
involve decapping and 5’ to 3’ exonuclease activity to generate RNAs with 5’
monophosphate ends or may result from internal cleavage of the paused capped RNAs.
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To address the biogenesis of these uncapped processed RNAs, I adopted an
approach in which small capped and uncapped processed RNAs linked to the promoter
were extracted from different cell fractions (Figure 1-5) followed by high resolution
sequencing of 5° and 3’ ends of these RNAs in MCF7 cells. This approach enabled me to
investigate the relationship between pausing and processing by analyzing paused capped
RNAs and small uncapped RNAs linked to the promoter on chromatin. It also allowed
me to determine whether the biogenesis of these uncapped processed RNA was co-
transcriptional or post-transcriptional. The rationale was that if these RNAs linked to the
promoter were generated from paused Pol II, the 3’ ends of both paused capped RNAs
and small uncapped RNAs would be the same. After comparing 5’- and 3’- end positions
of processed RNAs with those that are “extendable” using global run-on assay, I

demonstrated that RNA processing is co-transcriptional in MCF7 cells.

Characteristics of short capped RNA

To visualize the location of the 5° and 3’ ends of the short capped RNAs, |
aligned the sequenced reads using the STAR aligner and looked at the distribution of
short RNAs sequenced in regions between 100 nucleotides upstream and downstream of
the transcription start site (TSS) using my in-house gene curated list (refer to Methods).
The 5’ ends signify the start sites, and the 3’ ends signify the location of the paused Pol
II. The length of the of RNAs range from 14 nucleotides to 47 nucleotides. The most

abundant length was 31 nucleotides (Figure 4-2).

I also compared the short capped RNA sequenced from the chromatin to short

capped RNA sequenced from the nuclear fraction, which had been previously published
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(Samarakkody et al., 2015), and re-analyzed it using my parameters. The two data sets
showed similar length distribution (Figure 4-3) and were strongly correlated with a
Spearman correlation of 0.92 (Figure 4-4). The 5° ends start at the TSS (0) and the 3’
ends of the RNA range from about 20 to 50 nucleotides (Figure 4-5A,B, Figure 4-6). The
SNAII gene, an example of a gene in which pausing occurs (as established by
Samarakkody et al., (2015)), showed similarities between short capped RNA from the
chromatin and nucleus with regards to the 5” and 3’ ends on the UCSC browser shot
(Figure 4-7). These findings are noteworthy because most of the 5° ends occurred at the

TSS, which confirmed that the isolation of capped RNA was successful.
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Figure 4-2: Short capped RNA size distribution of reads (1 of 2 replicates). The reads
were obtained from the region 100 nucleotides upstream and downstream of the TSS. The

RNAs range from 14 nucleotides to 47 nucleotides in length. The most abundant RNA
length was 31 nucleotides.
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Figure 4-3: Comparison in length distribution between short capped RNAs from
chromatin and short capped RNAs published from nuclei (Samarakkody et al., 2015) (1
of 2 replicates each). The fragments fall within 100 nucleotides upstream and
downstream of the TSS of genes. The RNAs range from size 14 nucleotides to size 47
nucleotides. The lengths were normalized internally to the most abundant length. The
most abundant length for short capped RNAs from chromatin was 31 nucleotides and for
short capped RNAs from the nuclei was 33 nucleotides. Each data point was normalized
to its largest value.
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Figure 4-4: Correlation plot for promoter-proximal counts between short capped RNAs
from chromatin and short capped RNAs from nuclei in 10,114 genes. Short capped RNAs
from chromatin and short capped RNAs from nucleus showed a strong correlation
(Spearman) of 0.92.
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Figure 4-5: Short capped RNAs 5’ and 3’ positions within 50 nucleotides upstream and
100 nucleotides downstream from the TSS (1 of 2 replicates). A. Short capped RNAs
from chromatin fractions. B. Short capped RNAs from nuclei fractions (Samarakkody et
al., 2015). Both short capped RNA from chromatin and nuclei show 5’ ends at 0 (TSS)
and 3’ ends range from 20 to 50 nucleotides. The 3’ ends signify the paused region.
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Figure 4-6: Short capped RNAs 3’ positions within the region 50 nucleotides upstream
and 100 nucleotides downstream of the TSS (1 of 2 replicates shown). Short capped
RNAs (chromatin) 3’ ends are situated in the same location as short capped RNAs
(nuclei) 3’ ends (Samarakkody et al., 2015). Each profile was normalized to its largest
value. This shows similarity between the two data sets.
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Figure 4-7: A UCSC genome browser shot of the SNAII gene illustrating the 5° and 3’
end positions of short capped RNAs from chromatin and published short capped RNA
from nuclei (Samarakkody et al., 2015). The start site (5’ end) and paused site (3’ end)
relative to the RefSeq (NCBI Reference Sequence Database) annotated start site is
shown. Both data sets exhibit similar location patterns of 5’ and 3’ ends.
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Characteristics of short uncapped RNAs from chromatin fractions (Processed RNA)

To test whether short uncapped RNAs were being dissociated from
promoter complexes by virtue of their association with RNA processing machinery such
as Ago2 (Zamudio et al., 2014), I sequenced short uncapped (processed) RNAs in the
nucleoplasmic and cytoplasmic (2 replicates) and chromatin (4 replicates) fractions. My
goal was to determine if short uncapped RNAs associated with the chromatin fraction at
the 5 end of genes. To do so, I identified the following properties of the RNAs from the
cytoplasmic, nucleoplasmic and chromatin fractions: their sizes, 5’ end locations, and 3’

end locations.

