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Abstract 

Transcription is the synthesis of RNA from a DNA template. Transcription has been 

shown to occur in three main steps, initiation, elongation and termination. Additional regulatory 

steps include a rate limiting step between initiation and elongation of RNA polymerase II (RNA 

Pol II) termed promoter-proximal pausing of RNA polymerase. Dysregulation at any stage of 

this process can lead to cancer development. There has been extensive work focusing on how 

drastic alterations to the transcription process contributes to cancer development; however, there 

has been less focus on how the fine-tuning steps of transcription regulation contribute to cancer 

phenotypes.  Specifically, my thesis focuses on understanding the contributions of NELF-

mediated pausing to cancer development.  

To begin, I focused on primary cells in order to better understand the function of NELF-

mediated pausing in a normal context. My work has identified a global profile of paused genes in 

human cells. Following the completion of this profile, I wanted to identify pathways that were 

enriched for paused genes. I found that paused genes are involved in cancer associated pathways 

such as EGFR and TGF signaling as well as general transcription and gene expression. After 

identifying human genes with paused RNA polymerases, I focused on studying NELF.  I found 

that almost all genes with NELF enrichment are paused. A majority of these genes also require 

NELF to maintain the pause. I then wanted to investigate the biological consequences of NELF-

mediated pausing. I found that the expression of more than half of NELF-mediated 
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paused genes are regulated by NELF. These genes include those involved in the cancer-

associated pathways EGFR, TGF and VEGF signaling. I showed that besides localizing to gene 

promoters, NELF also targets other genomic regions. I found that approximately half of these 

sites are in enhancers, specifically those enhancers that are actively transcribed.  We showed that 

the abundance of these eRNAs is dependent on NELF. Finally, we found that loss of 

transcription of these eRNA result in changes in expression of nearby genes.  

Upon identifying NELF as a key regulator of gene expression in normal cells, I 

investigated how this process contributed to the gene expression changes found in cancer. To 

begin, I identified paused genes in HT29 colorectal cancer cells. I found that many of the same 

pathways show pausing in both normal cells and cancer cells. I also found that most genes utilize 

pausing to reduce their expression in cancer cells. These genes were enriched for cellular 

senescence, cellular stress response and WNT signaling.  

My work provides insight into the role of RNA Pol II pausing in cancer development. I 

have shown that cancer-associated pathways, such as EGFR, are regulated by RNA Pol II 

pausing.  I have also generated global profiles of pausing in both normal and cancer cells. In 

comparing these two profiles, I have identified differences in the function of pausing between 

normal and cancer cells. One of the key differences I identified is the mechanism by which 

pausing regulates gene expression in normal and cancer cells. Collectively, my work shows that 

NELF and NELF-mediated pausing are key regulators of gene expression that may be harnessed 

by cancer cells to promote tumorigenesis. 
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Chapter 1: Introduction 

Transcription Overview

 

Transcription is a complex process in which RNA is transcribed from the corresponding 

DNA sequence. Transcription is mediated by three different RNA polymerases, RNA 

Polymerase I, II and III (Roeder and Rutter, 1969). These polymerases all share some structural 

similarities; however, each is responsible for transcribing different types of genes. RNA 

Polymerase I and III are responsible for transcribing genes that encode for transfer RNAs, 

ribosomal RNAs and small RNAs whereas RNA Polymerase II (RNA Pol II) is responsible for 

transcribing a majority of genes including protein coding genes (Weinmann et al., 1974, 

Winemann et al., 19742). Transcription by RNA Pol II will be the focus of this thesis. 

 In the most simplified view, transcription begins with recruitment of RNA Pol II to genes 

(Roeder, 1996). RNA Pol II is directed to the start sites of genes by both sequence features as 

well as the general transcription factors (Roeder, 1996). The promoter region is one of the 

sequence features that aids in directing RNA Pol II to the start site of genes. Promoter regions are 

made up of an asymmetrical consensus sequence that is bound by the general transcription 

factors (Roeder, 1996). Upon binding, the general transcription factors recruit RNA Pol II to 
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form a pre-initiation complex (Figure 1.1). Following the formation of this complex, the DNA is 

unwound to grant RNA Pol II access to the template strand.  

 The next step in transcription is the initiation of the polymerase. RNA Pol II is made up 

of multiple subunits. The largest of which, Rpb1, contains a “tail” that is termed the C-terminal 

domain (CTD). The CTD contains a series 52 of heptad repeats that are able to be modified 

throughout transcription (Dahmus, 1981). The first of these modifications is the phosphorylation 

by TFIIH, a general transcription factor, of the serine 5 residues in the CTD (Roeder, 1996). This 

phosphorylation creates a conformational change in the polymerase and allows for the binding of 

RNA modifying proteins (Sims et al., 2004). Following this phosphorylation event, the 

polymerase is initiated and can disengage from the pre-initiation complex to begin transcribing. 

Once the polymerase has left the pre-initiation complex (PIC), it is able to transcribe a 

short stretch of RNA, approximately 20-60 nucleotides, and then pause just downstream of the 

TSS (Gilmour and Lis, 1986). The polymerase is held in this paused state by the pausing factors, 

negative elongation factor (NELF) and DRB sensitivity-inducing factor (DSIF) (Figure 1.1) 

(Yamaguchi et al., 1999, Yamaguchi et al., 2002, Wu et al., 2003, Wu et al., 2005). This is 

termed promoter-proximal pausing and has been shown to serve as the rate-limiting step between 

initiation and elongation (Min et al, 2011).  Upon a signal, positive transcription elongation 

factor b (P-TEFb) is recruited to the paused complex where it phosphorylates both pausing 

factors as well as the serine 2 residue of RNA Pol II’s CTD (Figure 1.2) (Kim and Sharp, 2001, 

Fujinaga et al., 2004, Yamada et al., 2006, Marshall et al., 1996). These phosphorylation events 

cause NELF to dissociate from the paused complex, DSIF to transform into a positive elongation 

factor and RNA Pol II to enter into active elongation (Figure 1.2) (Zhou et al., 2012).  
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Following the release from pausing, RNA Pol II enters into active elongation. Elongation 

is facilitated by a number of factors that aid in ensuring smooth transcription as well as 

performing co-transcriptional mRNA processing. RNA Pol II is able to elongate at 

approximately 3.8kb/min for up to 2 million base pairs (Singh and Padget, 2009). This rate is 

aided by the general transcription factors TFIIS and TFIIF. TFIIS aids in restarting stalled or 

backtracked RNA Pol II and TFIIF stimulates the elongation rate of RNA Pol II (Nechaev et al., 

2010, Price et al., 1989, Flores et al., 1989). Other factors such as the Super Elongation Complex 

(SEC) and the Polymerase II associated factor complex (PAFc) also play a role in stimulating 

elongation by RNAPol II (Zhou et al, 2012). Components of the SEC aid the polymerase in 

overcoming temporary pauses in transcription whereas PAFc modifies histones to facilitate 

elongation (Zhou et al, 2012, Kim et al., 2010). These factors have also been shown to play a 

role in pause release and will be discussed in greater detail below. 

During elongation, the mRNA is able to be processed. 5’ Capping, splicing, 3’ end 

cleavage and addition of the PolyA tail all occur co-transcriptionally. These processes are 

facilitated by the CTD of RNA Pol II where many of the enzymes required for these functions 

bind (Ho et al., 1999). The maturation of the mRNA begins with the addition of the 7-

methylguanylate cap to the 5’ end. Capping is performed by the cap binding complex (CBC) 

following phosphorylation of the serine 5 residues of the CTD (Moteki and Price, 2002). 

Capping typically occurs after transcription of about 25-30 nucleotides, thus placing it in the 

same window as RNA Pol II pausing. It has been shown that DSIF is able to stimulate the 

capping process and that the CBC is able to aid in the release of NELF from the paused RNA Pol 

II complex (Wen and Shatkin, 1999, Mandal et al., 2004).  
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The next step in the maturation process of the mRNA is removal of introns through 

splicing. Similar to the capping process, splicing is facilitated by modifications to the CTD of 

RNA Pol II. Phosphorylation of the serine 2 residue of the CTD, aids in the binding of splicing 

factors such as the Ser/Arg rich (SR) proteins (Das et al., 2007). Other components of the 

elongation complex have also been shown to play a role in mediating splicing, including P-TEFb 

(Zhou et al, 2012).  

The final steps in the mRNA maturation process are the 3’ cleavage of the transcript and 

the addition of the PolyA tail. Cleavage of the transcript occurs approximately 10-35 nucleotides 

downstream of the AAUAA consensus sequence (Zhou et al, 2012). Following this cleavage 

200-300 adenosine nucleotides are added to the 3’ end of the transcript (Zhou et al, 2012). These 

processes are facilitated by the CTD of RNA Pol II, specifically the serine 2 phosphorylated 

form (Shell et al., 2007). Other proteins in the elongation complex including, components of 

PAFc and SEC have been shown to facilitate this process as well (Nagaike, et al., 2011, 

Martinicic et al., 2009). The pausing factor, NELF, has also been shown to play a role in 3’ 

processing RNAs. Specifically, it has been shown that NELF is responsible for the correct 

processing of the 3’ end of histone mRNAs (Narita et al., 2007). 

This thesis will focus specifically on NELF and its role in mediating RNA Pol II pausing 

and gene expression. 

Identification of RNA Polymerase II Pausing 

 Early studies of the c-myb, -globin and hsp70 genes showed an accumulation of RNA 

Pol II at the 5’ end. These polymerases were shown to be in a transcriptionally active state. This 

phenomenon was termed promoter-proximal pausing (Bender et al., 1987, Gariglio et al, 1981, 
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Rougvie and Lis, 1988. Further studies on hsp70 showed that RNA Pol II pausing serves as a 

rate limiting step between initiation and elongation and that the expression of hsp70 was 

regulated by this pause (Rougvie and Lis, 1990, O’Brien and Lis, 1991). It was shown that upon 

heat shock RNA Pol II released from pausing and that pausing was required to return hsp70 

expression to baseline following heat shock. They identified that, outside of Drosophila, a 5’ 

accumulation of RNA Pol II, similar to that seen at hsp70 was found at two human genes, FOS 

and MYC (Plet et al., 1995, Krumm et al., 1992, Strobl and Eick, 1992).  

Outside of these single gene examples, it was shown that RNA Pol II tends to accumulate 

at the 5’ end of both Drosophila (Muse et al., 2007, Zeitlinger et al., 2007) and human genes 

(Kim et al., 2005). It was originally thought that these RNA Pol II molecules represented a PIC 

(Kim et al., 2005). However, work in both Drosophila and humans showed that many of these 

RNA Pol II molecules had already undergone transcription initiation and entered into elongation 

(Muse et al., 2007, Zeitlinger et al., 2007), similar to the single gene examples identified 

previously (Rougvie and Lis 1988, Rougvie and Lis, 1990, Plet et al., 1995, Krumm et al., 1992, 

Strobl and Eick, 1992). In Drosophila specifically, 21% of genes were shown to have an 

accumulation of RNA Pol II at their 5’ end (Law et al., 1998). This was identified by cloning and 

characterizing the DNA that was crosslinked to RNA Pol II following UV treatment. Further 

characterization of these regions showed that the RNA Pol II bound to them was able to resume 

transcription in a nuclear-run on assay, thus identifying them as transcriptionally engaged and 

therefore paused. (Law et al., 1998). Earlier work examining transcription elongation showed 

that RNA Pol II struggles in early elongation with stalling or termination occurring within the 

first 100 nucleotides of the gene (Kephart et al., 1992, Marshall and Price, 1992) with more fine 

mapping showing that the polymerase is typically found within the first 20-60 nucleotides 
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(Gilmour and Lis, 1986). It was not clear whether these polymerases were able to resume 

transcription or if they would undergo premature termination.  

For a gene to truly be paused, it must be able to resume active transcription (Adelman 

and Lis, 2012). Core et al developed a modified nuclear-run on assay, global run-on sequencing 

(GRO-seq), to map the location of polymerases that were able to resume active transcription in 

vitro (Core et al., 2008). GRO-seq utilizes a nuclear-run on assay in the presence of sarkosyl to 

stimulate nascent transcription. During the run-on 5-bromouridine 5’ triphosphate (BrUTP) is 

incorporated to the nascent transcripts. This allows for the specific isolation of nascent 

transcripts, through immunoprecipitation with an antibody specific to this nucleotide analog. 

Following isolation, the transcripts are made into a cDNA library which is then sequenced by the 

Illumina HiSeq platform (Core et al., 2008). This technique allowed for a clear distinction 

between stalled or terminating polymerases and paused polymerases. Application of the GRO-

seq technique showed that approximately 30% of Drosophila, mouse and human promoters 

contain a paused polymerase (Core et al., 2008, Min et al., 2011, Larschan et al., 2011).  

Mechanism of RNA Polymerase II Pausing and Pause Release 

RNA Pol II pausing in metazoans has been shown to be mainly mediated by two factors, 

DSIF and NELF (Wada et al., 1998, Yamaguchi et al., 1999, Wu et al., 2003, Wu et al., 2005). 

DSIF is comprised of two subunits, SPT4 and SPT5 and is conserved from yeast to human 

(Wada et al., 1998). It is able to function as both a pausing factor and a positive elongation factor 

through the direct interaction of the SPT5 subunit with RNA Pol II (Wada et al., 1998).  

NELF is a 4-subunit complex, comprised of NELFA, NELFB, NELFC/D and NELFE 

(Figure 1.3) (Wu et al., 2005, Yamaguchi et al., 1999).  In vitro studies show that NELF directly 
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interacts with RNA Pol II through the A subunit and the nascent RNA through the B, C and E 

subunits (Figure 1.3) (Yamaguchi et al., 1999, Yamaguchi et al., 2002, Narita et al 2003, Vos et 

al., 2016). It is also thought that NELF interacts with DSIF, though the subunit that mediates this 

interaction is unclear (Yamaguchi et al., 1999). Upon the loss of a single subunit, the complex 

becomes unstable and expression of all subunits is lost at the protein level (Yamaguchi et al., 

2002, Sun et al., 2008). Complete loss of the NELF complex through the knockout of Nelfb in 

mice results in an embryonic lethal phenotype which may be due to dysregulation of the WNT 

pathway due to an overexpression of Lef1 upon loss of NELF (Amleh et al., 2009). Silencing of 

NELF in Drosophila S2 cells results in a decrease of RNA Pol II at promoters as well as the 

assembly of nucleosomes at a specific subset of genes (Core et al., 2012).  Unlike DSIF, NELF is 

found only in metazoans with no homologs in Arabidopsis, yeast or C. elegans (Narita et al., 

2003).  

In Drosophila, RNA Pol II has been shown to utilize both DNA sequence and a third 

factor to establish the pause. The GAGA element, originally identified in the promoter of the 

hsp70 gene, has been shown to be required for establishing RNA Pol II pausing (Lee et al., 

1992). The GAGA factor, which binds the GAGA element has been found at the promoters of 

paused genes along with NELF in Drosophila (Lee et al., 2008). However, the GAGA element 

and the GAGA factor are not found in mammals. 

Pause release is mediated by P-TEFb. P-TEFb is comprised of two subunits, Cyclin T1 

and CDK9 (Marshall and Price 1995). P-TEFb is sequestered in complex with 7SK snRNA, 

HEXIM1 or 2, LARP7 and MEPCE (Zhou et al., 2012). Upon a signal, P-TEFb is released from 

this complex which allows P-TEFb to interact with BRD4 or the Super Elongation Complex 

(SEC) (Lu et al., 2016, Luo et al., 2012). P-TEFb has also been shown to be recruited to 
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promoters with paused polymerases via c-MYC, JMJD6 and TRIM28 (Rahl et al., 2010, Lu et 

al., 2016, Bunch et al., 2014). Because c-MYC is so frequently overexpressed in cancers, I will 

focus on the role of c-MYC in facilitating pause release. c-MYC has been shown to co-localize 

with P-TEFb at actively transcribed genes and upon loss of c-MYC, there is an increase in 

pausing index (PI) at its target genes (Rahl et al., 2010). There is also a decrease in the amount of 

serine 2 phosphorylated RNA Pol II, confirming that there is a defect in the recruitment of P-

TEFb (Rahl et al., 2010). These findings provide a second mechanism by which over-expression 

c-MYC can contribute to the gene expression changes seen in many tumors. The ability of c-

MYC to contribute to these changes by altering the initiation step is described later. Both JMJD6 

and TRIM28 function to recruit P-TEFb to facilitate pause release and function in a similar 

manner to c-MYC. Once recruited, P-TEFb can then phosphorylate NELFE, the C-terminal 

domain of SPT5 and the serine-2 residue of the RNA Pol II CTD to facilitate the transition into 

active elongation (Kim and Sharp, 2001, Fujinaga et al., 2004, Yamada et al., 2006, Marshall et 

al., 1996). It has also been shown that NELFE can be ADP-ribosylated by PARP1 prior to 

phosphorylation by P-TEFb and that this ADP-ribosylation increases the efficiency of P-TEFb 

mediated pause release (Gibson et al., 2016).  

Recently, it has been shown that RNA Polymerase II-associated factor 1 (PAF1) plays a 

role in RNA Pol II pausing and pause release. Chen et al. found that PAF1 is associated with 

RNA Pol II at the promoters of paused genes and that upon loss of PAF1, there is a release of 

RNA Pol II into the gene bodies mediated by the SEC (Chen et al., 2015). Yu et al. showed that 

P-TEFb recruits PAF1 to the paused RNA Pol II complex where it subsequently recruits CDK12 

to facilitate pause release (Yu et al., 2015).  
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RNA Pol II pausing and pause release has also been shown to be regulated by 

epigenomic factors. Kapoor-Vazirani et al demonstrated that RNA Pol II pause release was 

facilitated by acetylation of the lysine 16 residue of histone H4 (H4K16ac) by the MSL complex, 

specifically h-MOF (2011). This histone modification aided in the recruitment of BRD4 as well 

as P-TEFb. This release from pausing was able to be blocked through tri-methylation on lysine 

20 of histone H4 (H4K20me3) by SUV420H2. The creation of this mark inhibits the ability of h-

MOF to create the H4K16ac mark and leads to a decrease in BRD4 and P-TEFb recruitment to 

target genes (Kapoor-Vazirani et al., 2011). Further studies on this phenomenon showed that the 

mono-methylation of lysine 20 of histone H4 (H4K20me1) by PR-SET7/SETD8 is responsible 

for the recruitment of the MSL complex and subsequent creation of the H4K16ac mark and 

release of paused RNA Pol II (Kapoor-Vazirani and Vertino, 2014). H4K20me1, which is 

created by PR-SET7, has also been shown to be necessary for the creation of the H4K20me3 

mark which induces pausing (Kapoor-Vazirani and Vertino, 2014). Thus, implicating 

H4K20me1 as a key regulator of RNA Pol II pausing and pause release. 

