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Abstract 

Gene transcription and protein synthesis are essential molecular processes required for all 

living organisms.  In eukaryotes, messages encoded within DNA are transcribed by three DNA-

dependent RNA polymerases (Pols I-III) into ribosomal RNA (rRNA), messenger RNA 

(mRNA), and transfer RNA (tRNA), respectively.  General transcription factors (GTFs) help 

recruit Pols to their appropriate gene promoters as well as facilitate template opening and 

transcription start site (TSS) selection.  In Saccharomyces cerevisiae, the Pol I pre-initiation 

complex (PIC) is formed by numerous GTFs that include Upstream Activating Factor (UAF), 

Core Factor (CF), TATA-binding protein (TBP), and Rrn3.  This unique set of GTFs engage 

ribosomal DNA (rDNA) through interactions with regulatory elements of the promoter known as 

the Upstream Activating Sequence (UAS) and the Core Element (CE).  Here, we resolve the 

cryo-electron microscopy (cryo-EM) structure of CF bound to the rDNA promoter at 3.8Å near-

atomic resolution and determine its DNA binding preferences in which CF preferentially binds to 

the GC-minor groove.   

Briefly, our cryo-EM studies reveal that the CF-DNA interaction is mediated by two CF 

subunits, Rrn7 and Rrn11.  We also found that the path of promoter DNA is relatively straight in 

the Pol I PIC, which is strikingly different from the bent promoters observed in structures of the 

Pols II/III PICs.  We identified three states of CF engagement with promoter DNA (States 1-3) in 

which CF acts as a ratchet to force DNA into the active site of the polymerase that facilitates the 

melting of the double-stranded DNA template in an ATP-independent manner, another unique 

feature of the Pol I system.  Using in vitro DNA binding assays, we have identified a 12 base 

pair (bp) region within the CE that is necessary and sufficient for CF binding.  We have also 

demonstrated that the human anticancer compound CX-5461 can inhibit yeast cell growth and 
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blocks yeast CF binding to both yeast and human rDNA promoters in vitro.  Furthermore, we 

show that the human Core Promoter Element (CPE) can functionally replace the yeast CE in a 

position-dependent manner.  Together, these results reveal the unique molecular architecture of 

the Pol I PIC and suggest a conserved sequence-independent binding mechanism of CF with 

promoter DNA.   
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1.1  Background of transcription and RNA polymerases 

The messages encoded within DNA are transcribed into RNA by DNA-dependent RNA 

polymerases (Pols) [1, 2].  This essential process is conserved across all domains of life and 

increases in complexity from bacteria to humans [3].  For example, archaea and bacteria have a 

single Pol that carries out the transcription of all types of RNA whereas eukaryotes possess three 

multi-subunit Pols, Pols I-III, that carry out the transcription of specific target genes [1, 4].  Pol 

II is the most widely studied of the eukaryotic enzymes as it transcribes messenger RNA 

(mRNA), which is translated into the bulk of functional proteins within the cell in addition to 

other types of RNA (Figure 1A) [5].  Pol I transcribes the ribosomal DNA (rDNA) into 

ribosomal RNA (rRNA), a non-coding RNA that is the foundation of the eukaryotic ribosome 

which is essential for the translation of mRNAs into functional proteins (Figure 1A) [5, 6].  Pol 

III transcribes transfer RNAs (tRNAs), 5S rRNA, and other small RNAs (Figure 1A) [5].  Pols I-

III each contribute to ribosome biogenesis by producing rRNA, ribosomal proteins (RPs) and 5S 

rRNA, respectively [7]. 

The transcription cycle can be broken down into discrete steps that include initiation, 

elongation, and termination [2].  Transcription initiation begins with the formation of a pre-

initiation complex (PIC) where general transcription factors (GTFs) bind to promoter DNA and 

recruit Pols to their respective promoters [2].  GTFs also aid in template opening and 

transcription start site (TSS) selection [2].  There are different types of transcription complexes 

including a closed complex (CC) which consists of a complete PIC and closed DNA and an open 

complex (OC) where DNA has been melted/opened (Figure 1B) [2].  The mechanism of 

promoter opening differs across the transcription systems in the various domains of life [8].  