Analysis of uncapped (processed) RNAs in these subcellular fractions
showed that they were enriched in the chromatin fractions (1 of 4 replicates shown)
(Figure 4-8). Genes with short uncapped (processed) RNA profiles showed a peak
density at 15 nucleotides from the TSS at the 5’ ends and about 30 to 50 nucleotides
downstream the TSS for the 3° ends for chromatin fractions (Figure 4-8C). For the
cytoplasmic and nucleoplasmic fractions, the 5’ ends were distributed broadly between
the TSS and the location 20 nucleotides downstream of the TSS. The 3’ ends were also
broadly distributed and were located between 20-60 nucleotides downstream of the TSS.
The predominant size observed in the chromatin fraction was 18 nucleotides, which
matched previous reports (Taft et al., 2009) (Figure 4-9). The difference in the location of
the 5° ends amongst the chromatin, nucleoplasmic, and cytoplasmic fractions suggested

that processing of RNA is co-transcriptional because it occurred on chromatin.
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Figure 4-8: Metagene profile of short uncapped processed RNA 50 nucleotides upstream
and 100 nucleotides downstream of the TSS in A. cytoplasmic, B. nucleoplasmic, and C.
chromatin fractions. 5 ends have a distinct peak 15 nucleotides downstream of the TSS
for chromatin but a broad peak from 0-20 nucleotides for the cytoplasm and nucleoplasm.
The 3’ ends have a distinct shape between 20-50 nucleotides downstream of the TSS for
chromatin compared to the cytoplasm and nucleoplasm that exhibit a broader, flatter
shape between 20-60 nucleotides. Short uncapped processed RNAs are enriched in
chromatin fractions suggesting co-transcriptional processing is occurring as opposed to
post-transcriptional processing. The cytoplasm and nucleoplasm represent 1 of 2
replicates, and the chromatin is 1 of 4 replicates.
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Figure 4-9: Short uncapped processed RNAs size distribution of reads (1 of 4 replicates
each). The reads were obtained from regions 100 nucleotides upstream and downstream
of the TSS. The RNAs range from 14 nucleotides to 40 nucleotides in length. The most
abundant RNA was 18 nucleotides.
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Short uncapped processed RNAs which are found at the 5’ ends of genes are
generated from paused complexes

In order to determine if uncapped processed RNAs are generated from paused Pol
IT and whether the 3’ ends undergo processing via backtracking, I compared the location

of the 5” and 3’ ends of short capped RNAs and uncapped processed RNAs.

In comparison to the 5’ ends of short capped RNAs (which map to the start site),
the 5° ends of uncapped (processed) RNAs differed because the 5’ ends were downstream
of the TSS (Figure 4-10A), confirming 5’ end processing. From the metagene plots, the
3’ ends of short capped RNAs (which map to the paused site) and uncapped (processed)
RNAs were positioned in the same location (Figure 4-10B and Figure 4-12), which

implied that the processed RNAs are generated from paused RNAs.

To further characterize uncapped processed RNA biogenesis, I investigated the
locations of both capped and uncapped (processed) RNAs by subtracting the averages of
the locations of both 5 and 3’ ends of these two types of RNAs. As expected, the
maximum difference in position between the start sites of short capped RNAs and
processed RNAs ranged from 9-15 nucleotides at the 5’ ends (Figure 4-11), confirming
that there is a difference in the location of 5’ ends between capped RNAs and uncapped
(processed) RNAs. This reinforced the idea that there is a possibility of 5° to 3’

exoribonuclease activity or an internal cleavage of the RNA.
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Figure 4-10: Short capped and small uncapped processed RNA 5’ and 3’ positions 50
nucleotides upstream and 100 nucleotides downstream of TSS. A. The 5’ location of
short capped RNA is different from the 5’ location of short uncapped RNA. Short capped
RNA is located at the TSS whereas uncapped processed RNA has a peak density 15
nucleotides downstream of the start site. B. The 3’ location of short uncapped RNA and
the 3’ location of short capped RNA are found 20-50 nucleotides downstream the TSS.
This observation suggested an absence of backtracking in the generation of uncapped
processed RNA.
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Figure 4-11: Distribution of average difference of 5’ end positions of short capped and
short uncapped RNAs. The 5’ position of short capped RNAs was subtracted from the

average 5’ position of uncapped processed RNAs. The predominant difference is between
13-15 nucleotides, confirming 5’ end processing co-transcriptionally.
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To determine if backtracking may be involved in the generation of these short
RNAs, I calculated the average difference in locations of the 3’ ends of genes in both
capped and uncapped RNAs. I subtracted the average location of the capped 3’ ends of
genes from the average location of the 3’ ends of the uncapped processed genes. An
average distance of 0 signified the same location of 3’ ends of short capped RNAs and
processed RNAs. Most genes showed a difference o -3 to 3 nucleotides between short
capped RNAs and uncapped (processed) RNAs. This suggested that the 3° ends of both
RNAs reside in the same location (Figure 4-12). A negative value indicated that the 3’
ends of short capped RNAs are upstream of the 3’ end of processed RNAs. Genes with a
negative value >-3 may undergo backtracking. For example, SNAII shows a difference in
5’ end positions between short capped and processed RNAs but shows similar 3° end
positions for the two types of RNA (Figure 4-13 and Figure 4-14). Similarly, scatter plots
which show the 5’ locations, 3’ locations, and the length of the RNAs for either the short
capped RNAs or the processed RNAs reveal that short-capped RNA 5’ ends are localized
at the 0 position (the TSS), while the 5’ ends of the processed RNAs are located away
from the TSS. For both RNAs, the 3” ends are located between 20-50 nucleotides

downstream of the TSS, indicating the paused site.
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Figure 4-12: Distribution of average difference of 3’ end position of short capped and
short uncapped RNAs. The average 3’ position of short capped RNAs was subtracted
from the average 3’ position of uncapped processed RNAs. An average distance of 0
signified the same location of 3’ ends of short capped RNAs and processed RNAs. A
positive value indicated that the 3° end of processed RNAs is downstream the 3’ end of
short capped RNAs. A negative value indicated that the 3’ ends of short capped RNAs
are upstream of the 3’ ends of processed RNAs. Most genes were centered between -3 to
3 nucleotides, making backtracking an unlikely event for these genes. Genes with a
negative value >-3 may undergo backtracking.
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Figure 4-13. UCSC genome browser shot of SNAI1 gene showing short capped RNAs
(paused RNA) and uncapped processed RNAs on chromatin. The 3’ ends of short capped
RNAs are in the same location as the 3’ ends of uncapped processed RNAs. The 5° end of
uncapped processed RNAs is downstream of the 5’ ends of short capped (paused) RNAs.
This suggests co-transcriptional processing of paused RNA to generate processed RNA.
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Figure 4-14. Scatter plots show the 5’ start site, 3’ position, and distance transcribed by
Pol IT in short capped RNAs and uncapped processed RNAs on the SNAI1 gene. A.
SNAII gene short capped data shows most of the 5 ends of the transcribed RNAs at 0
(TSS). The 3’ ends are located between 20 and 50 nucleotides downstream of the start
site. B. SNAI1 uncapped processed RNAs show start sites that are away from the TSS
and have 3’ locations about 20 to 50 nucleotides downstream of the TSS. SNAI shows an
example of a gene that undergoes co-transcriptional processing from paused RNAs.
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Processed RNAs which are enriched in highly paused genes