RNA Polymerase II Pausing and Gene Expression 

The earliest studies of pausing have shown that pausing plays a key role in regulating the 

expression of the hsp70 gene in Drosophila as well as the human genes FOS, MYC and JUNB 

(O’Brien and Lis, 1991, Plet et al., 1992, Fivaz et al., 2000, Krumm et al., 1995, Aida et al., 

2006). The expression of each of these genes have shown to be dependent on the presence of a 

paused polymerase at the promoter region. Min et al. showed that pausing serves as the rate 

limiting step between initiation and elongation for over half of all actively transcribed genes, 

thus implicating pausing as a regulator of global gene expression (2011). This altered the 
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standing theory that recruitment and initiation of the polymerase served as the most important 

steps in the regulation of gene expression. 

In Drosophila, thousands of genes have been shown to have their expression regulated 

through RNA Pol II pausing (Gilchrist, et al., 2010). Many of these genes are involved in 

stimulus response and innate immunity (Glichrist, et al., 2010). Gilchrist et al. described two 

possible mechanisms for pausing-mediated gene expression. The first is that the polymerase is 

held in a paused confirmation to allow for rapid induction of the gene upon a signal. At baseline, 

these genes are expressed at a very low level, but upon loss of pausing, these genes increase in 

expression. The second is that the paused polymerase serves to clear the first nucleosome. This 

allows for the rapid recruitment and re-initiation of subsequent RNA Pol II. Upon loss of 

pausing, these genes show a decrease in expression due to the assembly of the nucleosome 

(Gilchrist et al., 2010). Further work in Drosophila has shown that pausing is able to influence 

development through mediating the expression of genes involved in embryo patterning (Wang et 

al., 2010).  

In mammals, Adelman et al. found that pausing allowed for a coordinated transcriptional 

response of genes involved in the inflammatory response, similar to what was found in the 

Drosophila embryo (Adelman et al, 2009, Danko et al 2013). Patel et al expanded upon this 

study and found that BRD4 was responsible for coordinating the release from pausing by P-

TEFb and subsequent expression of interferon-responsive genes (2013).  

Further studies of the role of pausing in transcription and gene expression have focused 

almost exclusively on NELF. Because the NELFB subunit was originally characterized as a co-

factor of BRCA1 (COBRA1), interest in understanding of NELF and subsequently pausing 
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influenced gene expression centered around the estrogen response (Ye et al., 2001). Aiyar et al 

found that NELF directly interacts with the estrogen receptor and represses estrogen mediated 

gene expression through RNA Pol II pausing (Aiyar et al 2004). Further studies on this response 

showed that paused RNA Pol II is commonly found at the promoters of estrogen receptor target 

genes and that this pause serves to create a coordinated transcriptional response to estrogen 

stimulation (Kininis et al, 2009). Building upon these studies, Luo et al. showed that NELF can 

also directly interact with the glucocorticoid receptor to mediate expression of target genes in 

vitro (2013).  

Further studies into the role of pausing and gene expression have shown that NELF is 

able to influence pausing and gene expression independently of its interactions with nuclear 

hormone receptors. Specifically, genes involved in the cell cycle as well as cell growth have 

been shown to be regulated through NELF-mediated pausing (Sun and Li, 2010, Sun et al., 2011, 

Williams et al., 2015). Loss of NELF also results in defects in cell cycle progression (Sun and Li, 

2010, Sun et al., 2011). NELF-mediated pausing has also been shown to regulate the expression 

of genes involved in signaling pathways (Williams et al., 2015). Specifically, loss of NELF 

causes embryonic stem cells to become resistant to FGF/ERK signaling due to dysregulation of 

key signaling pathway components (Williams et al., 2015). Pausing has been shown to facilitate 

the coordinated response to external stimuli such as estrogen stimulation, inflammation and 

development.  

Enhancers and Enhancer RNAs 

 Enhancer regions have been broadly described to alter the transcription of target genes 

independent of their position or orientation to the target gene (Maniatis et al., 1987). From this 
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initial definition, enhancers have been further characterized based on their epigenetic signatures, 

RNA Pol II and transcription factor binding. Several hundreds of thousands of enhancer elements 

have been identified in the human genome; however, not all enhancers are utilized in each cell 

type (ENCODE Project Consortium, 2012, Heinz, et al., 2015).  

Active enhancer regions have been shown to have an acetylation mark on histone H3 

lysine 27 (H3K27ac), binding by lineage determining transcription factors (LDTFs), 

collaborating transcription factors (CTFs), signal-dependent transcription factors (STDFs) and 

RNA Pol II (Creyghton et al., 2010, Heinz et al., 2015, Koch et al., 2011). Over 43,000 active 

enhancers have been found across hundreds of human tissues and cell-types (Andersson et al., 

2014). Transcription from these enhancers was originally described in the locus control region 

(LCR) of the beta-globin gene cluster (Ashe et al., 1997). More recent studies have identified 

transcription generating from active enhancer regions throughout the genome in macrophages, 

breast and prostate cancer cells (Hah et al, 2011, Lam et al., 2014). The transcripts generating 

from these active enhancer elements are termed eRNAs (Kim et al., 2010). Genome-wide studies 

of eRNAs by GRO-seq and RNA sequencing (RNA-seq) have shown that eRNAs can either be 

polyadenylated or non-polyadenylated and also that they can be either unidirectional or 

bidirectional transcripts (Lam et al., 2014).  

 The primary function of eRNAs has been shown to be facilitating looping between active 

enhancer elements and protein-coding gene promoters, since many of these enhancers show high 

eRNA expression (Lin et al., 2012, Sanyal et al., 2012). Also, eRNAs have also been shown to 

interact with two components of the cohesion complex, SMC3 and RAD21, which has been 

shown to mediate enhancer-promoter looping (Kagey et al., 2010).  
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The first examples of eRNA mediated chromosomal looping directly affecting target 

gene expression were found at nuclear receptor-regulated genes. Specifically, knockdown of 

eRNAs at estrogen receptor alpha (ER) bound enhancers resulted in a reduction in looping 

between the enhancer and target gene promoter as well as decreased expression of the target 

genes, NR1P1 and GREB1 (Li et al., 2013). A similar effect was seen at the MyoD enhancer and 

promoter. It has been shown that the loss of the eRNA transcribed from the MyoD enhancer 

resulted in a decrease in RNA Pol II recruitment to the promoter region resulting in a decrease in 

MyoD expression (Mousavi et al., 2013).  

A second function of eRNAs has been described specifically in neurons. It has been 

shown that NELF is able to directly bind eRNAs and that this binding competes NELF off of 

paused promoters to facilitate the release from pausing (Schaukowitch et al., 2014). The loss of 

these eRNAs decreases the release of NELF from the paused RNA Pol II complex and results in 

a decrease in target gene expression (Schaukowtich et al., 2014). However, the loss of eRNAs 

does not affect the interaction between the enhancer and target promoter, unlike what has been 

described at MyoD and the ER target genes (Schaukowitch et al., 2014). In Drosophila, it has 

also been shown that NELF is present at sites of eRNA transcription (Core et al., 2012). 

Transcription Dysregulation in Cancer 

 Each step of transcription is tightly regulated to ensure proper functioning of the cell. A 

dysregulation of a single step can lead to development of disease. Because of my interest in 

studying the role of NELF and pausing in regulating transcription and gene expression, I will 

focus on the dysregulation of transcription of RNA Pol II at the initiation and elongation phases 
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in cancer. However, termination as well as transcription by RNA Pol I and RNA Pol III have 

also been shown to play a role in the development of cancer (Bywater et al., 2013).  

Dysregulation of Initiation 

 The general transcription factors (GTFs) are the key players in the recruitment and 

initiation of RNA Pol II. The function of these factors is described earlier in this introduction. 

Because of their importance in coordinating the earliest step in transcription, they are rarely 

mutated in cancers or other disease. However, overexpression of TATA-binding protein (TBP) 

has been identified in colon and colorectal cancers (Johnson et al., 2003, Li et al., 2012).  It has 

been shown that overexpression of TBP leads to cellular transformation and tumor formation in 

nude mice (Johnson et al., 2003). It has also been shown that colon tumors show higher 

expression of TBP than normal colon tissue (Johnson et al., 2002). Because TBP is such a potent 

regulator of transcription, it is not surprising that it can drastically affect the transcriptional 

profile enough to lead to transformation and that tumors may harness this mechanism to bolster 

their growth. However, not all promoters contain a TATA box, so overexpression of TBP does 

not affect the transcription of every gene in the genome. This may be why it is the only GTF 

found to be mutated in cancers. 

 Because initiation of RNA Pol II is one of the most critical steps in ensuring proper cell 

functioning, it is not surprising that alterations in the GTFs are not found in tumors. However, 

sequence-specific transcription factors, which also can facilitate the recruitment and initiation of 

RNA Pol II are some of the most well described contributors to tumorigenesis. These factors 

regulate only the expression of specific target genes, thus making them a better target for cancer 

promoting mutations than the GTFs. Here, I will focus on the sequence-specific transcription 
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factor, MYC, as it is known to play a role in not only initiation, but also pausing and pause 

release (Rahl et al., 2010).   

 Increased expression of MYC has been associated with many cancer types where it 

functions to enhance cell growth and proliferation (Kalkat et al., 2017). This increased 

expression can occur in a variety of ways including gene amplification, mutation, chromosomal 

translocations and protein stabilization (Meyer and Penn, 2008). MYC is thought to mediate the 

cell cycle by regulating the transcription of MYC target genes. MYC and its partner, MAX, bind 

to the promoters of genes involved in cell cycle, ribosome biogenesis and metabolism (Meyer 

and Penn, 2008). Through this binding MYC is able to both upregulate the expression of both 

protein coding and non-coding RNAs to promote cell growth. Studies have also shown that 

MYC binding can repress gene expression by aiding in the recruitment of co-repressors as well 

(Meyer and Penn, 2008). It is thought that MYC is able to bind to 10-15% of the genome, thus 

the effects of MYC overexpression are vast (Meyer and Penn, 2008). MYC serves as the ideal 

target for transformation. It maintains a sequence specificity that limits the genes that are 

affected by overexpression while still targeting enough of the genome to create large scale 

changes in the transcriptional profile of the cells. 

The mediator complex facilitates the initiation of RNA Pol II along with GTFs and 

sequence specific transcription factors. This complex was originally identified as a co-activator 

of nuclear-hormone receptors (Chen and Roeder, 2011). Components of the mediator complex 

such as CDK8, MED19 and MED1 have all been shown to be overexpressed in various tumor 

types (Bywater et al., 2013). MED19 has been shown to facilitate the proliferation of lung, 

breast, liver and bladder tumor cells (Li et al., 2011, Sun et al. 2011, Zou et al., 2011, Zhang et 

al., 2012). This phenotype has been shown by knockdown of MED19 only in cancer cell lines, so 
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it still remains unclear how an overexpression of this mediator subunit functions in a true tumor 

sample. 

The mechanism by which an overexpression of a mediator subunit influences cancer 

development has been best described for MED1. MED1 overexpression leads to increased 

expression of both androgen and estrogen receptor target genes, thus overexpression of this 

component is most commonly found in breast and prostate cancers (Vijayvargia et al., 2007, 

Lamy et al., 2011). MED1 overexpression has been shown to aid in the development of 

resistance to estrogen and androgen therapies as well as induce the expression of genes that 

promote metastasis (Nagalingam et al., 2012, Cui et al., 2012). These studies have been 

completed in both cell lines and tumor tissue, thus giving a better idea for how mediator is 

functioning in connection with hormone driven cancer types. However, little remains known 

about how mediator is functioning in tumors outside of the breast and prostate.  

The importance of the regulation of initiation has been well documented. With MYCs 

widespread influence on cellular transformation and tumorigenesis, most studies on 

transcriptional dysregulation in cancer have focused on sequence specific transcription factors 

and their ability to regulate the recruitment of RNA Pol II. These factors also serve as ideal 

targets for therapy since they regulate only a subset of genes. However, even MYC has been 

shown to have effects on processes outside of intimation. Through MYCs ability to facilitate 

pause release and promote elongation, the overexpression of MYC seen in so many tumors may 

be due to its ability to regulate multiple steps in the transcription process. Even outside of MYC, 

regulation of transcription following recruitment and initiation of RNA Pol II has also been 

shown to influence cancer development and progression and may provide novel targets for 

therapeutic intervention. 
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Dysregulation of Elongation 

 Elongation of RNA Pol II is facilitated by a number of factors including chromosome 

remodelers, kinases and RNA processing factors. These factors have been shown to be altered in 

various tumor types. Some of the most well-described examples are the fusion partners of mixed 

linage leukemia (MLL). The most common partners of MLL are members of the super 

elongation complex (SEC) including ELL, AFF1, AFF4, AF9 and ENL (Bywater et al., 2013). 

These proteins as well as others in the complex are responsible for aiding in the release of RNA 

Pol II from pausing and the recruitment of histone-modifying factors and the recruitment of 3’ 

end processing factors (Zhou et al., 2012). These fusion proteins typically exert their effects 

almost exclusively on the HOX cluster of genes, which leads to a dysregulation of hematopoiesis 

and ultimately development of leukemia (Daser and Rabbits, 2005). These fusions provided 

some of the first examples of the importance of the regulation of elongation in cancer 

development. Though the elongation factors alone have not been shown to be large contributors 

to tumorigenesis, these findings provided a basis for studying other regulatory steps in the 

transcription process. 

 Outside of the SEC, elongation factors such as TFIIS as well as components of the 

mediator complex have been shown to be overexpressed in tumors. Specifically, the 

overexpression of transcription elongation factor A1 (TCEA1), a form of TFIIS in humans, is 

found in a variety of human tumors (Shema et al., 2011). Also, overexpression of TCEA2 has 

been found specifically in cervical cancers (Scotto et al., 2008). The exact mechanism by which 

these factors facilitate tumor promoting phenotypes remain unknown; however, it is clear that 

dysregulated elongation even in the context of well-regulated initiation can lead to tumor 
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formation. This provides a novel way to examine transcription as a target for therapeutic 

intervention. 

Transcription as a Therapeutic Target 

 Transcription has been a target of therapeutic intervention even before the advent of 

targeted and personalized therapies. Common chemotherapeutics such as cisplatin, doxorubicin 

and etoposide all affect transcription (Bywater et al., 2013). In fact, most of these therapies 

directly affect the elongation of RNA Pol II by creating insurmountable obstacles for the 

polymerase.  This results in severe side-effects and high toxicity. In order to address these 

challenges, targeted and individualized therapeutics have come to the forefront of cancer 

research. Though the dysregulation of transcription leads to gene expression changes that 

ultimate lead to cancer, there has been little success in targeting the transcription machinery or 

even the general transcription factors. There has been some success in targeting the nuclear-

hormone receptors; however, resistance to these therapies develops quickly. Novel findings into 

how transcription is regulated outside of the sequence specific transcription factors, provides 

new targets for therapeutic intervention.  

With the challenges facing the development of targeted therapies, it is appealing to 

consider methods by which current therapies can be repurposed. Because elongation is the target 

of widely-used cancer therapies, it is necessary to gain a better understanding of how elongation 

works in both cancer and normal cells to create a more targeted approach when using broad 

cancer therapeutics.  

NELF in Cancer 
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 NELF is comprised of 4 individual subunits and the expression of each subunit at the 

protein level is dependent on all others. Because of this, most studies of NELF in both normal 

tissue and tumors has focused on the consequences of a loss of NELF. However, the most 

common alteration of NELF in tumors is an amplification of at least one subunit (Cerami et al., 

2012, Gao et al., 2013). No one subunit is amplified or mutated more than another. Amplification 

of a NELF subunit is found in 19 different tumor types including, breast, lung, colorectal and 

prostate. Interestingly, amplification of NELFA is found only in bladder cancer. However, the 

amplification of the other subunits is not correlated with a single tumor type. Other alterations in 

NELF subunits have been found in all 19 tumor types, including deletions, missense mutations, 

truncations and alterations in splicing. These alterations do not seem to be mutually exclusive, as 

one patient can have a combination of any two alterations in any two subunits within one tumor. 

All of these mutations occur with numerous other mutations in each tumor type. Because it is 

unclear how NELF is functioning in a cancer context, it is possible that these mutations may be 

passenger mutations that do not affect the cancer phenotype. However, with so many tumors 

showing an amplification of NELF, it is possible that amplification of NELF does contribute to 

cancer development. Because the understanding of NELFs function is limited, it remains unclear 

how NELF amplification can contribute to cancer phenotypes. 

Though mutations in the NELF subunits have been found in many tumor types, very few 

studies have examined the effects of these alterations in patients. However, NELFB was 

originally identified through its interaction with BRCA1 (Ye et al., 2001). This sparked interest 

into the role of NELFB in breast cancer development. It has been shown that breast cancer 

progression is inversely correlated with NELFB expression (Sun et al., 2008). Overall patients 

with lower NELFB expression show a higher incidence of distant metastasis and local recurrence 
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(Sun et al, 2008). However, no deletion of NELFB is detected in any of the breast tumor samples 

sequenced and stored in TCGA (Cerami et al., 2012, Gao et al., 2013). Only NELFA is found to 

be deleted in breast tumors (Cerami et al., 2012, Gao et al., 2013).   

Because expression of all NELF subunits are reliant on each other, it is thought that low 

expression of the entire NELF complex due to the decrease in NELFB expression may lead to 

poor prognosis in breast cancer (Sun et al., 2008). Follow-up studies on the findings from Sun et 

al., showed that a loss of pausing results in an increase in cell cycle progression and 

dysregulation of the estrogen response (Aiyar et al., 2004, Aiyar et al., 2006, Kinnis et al., 2009) 

However, these follow-up studies were performed in cell culture and mouse models rather than 

patient samples. Also, these phenotypes were identified following an almost complete loss of 

NELF. In patients, the subunits are still expressed, so it is possible that the phenotypes associated 

with a complete loss of NELF are not the ones responsible for the poor prognosis seen in 

patients. The lack of tumor types showing a deletion of any NELF subunits also indicates that 

loss of the NELF complex is not the main contributor to the poor prognosis seen in patients. 