Bacteria possess a single GTF, sigma factor, that recognizes promoter DNA, interacts with  
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transcriptional activators, and induces conformational changes to the DNA and Pol during the 

early stages of transcription initiation [8].  Archaea have two GTFs that direct promoter 

recognition, Pol recruitment, and template opening [8].  The eukaryotic Pols have evolved to 

have a more elaborate mechanism of promoter opening [9-11].  We have discovered that the 

eukaryotic Pol I system employs a unique mechanism to open promoter DNA that will be 

discussed in detail in future chapters [11].  The OC is followed by an initial transcribing complex 

(ITC) where initiation has occurred and the first few nucleoside triphosphates (NTPs) have been 

incorporated into the nascent RNA and GTFs are still engaged with Pol (Figure 1B) [2].  Lastly, 

there is an elongation complex (EC) where processive NTP synthesis ensues and Pol is no longer 

engaged with GTFs (Figure 1B) [2].  Transcription is terminated when Pol reaches a 

transcription terminator sequence that is bound by transcription termination factors and the 

nascent RNA is released from the enzyme [2].  This dynamic process is tightly regulated in 

response to the cellular environment [12].  Dysregulation of Pol I transcription and perturbations 

in ribosome biogenesis result in a wide variety of diseases ranging from developmental disorders 

to the vast majority of human malignancies [13-16]. 
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Figure 1. Eukaryotic RNA Polymerase Transcription. A. Table of eukaryotic RNA 

polymerases (Pols) and their respective RNA products listed below. rRNA, ribosomal RNA; 

mRNA, messenger RNA; snRNA, small nuclear RNA; siRNA, short interfering RNA; snoRNA, 

small nucleolar RNA; miRNA, micro RNA; tRNA, transfer RNA.  B. Cartoon representation of 

the stages in transcription initiation. The DNA template is indicated by two parallel black lines. 

The right pointing black arrow indicates the transcription start site at the +1 position. Colored 

subunits represent GTFs while the gray circle represents Pol I. The nascent RNA is indicated by 

a single red line.  Closed Complex (CC), Open Complex (OC), Initially Transcribing Complex 

(ITC), Elongating Complex (EC).  
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1.2  Eukaryotic RNA polymerase I transcription systems 

The rDNA gene locus is a highly repetitive tandem array that is organized into nucleolar 

organizing regions (NORs) [17, 18].  Saccharomyces cerevisiae contains approximately 150-200 

rDNA copies on chromosome XII [19], while Homo sapiens have upwards of 400 copies spread 

over five chromosomes, chromosomes 13, 14, 15, 21 and 22 [20].  Roughly half of the rDNA 

copies are active at any given time [21].  Clusters of NORs form the structural meshwork of the 

subnuclear non-membrane bound organelle known as the nucleolus, also known as the ribosome 

factory [17].  There are three sub-structures within the mammalian nucleolus, each of which 

plays a vital role in ribosome biogenesis (Figure 2) [17].  The fibrillar center (FC) lies at the 

center of the nucleolus where transcriptionally active rDNA is transcribed by Pol I [17].  

Surrounding the FC is the dense fibrillar center (DFC), the processing site for nascent rRNA 

transcripts (Figure 2) [17].  The granular component (GC) encompasses both the FC and DFC 

and acts as the site of pre-ribosome assembly (Figure 2) [17].  The activity and morphology of 

the nucleolus have been an indicator of overall cellular homeostasis for more than a century [7, 

22-25].   
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Figure 2. Overview of the nucleolus and ribosome biogenesis.  The rDNA lies within the 

fibrillar center (FC) of the nucleolus where it is transcribed by Pol I.  The pre-rRNA transcript is 

processed in the dense fibrillar component (DFC).  Early ribosome assembly occurs in the 

granular component (GC) where small nucleolar RNAs (snoRNAs), ribosomal proteins (RP) 

synthesized by Pol II, and the 5S rRNA that is synthesized by Pol III associate with the other 

three rRNAs.  Ribosomes are exported to the cytoplasm where they carry out protein synthesis.  