Next, I sought to determine whether processed RNAs are enriched in highly
paused genes. I visualized this on a heatmap (Figure 4-15A) by sorting the reads
according to highly paused genes. Highly paused genes were determined by the
frequency of short capped RNA reads and sorted by decreasing intensity on heatmaps. |
observed that there was a relationship between decreasing paused genes and decreasing
processed genes, as indicated by the decreasing intensity of the color code on the heat
map. [ next divided the short capped RNA read frequencies into deciles of decreasing
order and determined which group was enriched in processed RNAs (Figure 4-15B). |
observed that processed RNAs are indeed enriched in highly paused genes. I further
determined the correlation relationship between short capped RNAs and processed
RNAs. The Spearman correlation coefficient was 0.73, which indicated a moderate
positive correlation between these RNAs. I noted that paused genes and genes involved in

processing at the 5° ends of genes correlated weakly with gene expression. (Figure 4-16).
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Figure 4-15. Processed RNAs are enriched in highly paused genes (short capped RNA).
A. Heatmap of short capped and processed RNAs. The genes are sorted in decreasing
order of frequency of short capped RNAs. B. Boxplot of short capped RNAs categorized
into deciles with 1 representing genes with high pausing and 10 with least pausing. Genes
with processed RNAs are enriched in highly paused genes.
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Figure 4-16: Processed RNAs correlate with pausing but not with gene expression within
the region between 100 nucleotides upstream and downstream of the TSS. A. Genes with
processed RNAs moderately correlated with pausing (r = 0.73). B. Paused genes
correlated weakly with gene expression (0.98) C. Genes with uncapped processed RNAs
correlated weakly with gene expression (0.011). Expression was determined by Pol II
occupancy 200 nucleotides downstream of the TSS and 1000 nucleotides upstream of the
transcription end site. The reads were normalized by the length of the gene. This suggests
that processing may be an obligatory process within the cell.
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Role of XRN2 in generation of processed RNA

XRN2, a 5’ to 3’ exoribonuclease which degrades monophosphorylated RNAs,
has been implicated in premature termination (Brannan et al., 2012; Nojima et al., 2015;
Valen et al., 2011). To determine the role of XRN2 in the generation of uncapped
processed RNA, I analyzed the effect of depleting XRN2 (Figure 4-17) on uncapped
RNA levels and corresponding sequence characteristics. The predominant RNA length
observed in cells depleted of XRN2 was 18 nucleotides (Figure 4-18). Similar to control
cells, XRN2 knockdown cells have uncapped (processed) RNA 5’ ends that differ from
the 5” ends of short capped RNAs. I observed that the 3° ends of processed RNAs and

XRN2-depleted RNAs reside in the same location (Figure 4-19)

I expected that XRN2 depletion would halt processing and a length distribution
profile that is shifted to the right with an enrichment of RNAs whose 5’ ends would be
closer to or at the TSS. However, as illustrated in Figure 4-20, read lengths showed an
increase in the level of RNAs in the range of 18 to 22 nucleotides in XRN2-depleted cells
compared to uncapped processed RNAs when the data were normalized by the number of
reads. I compared the 5° ends of XRN2 depleted uncapped processed RNAs to the control
processed RNAs by normalizing the reads to total reads sequenced and also to reads on

the gene body.

The ratio between the maximum peak positions of 5’ processed RNAs and 5’
processed RNAs in XRN2 knockdown was 1.76 in the case of normalization to the total
reads (Figure 4-21). Unlike Valen et al., 2011’s findings, the 3’ ends also exhibited a
similar pattern of enrichments. Compared to wild type, they noted a reduction in

occupancy of the 3’ ends of genes in XRN2 depleted cells. Heat maps depicted an
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association between genes with paused genes, and between genes that undergo processing

and genes that had undergone XRN2 depletion.
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Figure 4-17: Western blot analysis of XRN2 siRNA treated cells. Equal amounts of cell
lysates were separated by SDS and transferred to PVDF membranes. The membranes
were probed with anti-XRN2. Actin served as the loading control.
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Figure 4-18: Size distribution of short uncapped processed RNAs of XRN2 depleted cells
(1 of 2 replicates each). The reads were obtained from the region 100 nucleotides
upstream and downstream of the TSS. The RNAs ranged from 14 nucleotides to 34
nucleotides in length. The most abundant RNAs were 18 nucleotides in length.
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Figure 4-19: Metagene plots of 5’ and 3’ positions of XRN2 processed RNAs within the
first 100 nucleotides of genes (1 of 2 replicates). The 5’ ends differ from the 3’ ends.

101



0.015+
B3 uncapped RNA (chromatin)

Bl XRN2 depleted uncapped RNA (chromatin)
0.010-

Normalized reads

T T
1 18 25 32 39 46

Length of sequenced read (nt)

Figure 4-20: Normalized processed RNA length reads distribution for the region between
100 nucleotides upstream and downstream from TSS between processed RNAs and
XRN2-KD processed RNAs. Black denotes the length distribution of processed RNA and
red denotes the length distribution of XRN2 knockdown processed RNA. Reads were
normalized to the total sequenced read. RNAs 18-22 nucleotides are more abundant in

XRN2 depleted cells compared to the mock.
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Figure 4-21: Normalized 5’ ends of processed RNAS and 5’ ends of processed XRN2
depleted distance from TSS. A. 5’ end location of processed RNA and 5’ end location of
XRN2 depleted processed RNA normalized by the number of sequenced reads. B. 5” end
location of processed RNA and 5° end location of XRN2 depleted processed RNA
normalized by reads in the gene body. XRN2 depleted cells have enrichment of processed
RNA compared to the mock cells.
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Figure 4-22. XRN2 depleted processed RNAs are enriched in highly paused genes (short
capped RNA). A. Heatmap of XRN2 compared to short capped and processed RNAs and
sorted by short capped RNAs. B. Heatmap of XRN2 depleted RNAs compared to short
capped and processed RNAs and sorted by processed RNA signal.
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CHAPTER 5

RESULTS: MODIFIED PRO-SEQ REVEALS PROCESSING OF RNAS AT THE

5> ENDS OF GENES FROM PAUSED COMPLEXES

Introduction

In the third part of my study, I adapted the PRO-Seq technique to study promoter
dynamics by focusing on the 5’ end status of RNAs during early transcription. This was
expected to be an efficient way of studying the different 5’ end status of these RNAs
(monophosphorylated, triphosphorylated, and capped) since the approach generates more
reads and only RNAs bound to Pol II are extended, making it more specific to elongating
Pol II which contains RNA. This approach also avoids contamination from abundant
miRNAs and other small noncoding RNAs, a major limitation in the preparation of

uncapped (processed) small RNA libraries.