Though amplification of NELF subunits is the most common alteration in NELF found in 

tumors, only one example of amplification of a NELF subunit has been shown to be associated 

with cancer phenotypes. NELFE has been shown to be overexpressed at both the transcript and 

protein level in hepatocellular carcinoma (HCC) (Iida et al., 2012). Patients with the highest 

NELFE expression show portal vein invasion (PVI) which is associated with poor prognosis and 

metastasis (Iida et al., 2012). It has also been shown that knockdown of NELFE results in a 

decrease in invasion and proliferation of HCC cells (Iida et al., 2012). This does not agree with 

the findings in breast cancer cells. It also provides insight into which processes may be most 

affected by NELF overexpression. NELFE protein expression was also identified as an 
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independent risk factor for early recurrence (Iidea, et al., 2012). Outside of this single study in 

hepatocellular carcinoma patient samples, there are no studies examining the phenotypes 

associated with NELF overexpression in either normal or tumor models. 

Amplification of NELFE has also been found in other liver tumors (Cerami et al., 2012, 

Gao et al., 2013). NELFE was originally characterized as the RD protein (RDBP) and was shown 

to have RNA binding activity (Levi-Strauss et al., 1988, Cheng et al., 1993). The RNA binding 

activity of NELFE is conferred through the RRM domain (Levi-Strauss et al., 1988, Cheng et al., 

1993). As the only well characterized functional domain in a NELF subunit, it is possible that 

cancer associated mutations would be clustered in this area. The mutations in the RRM could 

affect the function of NELFE, since they may inhibit the ability of NELFE to interact with 

nascent RNA. This could lead to alterations in the only described function of NELF, maintaining 

promoter-proximal pausing. In examining NELFE mutations in the 19 tumor types shown to 

have mutations in a NELF subunit, only two mutations have been shown to occur in the RNA 

binding domain of NELFE. Both of these mutations are found in lung adenocarcinomas (Cerami 

et al., 2012, Gao et al., 2013). This implies that binding of nascent RNA by NELFE is not the 

main mechanism by which alterations in NELF subunits aid in cancer development.  

Interestingly, a potential germline mutation (allele frequency = 1.0) in NELFA was 

identified in a single case of hepatocellular carcinoma. This mutation results in a change from a 

lysine to a phenylalanine at amino acid 366. There are no known functional domains in this 

region, so it is not clear how this mutation could be contributing to the development of the 

tumor. This patient also shows over 100 other mutations, so it is possible that this mutation does 

not have any impact on the cancer phenotype. Also, there have been no associations with 

NELFA and the development or progression of liver tumors (Cerami et al., 2012, Gao et al., 
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2013). There are also no other potential germline mutations associated with any other tumor 

types.  

The large number of tumors that show alterations in NELF as well as the increasing 

interest in understanding the role of elongation in cancer development provides a unique 

opportunity to investigate the role of both of these components in a cancer context. The cancer 

associated mutations in all subunits are depicted in Figure 1.4. 

 

My Thesis Summary 

 My work sought to expand the view of NELF and its role in facilitating human gene 

expression. Here, I have generated a genome-wide profile of promoter-proximal pausing in 

primary human dermal fibroblasts. With this profile, I have shown the importance of NELF in 

regulating pausing at these genes in a normal cell type. I also found that NELF is able to regulate 

gene expression through both pausing as well as maintenance of an open chromatin state at 

promoters.  Finally, I have shown that NELF regulates the transcription of eRNA. By 

maintaining eRNA abundance, NELF is able to influence the expression of nearby genes. These 

findings demonstrate novel roles for NELF in mediating transcription and global gene 

expression.  

 My work in HT29 cancer cells has shown that pausing functions as a checkpoint for key 

regulatory pathways. This checkpoint may serve to aid the cancer cell in surviving increased 

proliferation and stress by keeping genes necessary for regulating cellular senescence and stress 

response expressed at a stable level regardless of other genomic alterations. These findings 
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implicate pausing as mechanism that could be harnessed to slow cancer progression and 

development.  
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Figure 1.1 General Overview of Transcription. Transcription begins with the recruitment and 

initiation of RNA Pol II by the general transcription factors. Following initiation RNA Pol II can 

transcribe a short stretch of RNA before pausing approximately 20-60 nucleotides downstream of the 

TSS. This is termed promoter-proximal pausing and is mediated by the pausing factors negative 

elongation factor (NELF) and DRB sensitivity-inducing factor (DSIF). Upon a signal, NELF is 

released from the paused complex and RNA Pol II enters into active elongation.  
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Figure 1.2  
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Figure 1.2 Mechanism of Pause Release. Positive transcription elongation factor B (P-TEFb) is 

recruited to paused complexes where it phosphorylates the serine 2 residue of the RNA Pol II 

C-terminal domain (CTD) as well as NELF and DSIF. Following these phosphorylation events, 

NELF dissociates from the paused complex, DSIF becomes a positive elongation factor and 

RNA Pol II enters into active elongation. 
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Figure 1.3  
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Figure 1.3 Structure of negative elongation factor (NELF). NELF is comprised of 4 

individual subunits, NELFA, NELFB, NELFC/D and NELFE. The B, C and E 

subunits all directly interact with nascent RNA. Specifically, the NELFE subunit 

contains an RNA binding domain (RRM) through which it is able to bind the nascent 

RNA. NELFA directly interacts with RNA Pol II. This figure is adapted from Vos et 

al., 2016.   
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Figure 1.4

Figure 1.4 Cancer-associated mutations in NELF subunits. Mutations 

identified to be associated with varying tumor types. Mutations that result in 

an amplification or deletion are shown for each individual subunit. 
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Abstract 

 RNA polymerase II (RNA Pol II) pausing is a key regulatory step between transcription 

initiation and elongation. We identified over 7,200 paused genes in primary human dermal 

fibroblasts. These genes are involved in pathways such as EGFR and TGF signaling as well as 

general gene expression and transcription. The two most well characterized pausing factors are 

negative elongation factor (NELF) and DRB sensitivity-inducing factor (DSIF).  We were 

interested in better understanding the role of NELF in mediating pausing as well as human gene 

expression. As expected, we found that NELF is localized to the promoters of paused genes, and 

that loss of NELF results in a decrease in pausing.  Upon loss of NELF, we see global gene 

expression changes with enrichment for genes involved in EGFR, TGF and VEGF signaling. 

We also show that NELF is able to maintain a favorable state at promoters to promote re-

initiation of RNA Pol II at the genes that show a decrease in expression upon loss of NELF. 

Though NELF is predominantly found in promoter regions, we identified NELF enrichment in 

both gene bodies and intergenic regions. Many of these sites also show enrichment for H3K27ac, 

a mark of active enhancers and are actively transcribed suggesting that there are enhancer RNAs 

(eRNAs). We found that transcription of these eRNA is dependent on NELF. These eRNA are 

found in both known coding sequence as well as intergenic regions. Finally, we found that loss 

of these eRNA led to changes in expression of nearby genes. This work implicates NELF as a 

key regulator of human gene expression through its ability to encourage re-initiation of RNA Pol 

II at promoters as well as facilitate eRNA transcription. These data provide insight into the novel 

roles of NELF in regulating the expression of both mRNAs and eRNAs. 
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Introduction 

Following initiation, RNA Pol II is able to “pause” just downstream of transcription start 

sites. This pause, termed promoter-proximal pausing, has been shown to facilitate active 

elongation by maintaining the polymerase in a poised state (O’Brien and Lis, 1991, Min et al., 

2011). The hsp70 gene in Drosophila as well as the human genes MYC and FOS have been 

found to be regulated at the release from promoter-proximal pausing (Rougvie and Lis, 1988, 

Plet et al., 1995, Krumm et al., 1992, Strobl and Eick, 1992). Through the extensive study of 

these genes, promoter-proximal pausing has been defined by the presence of a transcriptionally 

engaged polymerase approximately 20-60 nucleotides downstream of the transcription start site 

as well as an enrichment of RNA Pol II in the promoter region as compared to the gene body 

(Gilmour and Lis, 1986, Core et al., 2008).    

Genome-wide mapping of RNA Pol II has shown that RNA Pol II accumulates at the 5’ 

end of Drosophila and human genes (Muse et al., 2007, Zeitlinger et al., 2007, Kim et al., 2005). 

These polymerases have been shown to be paused in the promoter-proximal region through 

nuclear-run on assays (Kim et al., 2005, Muse et al., 2007, Zeitlinger et al., 2007).  

Pausing is mediated by two factors, negative elongation factor (NELF) and DRB 

sensitivity- inducing factor (DSIF) (Wada et al., 1998, Yamaguchi et al., 1999, Wu et al., 2003, 

Wu et al., 2005). DSIF is comprised of two subunits, SPT4 and SPT5 (Wada et al., 1998) and 

can function as both a positive and negative elongation factor (Wada et al., 1998). NELF is 

comprised of 4 subunits, NELFA, NELFB, NELF C/D and NELFE (Wu et al., 2005, Yamaguchi 

et al., 1999). In vitro studies show that NELF contacts RNA Pol II directly through the A subunit 

and nascent RNAs through the B, C and E subunits (Yamaguchi et al., 1999, Yamaguchi et al., 

2002, Vos et al., 2016). NELF is also thought to interact directly with DSIF; however, the 
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subunit through which this interaction occurs is not unknown (Yamaguchi et al., 1999). It is 

through these direct interactions that NELF is thought to mediate RNA Pol II pausing 

(Yamaguchi et al., 1999, Wu et al., 2003, Wu et al., 2005). 

Upon a signal, positive transcription elongation factor b (P-TEFb) is recruited to the 

paused complex (Marshall and Price 1992, Marshall and Price 1995, Wada et al., 1998). 

Recruitment of P-TEFb is mediated by a number of factors including BRD4 and the super 

elongation complex (SEC) (Chen et al., 2015, Lu et al., 2016, Lin et al., 2011, Rahl et al., 2010, 

Bunch et al., 2014). Once recruited, P-TEFb phosphorylates the serine 2 residue of the series of 

heptad repeats that make up the C-terminal domain of the RBP1 subunit of RNA Pol II (Marshall 

et al., 1996). It also phosphorylates NELFE and the C-terminal domain of SPT5 (Kim and Sharp, 

2001, Fujinaga et al., 2004, Yamada et al., 2006). Upon these phosphorylation events, NELF is 

released from the paused complex, DSIF becomes a positive elongation factor and RNA Pol II 

enters into active elongation (Zhou et al., 2012).  

 Studies of pausing have focused on identifying and defining promoter-proximal pausing, 

unraveling mechanism and identifying key players. However, there are few comprehensive and 

in-depth studies of promoter-proximal pausing and its role in cellular function. Here, we utilized 

Precision Run-On Sequencing (PRO-Seq) as well as chromatin immunoprecipitation (ChIP) for 

the pausing factors and RNA Pol II to generate genome-wide map of pausing in primary human 

dermal fibroblasts. Our data show that pausing occurs throughout the human genome. Because 

DSIF plays a role in both pausing and elongation whereas NELF functions only in pausing 

(Wada et al., 1998, Yamaguchi et al., 1999). Therefore, we focused on NELF for the remainder 

of our studies. Loss of NELF has been shown to decrease RNA Pol II occupancy at promoters as 

well as alter gene expression patterns in Drosophila, mice and breast cancer cells (Core et al., 
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2012, Gilchrist et al., 2008, Aiyar et al., 2004, Kinnis et al., 2009, Sun and Li, 2010, Sun et al., 

2011, Williams et al., 2015).  Our study identified three key roles of NELF.  As expected, we 

found that NELF regulates gene expression in primary human dermal fibroblasts by maintaining 

promoter-proximal pausing. Second, we show that NELF maintains an open chromatin state at 

gene promoters to facilitate transcription by showing a decrease in the amount of active RNA Pol 

II at promoter regions at genes that decrease in expression.  Third, we demonstrated that NELF 

affects gene expression by facilitating the transcription of eRNA Collectively, these findings 

implicate NELF as a key regulator of human gene expression. 

 

Results 

Promoter-Proximal Pausing Occurs Genome-Wide in Primary Human 

Dermal Fibroblasts 

 We began by identifying genes with promoter-proximal pausing in human dermal 

fibroblasts. These cells are easily harvested and are able to be cultured as primary cells. They 

also represent the most common cell type in connective tissue.  For these reasons, these cells 

serve as a good model for human studies. To do this, we utilized Precision Run-On Sequencing 

(PRO-Seq) which maps the location of active RNA polymerases across the genome. PRO-Seq 

utilizes a modified nuclear run-on assay followed by high-throughput sequencing to map the 

location of active RNA polymerases at almost single base resolution (Figure S2.1) (Kwak et al., 

2013). We chose PRO-Seq to study active polymerases because of its ability to map the location 

of the polymerase with near single nucleotide resolution through the incorporation of biotin-

labeled NTPs.  This provides an advantage over GRO-Seq, which maps the polymerase only 
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through the incorporation of a single labeled nucleotide; therefore, the location of the polymerase 

could be tens of base pairs away from its true location. 

 Promoter-proximal pausing results in an accumulation of active RNA Pol II at the 5’ end 

of genes just downstream of the transcription start sites (TSS). We plotted the location of active 

RNA polymerases with our PRO-Seq data. When examining over 11,000 genes, we find an 

accumulation of active RNA polymerase at the 5’ end (Figure 2.1A). The over 11,000 genes 

shown in this figure represent genes that are greater than 1kb in length and at least 1kb away 

from another gene. We performed these filtering steps to remove genes where the entirety of the 

gene fell into the promoter region and those genes that had overlapping transcripts. Both of these 

would inflate the peak we find at the 5’ end. The script used to generate the metagene plot in 

Figure 2.1A is a custom script that was written by Yooree Chung and Zhengwei Zhu. This script 

contains the filtering steps described above. It also scaled genes into three 100 bin regions which 

represent the promoter, gene body and 3’ end. This binning allows us to represent the density of 

PRO-Seq reads in each region across many genes regardless of the gene length. Our finding that 

there is an accumulation of RNA polymerase at the 5’ end suggests that promoter-proximal 

pausing is occurring genome-wide.  

To measure the extent of promoter-proximal pausing, for each gene, we calculated a 

pausing index (PI). The PI is a ratio of the number of active polymerases in a defined promoter 

region (+/- 1kb surrounding the TSS) as compared to the gene body (Figure S2.2) (Core et al., 

2008). The number of polymerases in each region is also normalized to the length in base pairs 

(bp) of each region. This normalization is used to account for the differences in gene body length 

so that extremely long or short genes do not show an artificially high or low PI. In our analysis, 

we performed a number of filtering steps prior to identifying paused genes in our primary human 
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dermal fibroblasts. We began by removing genes that are less than 1kb in length. This eliminates 

genes where the entire gene falls within the promoter region. We also removed genes that were 

less than 1kb away from another gene. This step eliminates the possibility that reads located in 

nearby genes will be included in the promoter region of the gene of interest, thus leading to an 

artificially high PI for that gene. Next, we eliminated all genes that had less than 10 overall 

reads. Genes with less than 10 reads tend to give artificially high PI values, which are not 

representative of the true biology (Figure S2.3). We defined paused genes as having a PI ≥ 2. A 

PI of at least 2 indicates that there are more reads in the promoter region as compared to the gene 

body, thus implicating the presence of a paused polymerase. We chose this cutoff based on 

statistical analysis performed by Core et al. in their initial identification of pausing at human 

genes by GRO-Seq (2008). This cutoff is widely accepted in the field. We also examined genes 

with PIs both above and below 2 and found that those genes with a PI of greater than 2 showed a 

visually discernable difference in the accumulation of RNA polymerase at the promoter region as 

compared to those genes that had a PI of less than 2. We then identified genes that showed a 

significant enrichment of active RNA polymerase in the promoter region as compared to the 

gene body (χ2, pc < 0.05) (Figure S2.2). We performed this analysis to be sure that the genes that 

are identified as paused by PI also show a statistically significant enrichment of RNA 

polymerase at their promoters. This step eliminated genes that had very few reads in the 

promoter and gene body which lead to inflated PIs that were not representative of the biological 

state of the gene. Of the 11,362 genes in our analysis, 7,264 are paused based on these criteria. 

Figure 2.1B shows the pausing indices of these 7,264 genes. The average PI is 40 and the median 

PI is 16.  
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 Among the genes that we identify as paused, we find the genes FOS (2.4) and MYC (4.8), 

both of which are known to have promoter-proximally paused polymerases. We also identified a 

large number of genes which have not been previously described to have promoter-proximally 

paused polymerases such as EGFR (PI=7.7), FGFR1 (PI=6.9), POLG2 (PI=257) and MAP2K5 

(PI=79) (Figure 2.1C). The paused genes we identified are enriched for signaling pathways such 

as EGFR and TGF signaling as well as general transcription and gene expression (Figure 2.1D)   

 We confirmed the accumulation of RNA Pol II at the 5’ end of genes by chromatin 

immunoprecipitation (ChIP) for the serine 5 phosphorylated (ser5P) form of RNA Pol II which 

should localize to promoter regions (Komarnitsky et al., 2000). To identify sites of RNA Pol II 

(ser5P) accumulation, we called peaks using MACS2 (model-based analysis of ChIP-seq) 

(Zhang et al, 2008). The MACS2 program was run by Zhengwei Zhu. This method compares the 

ChIP samples to our input in defining peaks, thus generating a more rigorous peak definition. 

This allows us to be more confident in the sites of localization we identify. For this specific 

antibody, we examined only peaks that showed a fold enrichment of greater than 5. This fold 

enrichment score represents the amount of enrichment over input. We chose this cutoff based on 

visual inspection of >50 genes with fold enrichment scores between 7 and 3. We found the fold 

enrichment score of 5 to show the clearest enrichment of RNA Pol II ser5P over input as 

compared to lower cutoff values. We find that 64% of the paused genes identified by PRO-Seq 

also show an enrichment of RNA Pol II ser5P at their promoter by ChIP-Seq. We do not see a 

correlation between the pausing index and presence of RNA Pol II ser5P by ChIP. Because the 

PRO-Seq technique is a much more sensitive measure of RNA Pol II localization, we are able to 

identify a larger number of polymerases than by ChIP-seq. We do find that if the fold enrichment 

threshold is lowered, we see an increase in the number of genes that overlap between the two 
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data-sets; however, we believe our enrichment cutoff best represents those genes that have a true 

enrichment of RNA Pol II ser5P. Even with our strict enrichment cutoff and limitations of the 

ChIP-Seq technique, we see that all of the paused genes show a similar distribution of RNA Pol 

II by both techniques (Figure 2.2A). 