Adapted from Roche et al., 2017. 
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1.2.1  Yeast Pol I Transcription 

The rDNA repeat is 9.1 kilobase pairs (kb) in S. cerevisiae which contains 6.9 kb coding 

region that is transcribed as the single 35S pre-cursor rRNA (pre-rRNA) and a non-transcribed 

spacer (NTS) that is subdivided into the NTS1 and NTS2 by the 5S rRNA gene which is 

transcribed by Pol III (Figure 3A) [19, 26].  The 35S pre-rRNA is co-transcriptionally modified 

and subsequently processed into the 18S, 5.8S and 25S rRNAs (Figure 3A).  These smaller 

rRNAs, together with the 5S rRNA produced by Pol III and the RPs synthesized by Pol II, form a 

ribonucleoprotein complex known as the ribosome [27, 28].  The ribosome is exported from the 

nucleolus to the cytoplasm where it carries out protein synthesis, also known as translation [28].  

The ribosome consists of a large and a small subunit in which the small subunit recognizes the 

mRNA transcript while the large subunit incorporates the appropriate tRNA in the nascent 

peptide [28]. 

The S. cerevisiae rDNA promoter is bi-partite where it contains two regulatory 

sequences, Upstream Activating Sequence (UAS) and the Core Element (CE), which are bound 

by GTFs during PIC formation (Figure 3B) [29-31].  The GTFs that form a Pol I PIC include 

Upstream Activating Factor (UAF), Core Factor (CF), TATA-binding protein (TBP) and Rrn3 

(Figure 3B) [32-35].  UAF is a multi-subunit complex that contains Histones H3 and H4 as well 

as the UAF-specific subunits Rrn5, Rrn9, Rrn10, and Uaf30 and binds to the UAS [36, 37].  The 

CF complex is a heterotrimer that consists of Rrn6, Rrn7, and Rrn11 that binds to the CE, which 

overlaps the TSS at the +1 position (Figure 3B) [38-41].  The CF subunits Rrn6 and Rrn7 were 

initially identified by the Nomura laboratory using a galactose (GAL) inducible system to study 

essential genes [42-44].  Briefly, in this system, the 35S rDNA gene is fused to the GAL 

promoter that allows Pol II to produce functional rRNA in the absence of essential genes [43, 
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44].  The third and final subunit, Rrn11, was identified later by similar means [39].  The Rrn7 

subunit of CF shares structural and functional homology with the Pol II initiation factor TFIIB, 

which functions in many critical steps in transcription initiation including DNA binding, Pol 

recruitment, template opening, and TSS selection [45, 46].  TBP stabilizes UAF and CF at the 

promoter, but its role in Pol I transcription remains ambiguous and will be discussed in further 

detail in later chapters [33].   

Pol I exists in two distinct forms within the cell, Pol Ia and Pol Ib [47].  Pol Ib herein 

referred to as Pol I, represents less than 10% of total Pol I within cells and is the transcriptionally 

competent form as it associates with Rrn3 while Pol Ia does not.  Pol I exists as an inactive 

dimer and responds to various growth factor signaling pathways to engage with Rrn3, which then 

enables its interaction with the rest of the PIC and the rDNA promoter to facilitate transcription 

initiation [47, 48].  Basal levels of in vitro transcription can be observed in the presence of CF, 