To emulate my previous study by selecting for RNAs whose 5’ ends determine
the start site of genes, I used enzymatic reactions to select RNAs with capped and
triphosphate 5’ modifications. I called this technique PRO-Start. In this study, PRO-Start
selects for both capped RNAs and RNAs with triphosphorylated ends, unlike other
studies called PRO-cap, which select for only capped RNAs (Kwak et al., 2013; Mahat et

al., 2016).

I also selected for RNAs with monophosphate ends, which I subsequently called
processed-PRO-Seq to differentiate from the processed RNAs in the earlier chapter. My
main goal was to test if these processed RNAs at the 5” ends of genes could be extended
using run-on. The approach I developed differs slightly from a recent publication (Tome
et al., 2018). The main difference was my development of a modified PRO-Seq approach
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to select for uncapped RNAs with a monophosphorylated end, while in that study they
selected for all uncapped RNAs (triphosphorylated 5° ends, monophosphorylated ends,
and degraded RNAs). Additionally, they determined the start site by selecting for RNAs

with caps.

Characteristics of PRO-Start and processed PRO-Seq

To determine the applicability of this new approach, I subjected the data to the
parameters used in the previous section. I determined the length distribution, 5° end
positions, and 3’ end positions of the RNA. PRO-Start length distribution profiles (Figure
5-1) ranged from 14 to 47 nucleotides. As expected, the 5’ ends were located at the TSS

(0), and the 3’ prime ends distributed from about 20 - 50 nucleotides (Figure 5-2).

The length distribution of processed-PRO-Seq reads around the TSS showed a
maximum length of 19 nucleotides (Figure 5-3). However, processed RNA reads were 18
nucleotides in length (Figure 4-6). The one nucleotide difference is due to the addition of

a labelled nucleotide during the run-on reaction in the PRO-Seq experiments.

For processed PRO-Seq profiles, the 5’ ends peak at about 15 nucleotides from
the TSS, which confirms processing occurs around the TSS (Figure 5-4). When the 5’
ends and 3’ ends are compared to the PRO-Start data, I observe that the 5’ ends of
monophosphate PRO-Seq differ from the 5’ end of PRO-Start (Figure 5-5). The 3 ends
of processed PRO-Seq are distributed in the same location as the 3’ ends of PRO-Start
reads (Figure 5-5). The 3’ distribution is slightly skewed to the right of the edge of the
PRO-Start 3° ends. This difference may be due to the fact that PRO-Start is composed of
both capped RNAs and triphosphorylated RNAs. The triphosphorylated RNAs are RNAs

in the process of being capped. Their 3’ ends are likely to occupy the medial portion of
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PRO-Start 3° ends. This may suggest that for processing to occur, the RNAs must have

been capped before undergoing uncapping to generate monophosphorylates ends.

The scatter plot of the SNAI1 gene (Figure 5-6) is an example of processing in a
gene. The scatterplot confirms that all the 5° ends are at the TSS (0) and the 3” ends are
located 20-50 nucleotides downstream of the TSS for PRO-Start RNAs. However, the
processed PRO-Seq data showed that the 5° ends of these RNAs range from the TSS to
about 50 nucleotides downstream, and are within the same range as the PRO-Start RNAs.
This suggested that processing of the RNAs begins at the start site and involves a
decapping or triphosphate removal mechanism to generate RNAs with a monophosphate

end.
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Figure 5-1: PRO-Start RNA size distribution of reads within the first 100 nucleotides of
genes. (1 of 2 replicates each). The RNAs range from 14 nucleotides to 47 nucleotides in
length.
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Figure 5-2: PRO-cap RNA 5’ and 3’ positions within the region between 100 nucleotides
upstream and downstream from the TSS of genes. (1 of 2 replicates shown for short
capped RNAs from chromatin). 5’ end positions are centered around the TSS and 3° end
positions range between 20 and 50 nt downstream of the TSS.
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Figure 5-3: Size distribution of short uncapped processed PRO-Seq RNAs reads within
the region between 100 nucleotides upstream and downstream of the TSS of genes (1 of 4
replicates shown). 19 nucleotides was the most abundant read length observed.
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Figure 5-4: Metagene plots of 5’ ends and 3’ ends of processed PRO-Seq within the
region between 100 nucleotides upstream and downstream of the TSS. The 5° end
positions differ from the 3’ end positions. The 5° ends have a peak location at 15
nucleotides downstream the TSS, and the 3’ ends peak at about 38 nucleotides
downstream from the TSS.
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Figure 5-5: Figure 4-10: PRO-Start and small uncapped processed RNAs 5’ and 3’
positions within the region between 100 nucleotides upstream and downstream of the
TSS. A. The 5’ location of PRO-Start RNAs is different from the 5’ location of processed
PRO-Seq RNAs. B. The distribution of PRO-Start and processed PRO-Seq 3’ end
locations does not fully overlap, in contrast to Fig 4-10B. This difference can be
attributed to triphosphorylated RNAs that were isolated together with capped RNAs in
PRO-Start. These triphosphorylated RNAs are in the early stages of transcription and
their peak location for 3’ ends may be 20-30 nucleotides downstream of the TSS.
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Figure 5-6: Scatter plots show the 5’ start site, 3’ position, and distance transcribed by
Pol II in PRO-Start RNAs and processed PRO-Seq RNAs on the SNAI1 gene. A. SNAI1
gene PRO-Start data shows most of the 5’ ends of the transcribed RNAs at 0 (TSS). The
3’ ends are located between 20 and 50 nucleotides downstream of the start site. B. SNAII
processed PRO-Seq RNAs show start sites that are away from the TSS and have 3’
locations about 20 to 50 nucleotides downstream of the TSS. SNAI shows an example of
a gene that undergoes co-transcriptional processing from paused RNAs.
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Using modified PRO-Seq, most genes do not show backtracking at the 3’ ends of
genes

I next investigated whether a high depth of sequencing would help me to confirm
my earlier findings regarding the phenomenon of Pol II backtracking. I observed that the
average difference between PRO-Start and processed PRO-Seq at the 5’ end was around
10-15 nucleotides, which confirmed that processing occurred (Figure 5-7A). Most genes
showed a difference in the 3’ ends at -3 to +3 nucleotides, which suggests that the 3’ ends
of PRO-Start and processed PRO-Seq are in close proximity. This does not support the

idea of backtracking (Figure 5-7B).