Because PRO-Seq provides us with the ability to map the location of the polymerase with 

near single nucleotide resolution, we were able to map the location of the polymerase within the 

2kb promoter region of our paused genes. To do this, we compared the ends of the PRO-Seq 

reads to the TSS. The end of the PRO-Seq reads represent the location where the polymerase 

stopped following the incorporation of the biotin-labeled NTP. Because the nuclear run-on is 

performed with an excess of biotin-labeled NTPs, the polymerase should incorporate the biotin-

labeled NTP rapidly, thus stopping the polymerase within one or two nucleotides. In comparing 

the location of the polymerase to the TSS, we find that paused RNA Pol II is enriched between 

50-200 nucleotides downstream of transcription start sites by PRO-Seq. This is similar to what 

has been shown at paused genes in Drosophila (Figure 2.2B) (Gilmour and Lis, 1986). This 

finding increases our confidence that our 7,264 paused genes are truly paused. 

NELF Localizes to Paused Genes 

 NELF and DSIF are responsible for holding RNA Pol II in a paused state just 

downstream of the TSS (Fraser et al., 1978, Wada et al., 1998, Yamaguchi et al., 1999, Wu et al., 

2003, Wu et al., 2005). It has been shown that DSIF plays a role in both pausing and active 

elongation, whereas NELF has been shown to function only in pausing (Wada et al., 1998, 

Yamaguchi et al., 1999). For this reason, we were specifically interested in studying NELF. 

NELF is a 4-subunit complex comprised of NELFA, NELFB, NELFC/D and NELFE (Wu et al., 
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2005, Yamaguchi et al., 1999). Because the function of this complex requires the presence of all 

subunits, it is possible to ascertain the location of the entire complex by examining the location 

of one subunit. Because NELFA interacts directly with RNA Pol II (Yamaguchi et al., 1999, 

Yamaguchi et al., 2002, Vos et al., 2016), we began by examining the location of the NELF 

complex through ChIP for the NELFA subunit. We used MACS2 to identify peaks of NELFA 

binding. The parameters used for peak calling for the RNA Pol II ser5P ChIP-Seq were also used 

for all subsequent ChIP-Seq experiments. Because we are interested in identifying paused genes 

with NELF localization, we searched for peaks in genes that are greater than 1kb in length and at 

least 1kb away from another gene. These are the same requirements we used when searching for 

paused genes by PRO-Seq. We also defined a NELFA peak as having a fold enrichment score of 

greater than 5 over input. We came to this cutoff in a similar manner as what was performed for 

the RNA Pol II ser5P ChIP-Seq analysis. We believe this cutoff best represents the presence of 

NELFA at these genes based on a visual inspection of >50 genes with a fold enrichment score 

between 7 and 3. We identified 8,952 NELFA peaks in our primary human dermal fibroblasts 

with 5,002 of these peaks found in the promoter region of genes. We found that both NELF and 

RNA Pol II show a similar distribution at these genes by ChIP-Seq and PRO-Seq (Figure 2.2A). 

The paused genes EGFR, FGFR1, POLG2 and MAP2K5 all show an enrichment of NELFA at 

their promoters (Figure 2.3A). We also confirmed the enrichment of NELF and RNA Pol II 

pser5 by ChIP-qPCR for the known paused genes JUNB and FOS, as well as a TGFB1, a gene 

we identified as paused (Figure 2.3B)  

 Next, to identify which of our paused genes also showed an enrichment of NELF in the 

promoter region, we compared results from PRO-seq with those from the NELF ChIP. We found 

that 4,433 (61%) of our 7,264 paused genes have NELF localized to their promoter. Because 
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PRO-Seq is a much more sensitive technique, it is likely that we are able to identify many more 

paused genes as compared to those that have NELF. This is a similar challenge to what we see 

with our RNA Pol II ser5P ChIP-seq. We do find that as we lower the fold enrichment threshold 

that we see an increase in the number of paused genes that show NELFA localization at their 

promoter. However, these peaks do not visually show a clear enrichment of NELFA over input 

and thus we are most confident in those peaks with a fold enrichment of greater than 5. We see 

no correlation between the PI and the presence of NELFA at the promoter. Because pausing can 

occur at genes with varying levels of transcription, it is reasonable that NELF would be found at 

genes with a wide-range of PIs. This indicates that NELF is enriched at all paused genes rather 

than a subset, thus implicating NELF as a key regulator of pausing in general. 

Because DSIF is also known to play a role in mediating the pause, we asked if DSIF is 

also localized to the promoters of paused genes. We find that DSIF, NELF and RNA Pol II show 

similar patterns of localization (Figure 2.2A). Specifically, we find that DSIF is found at the 

promoters of 3,717 (51%) paused genes with over 94% of these also showing NELF localization. 

The steps for identifying enrichment of DSIF are the same as those used previously. We used a 

fold enrichment cutoff of 6 to identify what we characterize as true sites of DSIF enrichment. We 

used the same methods to calculate this cutoff as were described previously.  

Because localization of NELF does not imply function, we knocked down NELF and 

look at changes in pausing. It has been shown that loss of one subunit of NELF results in the loss 

of all others at the protein level (Yamaguchi, et al., 2002, Sun et al., 2007), so we knocked down 

the NELFA subunit. We saw a greater than 80% reduction in NELFA transcript with a 

corresponding decrease in NELFA protein (Figure 2.4A and Figure S2.5). We also see a 

decrease in the expression of NELFB and NELFE protein following NELFA knockdown (Figure 
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2.4A). We see no change in cellular growth following NELF knockdown (Figure S2.6). Upon 

loss of the NELF complex, we see a global decrease in active RNA Pol II in the promoter region 

of paused genes as well as a significant decrease in PI (Figure 2.4B and 2.4C). We find that the 

average PI before knockdown is 16.9 and the average PI following knockdown is 11.9. The 

paused genes EGFR, FGFR1, MAP2K5 and POLG2 all show a reduction of active RNA Pol II at 

their promoters upon loss of NELF (Figure 2.4D). Of the 4,433 paused genes that have NELF 

localized to their promoters, 1,986 shows at least a 10% decrease in pausing index. Because 

promoter-proximal pausing has been shown to be an important step in regulating elongation, a 

10% decrease in pausing would have effects on the amount of elongation occurring at the target 

genes. We also identify a number of genes that show a decrease in polymerase at the promoters; 

however, they show no change in PI. These are not included in our list of NELF-paused genes; 

however, NELF may still be playing a role in maintaining polymerase at the promoters of these 

genes. We find that these genes are enriched for signaling pathways such as EGFR and TGF 

signaling as well as lipid metabolism and general transcription (Figure 2.4E). Collectively, we 

find that NELF is important for regulating promoter-proximal pausing at over 1,900 genes. 

Specifically, we see an enrichment of NELF-mediated paused genes in signal transduction 

pathways. 

NELF-mediated Pausing Influences Human Gene Expression 

 As a mediator of promoter-proximal pausing, NELF slows the transition into elongation, 

which leads to decreased expression of target genes. However, it has been shown in Drosophila 

that NELF is found at highly expressed genes where its function is to maintain an open 

chromatin state to facilitate re-initiation of the polymerase and subsequence gene expression 

(Gilchrist et al., 2008). To study the role of NELF in mediating human gene expression, we 
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examined gene expression before and after NELF knockdown in our primary human dermal 

fibroblasts. We found that 11,615 genes change in expression at least 10% in either direction 

following NELF knockdown. Because we are most interested in studying the role of NELF in 

mediating the expression of paused genes, we focused only on the 4,433 paused genes that 

showed NELF localization. Of the 4,433 paused genes that show NELF localization, 1,396 genes 

show an increase in expression (>10%) following NELF knockdown (Figure 2.5A and Figure 

S2.7). There are also 1,372 genes that show a decrease in expression (>10%). We believe an 

expression cutoff of 10% allows us to best identify genes whose expression is regulated by 

NELF. NELF serves as only one of many components that regulate pausing, thus loss of NELF 

may have only a modest effect on the target genes because the other regulatory components are 

able to regulate pausing to some degree. Also, pausing serves as a fine-tuning mechanism of 

gene expression, so we believe a cutoff of 10% allows us to study those genes where a loss of 

pausing results in only a slight increase or decrease in expression yet is still a biologically 

relevant consequence of a loss of pausing. Of these 2,768 genes that change in expression at least 

10%, 43% also show at least a 10% reduction in PI. Representative examples of these genes are 

found in Figure 2.5B.  For genes where NELF was holding the polymerases from entering into 

elongation, the silencing of NELF would facilitate elongation, and likely lead to an increase of 

gene expression.  To examine how the knockdown of NELF leads to a decrease in gene 

expression, we asked if it is due to a loss of active transcription. To investigate this, we 

compared the amount of nascent RNA in the promoters of the genes that decreased in expression 

to those genes that increased in expression following loss of NELF. We found that following 

NELF knockdown, there is significantly less nascent RNA in the promoters of genes that 

decrease in expression (p=6x10-7).  This was observed for several genes in Drosophila (Gilchrist 
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et al., 2008).  Here enabled by advances in sequencing technology, we observed that for over 

1,000 human genes, NELF may aid in facilitating subsequent rounds of transcription. Further 

studies will need to be performed to investigate the mechanism by which NELF is able to 

perform this function. Studies in Drosophila have shown that NELF is able to clear the first 

nucleosome to maintain an open promoter (Gilchrist et al., 2008). It is possible that NELF is 

performing a similar function at human promoters; however, studies investigating the location of 

the nucleosomes as well as the chromatin marks associated with the promoters before and after 

NELF knockdown need to be performed to correctly assess the chromatin state at these 

promoters. Metagene plots of these two classes of genes are found in Figure 2.5C. These results 

show that NELF influences human gene expression in two ways. The first is by holding the 

polymerase at the promoter region to eliminate aberrant transcription of the target genes. The 

second is by facilitating the re-initiation of RNA Pol II at promoter regions to increase the 

transcription of target genes; however, the mechanism by which NELF influences this process 

remains to be elucidated. 

NELF influences EGF signaling by regulating expression of the EGF receptor 

 Upon showing that NELF regulates the expression of EGFR at the transcript level. We 

wanted to see if this increase in transcript expression correlated with an increase in expression of 

EGFR at the protein level. Following NELF knockdown in two primary human dermal fibroblast 

lines, we see a slight increase in EGFR expression by western blot (Figure 2.6A). This is the first 

description of pausing leading to a change in both transcript and protein expression. Upon seeing 

this increase we wanted to investigate whether there was any effect on EGFR signaling. EGFR 

requires dimerization and autophosphorylation to activate, we hypothesized that the increase in 

EGFR would lead to increased response to EGF due to the increase in the amount of receptor. 
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We treated cells with recombinant human EGF with and without NELF. We then measured the 

expression of CDKN1A, a known target of EGFR. CDKN1A is not paused in our cells, so any 

change in CDKN1A expression following loss of NELF and EGF treatment should not be due to 

changes in pausing. We found that upon stimulation we see an increase in CDKN1A expression 

and in the absence of NELF we see an even large increase in expression of CDKN1A (Figure 

2.6B). These findings implicate that pausing may be functioning to regulate stimulus response 

through a mechanism other than ensuring a coordinated gene expression response. We show that 

pausing can alter response to EGF stimulation by increasing the amount of receptor.   

NELF localizes to eRNA 

 Our chromatin immunoprecipitation study of NELF showed that NELF not only localizes 

to promoter regions of genes, it is also found in other parts of the human genome. Though we 

have focused on NELF complexes that are found in promoter regions to this point, there are sites 

outside of the promoter regions where NELF binds.  The NELFA ChIP identified 3,945 sites that 

are outside of promoter regions. These sites have similar characteristics to those in the promoter 

regions including having a fold enrichment score of greater than 5. Of these regions, we find 

3,170 in coding sequences but outside of the promoters, and 775 in intergenic regions. Since it 

has been shown that enhancer RNA (eRNA) can bind to NELF to facilitate the transition into 

active elongation (Schaukowitch et al., 2014), we asked if NELF was localizing to eRNA in 

these intergenic regions 

 Active enhancers are marked by the acetylation of lysine 27 of histone H3 (H3K27ac) 

(Creyghton et al., 2010). To see whether NELF found outside of the promoter region co-localize 

with eRNA, we asked if these sites contain the H3K27ac mark and if there is evidence for active 
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transcription. We performed ChIP-seq with an antibody specific for H3K27ac and searched for 

sites of H3K27ac enrichment (MACS2, fold enrichment >6). The fold enrichment cutoff analysis 

was performed as described previously. We believe these peaks represent active enhancers. To 

confirm that these active enhancers also generate transcripts, we searched for active enhancers 

that also show at least 10 PRO-Seq reads. We used 10 PRO-Seq reads as our cutoff since we 

believe at least 10 reads represents an active polymerase at both our paused genes and at these 

sites. We found that 2,024 of our 3,945 NELFA binding sites that are outside of the promoter 

region show enrichment of H3K27ac and active transcription. We define these regions as eRNA. 

Of these 2,024 eRNA, we found 1,635 in known coding sequence and 390 in intergenic regions. 

Representative examples of these eRNA are shown in Figure 2.7A.  

 Next, we investigated whether NELF plays a role in maintaining these eRNA. To study 

this, we knocked down NELF and examined the effect of NELF on transcription at these eRNA 

by PRO-Seq. We found that 1,169 of these eRNA show at least a 50% reduction in nascent 

transcript abundance upon loss of NELF. Because it is currently unknown how NELF is 

facilitating eRNA transcription, we wanted to be extremely confident in the eRNA we describe 

as regulated by NELF. This led us to choose a very strict cutoff of a 50% decrease in nascent 

transcription upon loss of NELF because these eRNA represent the eRNA that are predominantly 

regulated by NELF. We do find eRNA that show smaller changes in transcription level upon loss 

of NELF that may still represent NELF regulated eRNA; however, there may be other 

mechanisms regulating their transcription outside of NELF. Two representative examples of 

these eRNA are show in Figure 2.7A. These results implicate NELF as a regulator of eRNA 

transcription. 
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 Next, we asked if loss of NELF influences gene expression through these eRNAs. To do 

this, we compared the expression levels of genes nearest to enhancers before and after NELF 

knockdown. In order to identify if the effect of NELF is due to the eRNA rather than promoter-

proximal pausing, we focused only on genes that are not paused. Of the 1,169 eRNA regulated 

by NELF, 922 are found within the coding sequence (outside of the promoter) of genes without 

evidence for paused RNA polymerases. We found that of these 922 genes, the expression of 297 

genes changed, either an increase or decrease, (>10%) upon loss of NELF.  Because the role of 

eRNA in facilitating gene expression is still unclear, we wanted to include genes that show even 

modest changes in expression since it is possible that a 10% change is representative of the 

biological function of that eRNA. In addition, there are 220 eRNA that are in intergenic regions; 

for these, we looked at the expression of genes closest to the eRNAs. We found 97 of these genes 

that are eRNAs show an expression change (>10%) upon loss of NELF. Figure 2.7B shows two 

representative examples of genes whose expression changes following NELF knockdown. Figure 

2.7C is a genome-wide map of 1,169 eRNAs whose expressions are dependent on NELF.  We 

also plotted the 394 putative target genes of these eRNAs. We recognize that these 394 genes 

may not be the direct targets of the nearby eRNA since eRNA are known to act over long 

distances. It is also possible that we underestimated the number of genes whose expression is 

influenced by these eRNA by only examining nearby genes. Further investigation is needed to 

correctly identify the targets of these eRNA. 

Conclusions 

 RNA Pol II pausing is an important regulatory step between initiation and active 

elongation in metazoans. Here, we generated a map of human genes in primary human dermal 

fibroblasts with paused RNA polymerases. By PRO-Seq and chromatin immunoprecipitation 
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with Ser5-P RNA polymerase II, we identified over 7,000 paused genes.  The RNA polymerases 

accumulated between 50-120 base pairs downstream of the transcription start sites (Figure 2.1B 

and 2.2B). These results allowed us to expand the list of genes regulated by proximal-promoter 

RNA polymerase pausing; these include genes involved in EGFR and TGF signaling. This 

demonstrates the importance of pausing in coordinating a transcriptional response to stimuli. 

RNA Pol II is held in a paused state by the pausing factors NELF and DSIF (Wada et al., 

1998, Yamaguchi et al., 1999, Wu et al., 2003, Wu et al., 2005). By ChIP for the pausing factors 

NELF and DSIF, we indeed found both NELF and DSIF binding to the promoters of paused 

genes (Figure 2.2A). However, some of the paused genes appeared not to be targets of NELF 

and/or DSIF. Upon closer inspection of these genes, we saw some binding of one or both 

proteins; however, the binding did not meet our inclusion criteria. In taking a more detailed look 

at NELF localization, we find that NELF is localized in the same region as the paused 

polymerase (Figure S2.4).  

 We also examined how NELF binding to genes affect their expression levels.   Following 

NELF silencing, the expression levels of 1,396 genes increased in gene expression (by at least 

10%), and a nearly number of genes (1,372) decreased in expression levels (by at least 10%).  

Given that NELF maintains pausing, knockdown of NELF would promote elongation and 

increases gene expression.  For those genes that decreased in expression, instead of maintain 

paused polymerases, NELF maintains an open chromatin.  We found a significant decrease in 

nascent transcription in the promoters of these following NELF knockdown (Figure 2.5C). This 

suggests that NELF was maintain chromatin states that promote transcription and upon its 

knockdown, the chromatin closes and deters subsequent rounds of transcription. These results 

identified a second function for NELF. We also show that NELF is able to influence the 
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expression of the EGF receptor at both the transcript and protein level. This indicates that NELF-

mediated pausing may serve to ensure correct pathway functioning by regulating the expression 

of the individual components. 

 Our results identified yet a third function of NELF.  We found that NELF is enriched at 

sites outside of gene promoters. Recent work has shown that NELF can localize to eRNA in 

Drosophila (Core et al., 2012); however, this phenomenon has not been seen in humans. We 

found that NELF and H3K27ac, a mark of active enhancers (Creyghton et al., 2010), co-localize 

to over 3,900 sites outside of promoter regions. We also that these sites are actively transcribed 

suggesting the presence of eRNA. Following NELF knockdown, there is a decrease in active 

transcription of these eRNAs (Table 2.4). Enhancer RNA have been shown to influence the 

expression of a number of genes in humans (Li et al., 2013, Mousavi et al., 2013, Schaukowitch 

et al., 2014). In our studies, we found that NELF regulates the abundance of eRNA. Upon loss of 

NELF we found that the expression of genes near the eRNA show changes in expression (Figure 

2.7B). Our findings suggest that NELF influences gene expression by facilitating eRNA 

transcription.  

 Collectively, our work has generated a comprehensive view of pausing in primary human 

dermal fibroblasts.  We have identified three ways in which NELF influences gene expression. 