Rrn3, and Pol I [40].  Transcription is terminated when Pol I reaches the Reb1p binding site near 

the 3’ end of the 25S rRNA coding region [49].  The NTS1 silencing protein 1 (Nsi1) is also 

required for efficient termination of rDNA transcription in S. cerevisiae [50, 51].  Previous 

studies suggest that UAF is stably bound to promoter DNA to facilitate re-initiation while the 

other GTFs dissociate from the promoter following initiation [33]. 
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Figure 3. Schematic of yeast rDNA gene locus and Pol I PIC.  A. The rDNA gene array 

resides in the nucleolus. Each rDNA repeat contains the 35S rRNA as well as the 5S rRNA 

found in the non-transcribed spacer (NTS). The pre-cursor rRNA gene is flanked on both sides 

with an external transcribed spacer (ETS) on the 5’ and 3’ ends of the transcript. Two internal 

transcribed spacers (ITS), ITS1 and ITS2, lie between the 18S and 5.8S and the 5.8S and 25S, 

respectively. B. Regulatory elements within the promoter (PRO) include the Upstream 

Activating Sequence (UAS) that is bound by Upstream Activating Factor (UAF) and the Core 

Element (CE) that is bound by Core Factor (CF). Subunit composition of each complex listed 

within similar shaded circles. TBP interacts with Rrn9 of UAF and Rrn6 of CF. Green line 

indicates Rrn7 zinc ribbon that contacts Pol I. Numbers below each regulatory element represent 

position within promoter relative to the TSS at +1 indicated by the black arrow. Terminator and 

enhancer elements indicated by T/E boxes.  
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1.2.3  Human Pol I transcription  

 In humans, each rDNA repeat is roughly 43 kb with a 13 kb 47S pre-rRNA coding region 

and a 30 kb intergenic spacer (IGS) that contains promoters, enhancers and terminator elements 

(Figure 4A) [26, 52].  The 47S pre-rRNA coding region is transcribed as a single pre-cursor that 

is processed into the 18S, 5.8S, and 28S rRNAs that are ultimately assembled into the ribosome 

(Figure 4A) [26].  Similar to yeast, the human rDNA coding region contains a bi-partite 

promoter that consists of an Upstream Control Element (UCE) and the Core Promoter Element 

(CPE) which are analogous to the yeast UAS and CE, respectively (Figure 4B) [53-55].  Humans 

also possess a unique set of GTFs that form a PIC to facilitate transcription initiation that 

includes Upstream Binding Factor (UBF) and Selectivity Factor 1 (SL1/ also known as TIF-IB) 

(Figure 4B) [53, 56].  Rrn3 (also known as TIF-IA) has also been identified as a critical 

component of the human Pol I transcription machinery [57, 58]. 

Two isoforms of UBF have been identified, UBF1 and UBF2 [59, 60].  UBF1, herein 

referred to as UBF, is essential for Pol I PIC formation while UBF2 has no apparent function in 

Pol I transcription [59, 60].  UBF has a C-terminal transactivation domain that is required for 

transcription initiation, tandem high mobility group (HMG)-box domains, and an N-terminal 

dimerization domain [61].  UBF binds as a dimer and uses its HMG-box domains to interact with 

regions throughout the rDNA promoter and gene loci presumably to maintain a chromatin 

architecture that is permissive for transcription [62-64].  SL1 is a multi-subunit complex that 

consists of TBP and TBP-Associated Factors (TAFs) [56]: the evolutionarily conserved TAF1A, 

TAF1B, TAF1C (orthologous to CF subunits Rrn11, Rrn7, and Rrn6, respectively) [46, 65, 66] 

and the metazoan specific TAF1D [67] and TAF12 [68].  SL1 was initially purified and 

identified from HeLa cell extracts where two fractions, one containing Pol I and the other 
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containing SL1, were shown to be required for in vitro transcription of rDNA [69].  While SL1 

shares some homology structurally and functionally with yeast CF [46, 65, 66], UBF shares no 

apparent sequence homology with UAF albeit it does share some functional homology with the 

yeast HMG-box protein Hmo1 and the C-terminal region (CTR) of Net1 [70, 71].  UBF interacts 

with SL1 which leads to their cooperative binding at their respective promoter elements [72].  