Modified PRO-Seq shows that processed RNAs are strongly correlated to pausing,
but weakly correlated to gene expression.

I determined the relationship between processed RNA and Pol II pausing and their
relationship with gene expression. I determined pausing by two ways:

1. The number of reads in the region between 100 nucleotides upstream and
downstream of the TSS from PRO-Start RNAs.

2. The 3’ reads of RNAs from PRO-Seq data within 100 nucleotides upstream and
downstream of the TSS.

Gene expression was obtained for the region 200 nucleotides downstream of the
TSS and 1000 nucleotides upstream of the transcription end site. I observed that both
PRO-start and PRO-Seq, which show pausing, strongly correlated with processing with a
Spearman correlation of 0.92 and 0.72, respectively (Figure 5-8 A and B). However,
pausing and processing weakly correlated with gene expression, with a Spearman
correlation of 0.084 and 0.15, respectively. This suggested that processing may be an

obligatory process associated with genes.
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Figure 5-7: Distribution of average difference of 5’ and 3’ ends in modified PRO-Seq
data. A. 5° ends of PRO-Start RNAs and short uncapped processed RNAs. Most reads
had a difference of 13-15 nucleotides indicating processing on genes. B. 3’ ends of PRO-
Start RNAs and short uncapped processed RNAs. Most reads are centered around 0,
making backtracking an unlikely event for most genes.
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Figure 5-8: The relationship between processing of paused RNAs to pausing and gene
expression. A. PRO-Start within the promoter region correlated strongly with processed
PRO-Seq with a Spearman coefficient of 0.92. B. The 3’ ends of PRO-Seq data which
also signified pausing within the promoter was used independently to assess the
relationship between pausing and processing. This showed a positive correlation of 0.72.
C. Pausing weakly correlated with gene expression. D. Processed RNAs generated by
modified PRO-Seq weakly correlated with gene expression.
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Modified PRO-Seq is comparable to the small RNA sequencing approach to
studying generation of processed RNA on chromatin.

To compare my results with my previous study in chapter 4, I determined the
lengths of the sequenced RNA reads which were located in the region between 100
nucleotides upstream and downstream of the TSS, the 5’ end locations, and 3° end

locations of these RNAs.

I observed similarities between short capped RNAs and processed RNAs in
comparison to PRO-Start and processed PRO-Seq profiles respectively. A UCSC genome
browser snapshot of the CALM1 gene showed similarities between the short capped
RNA and its equivalent experiment PRO-Start, as well as processed RNAs and PRO-Seq
processed RNA, by focusing on the location of their 5° end locations and 3’ end locations
(Figure 5-9). The 5’ ends and 3’ ends of both data were in the same location, although the
processed PRO-Seq 5° ends show a broader distribution, which is attributed to the greater

depth of sequencing for the modified PRO-Seq experiment.

I next compared the length of RNAs sequenced between short capped RNAs and
PRO-Start RNAs and observed similar pattern of distribution (Figure 5-10). The RNAs
ranged from 14 nucleotides to 47 nucleotides. The 3’ end locations between PRO-Start
RNAs and short capped RNAs were in the same location, 20-50 nucleotides from the
TSS (Figure 5-11). The 5° ends of processed RNAs and processed PRO-Seq showed the
same pattern of deviation from the TSS at about 15 nucleotides downstream (Figure 5-

12), and their 3’ ends were distributed in a similar fashion (Figure 5-13).

120



short capped RNA
. |
PRO-Start
PRO-PPP
i 1 -

processed PRO-seq

processed RNA

Figure 5-9: UCSC browser shots comparing the small RNA sequencing to Modified
PRO-Seq. Short capped and processed RNAs are comparable to PRO-Start (capped and
triphosphorylated RNAs), and processed RNA PRO-Seq. The profiles are similar,
although the 5’ ends of the processed PRO-Seq track exhibit a broader distribution than
the processed RNA track due to the greater sequencing depth for this experiment.
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Figure 5-10: Figure 4-3: Comparison in length distribution between PRO-Start RNA
from short capped RNAs from chromatin within the first 100 nucleotides of genes. (1 of 2
replicates each). The RNAs range from 14 nucleotides to 47 nucleotides in length. The
data was normalized to the largest value in each data set.
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Figure 5-11 Comparison between processed PRO-Start and short capped RNAs
(chromatin) at 3’ positions within the region between 100 nucleotides upstream and
downstream of the TSS. A. The 3’ locations of processed PRO-Start and short capped
RNAs are distributed between 20 to 50 nucleotides downstream of the TSS. The data was
normalized to the largest value in each data set.
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Figure 5-12. Comparison between processed PRO-Seq and processed RNAs (chromatin)
at 5’ positions within the region between 100 nucleotides upstream of and downstream of
the TSS. A. The 5’ location of processed PRO-Seq and processed RNAs peak about 15
nucleotides downstream of the TSS. The data was normalized to the largest value in each
data set.
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Figure 5-13: Comparison between processed PRO-Seq and processed RNAs (chromatin)
at 3’ positions within the region 100 nucleotides upstream and downstream of the TSS.
A. The 3’ locations of processed PRO-Seq and processed RNAs within the same location.
The data was normalized to the largest value in each data set.
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CHAPTER 6
DISCUSSION AND CONCLUSION

Discussion

Genes undergo a phenomenon called Pol II pausing, which has been implicated in
regulation. Evidence of Pol II pausing has been shown using a myriad of approaches.
These approaches have focused on either the transcription bubble associated with
transcribing Pol II through permanganate footprinting (Gilmour et al., 2009), Pol II-DNA
interactions through ChIP (Johnson et al., 2007), or the RNAs associated with the paused
Pol II through short capped RNA sequencing (Nechaev et al., 2010), GRO-seq (Core et
al., 2008), and PRO-Seq (Kwak et al., 2013). Across different organisms such as
Drosophila (Nechaev et al., 2010), mice (Scruggs et al., 2015), rats (Scheidegger et al.,
2019), and humans (Samarakkody et al., 2015), Pol II pausing location is conserved. At
the paused site, Pol II can either continue into elongation or terminate in a process called
premature termination to generate a short transcript. The question of whether premature
termination occurs has been a conundrum in the field since Pol II pausing was first
discovered. In addition, it is unknown whether all transcribing polymerases that pause

within the first 100 nucleotides continue to elongation.