The first is by holding the polymerase back from entering active elongation until a signal is 

received, the second is by facilitating re-intiation of the polymerase at promoters and the third is 

by regulating the transcription of eRNA.  We have also shown NELF to be a key regulator of 

pausing and subsequent human gene expression. This is the first study showing an association of 

NELF with the transcription of eRNA; however, the mechanism for this remains to be 

elucidated. Because most enhancers are cell-type specific (Bernstein et al., 2012, Heinz, et al., 
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2015), it will be important to examine other cell types to identify NELF associated eRNA and 

target genes.  

 

Materials and Methods 

Cell Culture: Primary Human Dermal Fibroblasts 

Cultured human primary newborn foreskin fibroblasts were used from 4 individuals (FB3356, 

FB3383, FB3385, FB3389). Fibroblasts were cultured at a density of 5 x 105 cells/mL in DMEM 

with 10% Fetal Bovine Serum, 100 units/mL penicillin/streptomycin and 2mM L-glutamine. 

Each batch was cultured separately.  

siRNA Knockdown 

Transient transfections with siRNA were performed using RNAiMAX Lipofectamine (Thermo 

Fisher 137708030), following the manufacturer’s instructions. Non-target control (E-HUMAN-

XX-0005) and NELFA (L-012156-00-0005) siRNAs were pools of 4 siRNAs and were obtained 

from GE Healthcare Dharmacon. RNA, protein or nuclei were harvested 96 hours post-

transfection. 

RNA Isolation, reverse transcription and quantitative real-time PCR 

To measure expression of NELFA, FOS, MYC, EGFR and SNAI1, primary human dermal 

fibroblasts were transfected with non-target control or NELFA siRNAs (see above). RNA was 

harvested 96 hours post transfection with the Qiagen RNeasy Mini-Kit (74104). RNA (250ng) 

was used for cDNA synthesis using the TaqMan Reverse Transcription cDNA synthesis kit 

(Thermo Fisher Scientific N8080234) with oligodT. GAPDH, NELFA, FOS, MYC, EGFR and 

SNAI1 expression levels were measured by quantitative real-time PCR using gene specific 

primers (Table 2.1) and Power SYBR Green Master Mix (Thermo Fisher Scientific) with three 



59 
 

technical replicates for each PCR. GAPDH was used as a housekeeping gene to normalize the 

amount of cDNA. Fold change of target gene mRNA levels was calculated using the Ct 

method.  

Western Blotting 

Western blotting was performed as described previously (Gregory and Cheung, 2013). Briefly, 

protein lysates were collected in 1X RIPA lysis buffer (Cell Signaling 9806) following the 

manufacturer’s protocol. Immunoblotting was performed with the following antibodies, NELFA 

(sc-32911), NELFB (ab48366), NELFE (Millipore ABE48), EGFR (Cell Signaling 4267S). 

Membranes were developed using Pierce ECL Western Blotting Substrate (Thermo Fisher 

Scientific 32106).   

Precision Run-On Sequencing (PRO-seq) 

PRO-seq libraries were prepared as described previously (Kwak et al., 2013). Briefly, 

approximately 1.5×106 nuclei from each condition were added to 2 X Nuclear Run-On (NRO) 

reaction mixture (10 mM Tris-HCl pH 8.0, 300 mM KCl, 1% Sarkosyl, 5 mM MgCl2, 1 mM 

DTT, 0.03 mM each of biotin-11-A/C/G/UTP (Perkin-Elmer), 0.8 u/µl Rnase inhibitor) and 

incubated for 3 min at 37˚C.  Nascent RNA was extracted by phenol (Trizol LS)/chloroform then 

was fragmented by base hydrolysis in 0.2 N NaOH on ice for 15 min. The reaction was 

neutralized by adding 1 X volume of 1 M Tris-HCl pH 6.8.  Following fragmentation, nascent 

RNA was purified using streptavidin beads and ligated with reverse 3’ RNA adapter (5’-

rCrCrUrUrGrGrCrArCrCrCrGrArGrArArUrUrCrCrA). Again, biotin-labeled products were 

enriched by streptavidin bead binding and extraction.  For 5’ end repair, the RNA products were 

successively treated with 5’ pyrophosphatase (NEB) and polynucleotide kinase (PNK, NEB).  5’ 

repaired RNA was ligated to reverse 5’ RNA adaptor (5’-
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rCrCrUrUrGrGrCrArCrCrCrGrArGrArArUrUrCrCrA) The products were further purified by the 

third round of streptavidin bead binding and extraction.  RNA was reverse transcribed using 25 

pmol RT primer (5’AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA-

3’).  The product was amplified 22 cycles and products between 150-300bp (insert > 70 bp) were 

PAGE purified before being analyzed by Illumina HiSeq 2500 instrument. (Figure S2.1) Dr. 

Alan Bruzel provided technical assistance for the PRO-Seq experiments described in this 

chapter. Jennifer Fox ran the Illumina HiSeq 2500 Instrument. 

Chromatin Immunoprecipitation (ChIP) 

ChIP was performed as described previously (Watts et al., 2010). Briefly, cells were cross-linked 

with 1% formaldehyde for 15 min. Cross-linking was stopped with XM glycine for 5 min. 

Following cell lysis, chromatin was purified and sonicated to 1000-200bp fragments by 

sonication (30s on, 30s off). 10% of the supernatant was saved as input control and was 

processed at the cross-linking reversal step. The rest of the supernatant was pre-cleared with 

Protein A beads (Sigma: 11719408001) and anti-rabbit IgG. Then, the supernatant was 

immunoprecipitated overnight with either 5ug anti-rabbit IgG, 5ug NELFA (sc-32911), 5ug 

SPT5 (sc-28678X) or 5ug RNA Pol II-5P (ab5408). Following reverse cross-linking, DNA was 

precipitated using the Qiagen QIAquick PCR Purification Kit (28106). ChIP-seq libraries were 

prepared following the NuGen344 32 reaction kit (0344-32). Libraries were analyzed on the 

Illumina HiSeq 2500 instrument. Jennifer Fox ran the Illumina HiSeq 2500 instrument. 

Validation of targets was performed by real-time PCR using Power SYBR Green Master mix 

(Thermo Fisher Scientific) with the primers listed in Table 2.2. Dr. Jason Watts provided 

technical assistance with the ChIP-Seq experiments described in this chapter. 

mRNA Sequencing 
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RNA was isolated from primary human dermal fibroblasts 96 hours following siRNA treatment 

as described above. Libraries were prepared using the Illumina TruSeq RNA Sample Preparation 

Protocol. Samples were analyzed on the Illumina HiSeq 2500 Instrument. Jennifer Fox ran the 

Illumina HiSeq 2500 Instrument. 

Sequence Alignment 

For RNA-Seq, PRO-Seq and ChIP-seq, raw sequencing files were processed by trimming the 

adapter sequences from the ends of reads using fastx_clipper from FASTX-Toolkit (Hannon 

Lab). Sequences of low-quality at the ends of reads represented by a stretch of “#” in the quality 

score string in FASTQ file were removed along with PolyA (more than five consecutive As at 

the ends of reads. Reads that were >35nt after trimming were included for downstream analysis. 

Reads were aligned to human reference genome (hg18) using GSNAP (Wu and Nacu, 2010) 

(version 2013-10-28) with the following parameters: Mismatches < [(read length +2)/12/2]; 

Mapping score >2-; Soft-clipping on (-trim-mismatch-score = -3). Bam files were then 

generated. Reads with identical sequences were counted as one read in order to remove potential 

PCR duplicates. Table 2.3 shows sequenced and uniquely aligned reads in each sample. This 

analysis was performed by Zhengwei Zhu. 

PRO-Seq Analysis 

Custom scripts were used to calculate the number of reads in the promoter and gene body 

regions. This script was written and run by Zhengwei Zhu. The promoter region is defined as +/- 

1kb surrounding the annotated transcription start sites. The read counts from each sample were 

normalized to the number of million mapped reads. Genes that are within 1kb of another gene or 

less than 1kb in length were removed. We then calculated a pausing index for the remaining 

genes (Core et al., 2008) (Figure S2.2).  All steps in analysis are presented in figure S2.3. 
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Metagene plots of paused genes were generated using custom scripts written by Yooree Chung 

and Zhengwei Zhu. 

ChIP-Seq Analysis  

Peaks were identified by MACS2 (Zhang et al, 2008). A fold change cutoff of greater than 5 was 

applied to peaks from NELFA and RNA Poll Ser5P ChIP and a fold change cutoff of greater 

than 6 was applied to peaks from SPT5 (DSIF) and H3K27ac ChIP. MACS2 was run by 

Zhengwei Zhu. Overlap of datasets was performed by Dr. Xiaorong Wang. 

RNA-Seq Analysis 

mRNA expression levels were quantitated and normalized using the RUV method (Risso et al., 

2014). Bioinformatic analysis of the RNA-Seq data was performed by Zhengwei Zhu. 

EGF Time Course 

Primary human newborn dermal fibroblasts (FB3383) were plated at 5x105 cells/mL and were 

transfected with NT or NELFA siRNA as described above. 96 hours post transfection cells were 

treated with human recombinant EGF (Life Technologies PHG0314) for 30m. RNA was 

collected following the protocol described above. qPCR was performed as described previously 

for NELFA and CDKN1A. 
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Figure 2.1 
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Figure 2.1 Promoter-Proximal Pausing Occurs Genome-Wide. A) Human genes show an accumulation of transcriptionally 

competent RNA Pol II at their 5’ end. B) Histogram depicting the pausing indexes of the 7,264 paused genes (PI ≥ 2, 

χ
2
p

c
<0.05) Script to calculate PI was written and run by Zhengwei Zhu. C) Location of active RNA polymerases on 

representative paused genes, POLG2 (PI=257), MAP2K5 (PI=79), EGFR (PI=7.7) and FGFR1 (PI=6.9). The values in 

this plot were obtained from the custom metagene script written by Yooree Chung and Zhengwei Zhu. D) Pathway 

analysis of the 7,264 paused genes. 
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Figure 2.2  
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Figure 2.2 RNA Pol II, NELF and DSIF Localize to Paused Genes Promoters. A)  Heatmaps depicting the 

locations of transcriptionally active RNA Pol II (PRO-Seq), RNA Pol II ser5p, NELFA and SPT5 (DSIF) in the 

promoter regions of 7,264 paused genes. The values represented in the heatmaps were obtained by utilizing the 

custom metagene script written by Yooree Chung and Zhengwei Zhu. B) Histogram depicts the location of 

transcriptionally active RNA Pol II identified by PRO-Seq. 
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Figure 2.3 
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Figure 2.3 NELF and RNA Pol II Localize to the Promoters of Paused Genes. A) PRO-seq, RNA Pol II pSer5 

ChIP-seq and NELFA ChIP-seq reads across the paused genes EGFR and POLG2. The values represented in 

these plots were obtained by utilizing the custom metagene script written by Yooree Chung and Zhengwei Zhu. 

B) ChIP-qPCR showing enrichment of RNA Pol II P-Ser5 at the 5’ end of the paused genes JUNB, FOS and 

TGFB1. 
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Figure 2.4 
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Figure 2.4 NELF Mediates Promoter-Proximal Pausing. A) Knockdown of NELFA results in loss of the entire NELF 

complex at the protein level. B) Box plot depicting significant decrease in pausing index (PI) following NELF knockdown 

(t-test, p<<0.0001). C) Metagene plot showing a decrease in the amount of transcriptionally active RNA Pol II at paused 

genes following NELF knockdown. D) Individual examples of PRO-seq reads across paused genes that show at >10% 

decrease in PI following NELF knockdown. The values shown in this figure were obtained by the custom metagene script 

written by Yooree Chung and Zhengwei Zhu. E) Pathway analysis of the 1,986 genes that show a >10% decrease in PI 

following NELF knockdown. 
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Figure 2.5 
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Figure 2.5 NELF-Mediated Pausing Influences Human Gene Expression. A) Heatmap of the 2,969 genes that change in 

expression >10% following NELF knockdown. Gene expression was measured by RNA-seq of four individual primary 

human dermal fibroblasts. B) Individual examples of genes that change in expression >10% following NELF knockdown. 

C) Metagene plot showing a decrease in the amount of transcriptionally active RNA Pol II at the promoter of genes whose 

expression decreases in expression following NELF knockdown. 
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Figure 2.6 
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Figure 2.7 
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Figure 2.6 NELF Influences Gene Expression through eRNA. A) Reads from NELFA ChIP-seq, H3K27ac ChIP-seq 

and PRO-seq across two representative eRNA examples. B) Expression of MCAM1 and GLIS1 as measured by 

RNA-seq before and after NELF knockdown C) Global view of the locations of NELF-regulated eRNA and their 

putative target genes 
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Figure S2.1 
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Figure S2.1 Schematic of Precision Run-On Sequencing (PRO-seq). Following nuclei isolation, biotin-labeled NTPs are 

incorporated by active RNA Pol II through a modified nuclear run-on assay. RNA is then harvested and fragmented. 

Following fragmentation, RNAs labeled with biotin are isolated thus creating a pool of strictly nascent RNA. Finally, 

adapters are ligated onto the nascent RNA and the nascent RNA is sequenced on the Illumina Hi-Seq platform. 
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Figure S2.2 
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Figure S2.2 Schematic of Pausing Index (PI) Calculation. The PI is a ratio of the number of reads in the promoter region as 

compared to the gene body. To calculate this, we first count the number of reads in the defined promoter region and the gene 

body. We then calculate an RPKM for each region to normalize for the size of the promoter and gene body. We then take the 

ratio of these two numbers to get a PI. A PI greater than 1 indicates there are more reads in the promoter as compared to the 

gene body. 



77 
 

Figure S2.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Filter out genes that are less than 1kb in length and less than 
1kb away from another gene 

Filter out genes that have less than 10 total reads 

Filter out genes PI<2 

Test for significant enrichment of reads in the promoter region as 

compared to the gene body (χ
2 

test) 

Filter out genes with pc < 0.05 
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16,333 genes 
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Figure S2.3 Identification of Paused Genes by PRO-seq. Following alignment, we remove genes that are <1kb in length and 

<1kb from another gene. This allows us to avoid overlapping transcripts. We then remove genes with less than 10 total reads 

covering the gene. This allows us to examine only genes that are expressed. Next, we remove all genes with a PI<2 and test 

for a significant enrichment of reads in the promoter region as compared to the gene body by a χ
2 

test. This leaves us with 

7,264 paused genes. 
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Figure S2.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure S2.4 NELF Localizes Upstream of Paused RNA Pol II. A) Cumulative distribution plot 

depicting the locations of transcriptionally active RNA Pol II by PRO-seq and NELFA by ChIP-seq. 
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Figure S2.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure S2.5 Individual NELFA siRNAs Knockdown NELF. A pool of 4 siRNAs targeting NELF was used for our NELF 

knockdown studies. We performed the knockdown under same conditions; however, using the individual siRNAs from the 

pool. We see at least a 70% knockdown of NELFA with each siRNA which is similar to what is seen with the pool. 
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Figure S2.6 
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Figure S2.6 NELF Knockdown Does Not Affect Cell Growth. A) Knockdown of NELF persists over the 7-day time course 

used for the growth curve assay. B) Following knockdown of NELFA, we see no change in the growth of primary human 

dermal fibroblasts (FB338). 
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Figure S2.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure S2.7 Confirmation of NELF-Mediated Expression Changes. qPCR was performed before and after NELF 

knockdown to validate results from RNA-seq. The expression levels of EGFR, SNAI, FOS and MYC increased 

following NELF knockdown, confirming findings from RNA-seq. 
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Table 2.1 Primers Used for qRT-PCR 

Target Gene FWD Primer Reverse Primer 

NELFA cacgagagagcagatgttcg atgaagcccaggatgagg 

MYC agcgactctgaggaggaaca gctgtgaggaggtttgctgt 

FOS ccaagcggagacagacaac caagggaagccacagacatc 

EGFR cgtgaagaagtgtccccgta  tcgcacttcttacacttgcg 

SNAI1 gagtttaccttccagcagcc ggtggggttgaggatctcc 
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Table 2.2 Primers Used for ChIP-qPCR 

Target Gene FWD Primer Reverse Primer 

JUNB 

Promoter 

ctgggaccttgagagcgg gcgcaaaagccctgtcag 

JUNB Gene 

Body 1 

ccccgggacagtacttttac ctcctgctcctcggtgac 

JUNB Gene 

Body 2 

ccgtttacaccaacctcagc ggaggtagctgatggtggtc 

JUNB 3’ End cctctctgcaccgtactgt cacacacaaacacaaacacgt 

FOS Promoter gttgagcccgtgacgtttac agatgcggttggagtacgag 

FOS Gene 

Body 

ttgtgaagaccatgacaggagg aactctagcgtactcttcctgg 

TGFB1 

Promoter 

ttgagacttttccgttgccg ccaagtcctgcctcctcg 

TGFB1 Gene 

Body 

cagctcgaacactacctcct gatctacttagggccccagg 
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Table 2.3 Sequence Reads 

Experiment Sequenced Reads Uniquely Aligned Reads % of Uniquely Aligned 

Reads 

PRO-seq 182,098,253 18,295,503 24.57% 

NT siRNA PRO-seq 176,315,463 29,702063 34.43% 

NELFA siRNA PRO-seq 139,073,782 14,386,296 20.71% 

NELFA ChIP-seq 56,434,468 45,252,414 87.29% 

RNA Pol II pSer5 ChIP-seq 67,044,907 55,075,371 88.88% 

SPT5 ChIP-seq 48,988,189 39,516,280 87.92% 

H3K27ac ChIP-seq 16,587,050 14,578,638 95.41% 

FB3356 NT siRNA RNA-seq 20,848,425 16,744,849 71.72% 

FB3356 NELFA siRNA 

RNA-seq 

23,760,451 17,354,914 78.36% 

FB3383 NT siRNA RNA-seq 8,100,232 5,829,497 77.30% 

FB3383 NELFA siRNA 

RNA-seq 

8,058,689 6,160,127 81.92% 

FB3385 NT siRNA RNA-seq 7,073,343 5,410,317 82.13% 

FB3385 NELFA siRNA 

RNA-seq 

6,232,097 4,734,295 81.25% 

FB3389 NT siRNA RNA-seq 4,730,306 4,949,487 78.84% 

FB3389 NELFA siRNA 

RNA-seq 

5,385,887 4,020,459 80.21% 
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Chapter 3 

Preliminary Studies into RNA Polymerase II Pausing in HT29 Cells  

Dr. Alan Bruzel provided technical assistance with the PRO-Seq technique used to generate the 

genome-wide data in Figure 3.1. 