Rrn3 interacts with TAF1B and TAF1C of the SL1 complex as well as the stalk of the Pol I 

enzyme and the rDNA promoter to form a transcriptionally competent PIC [58].  Actively 

transcribing Pol I stalls when it encounters the promoter-proximal terminator (T0) element bound 

Transcription Termination Factor 1 (TTF1) [73].  The paused enzyme is dissociated via 

Polymerase I and transcription release factor (PTRF) to cease rRNA synthesis [74].  Elements 

within the IGS are bound by various factors that influence Pol I transcription.  For example, the 

insulator protein CCCTC-binding factor (CTCF) interacts with the spacer rDNA promoter (Tsp) 

which suggests that transcriptional insulation has a role in regulating the rates of rRNA 

production [75].  Moreover, proteins like mammalian UBF and the rat enhancer-1 binding factor 

(E1BF) bind to enhancer elements to modulate Pol I transcription and ribosome biogenesis [76, 

77].  
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Figure 4. Schematic of human rDNA gene locus and Pol I PIC. A.  Each repeat of the human 

rDNA gene contains the 47S rRNA that is processed into the 18S, 5.8S and 28S rRNAs.  Spacer 

promoter indicated by Tsp; Terminators indicated by T0 and T1-10; Black lines indicate enhancer 

repeats.  B. The gene promoter consists of two regulatory elements the Upstream Core Element 

(UCE) that is bound by Upstream Binding Factor (UBF) and the Core Promoter Element (CPE) 

that is bound by Selectivity Factor 1 (SL1) complex. TBP-Associated Factors (TAFs) of the SL1 

complex indicated by 1A, 1B, 1C, 1D, 12. Darker shaded subunits share homology with yeast CF. 

Lighter colored subunits are metazoan specific components of SL1. Green line indicates TAF1B 

zinc ribbon that contacts Pol I/Rrn3. Numbers listed below the regulatory elements indicate 

position within promoter relative to the TSS at +1 indicated by the black arrow.  
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1.2.3.  Comparison of yeast and human rDNA transcription systems.  

 Despite numerous similarities, there are some differences between the yeast and human 

Pol I transcription systems.  One notable difference is the presence of TBP within each system.  

In the yeast Pol I PIC, TBP appears to function on its own to stimulate rRNA synthesis while in 

the human Pol I PIC, TBP is a member of the larger SL1 complex [40, 56, 78].  In yeast, TBP is 

dispensable for basal transcription and seems to act as an activator that stimulates Pol I 

transcription [79] while in humans, TBP is a core component of the basal transcription 

machinery suggesting that TBP may play different roles in activating yeast and human Pol I 

transcription [56].  In addition, the human SL1 complex contains the metazoan-specific subunits 

TAF1D and TAF12 that have not been identified as part of the yeast CF complex [67, 68].  

These additional subunits found in the SL1 complex may support other functions specific to the 

human transcription factor complex perhaps roles in PIC assembly, elongation, or rRNA 

processing.  For example, TAF1D has been shown to interact with multiple components of the 

Pol I PIC including SL1 and UBF [67].  Immunodepletion of TAF1D results in a loss of SL1 

promoter occupancy and a reduction in overall rRNA synthesis [67].  Furthermore, the introns of 

TAF1D encode for various small nucleolar RNAs (snoRNAs) that likely participate in pre-rRNA 

processing suggesting roles for SL1 in both transcription initiation and maturation of rRNA [67].  