I took a different approach to this problem by focusing on the RNAs associated
with paused Pol II to determine whether RNA processing occurs co-transcriptionally or
post-transcriptionally. This question was intriguing because RNA processing during Pol
II pausing may serve as an intermediary step that leads to premature termination. As |

discussed previously, I envisaged that short RNAs in the paused state would be
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associated with chromatin, while short RNAs generated by premature termination would

be contained in either the nucleoplasm or cytoplasm fractions (Fig 1-5).

Radioactive LM PCR
In the first part of the study, we initially hypothesized that during the premature

termination event, the full-length transcript from the start site to the paused site would be
terminated. We first developed an approach to visualize these RNAs on a gene by gene
basis using ligation mediated radioactive PCR. The technique worked, in principle, but it
had limitations. Firstly, I had to design individual gene-specific primers to detect RNAs
associated with paused Pol II. These primers had to amplify very short RNAs, making
designing forward and reverse primers difficult. Because of this, adapters had to be
ligated to the primers. Secondly, GC rich content in some genes of the mammalian

genome provided a challenge in designing primers from the start site of the gene.

I observed from the LM PCR that in addition to the expected full-length
transcripts, there were shorter transcripts. I observed that there were different species of
RNAs associated with each promoter for the SNAII and HSPA1B gene, but because the
detection of these RNAs was dependent on the primer design, I could only detect the
RNAs if I designed primers for those specific promoter regions. For this experiment, it
was better to design primers a few nucleotides downstream of the start site to ensure that
I could capture these RNAs. For example, the SNAI1 primer design was over a region 10
nucleotides downstream of its annotated TSS. This meant that I was likely to detect either
RNAs that were paused or, as subsequent studies show, RNAs that were uncapped and

processed.
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HSPA1B’s primer was designed such that it was two nucleotides downstream of
the TSS. This primer theoretically would help to amplify the RNA in the region between
two nucleotides downstream of the TSS to the paused Pol II on the HSPA1B gene.
However, while these primers allowed me to amplify RNAs from this region that may
have been associated with different paused 3’ locations, the design of the primers caused
the amplified region to be upstream of some uncapped processed RNAs, which usually
peak 15 nucleotides downstream of the TSS. Thus, the LM PCR method did not allow me

to capture all of the processed RNAs generated by pausing.

Also, sequencing gels for both SNAI1 and HSPA 1B showed longer fragments of
RNA in the nuclei and chromatin fractions which were not present in the nucleoplasm or
cytoplasm. This suggests that premature termination may not involve the full-length
transcript from the start site to the paused site and supports the observation by Henriques
et al., (2013) that the full length transcript is not terminated. However, their observation
that premature termination might be infrequent may have arisen due to the limitations of
their approach, which only looked at short capped RNAs. I considered that premature
termination may involve processing at the 5’ ends of genes to trigger termination, and
thus may occur more frequently than has previously been thought. In fact, two recent
publications have presented findings demonstrating genome wide high turnover of paused
Pol II at the promoter region (Erickson et al., 2018; Krebs et al., 2017; Steurer et al.,

2018), supporting this notion.

Unfortunately, it was difficult to differentiate the 5’ status of these observed
RNAs with this particular experimental setup because primer location in this setup can

pick up both capped and uncapped RNAs. Subsequent genome wide studies showed that
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uncapped RNAs are present at the TSS. To circumvent this problem, one could design
gene specific primers and ligate adaptors to the 5’ ends instead of the 3’ ends. However,
ligation would work on only RNAs that are uncapped. Thus, because this approach would
not allow me to ligate adapters to the 5’ caps of RNAs, I would be able to study only
uncapped processed RNAs. To sum up, while this approach is valuable because the
radiolabelled primers allow for visible amplification of low signal, it will require further

optimizations in order to overcome its remaining limitations.

Capped and uncapped RNA sequencing

Studies that have focused on premature termination usually investigate proteins
that could play roles in this critically understudied phenomenon. However, other studies
have discovered an array of short RNAs less than 200 nucleotides, such as transcription
initiation RNAs (tiRNAs) (Taft et al., 2010) and transcription start site RNAs (TSSa
RNAs) (Valen et al., 2011), which have been associated with the promoters of genes that
feature Pol II pausing. In my study, we called these RNAs uncapped processed RNAs. To
rule out the argument that these short RNAs are not linked to Pol II pausing or premature
termination, but are rather byproducts of degradation, Valen et al., (2011) isolated short
RNAs from both nuclei and whole cell samples and compared the two sets. If degradation
had produced these RNAs, they would be found in the cytoplasm. However, while they
found that these short RNAs were present in the nuclear fraction, the biogenesis of these

RNASs remained unclear.

Due to the conclusions from my previous LM PCR study - namely, that shorter
length RNA transcripts were observed in the region between the TSS of genes and the

paused Pol II location - I revised my hypothesis that during termination, the full length
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transcript and paused Pol II dissociate from the DNA. The tiRNAs and TSSa RNAs
observed within the promoter region, proposed to be generated from paused Pol II,
suggested that premature termination may involve processing of the RNAs associated

with the paused complex.

I thus designed an experiment to sequence RNAs from the chromatin,
nucleoplasm, and chromatin fractions. I sequenced both uncapped and capped RNAs in
the case of the chromatin fractions and sequenced uncapped RNA for the cytoplasm and
nucleoplasm fractions. I observed an enrichment of uncapped processed RNAs which
were 17-20 nucleotides in length in the chromatin fraction, as previously seen (Taft et al.,
2009; Valen et al., 2011). By comparing the location of the 5’ ends of uncapped
processed RNAs to the 5° ends of capped RNAs, I confirmed that these RNAs were

processed at the 5° ends.

Previous studies had ruled out the generation of uncapped processed RNAs in the
cytoplasm (Taft et al., 2010; Valen et al., 2011). However, it is difficult to delineate
whether the processing is co-transcriptional or post-transcriptional. If Pol II terminates
and is still bound to the paused full-length transcript, this transcript will get processed in
the nucleoplasm (Figure 3-8). Since Pol II can still be bound to RNA, the fragment
protected by Pol II would still be 18 nucleotides in length. This is an example of post-

transcriptional processing of RNA.