 

Dr. Hojoong Kwak wrote and ran the scripts for the pausing index calculations used in Figure 

3.1. 

 

Zhengwei Zhu performed the bioinformatic analysis for the genome-wide data generated from 

the PRO-Seq and RNA-Seq experiments in Figures 3.1 and 3.4 

 

Jennifer Fox ran the Illumina HiSeq 2500 instrument for the PRO-Seq and RNA-Seq 

experiments in Figures 3.1 and 3.4. Jennifer Fox also provided the protocol and technical 

assistance with the IF experiments in Figures 3.7. 
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Abstract 

 Dysregulation of transcription can lead to disease development. As such, there are many 

checkpoints in transcription. One of these is RNA Polymerase II (RNA Pol II) pausing. Here, we 

investigate the role of RNA Pol II pausing in regulating gene expression in HT29 colorectal 

cancer cells as well as its role in regulating R-loops. We identified over 3,900 paused genes in 

our HT29 cancer cells by Precision Run-On Sequencing (PRO-Seq). These genes are involved in 

pathways such as EGFR signaling as well as gene expression, membrane trafficking and 

transcription regulation by TP53. Negative elongation factor (NELF) has been shown to regulate 

RNA Pol II pausing at promoters. Because we were interested in understanding how pausing 

influences gene expression, we chose to utilize NELF to manipulate pausing in our HT29 cells. 

We found that over 2,900 genes change in expression following loss of NELF. These genes show 

enrichment for WNT signaling, cellular senescence, cellular response to stress and epigenetic 

regulation of gene expression. We found that most of the genes we identified show an increase in 

expression upon loss of NELF. We also show that these gene expression changes may also lead 

to an increase in cellular proliferation. Upon showing that pausing is able to regulate gene 

expression, we investigated the ability of pausing to regulate other transcriptional processes. We 

found that loss of pausing influences the formation of R-loops. Upon loss of pausing, we see an 

increase in R-loop formation in primary human newborn dermal fibroblasts. The findings 

presented below are preliminary and provide limited insight into the role of pausing in HT29 

cells as well as the role of pausing in R-loop formation.  Replication of these findings is key to 
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drawing any formal conclusions from the data; however, we provide some preliminary 

observations and hypotheses based on these single experiment findings 

.
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Introduction 

Colorectal cancer is the second leading cause of cancer deaths in the United States 

(Kuipers et al., 2015). There has also been extensive work examining the genetic components of 

colorectal cancer development and progression; however, many cases of colorectal cancer cannot 

be explained by these inherited variants. Though some work has been done to understand the 

genetic underpinnings of non-familial colorectal cancer, there still remains a lack of targeted 

therapies for both forms of this disease. Because of this, we wanted to better understand the 

mechanisms regulating the transcriptional program of these cells in the hopes of gaining 

potential new targets for therapy that can be applied to both familial and non-familial forms of 

the disease. 

RNA Polymerase II (RNA Pol II) pauses approximately 20-60 nucleotides downstream 

of transcription start sites (TSS) (Gilmour and Lis, 1986). This step is thought to serve as the rate 

limiting step between initiation and active elongation (Min et al., 2011). This step has also been 

shown to influence the expression of genes in Drosophila and cancer models. Specifically, RNA 

Pol II pausing has been shown to influence the growth of breast cancer cells by upregulating 

genes that promote cell cycle progression (Sun and Li, 2010, Sun et al., 2011). Pausing also 

regulates the response to estrogen in breast cancer cells. Paused RNA Pol II serves to poise 

estrogen-responsive genes in order to create a coordinated response upon stimulation (Aiyar et al 

2004, Kinnis et al., 2009). One of the key regulators of both of these processes is negative 

elongation factor (NELF). NELF is a 4-subunit complex comprised of NELFA, NELFB, 

NELFCD and NELFE (Wu et al., 2005, Yamaguchi et al., 1999). In both studies, the groups 
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focused on NELFB known also as co-factor of BRCA1 (COBRA1) because low expression of 

NELFB had been shown to correlate with poor prognosis in breast cancer patients (Sun et al., 

2008). They showed that loss of NELFB resulted in a loss of the entire NELF complex, which 

subsequently led to a decrease in pausing and the resultant phenotypes (Sun et al., 2008).  

Outside of breast cancer, little work has been done to investigate the role of pausing in 

other cancers. Only one other study has shown alterations in NELF in a tumor. NELFE has 

shown to be overexpressed in hepatocellular carcinoma. This overexpression has been shown to 

correlate with more advanced disease and poor prognosis; however, it is unclear how 

overexpression of NELFE relates to these phenotypes (Iida et al., 2012).  

Pausing has been shown to be a key contributor to not only transcription regulation but 

also gene expression in model organisms as well as normal cell types. However, there is little 

understanding of how pausing relates to disease development. First, we wanted to investigate 

how pausing contributed to cancer development and progression. We chose to focus on 

colorectal cancer since it is a common cancer that lacks targeted therapies. By better 

understanding how transcription and specifically pausing is regulated in this disease, we may be 

able to define new targets for therapy that have not yet been investigated. Second, we wanted to 

investigate how pausing influences R-loop formation. Because pausing is able to limit the 

amount of RNA Pol II entering active elongation, we were curious to see if we could alter the 

level of R-loops in normal cells.  In the following sections, we describe preliminary findings 

based off of single experiments that require additional replicates as well as in-depth follow-up 

studies in order to draw any firm conclusions from the data presented. 
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Results 

Pausing in HT29 Colorectal Cancer Cells 

Rationale 

Our initial studies into the transcriptional program of colorectal cancer began with a 

study of RNA Pol II pausing. We wanted to generate a global profile of transcriptionally active 

RNA Pol II in human cells. To do this, we chose to use Precision Run-On Sequencing (PRO-

Seq) (Kwak et al. 2013). We chose this technique because of its unique ability to map the 

location of the polymerase with near single-nucleotide resolution as well as accurately predict 

paused genes. Though this technique provides us with a great deal of information, it requires a 

large number of cells. In order to use this technique successfully, we needed to begin our studies 

in the HT29 cell line since it was easily cultured and divided rapidly. These cells are also a well-

established colon cancer mode and show no alterations in any of the NELF subunits (Cerami et 

al., 2012, Gao et al., 2013). The findings reported below are preliminary findings based off of a 

single experiment in HT29 cells. 

Results 

 We began by generating a global profile of paused genes in HT29 cells. We utilized 

PRO-Seq to generate this profile (Kwak et al., 2013) In order to identify paused genes, we 

calculated a pausing index (PI) for each gene. Pausing indexes were calculated using a custom 

script written by Dr. Hojoong Kwak. The general description of how pausing indexes are 

calculated is found in Chapter 2. We defined a paused gene as having a PI >2. We chose this 

cutoff based on previous work performed by the Lis Lab (Core et al., 2008). We also found that 
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genes with a PI>2 showed an enrichment of PRO-Seq reads in the promoter region that was 

easily visualized in a genome browser. We did not test for significant enrichment of reads in the 

promoter region as compared to the gene body for these samples because of differences in the 

output of the custom script used to calculate the PI.  By using our cutoff of PI>2 we identified 

3,909 paused genes in HT29 cells. Figure 3.1A shows the pausing indexes of these genes. These 

genes show a maximum PI of 3,143, a median PI of 20 and an average PI of 57. We identified 

FOS (4.9), a gene previously described to have a promoter-proximally paused polymerase (Plet 

et al., 1998). We also identified genes not previously described as paused such as TGFBR2 (5.1), 

EGFR (9.7), MET (37), MAP2K5 (426) and POLG2 (467) (Figure 3.1B). The 3,909 paused 

genes we identified were enriched for genes involved in gene expression, EGFR1 signaling, 

membrane trafficking and transcription regulation by TP53 (Figure 3.1C).  

 We wanted to confirm the presence of RNA Pol II at the 5’ end of some of the paused 

genes we identified. To do this we performed chromatin immunoprecipitation (ChIP) for the 

serine 5 phosphorylated form of RNA Pol II (RNA Pol II pSer5) followed by qPCR for a few of 

our genes of interest. We chose the serine 5 phosphorylated form of RNA Pol II since it 

represents the initiated form of RNA Pol II and as such should be found specifically at the 5’ end 

of genes (K ref). We found that RNA Pol II ser5P accumulates specifically at the 5’ end of the 

paused genes JUNB, FOS and CDH1 (Figure 3.2). This increases our confidence in the paused 

genes that we identified by PRO-Seq. 

 RNA Pol II pausing is mediated by two factors, NELF and DSIF (Yamaguchi et al., 

1999, Yamaguchi et al., 2002, Wu et al., 2003, Wu et al., 2005). Because we are interested in 

understanding the function of pausing in regulating transcription in these cells, we wanted to 

identify a way to manipulate pausing. We chose to focus on NELF in order to alter pausing since 
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the only described function of NELF is to mediate pausing (Narita et al., 2003). In order to 

confirm that NELF is at the promoters of our paused genes, we performed ChIP with an antibody 

to NELFA. Following ChIP for NELFA, we performed qPCR to look for enrichment of NELFA 

at the promoters of the paused genes JUNB, FOS and CDH1. We found that NELFA is 

specifically enriched at the promoter region of these paused genes (Figure 3.2). This again 

increased our confidence in the paused genes we identified by PRO-Seq as well as provided us 

with a target that we could use to manipulate pausing in HT29 cells.  

NELF-mediates Gene Expression in HT29 Colorectal Cancer Cells 

Rationale 

 Upon identifying pausing in our colorectal cancer model, we wanted to gain an 

understanding of the biological function of pausing in these cells. We chose to study gene 

expression as a readout of biological function of pausing. Though pausing serves as only one of 

many steps that can account for gene expression level, we believe that there will be a subset of 

genes that rely on pausing as a key step in regulating their expression. We are particularly 

interested to see if these genes are related to cancer development or progression. If the genes we 

identify do show a link to processes involved in disease maintenance or progression, pausing 

may serve as an alternate mechanism that could be targeted therapeutically for colorectal cancer. 

The findings below are preliminary and represent the data from only a single RNA-seq 

experiment. These findings require confirmation through replication studies as well as additional 

supporting experimental evidence. 

Results 
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 RNA Pol II is held in a paused state just downstream of the TSS by the pausing factors 

NELF and DSIF (Yamaguchi et al., 1999, Yamaguchi et al., 2002, Wu et al., 2003, Wu et al., 

2005). Loss of these factors, in particular NELF, results in a loss of pausing and subsequent 

changes in gene expression in Drosophila (Gilchrest et al., 2010). Because we were interested in 

studying the effects of pausing on gene expression, we chose to manipulate pausing through 

NELF. NELF is a four-subunit complex comprised of NELFA, NELFB, NELFC/D and NELFE 

(Yamaguchi et al., 1999). The expression of these subunits is interdependent, with the loss of one 

subunit resulting in the loss of all others at the protein level (Yamaguchi et al., 2002, Sun et al., 

2008). To begin, we knocked down NELFA. We chose this subunit because it directly interacts 

with RNA Pol II in the paused complex (Narita et al., 2003). We also identified NELFA 

specifically at the promoters of paused genes (Figure 3.2). Upon knockdown of NELFA, we saw 

an over 80% reduction in the amount of NELFA transcript (Figure 3.3A). We also measured the 

expression of the other subunits at the transcript level following NELFA knock down (Figure 

3.3A). We found that there was a slight increase in the expression of NELFCD following 

NELFA knockdown; however, NELFB and NELFE expression remained at a similar level 

(Figure 3.3A). We also examined the expression of NELFA, NELFB and NELFE at the protein 

level following NELFA knockdown. We were unable to find an antibody that detected 

NELFCD; therefore, we were unable to investigate whether the slight upregulation of NELFCD 

following NELFA knockdown was also seen at the protein level. Upon NELFA knockdown, we 

saw a reduction in the expression of each subunit (Figure 3.3B). This confirms that by knocking 

down NELFA, we lose expression of the entire NELF complex at the protein level regardless of 

the slight changes we see at the transcript level. We also confirmed that loss of one subunit 

results in a loss of the others at the protein level by knocking down NELFE. Upon loss of 
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NELFE, we see an over 80% reduction in NELFE transcript as well as a loss of NELFE and 

NELFA protein (Figure 3.5A and B). 

 Loss of NELF leads to global changes in gene expression in Drosophila (Gilchrist et al, 

2010). It is thought that these changes are due to a loss of RNA Pol II pausing at promoters 

(Gilchrist et al., 2010). Because we are interested in understanding how pausing functions to 

regulate gene expression in colorectal cancer, we chose to use NELF knockdown as a way to 

manipulate pausing and study changes in gene expression. We began by examining global gene 

expression by RNA-Seq before and after NELF knockdown. We found that 2,797 genes change 

in expression at least 1.5-fold following knockdown (Figure 3.4A). Because transcription is only 

a single step at which gene expression is regulated, we chose a 1.5-fold cutoff in order to identify 

those genes were pausing served as one of the most dominant regulators of expression. With this 

cutoff, we found that 2,316 genes increase in expression and 661 decrease in expression. We 

confirmed the expression changes of two paused genes FOS and MYC by qPCR (Figure 3.4B). 

We also found that upon loss of NELFE we see similar increases in the expression of FOS and 

MYC by qPCR (Figure 3.5C). This increased our confidence that the gene expression changes we 

identified were due to a loss of the NELF complex rather than a NELFA specific phenomenon. 

Finally, we found that these 2,797 genes were enriched for pathways such as cellular senescence, 

cellular response to stress, epigenetic regulation of gene expression and WNT signaling (Figure 

3.4C).  

 NELF-mediated pausing has been shown to influence gene expression in two ways. The 

first is by holding the polymerase from entering into active elongation, thus resulting in lower 

expression of its target gene (Gilchrist et al., 2010). The second is by clearing the first 

nucleosome in order to facilitate subsequent rounds of transcription, thus leading to higher 
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expression of the target gene (Gilchrist et al., 2010). Our results show that NELF is primarily 

functioning through the first mechanism in our HT29 cells.  

NELF influences growth of HT29 cells 

Rationale 

 Upon identifying over 2,000 genes that utilize pausing to regulate their expression, we 

were interested to see if loss of NELF affected any biological processes downstream of these 

genes. We identified cellular senescence as one of the key pathways to be regulated by NELF-

mediated pausing in HT29 cells. This led us to investigate if loss of NELF affected cellular 

proliferation. We believe this experiment may also provide insight into how pausing plays a role 

in generating cancer phenotypes. 

Results 

 The first phenotype we chose to examine was cell proliferation. We found that genes 

involved in cellular senescence had their expression regulated by NELF-mediated pausing 

(Figure 3.4C). We were interested to see if the gene expression changes induced by loss of 

pausing resulted in alterations to the biological process as well. We chose to examine cell 

proliferation over a 4-day time period. Though this is a short time period, we were interested in 

understanding how an acute loss of pausing altered the biological phenotype. This time period 

also encompasses when the HT29 cells were harvested for expression profiling by RNA-Seq, 

thus providing us with a link between the expression changes we saw and the cellular phenotype. 

We began by knocking down NELFA with our same pool of 4 siRNAs. We found that NELFA 

expression decreases over 80% following knockdown and that this decreased level persists 
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across the 4-day time course (Figure 3.6A). We also confirmed that the knockdown resulted in a 

decreased expression of NELFA protein during the entire time course (Figure 3.6B).  

 We then measured cell proliferation by counting the number of HT29 cells at the same 

time each day for 4 days. We found that upon NELF knockdown, we see an increase in the rate 

of cell proliferation between days 2 and 3 as well as an increase in cell number at day 4 (Figure 

3.6C). This time course indicates that the expression changes seen following loss of NELF, 

particularly those involved in cellular senescence pathways, may lead to increase cellular 

proliferation. However, the time course should be performed for a much longer time span as well 

as be replicated with more than one experiment to show a true change in cellular proliferation. It 

will also be important to measure the expression of the genes involved in cell cycle and cellular 

senescence to correlate their expression changes with the phenotype. These results provide a 

basis for future studies into a biological phenotype that may be regulated by pausing as well as a 

method by which pausing may be influencing cancer development and progression. 

  

NELF and R-loops in primary cells 

Rationale 

 Our finding that NELF affects the expression of over 2,000 genes as well as cell 

proliferation led us to investigate whether NELF also affected other transcriptional processes. 

We specifically chose to investigate the role of NELF and promoter-proximal pausing in 

mediating R-loop formation. R-loops are formed when the nascent RNA leaving the polymerase 

forms a hybrid with the template-strand of DNA. This causes the non-template strand to loop 
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out. Because R-loops are formed behind a transcriptionally active polymerase, we were 

interested to see if pausing altered the number or stability of R-loops. We began our studies of 

NELFs role in R-loop formation and maintenance in primary human newborn dermal fibroblasts. 

We chose this model since these cells are abundant in human connective tissue and they 

represent a normal human cell. Because we visualize R-loops through immunofluorescence (IF) 

with an antibody specific to R-loops (S.9.6) (Hu et al., 2006), we wanted a cell type that can be 

easily visualized using this technique. Our fibroblasts are flat with a clearly defined nucleus and 

cytoplasm. These traits make them an ideal candidate for IF. The findings reported below are 

preliminary findings and are based on a single experiment. 

Results 

 We began our studies by confirming that NELF knockdown was successful in primary 

human newborn dermal fibroblasts. Upon knockdown of NELFA with the same pool of 4 

individual siRNAs, we see a greater than 80% reduction in NELFA transcript and almost 

complete loss of the NELFA protein (Figure 3.7A). These values correspond with what we 

measured in HT29 cells, so we believe this knockdown is also successful and results in loss of 

the entire NELF complex. Because we are using IF to measure R-loop abundance and location, 

we wanted to characterize NELF by IF as well. Using the same antibody as we used for western 

blotting, we found that NELF is localized specifically to the nucleus and is not found within 

nucleoli (Figure 3.7B). Next, we confirmed our NELF knockdown by IF. We found that there is 

a significant decrease in the intensity of NELFA staining in the nuclei of our fibroblasts (p-

value=8.6x10-7) (Figure 3.7C). This confirms what we detect by western blotting and provides us 

with a model for examining the role of pausing in the maintenance of R-loops. 
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 With our NELF knockdown model established in primary fibroblasts, we next wanted to 

examine how loss of pausing affected R-loops. We first established that knockdown in our 

fibroblasts was successful by measuring the amount of NELFA transcript before and after 

knockdown. We saw an 80% reduction in NELFA transcript which we have shown results in loss 

of the NELF complex in our fibroblasts previously (Figure 3.8A). Next, we wanted to identify R-

loops in our fibroblasts. To do this we used an antibody specific to R-loops, S9.6. This 

monoclonal antibody was developed by the Leppla lab and is commercially available. It 

specifically recognizes RNA:DNA hybrids and does not cross react with single or double 

stranded RNA or DNA. This antibody has also been show to work well in the detection of R-

loops via IF in our lab in experiments performed by Jennifer Fox.  