The other metazoan specific subunit TAF12 is known for its roles outside of rDNA transcription 

but its role as a member of the SL1 complex remains poorly understood [68, 80].  While it does 

not appear to be essential for basal rDNA transcription, SL1 complexes in the presence of 

TAF12 display enhanced transcriptional activity [68].  TAF12 has been suggested to recruit 

chromatin remodeling complexes to the rDNA promoter to regulate rates of rRNA synthesis 

[80]. 
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 Both yeast UAF and human UBF are not required for rDNA transcription in vitro but 

rather have a stimulatory effect on rRNA synthesis [81, 82].  UAF is a multiprotein complex 

while UBF is a homodimer and they do not share any sequence homology at the protein level nor 

within the regulatory DNA sequences that they bind despite their functional similarity [36].  

UAF alone is necessary and sufficient to commit a template for transcription in yeast but this 

does not appear to be true for template commitment in the human Pol I system [36, 83].  

Furthermore, the stimulatory effect of UAF is dependent on its interaction with the UAS [36].  

The human counterpart UBF interacts with multiple regions throughout the rDNA promoter and 

gene body therefore its function is not dependent on its interaction with the UCE [63].   

 Another difference between the yeast and human rDNA transcription systems is the 

subunit composition of Pol I itself.  The yeast Pol I stalk consists of RPA14 and RPA43 whereas 

the human stalk appears to be a single subunit, twist neighbor protein (TWISTNB), homologous 

to yeast RPA43 [84].  The stalk is critical for facilitating the interaction between Pol I and Rrn3, 

which is mediated by RPA43 in yeast [85].  RPA14 plays a more structural role in stabilizing the 

interaction of multiple Pol I subunits [86].  It is unclear if human TWISTNB has absorbed the 

function of both yeast Pol I stalk subunits or if human RPA14 is so divergent that it is not 

detected by currently available homology tools.  Another interesting difference between these 

systems is the mechanism in which Rrn3 and Pol I associate to form a transcriptionally 

competent complex.  It was shown in yeast that phosphorylation of Pol I regulates the formation 

of a functional, initiation competent form of Pol I-Rrn3 [87].  However, in humans, it seems that 

phosphorylation of Rrn3 regulates the formation of the initiation competent Pol I-Rrn3 complex 

[88, 89].   
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 The nucleolar structure observed in yeast is rather simple and undergoes closed mitosis 

where the nuclear envelope is maintained while the chromosomes divide during cell division 

[90].  Pol I transcription is temporarily inhibited during anaphase to ensure proper condensation 

of rDNA and nucleolar segregation.  Human nucleoli are more complex in that there are typically 

multiple nucleoli per cell and they are tripartite [91].  Human cells undergo open mitosis where 

the nuclear envelope breaks down before chromosome segregation therefore the nucleolar 

structure is dissolved during mitosis and must be re-established following cell division [90, 91].  

There are also differences in the yeast and human rDNA gene array.  For example in yeast, the 

5S rDNA transcribed by Pol III lies within the NTS of the rDNA array but the human 5S rDNA 

is typically located elsewhere in the genome [26, 92].  
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Table 1. Conservation of Pol I Transcription Initiation Factors.  Pol I transcription initiation 

factor composition among yeast, humans, and rodents. CF, Core Factor; SL1, Selectivity Factor 

1; TIF-IB, Transcription Initiation Factor-IB; TBP, TATA-binding Protein; TAF, TBP-

Associated Factor; CTR, C-terminal Region; UBF, Upstream Binding Factor; TIF-IA, 

Transcription Initiation Factor-IA; UAF, Upstream Activating Factor; m, mouse; h, human. Bold 

text indicates transcription factor complexes with subunits listed below.  Paralogs are listed 

across rows. 