Alternatively, processing can occur on chromatin, as proposed by Valen et. al,
(2011). This second kind of processing is an example of co-transcriptional processing. To
differentiate between these two scenarios, it was again necessary to fractionate cells into

chromatin, nucleoplasm, and cytoplasm. Fractionation also provided me with a platform
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to estimate the amount of short RNAs in these fractions. In the future, quantifying these
RNAs will aid in comparisons between fractions and can potentially provide a measure of
pausing turnover. For example, if I were to observe that a particular gene exhibits a
higher enrichment of these short RNAs in the nucleoplasm relative to chromatin, I could

argue that there is a high rate of premature termination for that gene.

Backtracking
Taft et al., (2010) proposed that uncapped processed RNA was generated from

backtracking. In the backtracking scenario, Pol II backtracks towards the TSS, leaving a
protruding RNA at the 3’ end. The exposed end is cleaved by TFIIS. This feature has
been shown in vitro (Cheung & Cramer, 2011; Izban & Luse, 1993) and in vivo (Nechaev
et al., 2010). However, Valen et al., (2011) disputed this hypothesis, since backtracking
alone cannot generate these RNAs. Backtracking generates RNA products that are 7-14
nucleotides in length (Izban & Luse, 1993) while uncapped processed RNAs are greater
than 18 nucleotides in length. I cannot exclude the possibility that backtracking resulted
in the formation of some of the uncapped processed RNAs I studied because the approach

used to define the 3’ ends was of low resolution.

Additionally, the in vivo detection of backtracking in Drosophila suggested that
generation of these uncapped processed RNAs could be dependent on backtracking. By
comparing their data to Pol II ChIP, Taft et al., (2010) and Valen et al., (2011) proposed
that these RNAs are generated from paused Pol II. The limitation in their study is that
ChIP has low resolution because it cannot map protein-chromatin interactions to
nucleotide resolution. This meant that Pol II ChIP could not delineate either the 3’

boundary of their small RNA data or the exact location of Pol II accurately.
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To rule out backtracking, I generated two different sets of libraries from the
chromatin fraction. Sequencing short capped RNA libraries allowed me to determine the
start site of a gene and the location of paused Pol II. On the other hand, sequencing of the
uncapped processed libraries allowed me to determine the location of the 5° ends and 3’
ends of uncapped processed RNAs. By comparing the capped RNAs to the uncapped
RNAs generated in the same location, I could tell if these RNAs were generated from
paused complexes, processed at their 5° ends, and whether they were products of

backtracked Pol II.

At the 3’ ends, we observed that a majority of genes do not undergo backtracking
to generate uncapped processed RNAs. This was because the average position of their 3’
ends were in the same location. This suggests that the biogenesis of these RNAs does not
predominantly involve the process of backtracking (Valen et al., 2011), as suggested by
Taft et al., (2009). It further suggests that uncapped RNAs are likely to be produced by

Pol II pausing.

The stability of these RNAs can be investigated by labelling cells with a labelled
nucleotide, chasing the labelled nucleotide by washing the media and adding unlabelled
nucleotide, and collecting these cells at different time points (Imamachi et al., 2014;
Paulsen et al., 2014). This approach would enable one to determine both whether these

RNAs are stable and whether they are quickly degraded.

Additionally, the role of these RNAs that are generated can be investigated by
transfecting cells with these RNA oligos of known sequences to determine their potential

functions within the cell (Project, 2009).
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PRO-Seq

Our study was limited by contamination from abundant stable non-coding RNAs
(miRNAs, tRNAs, rRNAs, snRNAs, and snoRNAs), which possess monophosphorylated
ends. To circumvent this, we modified the PRO-Seq technique to select for 5’
modifications of RNA at the promoter such as capped RNAs, triphosphorylated RNAs
and monophosphorylated RNAs. The depth of sequencing in the modified PRO-Seq is
higher than that of the traditional small RNA sequencing. In theory, this increased depth
would give me better coverage over the promoter-proximal loci such that I would be able
to better map the 5° ends and 3’ ends of short RNAs as well as the paused Pol II

locations.

Most techniques used to study transcription initiation do not identify the 5 end
status of the RNA, since Pol II is the focus. A recent study (Nojima et al., 2015) suggests
that three states of Pol II phosphorylation exist within the promoter region
(unphosphorylated, serine 5 phosphorylation, and serine 2 phosphorylation) in
mammalian cells. The link between the phosphorylation states and the 5° end status of the
RNAs is unknown. Serine-2 phosphorylation is known to be enriched at the 3’ ends of
genes where termination occurs to produce a full-length transcript. The presence of

Serine-2 at the promoter may serve as a signal to induce premature termination.

The uncapped processed PRO-Seq experiment hinged on the ability of Pol 11
containing processed RNA to resume transcription. The success of this experiment
suggested that uncapped processed RNAs bound to Pol II are not stalled, but rather have
the ability to proceed into elongation. However, these Pol II complexes associated with

uncapped processed RNAs may be terminated by XRN2 through the torpedo mechanism
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(Fong et al., 2015). We compared the uncapped processed PRO-Seq to PRO-Start
(capped and triphosphorylated RNAs). Similar to the observations between capped RNA
and uncapped processed RNA sequencing, we observed that the 5’ ends of the uncapped
processed RNA in both methods were downstream from the start site, indicating the
occurrence of processing. Further, the location of their 3’ ends suggested that these RNAs

were generated from paused Pol II complexes.

We noticed that between the start sites of the PRO-Start and its 3’ ends were
signals that were not always present in the short capped RNA sequencing. We noted that
these were usually the 3’ ends of the triphosphorylated RNA. We observed the same
patterns between the processed RNA and start site RNA at an equally higher resolution
and depth. The two independent techniques of PRO-Start and short capped RNA
sequencing allowed us to visualize uncapped processed RNAs at the promoter. Our
observations indicate that major approaches which study Pol II-DNA interaction at the

promoter must take into account the various RNAs associated with Pol II.