 Following NELF knockdown, we stained our fibroblasts with the S9.6 antibody to 

examine changes in R-loops. We found that S9.6 staining is most prominent in the nucleolus 

(Figure 3.8B). Because these regions are highly transcribed we were not surprised to find the 

most intense staining in this region. We did see staining throughout the nuclei of the fibroblasts 

as well (Figure 3.8B). We also found that the intensity of R-loop staining did not change 

following NELF knockdown (Figure 3.8C). However, we did see an increase in the number of 

S9.6 foci following NELF knockdown (Figure 3.8D). Foci were counted using ImageJ software 

in at least 50 nuclei. 

Preliminary Observations 

 Transcription is a tightly regulated process that can be harnessed by cancer to allow cells 

to divide rapidly, avoid death, invade and metastasize. Here, we examine one step in 

transcription regulation, RNA Pol II pausing, and its role in cancer development and progression. 
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RNA Pol II pausing plays a role in the transition from initiation to active elongation (Min et al., 

2011). Our studies show that RNA Pol II pausing occurs at over 3,900 genes in HT29 cells. 

These genes are enriched for pathways that may play a role in the development of cancer such as 

EGFR1 signaling and transcription regulated by TP53. This implicates that pausing could be 

regulating the transcription of genes that promote cancer progression. These findings are based 

only on a single experiment. It will be important to replicate these findings through additional 

PRO-Seq experiments. It would also be beneficial to confirm pausing at these genes through 

RNA Pol II ChIP-Seq. Further work should also be conducted to confirm the enrichment and 

functional consequence of pausing on EGFR1 signaling and transcription regulated by TP53. 

These experiments may include qPCR validation as well as western blotting for downstream 

targets of both pathways. 

 The pausing factors NELF and DSIF regulate RNA Pol II pausing (Yamaguchi et al., 

1999, Yamaguchi et al., 2002, Wu et al., 2003, Wu et al., 2005). We find that NELF is localized 

to the promoters of paused genes (Figure 3.2). Also, loss of NELF has been shown to lead to a 

decrease in pausing as well as subsequent changes in gene expression in Drosophila (Gilchrist et 

al., 2010). Because we were interested in how pausing was regulating transcription in our HT29 

cells, we chose to utilize NELF as a way to manipulate pausing. We found that upon loss of 

NELF, we see over 2,900 genes that change in expression (>1.5 fold) with most of these genes 

showing increased expression (Figure 3.4). Gilchrist et al. as well as work in our lab (Figure 2.5), 

has shown that NELF is able to mediate gene expression through pausing in two ways. The first 

is by restraining the polymerase from entering active elongation, leading to low expression of the 

target gene at baseline. Many of these genes are involved in stimulus response and cell cycle 

(Gilchrist et al., 2008, Figure 2.5). The second is by creating a favorable environment at the 
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promoter for re-initiation of RNA Pol II (Gilchrist et al., 2010, Figure 2.5). In our HT29 cells, we 

find that most genes utilize the first mechanism. This implies that pausing may be serving as a 

checkpoint in regulating the expression of genes involved in key regulatory pathways such as 

cellular senescence and the cellular response to stress (Figure 3.4). We also see that upon loss of 

NELF there is an increase in cell proliferation; however, this is seen only over a short period of 

time (Figure 3.5). Though these initial observations provide the basis for further studies into the 

effects of pausing in cellular proliferation and cancer development, they are based only on a 

single experiment and therefore need to be replicated and confirmed. 

 We also see enrichment for genes involved in the WNT signaling pathway (Figure 3.4). 

Dysregulation of this pathway is common in colorectal cancer (Kuipers et al., 2015). HT29 cells 

have been shown to harbor mutations in APC, a regulator of the WNT pathway 

(https://www.atcc.org/~/media/PDFs/Culture%20Guides/Cell_Lines_by_Gene_Mutation.ashx). 

Our finding that genes within the WNT pathway increase in expression following loss of 

pausing, suggest that pausing serves as a regulatory checkpoint for components of this pathway. 

This may aid in lessening the transcriptional dysregulation caused by mutations in the WNT 

pathway in order to give the cell time to adjust to the new gene expression profile. 

 Following our preliminary characterization of pausing and its role in gene expression in 

in colorectal cancer cells, we wanted to investigate how pausing influences other components of 

transcription, specifically the role of pausing in facilitating R-loop formation. We found that 

upon loss of pausing, we see an increase in R-loop formation in primary human newborn dermal 

fibroblasts (Figure 3.8) This suggests that a loss of pausing affects the formation of R-loops. The 

mechanism by which this occurs remains to be elucidated through further experiments.  
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 Our findings provide insight into the function of pausing in cancer. We hypothesize that 

pausing serves as a checkpoint to ensure that key cellular pathways maintain their function even 

in the context of tumor promoting mutations. In this context, pausing may be able to be targeted 

to restore correct functioning of tumor promoting pathways by decreasing the expression of the 

genes that drive cell growth, cell survival and invasion. Though these findings provide a novel 

and interesting line of questioning, they are based on a single experiment. Replication studies are 

need to confirm these results as well as functional studies to confirm the potential influence of 

pausing on cellular growth, survival and invasion. 

Materials and Methods 

Cell Culture: HT29, Newborn Primary Human Dermal Fibroblasts 

Cultured HT29 cells were obtained from ATCC and were cultured in RPMI 1640 with 10% Fetal 

Bovine Serum, 100 units/mL penicillin/streptomycin and 2mM L-gluatmine. Human primary 

newborn foreskin fibroblasts were used from 1 individual (FB3383). Fibroblasts were cultured at 

a density of 5 x 105 cells/mL in DMEM with 10% Fetal Bovine Serum, 100 units/mL 

penicillin/streptomycin and 2mM L-glutamine. Each batch was cultured separately.  

siRNA Knockdown 

Transient transfections with siRNA were performed using RNAiMAX Lipofectamine (Thermo 

Fisher 137708030), following the manufacturer’s instructions. Non-target control (E-HUMAN-

XX-0005), NELFA (L-012156-00-0005) and NELFE (E-011761-00-0005) siRNAs were pools 

of 4 siRNAs and were obtained from GE Healthcare Dharmacon. RNA, protein or nuclei were 

harvested 96 hours post-transfection. 

RNA Isolation, reverse transcription and quantitative real-time PCR 
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To measure expression of NELFA, NELFB, NELFCD, NELFE, FOS, MYC HT29 cells were 

transfected with non-target control or NELFA siRNAs (see above). RNA was harvested 96 hours 

post transfection with the Qiagen RNeasy Mini-Kit (74104). RNA (250ng) was used for cDNA 

synthesis using the TaqMan Reverse Transcription cDNA synthesis kit (Thermo Fisher Scientific 

N8080234) with oligodT. GAPDH, NELFA, NELFB, NELFCD, NELFE, FOS, MYC expression 

levels were measured by quantitative real-time PCR using gene specific primers and Power 

SYBR Green Master Mix (Thermo Fisher Scientific) with three technical replicates for each 

PCR. GAPDH was used as a housekeeping gene to normalize the amount of cDNA. Fold change 

of target gene mRNA levels was calculated using the Ct method.  

Western Blotting 

Western blotting was performed as described previously (Gregory and Cheung, 2013). Briefly, 

protein lysates were collected in 1X RIPA lysis buffer (Cell Signaling 9806) following the 

manufacturer’s protocol. Immunoblotting was performed with the following antibodies, NELFA 

(sc-32911), NELFB (ab48366), NELFE (Millipore ABE48). Membranes were developed using 

Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific 32106).   

Precision Run-On Sequencing (PRO-seq) 

PRO-seq libraries were prepared as described previously (Kwak et al., 2013). Briefly, 

approximately 1.5×106 nuclei from each condition were added to 2 X Nuclear Run-On (NRO) 

reaction mixture (10 mM Tris-HCl pH 8.0, 300 mM KCl, 1% Sarkosyl, 5 mM MgCl2, 1 mM 

DTT, 0.03 mM each of biotin-11-A/C/G/UTP (Perkin-Elmer), 0.8 u/µl Rnase inhibitor) and 

incubated for 3 min at 37˚C.  Nascent RNA was extracted by phenol (Trizol LS)/chloroform then 

was fragmented by base hydrolysis in 0.2 N NaOH on ice for 15 min. The reaction was 

neutralized by adding 1 X volume of 1 M Tris-HCl pH 6.8.  Following fragmentation, nascent 
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RNA was purified using streptavidin beads and ligated with reverse 3’ RNA adapter (5’-

rCrCrUrUrGrGrCrArCrCrCrGrArGrArArUrUrCrCrA). Again, biotin-labeled products were 

enriched by streptavidin bead binding and extraction.  For 5’ end repair, the RNA products were 

successively treated with 5’ pyrophosphatase (NEB) and polynucleotide kinase (PNK, NEB).  5’ 

repaired RNA was ligated to reverse 5’ RNA adaptor (5’-

rCrCrUrUrGrGrCrArCrCrCrGrArGrArArUrUrCrCrA) The products were further purified by the 

third round of streptavidin bead binding and extraction.  RNA was reverse transcribed using 25 

pmol RT primer (5’AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA-

3’).  The product was amplified 22 cycles and products between 150-300bp (insert > 70 bp) were 

PAGE purified before being analyzed by Illumina HiSeq 2500 instrument. (Figure S2.1) Dr. 

Alan Bruzel provided technical assistance for the PRO-Seq experiments described in this 

chapter. Jennifer Fox ran the Illumina HiSeq 2500 Instrument. 

Chromatin Immunoprecipitation (ChIP) 

ChIP was performed as described previously (Watts et al., 2010). Briefly, cells were cross-linked 

with 1% formaldehyde for 15 min. Cross-linking was stopped with XM glycine for 5 min. 

Following cell lysis, chromatin was purified and sonicated to 1000-200bp fragments by 

sonication (30s on, 30s off). 10% of the supernatant was saved as input control and was 

processed at the cross-linking reversal step. The rest of the supernatant was pre-cleared with 

Protein A beads (Sigma: 11719408001) and anti-rabbit IgG (cat). Then, the supernatant was 

immunoprecipitated overnight with either 5ug anti-rabbit IgG, 5ug NELFA (sc-32911) or 5ug 

RNA Pol II-5P (ab5408). Following reverse cross-linking, DNA was precipitated using the 

Qiagen QIAquick PCR Purification Kit (28106). instrument. Jennifer Fox ran the Illumina HiSeq 

2500 instrument. Validation of targets was performed by real-time PCR using Power SYBR. Dr. 
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Jason Watts provided technical assistance with the ChIP-Seq experiments described in this 

chapter. 

mRNA Sequencing 

RNA was isolated from HT29 cells 96 hours following siRNA treatment as described above. 

Libraries were prepared using the Illumina TruSeq RNA Sample Preparation Protocol. Samples 

were analyzed on the Illumina HiSeq 2500 Instrument. Jennifer Fox ran the Illumina HiSeq 2500 

Instrument. 

Sequence Alignment 

For RNA-Seq and PRO-Seq, raw sequencing files were processed by trimming the adapter 

sequences from the ends of reads using fastx_clipper from FASTX-Toolkit (Hannon Lab). 

Sequences of low-quality at the ends of reads represented by a stretch of “#” in the quality score 

string in FASTQ file were removed along with PolyA (more than five consecutive As at the ends 

of reads. Reads that were >35nt after trimming were included for downstream analysis. Reads 

were aligned to human reference genome (hg18) using GSNAP (Wu and Nacu, 2010) (version 

2013-10-28) with the following parameters: Mismatches < [(read length +2)/12/2]; Mapping 

score >2-; Soft-clipping on (-trim-mismatch-score = -3). Bam files were then generated. Reads 

with identical sequences were counted as one read in order to remove potential PCR duplicates. 

Table 2.3 shows sequenced and uniquely aligned reads in each sample. This analysis was 

performed by Zhengwei Zhu. 

PRO-Seq Analysis 

Custom scripts were used to calculate the number of reads in the promoter and gene body 

regions. This script was written and run by Hojoong Kwak. The promoter region is defined as +/- 

1kb surrounding the annotated transcription start sites. The read counts from each sample were 
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normalized to the number of million mapped reads. Genes that are within 1kb of another gene or 

less than 1kb in length were removed. We then calculated a pausing index for the remaining 

genes (Core et al., 2008) (Figure S2.2).  

Cell Growth Assay 

HT29 cells were plated at a density of 3x105 cells/mL. Transfection with NT or NELFA siRNA 

was performed as described above. Cells were washed 2x with PBS, trypsinized for 3 minutes 

and resuspended in complete RPMI 1640. 150uL of cell suspension was retained for cell 

counting with the Cellometer Auto T4 Automated Bright Field Cell Counter (Nexcelom). The 

reaming suspension was used to harvest RNA or protein (see above).  

Immunofluorescence (IF) 

Protocol and technical assistance for IF was provided by Jennifer Fox. Briefly, FB3383 were 

plated at 1.5x105 cells/mL in a 12-well plate. Transfection of NT or NELFA siRNA was 

performed as described previously. 72 hours post transfection cells were plated onto glass 

coverslips in complete media. 96 hours post transfection cells were fixed with 4% formaldehyde 

for 15 minutes at RT. Coverslips were washed 3x with PBS. Cells were blocked in normal goat 

serum + PBS for 1h at RT. Coverslips were incubated with S9.6 antibody (1:1000) or NELFA 

antibody (1:50) overnight at 4oC. Coverslips were washed 3x 5min with PBS and incubated with 

secondary antibody (S9.6 anti-mouse, NELFA anti-rabbit) for 2h at RT. Coverslips were washed 

with PBS 3x 2min at RT. Dapi stain (5x) was added for 5min at RT. Coverslips were washed 

with PBS 3x 5min at RT and ddH20 1x 5m at RT. Coverslips were mounted onto slides and left 

overnight at RT. Slides were imaged on Lecia DMI6000 microscope. Intensity and foci counting 

was performed in Image J. 
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Figure 3.1 
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Figure 3.1 Promoter-Proximal Pausing Occurs Genome-Wide in HT29 Cells. A) Histogram 

depicting the pausing indexes (PI) of the 3,909 paused genes (PI>2) in HT29 cells. B) Example of 

the paused gene POLG2 (PI=467). C) Pathway analysis of the 3,909 paused genes 
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Figure 3.2 
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Figure 3.3 
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Figure 3.4 
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Figure 3.5 
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Figure 3.6 
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Figure 3.7 
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Figure  3.8
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Chapter 4 

Conclusion 

 

Summary of Findings 

 My study of negative elongation factor (NELF) has identified a comprehensive list of 

paused genes in primary human dermal fibroblasts, demonstrated a role for NELF in maintaining 

an open chromatin state at gene promoters, and showed that NELF regulates gene expression 

through eRNA. We extended the findings of polymerase pausing in Drosophila to humans.  We 

identified over 7,200 genes as paused in humans through both a modified nuclear run-on assay 

(PRO-seq) (Kwak et al., 2013) and chromatin immunoprecipitation (ChIP) for the serine 5 

phosphorylated form of RNA polymerase II (RNA Pol II Ser5P).  The results identified genes 

such as EGFR, FGFR1, POLG2 and MAP2K5 that were not known to have paused RNA 

polymerases in their promoters. We showed that for nearly 2,000 genes, the loss of NELF led to 

a significant decrease in pausing, and for more than 1,000 genes, it led to a decrease in 

transcriptionally active RNA Pol II in the promoter regions.  

We next wanted to understand the influence of NELF-mediated pausing on human gene 

expression. In Drosophila, it has been shown that NELF is able to regulate gene expression 

through two mechanisms. The first is by inhibiting RNA polymerase II (RNA Pol II) from 

entering into active elongation. Thus, decreasing expression of these genes. The second, is by 
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clearing the first nucleosome to allow for rapid and efficient re-intiation of RNA Pol II. This 

leads to high expression of these genes (Gilchrist et al., 2008). Here, we show that loss of NELF 

results in the increase in expression of over 1,300 genes. Thus, demonstrating that NELF is able 

to decrease the expression of target genes by decreasing the amount of RNA Pol II entering into 

active elongation. We also find that a similar number of genes decrease in expression upon loss 

of NELF. Next, we wanted to begin to tease apart the mechanism. In examining all genes that 

change in expression, we found a significant decrease in the number of nascent transcripts at the 

promoters of genes that increase versus those that decrease in expression upon loss of NELF. 

This indicates that there is less active transcription at these promoters. We believe that NELF is 

able to facilitate the re-initiation of RNA Pol II at the promoters of a subset of human genes, 

similar to what is seen in Drosophila. This is the first description of this phenomenon in humans.   

In our study of NELF localization, we found that over 3,900 peaks of NELF were located 

outside of promoter regions. It has been shown that NELF associates with enhancer elements in 

Drosophila (Core et al., 2012). More recently, NELF has been shown to bind eRNA. This 

binding serves to pull NELF off of paused complexes in order to facilitate release from pausing 

(Schaukowitch et al., 2014). This led us to investigate whether the just over 3,900 sites of NELF 

localization outside of promoter regions occurred at eRNA. Acetylation of lysine 27 of histone 

H3 as well as active transcription are marks of active enhancer regions and eRNA (Creyghton et 

al., 2011, Lam et al., 2014).  We found that 2,024 of the NELF enriched regions outside of 

promoters were also associated with marks of active enhancers. Upon further examination of 

these sites, we found that loss of NELF decreased transcription of 1,169 eRNA. Thus, 

implicating NELF as regulator of eRNA transcription. We next wanted to investigate whether 
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loss of these eRNA upon NELF knockdown resulted in changes in gene expression. We focused 

exclusively on genes that were not paused in order to show that the effect was due to loss of 

eRNA. Overall, we found that NELF regulates the expression of 394 genes through mediating-

eRNA transcription. 