 

 

 

 

 

Yeast Human Rodent
CF SL1 TIF-IB

Rrn11 TAF1A TAFI48
Rrn7 TAF1B TAFI68
Rrn6 TAF1C TAFI95

TAF1D TAFI36
TAF12

TBP TBP TBP
Hmo1/Net1 CTR hUBF mUBF
Rrn3 hRrn3 TIF-IA
UAF N/A N/A

Rrn5
Rrn9
Rrn10
Uaf30

Histone H3
Histone H4
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1.3  Brief Overview of Protein-DNA Interactions  

 There are a number of ways that transcription factors interact with DNA that are broadly 

categorized into two groups: base readout and shape readout [93, 94].  Base readout is when 

proteins recognize a particular DNA sequence, such as the TATA-box motif that is recognized 

by TBP [93].  Base readout can be further classified into proteins that bind the major or minor 

groove and can read the unique chemical signatures of the nucleotide sequences within the 

different grooves [93].  Many proteins interact with the major groove given that it is wide and 

deep in comparison to the narrow and shallow minor groove [94].  Proteins have the ability to 

distinguish between the functional groups of the bases within the major groove that allow for 

identification of an AT bp from a TA bp and a GC bp from a CG bp [94].  Proteins can only 

distinguish between GC bp and AT bp within the minor groove due to a degenerate chemical 

signature [94].  Shape readout is when a protein recognizes a particular structural feature of the 

target DNA such as a bend and can also be further classified into global and local readout [93].  

Global readout includes non-canonical forms of DNA like A- or Z-DNA where local readout is a 

shape that is confined to a smaller region of the DNA like a kink [93].  When transcription 

factors bind their target sequence, they can alter the shape of the surrounding DNA which can 

expose functional groups that may have been previously inaccessible [94].  On average, protein-

DNA interactions are proposed to involve 24 residues and 12 nucleotides which presents the 

opportunity for multiple types of contacts to occur at the interaction interface [93].   

 

1.4  Species Specificity Paradigm 

 Extensive work has demonstrated that nearly all eukaryotic rDNA promoters contain two 

regulatory domains: one core region that is essential for transcription (CE/CPE) and another 
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upstream element that enhances transcription (UAS/UCE).  However, there are minor variations 

in the location and length of these elements within the promoters of their respective species.  In 

S. cerevisiae, the UAS lies from positions -150 to -60 while the CE is found between positions - 

40 to +8 [29-31].  In Mus musculus, the CPE is found between positions -140 to -111 and the 

CPE near positions -39 to +9 [95, 96].  The Rattus norvegicus rDNA promoter elements can be 

found from positions -140 to -60 for the upstream element and the CPE from positions −31 to +6 

[81, 97].  In Xenopus laevis, these elements are slightly less defined but can be found roughly 

from positions -179/-141 to -58 for the upstream element and positions -39 to +4 for the 

downstream element [98, 99].  In humans, the UCE lies from positions -156 to -107 and the CPE 

from -47 to +7 [53-55].  The spacing between these promoter elements has also been shown to be 

important for transcriptional activity [29]. 

 Early studies demonstrated that rDNA templates can only be transcribed by 

transcriptionally competent extracts from closely related species [69, 95, 100-103].  For example, 

transcriptionally competent mouse extract can transcribe a mouse rDNA template, but mouse 

extract cannot transcribe a human rDNA template [101].  It was also shown that yeast Pol I 

transcription factors are unable to initiate transcription of mouse and rat rDNA templates while 

Pols II/III transcription factors seem to be virtually interchangeable between species [100, 104].  

Furthermore, UBF, Rrn3, and Pol I are interchangeable between species leading to the 

hypothesis that SL1/TIF-IB is the primary component underlying this species-specific promoter 

recognition [57, 105, 106].  A chimeric SL1/TIF-IB complex containing human TBP and mouse 

TAFs shows specificity for the mouse promoter suggesting that the TAFs are the main 

contributors to promoter specificity rather than TBP [102].  More specifically, TAF1A and 

TAF1B were shown to photocrosslink to both heterologous and homologous promoter templates 
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and have a high degree of homology with their mouse counterparts whereas TAF1C and TAF1D 

do not, suggesting that TAF1C and TAF1D may be the determinants of species-specificity [102]. 