Model of premature termination

Currently, there are two main models of premature termination in the
transcriptional regulation field. The decapping model suggests the involvement of
decapping proteins which leave RNAs with 5> monophosphate ends. These form
substrates for XRN2, a 5’ to 3° exoribonuclease which degrades the RNA and
prematurely terminates Pol I in a torpedo fashion, akin to termination which occurs at

the transcription end site to produce a matured mRNA (Brannan et al., 2012).

The second model of premature termination has been described on HIV-1

promoters. It also involves XRN2, but in this instance, the TAR RNA associated with the
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paused complex is cleaved by the microprocessor complex Drosha and DGCRS8. The
remaining RNA bound to Pol II is further processed by XRN2, and Pol II is prematurely
terminated. Interestingly, the cleaved RNA medial to the TSS is processed by Rrp6, a 3’
to 5’ exoribonuclease, into a smaller RNA which has been implicated in gene repression.
(Wagschal et al., 2012). This leads to a possible function of premature termination to
produce RNAs that can modulate the gene’s expression, possibly by repression. This

phenomenon has been observed in human cells as well (Project, 2009).

Valen et al., 2011 proposed that these RNAs are processed at the 5’ of genes.
They tested this idea by performing double knockdown of XRN1 and XRN2. Though
inconclusive, when both XRN1 and 2 were depleted in the study, Valen et al., 2011
observed an increase in the length of these uncapped processed RNAs. This suggested
that XRN1 and 2 played a role in post transcriptional processing of these small RNAs,
which are linked to the promoter. However, XRN1 is known to be a cytoplasmic
exonuclease. Because Pol Il pausing happens exclusively in the nucleus, XRN1 may not
have contributed much to the observed increase in the length of these RNAs.
Unfortunately, Valen’s study did not differentiate between the role of XRN1 versus

XRN2.

I investigated the role of 5° to 3° exoribonucleases in the generation of these
RNAs. Two such exoribonucleases XRN1 and XRN2 which are cytoplasmic and
nucleoplasmic proteins were knockdown and their impact on the generation of these
RNAs were investigated. I investigated the link between the generation of short RNAs
presumably from paused RNA, whether the biogenesis was co-transcriptional or post-

transcriptional, and whether the biogenesis was independent of backtracking.
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Valen et al., (2011) also proposed that these 18-nucleotide long RNAs were
remnants of RNA 5’ to 3’ processing, and that these RNAs were protected by stalled Pol
I, because Pol II crystal structure can contain 17-20 nucleotides of RNA (Brueckner
2009). However, there is also a possibility that an internal cleavage mechanism could
result in an RNA fragment which is 18 nucleotides in length. If this is the case, then ,
then DIS3, a protein which is both a 3’-5” exonuclease and endonuclease (Szczepinska et
al., 2015), and CPSF73, a subunit of the 3* end processing endonuclease CPSF, may be

implicated in this process (Nojima et al., 2015).

I next moved to test whether XRN2, the nuclear 5’ to 3’ exoribonuclease, was
alone involved in the biogenesis of uncapped processed RNAs. Brannan et al., (2012),
using ChIP, showed that profiles of Pol II were altered when XRN2 was depleted.
Consistent with studies by Valen et al., (2011), we observed an increase in the length of
the transcripts. However, with the proposed function of XRN2, it is expected that
metagene profiles should reveal enrichment of 5° ends of processed RNA at the start site

or close to the start site.

Rather, I observed an abundance of these short RNAs away from the TSS with
XRN2 depletion with a moderate increase in length, which supports the idea that there
may be internal cleavage of paused RNA before XRN2 exonuclease activity. Nojima et
al., (2015) used XRN2 depletion to show that there is an abundance of RNAs within the
promoter region and these RNAs are associated with serine 2 phosphorylation. Their
model implicates the protein complex Cleavage and polyadenylation apparatus (CPA),
especially the CPSF73 subunit, in an internal cleavage of RNA. Wagschal et al., (2012)

showed that on the HIV promoter, there is internal cleavage involving the microprocessor
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complex (Drosha and Dgcr8), XRN2, and Rrp6. Alternatively, XRN2 may work with

other partners to process capped RNAs.

Some studies (reviewed in Mugridge & Gross, 2013) suggest that malformed
capped RNAs are targeted for degradation and these RNAs may be the byproducts of this
processing. This pathway can involve decapping as suggested by Brannan et al., (2012),
or there are also proteins capable of removing pyrophosphates from triphophosphorylated
RNAs during the capping process. DXO, a decapping and exoribonuclease protein, may

play a role in the generation of these processed RNA.

Studies show that DXO has decapping, pyrophosphatase, and exonuclease
activities (Chang et al., 2012; Jiao et al., 2013; Picard-Jean et al., 2018). DXO has been
implicated in the quality assurance of mRNA capping. Aberrant capped RNAs are shown
to affect mRNA splicing. Capping is important to protect the 5’ ends of RNAs from 5’ to
3’ exoribonucleases. The products of premature terminated Pol Il may be the remnants of

irregularly capped RNA.

This suggests that DXO may be localized around the TSS and decaps RNAs
which have malformed cap structures. XRN2 then takes over the processing to destabilize
Pol II and prematurely terminate the RNA as described in a proposed model (Figure 6-1).
I hypothesize that depletion of DXO and XRN2 would abolish processing at the 5’ ends
of genes. My findings suggest that biogenesis of these RNAs may involve other partners

as well.
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exoribonuclease protein

@ DXO Decapping and m?GPPP&%— PPP&_

(PXRN25' to 3’
exoribonuclease protein

Figure 6-1. Proposed model of biogenesis of processed RNA by DXO, decapping and
exoribonuclease protein and XRN2, 5’ to 3° exoribonuclease protein. Adapted from
(Mugridge & Gross, 2013). DXO can decap RNA (m7GPPP) or remove pyrophosphates
from triphosphate RNA (PPP). These processes leave RNAs with monophosphate ends
(P) and DXO degrades RNA till XRN2 takes over and prematurely terminates paused Pol
1L
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Conclusion

From this study, I found that: (1) processed RNA around the promoter region are
generated from paused Pol II on chromatin. (2) Biogenesis of processed RNAs does not
involve backtracking. (3) Processed RNAs are remnants protected by Paused Pol II. (4)
Ligated mediated PCR can be modified to study small and low abundant RNA on a gene
specific basis. (5) Enzymatic modification of PRO-Seq to study various 5’ end
modification of RNAs can be used to study transcription initiation and its relation to gene

expression. (6) XRN2 plays a role in the biogenesis of processed RNA.
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