Following our studies in normal cells, we were interested to see how pausing influenced 

gene expression in cancer cells. We identified over 3,900 paused genes in our cells by using 

PRO-Seq (Kwak et al., 2013). These genes are enriched for the EGFR1 signaling pathway, gene 

expression, membrane trafficking and transcription regulation by TP53. We then went on to 

examine how alterations in pausing, specifically a loss of pausing, affects gene expression. We 

found that over 2,700 genes change in expression upon loss of NELF. Over 80% of these genes 

show an increase in expression. This implicates that the predominant role of NELF-mediated 

pausing is to slow the transition from initiation to active elongation. This finding demonstrates a 

difference in the function of pausing in regulating gene expression in a normal versus cancer 

context. We found an enrichment for genes involved in cancer promoting pathways such as 

WNT signaling. These pathways seem to be specific to our cancer cells.  We also show that there 

is a potential increase in cellular proliferation following NELF knockdown which may be due to 

the gene expression changes we identified. 

Our finding that NELF-mediated pausing is a key regulator of gene expression, led us to 

investigate whether pausing had effects on any other transcriptional processes. We chose to focus 

on R-loops since they accompany an actively elongating polymerase. We found that loss of 

NELF-mediated pausing results in an increase in R-loop formation in primary newborn human 

dermal fibroblasts. This increase in R-loops may represent an increase in overall transcription. 
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This finding provides further evidence that pausing at the promoter serves as the rate limiting 

step between initiation and active elongation.  

Significance 

 Transcription must be tightly regulated in order to ensure proper functioning of the cell. 

Dysregulation of this process can lead to the development of many diseases including cancer. It 

has been shown that promoter-proximal pausing serves as the rate-limiting step between 

initiation and elongation of RNA polymerases and that this step is able to influence the 

expression of genes involved in key developmental and stimulus-responsive pathways (Adelman 

et al., 2009, Gilchrist et al., 2008, Amleh, et al., 2009, Wang et al., 2010, Williams et al., 2015). 

However, most of these discoveries were made in model organisms, such as Drosophila or in 

cancer cells. Though this has provided insight into the mechanism and function of pausing, there 

still remained a lack of knowledge into how polymerase pausing affects transcription in normal 

human cells. Here, we generated a comprehensive profile of promoter-proximal pausing in 

primary human dermal fibroblasts. Within this profile, we identified a number of genes not 

before described to be paused, including EGFR and the TGF receptors (TGFBR1 and 

TGFBR2). Both of these pathways are commonly dysregulated in cancer. Because pausing has a 

subtle effect on expression, the alterations typically found in these pathways may have masked 

the importance of pausing at these genes. This highlights the importance of using primary cells 

over cancer cells. Through our use of primary cells, we are able to more clearly identify the 

regulatory steps in these pathways that may be overridden in cancer cells to promote cellular 

survival and disease progression. We also showed that the expression of these genes is regulated 

by promoter-proximal pausing. Because these receptors are integral components in cancer 
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development, our study introduces a new layer of regulation onto key pathways and opens the 

door for novel ways to target these proteins outside of small molecule inhibitors.  

 Previous work has shown that NELF serves as not only a negative regulator of 

elongation, but also a negative regulator of gene expression. Here, my work has shown that 

NELF is able to serve as a positive regulator of gene expression by aiding in the re-intiation of 

RNA Pol II at promoter regions as well as by regulating the transcription of eRNA. Subunits of 

NELF have been shown to be overexpression in both hepatocellular carcinoma as well as breast 

cancer with the highest NELF expression found in highly metastatic tumor subtypes; however, 

there have been no studies examining how this overexpression leads to cancer development (Iida 

et al., 2012, Sun et al., 2008). Previous studies have shown that NELF is able to regulate gene 

expression in two ways. The first is by restraining the polymerase from entering into active 

elongation and the second is by maintaining an open chromatin state at promoters (Gilchrist et 

al., 2008). Here, we show that loss of NELF is able to decrease gene expression by lowering the 

amount of active transcription at promoters. Expanding upon these data, it is possible that an 

overexpression of NELF would facilitate re-initiation at the promoters of the target genes thus 

leading to increased levels of expression. We have shown that components of the TGF 

pathway, including TGFBR1, are regulated by this mechanism. The TGF pathway is able to act 

in both tumor suppressor as well as tumor promoting roles with the tumor promoting role 

occurring in later stage and more advanced cancers (LeBrun, 2012). It is possible that 

overexpression of NELF identified in late stage cancers creates an environment in which the 

promoters of the TGF pathway components are continuously held in an open conformation by 

NELF. This may lead to an overall increase in expression of the pathway components leading to 

increased TGF function in tumor cells thus promoting migration and invasion. Therefore, 
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NELF may indirectly influence cancer invasion and metastasis by facilitating expression of 

genes involved in tumor promoting pathways. 

 In our studies, we also briefly examined the role of pausing in regulating the expression 

of genes in HT29 colorectal cancer cells. We found that pausing functions primarily to reduce 

the expression of its target genes HT29 cells. These genes are enriched for pathways typically 

harnessed in cancer including, cellular senescence, cellular response to stress, epigenetic 

regulation of gene expression and WNT signaling. We do not see the same phenomenon in our 

primary cells.  This suggests that one of the functions of NELF in cancer cells is to serve as a 

backstop at these genes to combat stress placed on the cell by driver mutations. It is possible that 

by maintaining or increasing pausing, the cell could tamper the effects of mutations in 

transcription factors such as MYC. Because MYC promotes uncontrolled cell growth and cell 

survival, pausing could function to reduce a catastrophic transcriptional response in the early 

transformation of the cell. Pausing may serve to reduce the transcription of target genes just 

enough to allow the cell to transition into a malignant phenotype gradually. This slowed 

transition could aid the cell in avoiding catastrophic damage due to uncontrolled division 

promoted by the driver. In our colorectal cancer cells, we found that pausing regulates 

components of the WNT pathway as well. Because mutations in the WNT pathway, particularly 

mutations in APC, drive tumorigenesis, it is possible that NELF and pausing are functioning to 

facilitate this process by reining in the transcriptional program under the control of the WNT 

pathway in the early stages of cancer development. These findings provide insight into how the 

earliest stages of cancer development are regulated and may also demonstrate a novel 

mechanism by which tumor cells are able to tolerate driver mutations. 
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 The ability of pausing to reduce target gene expression may also be harnessed to 

downregulate tumor suppressor pathways. We found that loss of pausing upregulates genes 

involved in cellular senescence and the cellular response to stress. It is possible that cancer cells 

could utilize an overexpression of NELF to increase pausing at these target genes. By increasing 

pausing, the cells could reduce the expression of these pathways without acquiring another 

potentially fatal mutation. This would also serve as a gentle method to decrease gene expression, 

since pausing does not silence the transcription of genes completely. A controlled decrease in 

tumor suppressing pathways could allow a cell to still respond effectively to signals during the 

transition from a premalignant to a malignant state. In later stages, pausing could serve to ensure 

a complete loss of signaling from these pathways by creating a backstop at these genes. 

 Our findings provide insight into the transition of cells from a normal to a malignant 

state. We show that pausing regulates the expression of genes involved in signaling pathways 

that are commonly dysregulated in cancers such as EGFR and TGFBR1. This highlights the 

importance of pausing in maintaining normal cellular functioning. However, we also show that 

pausing may aid in the initial transition to malignancy by creating a favorable environment for 

driver mutations to function. Finally, we show that once transformation has occurred pausing can 

serve to enhance the cancer phenotype by downregulating the expression of genes involved in 

cellular senescence and cellular stress response. Pausing may also function in late stages of 

tumorigenesis. Pausing can promote invasion and metastasis by upregulating genes important for 

invasion and metastasis by promoting the re-initiation of RNA Pol II. Overall, our findings show 

that pausing can function in both tumor suppressing and tumor promoting roles throughout the 

development and progression of cancer. 
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On-going Work 

The maintenance of open chromatin by NELF 

Here, we show that loss of NELF results in changes in gene expression. In particular, we 

show that loss of NELF results in a decrease in expression of over 1,300 genes as well as a 

significant decrease in the amount of nascent transcription at these promoters. We believe that 

this is due to a closing of the chromatin in the absence of NELF. In Drosophila, it has been 

shown that the first nucleosome reassembles in the promoters of genes whose expression 

decreases upon loss of NELF (Gilchrist et al., 2008).   

In order to gain a better picture of the chromatin state at these promoters, it will be 

important to determine nucleosome location as well as marks of open chromatin before and after 

NELF knockdown. To identify the chromatin state at these promoters, we will begin by 

performing chromatin-immunoprecipitation (ChIP) with an antibody targeting the tri-methylation 

mark on lysine 4 of histone H3 (H3K4me3). This mark indicates an open chromatin state. We 

will begin by examining the genes that show a decrease in expression as well as a decrease in 

active RNA Pol II at their promoters upon loss of NELF. We believe these genes will show 

alterations in their chromatin state upon loss of NELF. If we see a reduction in the amount of 

H3K4me3 following NELF knockdown, this will indicate a closing of the chromatin at the 

promoter region by histone modifications. The ability of NELF to maintain open chromatin by 

through histone modifications has not been previously described.   

We will also perform Assay for Transposase Accessible Chromatin followed by high 

throughput sequencing (ATAC-Seq) to examine the location of nucleosomes before and after 

NELF knockdown. This assay utilizes a hyper-active transposase which will cut exposed DNA 
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and ligate adapters to the sequence. These fragments can then be sequenced to show areas of the 

genome where DNA is not wrapped around a nucleosome. This will allow us to map the location 

of nucleosome free DNA before and after NELF knockdown. If we see a re-assembly of the first 

nucleosome upon loss of NELF, this will indicate that NELF is responsible for blocking the 

assembly of this nucleosome at promoters. This model is similar to what has been described in 

Drosophila. Overall, these data will provide a more complete mechanism for the role of NELF-

mediating pausing in regulating gene expression. 

Confirmation of NELF regulated eRNA 

We identified putative enhancer RNA (eRNA) that are regulated by NELF. Though these 

sites show marks of active enhancers, it is unclear whether these eRNA truly promote 

transcription of target genes. To investigate this, we will clone a few of the putative enhancers 

we identified and place them near a luciferase reporter gene. Next, we will measure the level of 

luciferase activity in the presence and absence of the enhancer.  An increase in luciferase activity 

in the presence of the enhancer indicates that the enhancer is active and serves to promote gene 

expression.  

We can also investigate the role of NELF in mediating the enhancer activity. To do this, 

we will utilize the same luciferase system; however, we will measure luciferase activity before 

and after NELF knockdown. If NELF is responsible for regulating the activity of the enhancer, 

we will see a decrease in luciferase expression upon loss of NELF. These data will not only 

confirm functionality of our putative enhancer regions, they will also confirm the ability of 

NELF to regulate gene expression through mediating eRNA transcription. This demonstrates an 

indirect effect of NELF on eRNA mediated gene expression, since we will not have measured 
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the abundance of the eRNA generated from these putative enhancers in this assay. There may be 

downstream effects outside of NELF binding to the site of eRNA that influences the change in 

luciferase activity. 

Identifying eRNA target genes 

 Upon confirming the functionality of our eRNA as well as the ability for NELF to 

regulate eRNA function, it will be necessary to investigate these studies in vitro. To do this, we 

will need to identify the targets of our eRNA. We identified 394 genes that are near our putative 

eRNA and also show a >10% change in expression upon loss of NELF. Using the gene nearest to 

the eRNA gives us a preliminary look into the ability of NELF to regulate gene expression 

through eRNA; however, it has been shown that eRNA and active enhancer are able to act over 

long distances (Maniatis et al., 1987). 

 To begin we will choose a few representative examples from our list of over 2,000 

eRNA. We will choose these examples based on the level of expression change of the target 

gene. We will choose examples with large increases and decreases in expression as well as some 

with more subtle changes in order to achieve a representative sample. We will then knockout 

these active enhancers by CRISPR/Cas9. Following knockout of the enhancers, we will first 

check the expression of the nearby gene we identified by quantitative real-time PCR (qRT-PCR). 

If we see a change in expression of the nearby gene, it will confirm that the nearest gene is a 

target of our eRNA. If there is no change in expression then we will perform RNA-sequencing to 

search for genes whose expression changes upon loss of the enhancer. Once the target of the 

enhancer is identified, we will be able to truly examine the role of NELF in mediating the 

expression of the eRNA target gene. To do this, we will perform qRT-PCR for the target gene 
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before and after NELF knockdown. If we see a change in expression following NELF 

knockdown that replicates what is seen in the absence of the enhancer, it will confirm that NELF 

is able to regulate expression of that gene through eRNA. Overall, these data will identify the 

true targets of our eRNA as well as confirm the ability of NELF to regulate gene expression by 

mediating eRNA transcription. 

Future Directions 

 In my studies, I have shown that a loss of NELF results in global changes in promoter-

proximal pausing as well as gene expression in both normal and tumor cells. Work by others has 

shown that a loss of NELF leads to poor prognosis in breast cancer patients (Sun et al., 2008). It 

has been shown that this phenotype may be due to an increase in cell cycle progression and 

dysregulation of the estrogen response in the absence of NELF (Sun et al., 2008, Aiyar et al., 

2004). Sequencing of tumors has also shown that NELF subunits are deleted in a variety of 

tumor types. This implicates that NELF may have tumor suppressive properties. My work 

supports this hypothesis. I have shown that NELF is regulator of cancer promoting pathways in 

normal cells and that upon loss of NELF we see changes in the expression of tumor promoting 

pathways such as EGFR signaling. I also see that upon loss of NELF in tumor cells there is an 

increase in the expression of genes involved in tumor suppressive pathways such as cellular 

senescence and the transcriptional response to TP53. In preliminary studies, I have shown that 

HT29 tumor cells show an increase in cell proliferation upon loss of NELF. However, this does 

not correspond with an increase in the expression of cell cycle promoting genes as is seen in 

breast cancer cells. 
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Changes in cellular growth and proliferation are two of the main phenotypes currently 

targeted by traditional therapeutics. Because loss of NELF is associated with increased cell 

growth and proliferation, tumors with a loss of NELF may be more sensitive to ionizing radiation 

or chemotherapeutics. Recently, it has been shown that loss of NELF is associated with slight 

sensitivity to ionizing radiation. Specifically, NELFE has been shown to be recruited to sites of 

double-stranded breaks to repress transcription upon DNA damage NELFE has recently been 

shown to be recruited by PARP-1 to sites of double-strand breaks (DSBs) to repress transcription 

following DNA damage (Awwad et al., 2017).  

Further insight into how NELF may be facilitating cellular growth and progression is 

found in Wolf-Hirschornn Syndrome. This disease is caused by a deletion of chromosome 

4p16.3. This region contains NELFA (WHSC2), which was originally identified in the 

characterization of this disease (Mariotti et al., 2000). There have been few studies focused on 

the role of NELFA in the molecular underpinnings of this disease. However, one study has 

shown that loss of NELFA results in defects in S-phase progression (Kerzendorfer et al., 2012). 

Though this finding does not completely agree with the findings in breast cancer cells, it still 

implicates NELF as a regulator of the cell cycle.  

These findings imply that tumors with deletions of NELF subunits, may be better 

candidates for radiation and chemotherapeutics. Alterations in NELF are found in a wide-variety 

of tumor types, yet these alterations do not seem to be drivers of the tumors. This eliminates 

NELF as a strong candidate for targeted therapeutics; however, it does make NELF a potential 

marker for identifying which patients may respond better to radiation and chemotherapy. With 

the advent of clinical Next-Gen Sequencing, sequencing the transcriptome of patients is on its 

way to becoming a part of diagnosis. This technique could be used to identify loss of expression 
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of NELF subunits without needing to characterize and verify every mutation in a NELF subunit. 

Because loss of one subunit leads to the loss of all of the others, detecting a decrease in a single 

subunit transcript would indicate the loss of the entire NELF complex. Based on my findings and 

those of others, patients that show this decrease in expression would be the best candidates for 

treatment with traditional therapeutics.  

The most common alteration of NELF found in cancer is the amplification of a single or 

even multiple subunits (ref). However, almost all studies in both normal and cancer cells have 

focused on the consequences of a loss of NELF. Because of this, the current understanding of 

NELF and cancer progression may be lacking. Only one study has looked into the function of 

NELF overexpression in tumors. Iida et al., showed that NELFE is overexpressed in 

hepatocellular carcinomas and that a higher incidence of invasion as well as poor prognosis was 

correlated with this expression level (2012). This begs the question as to how an overexpression 

of NELF can contribute to tumor progression across many tumor types. My work provides a 

rationale for investigating this mechanism. In my studies, I have shown that NELF has novel 

functions outside of regulating pausing and gene expression which seem to be the two processes 

most affected by loss of NELF. Specifically, I found that NELF is able to facilitate re-initiation 

of RNA Pol II at promoter regions as well as regulate the transcription of eRNA. This opens up 

the question as to what other functions of NELF have yet to be described.  

Based on the study by Iida et al., as well as my data showing that the TGF pathway 

seems to be regulated by NELF facilitating the re-initiation of RNA Pol II at promoters, it is 

possible that the overexpression in NELF found in tumors aids in the invasion and metastasis of 

tumors. We also see NELF amplification in tumors that have many other mutations, as well as 

those that are in a late stage or even in a recurrent tumor (Cerami et al, 2012, Gao et al., 2013). 
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Because of this, NELF may serve as a marker of invasion and metastasis that could be used to 

catch potentially invasive tumors earlier. Using transcriptome-wide sequencing or even smaller-

scale methods to search for NELF overexpression at diagnosis could help to identify those 

patients whose tumor may have a more invasive phenotype even if no metastasis has been 

detected. This would allow clinicians to treat these patients more aggressively or with different 

therapies. 

Future studies into the role of NELF in mediating the DNA damage response and cell 

cycle progression in a variety of tumor types will allow for NELF to be used as an even finer 

marker in personalized cancer therapy. Studies on the effects of NELF overexpression in both 

cancer and normal cells need to be undertaken in order to better understand how this genetic 

alteration is contributing to disease. It is possible that a deletion or an amplification in different 

subunits may lead to different phenotypes. Perhaps tumors that show a deletion in NELFE will 

have a higher sensitivity to ionizing radiation, whereas those with a deletion in NELFA will 

show a higher sensitivity to therapies that force the transition from S-phase to M-phase. Also, 

alterations in a single subunit may have different effects in different tumor types. NELF alone 

could serve as a marker for defining therapeutic interventions, staging and identification of the 

tumor type. A more in-depth characterization of the NELF complex as well as each subunit as a 

whole will aid in the use of NELF as a way to tailor cancer therapy on an individual basis. 
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Figure 4.1 

 

Figure 4.1 Thesis Summary. NELF regulates human gene expression through three mechanisms. The 

first is by decreasing active elongation by facilitating RNA Pol II pausing. The second is by 

promoting re-intiation of RNA Pol II at promoters. NELF is also able to regulate human gene 

expression by facilitating transcription of eRNA.   

NELF facilitates RNA Pol II Reinitiation 