 The observed species-specificity is proposed to be the result of concerted evolution, 

where the dedicated Pol I transcription machinery evolves more rapidly due to the tandem, 

repetitive nature of the rDNA gene locus [107, 108].  This would imply that the Pol I 

transcription factors have evolved to function most efficiently in their native system.  However, 

the stringency of this proposed species-specificity has been contentious as purified SL1 was able 

to reprogram mouse extract to transcribe a human rDNA template and showed little preference in 

template commitment for human, mouse and non-specific DNA templates [69].  In addition, a 

more recent study successfully reconstituted human Pol I transcription from a human rDNA 

promoter in mouse cells that exogenously expressed four of the human TAFs of the SL1 

complex [109].  The reconstituted human SL1 complex was able to reactivate inactive human 

rDNA on chromosome 21 in mouse cells, which violates the proposed species-specific paradigm 

[109]. 

 Alignment of rDNA promoters across a wide range of species reveals that there is little if 

any sequence conservation within the regulatory elements while the structural gene sequences 

are highly conserved (Figure 5A, 5B) [110-113].  However, in silico analyses of rDNA 

promoters across species identified a conserved natural bend within the CE that may be 

important in transcription factor promoter recognition (Figure 5C) [110, 111, 113].  Interestingly, 

when the frog rDNA promoter was re-engineered to alter the helical face of the template strand, 

mouse extract was then able to transcribe a frog rDNA template [114].  These studies suggest 

that the nucleotide sequence of the rDNA promoter is not as important as the structural features 
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of the DNA for transcription factor binding.  The species-specific mechanisms of transcription 

initiation may not be as stringent as previously described.   

 

 

Figure 5. In silico analysis of rDNA promoters across species reveals conserved inherent 

bend despite little nucleotide sequence conservation.  A. Sequence alignment of rDNA 

promoters from respective species. B. Web Logo analysis of the rDNA promoters from A. Purple 

shaded region indicates the Core Element (CE)/CF binding site. Numbers listed below indicate 

position within the promoter relative to the TSS at +1.   C.  Conserved bend in rDNA promoters 

from a range of species. Adapted from Engel et al., 2017.   
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1.5  Regulation of Pol I Transcription 

Transcription by Pol I accounts for nearly 60% of total cellular transcription and rRNA 

makes up almost 80% of the total RNA content within living cells [115, 116].  This tremendous 

energy requirement for ribosome biogenesis makes the nucleolus a critical sensor of metabolic 

and environmental stress [117].  Pol I transcription is regulated in response to environmental 

conditions, nutritional and metabolic state, different stages of development, and cell cycle 

progression [117].  There are several signaling pathways involved in cell cycle and proliferation 

as well as stress response pathways that dynamically regulate the Pol I transcriptional machinery.  

Dysregulation of these sophisticated signaling pathways can have a significant impact on 

ribosome biogenesis that ultimately results in disease [7, 13-16, 118, 119]. 

 

1.5.1  Cell Cycle Regulation 

Cell proliferation is closely coordinated with nucleolar function as Pol I transcriptional 

activity has been shown to fluctuate during the cell cycle (Figure 6A, 6B) [120-122].  Entry into 

the cell cycle is associated with the upregulation of nucleolar function and size, both of which 

are dependent on the rapidity of cell cycle progression [7].  The nucleolus assembles during late 

telophase/early G1 and persists throughout interphase before nucleolar disassembly and 

inhibition of rDNA transcription at mitosis [91].  Reassembly of the nucleolus during telophase 

requires both ribosomal chromatin and active rDNA transcription [12].  Maximum transcription 

occurs during active proliferation in the S and G2 phases (Figure 6B) [123].   

Regulation of rDNA mitotic silencing requires phosphorylation by cyclin-dependent 

kinases (CDKs) [124].  When entering mitosis, Cdk1/Cyclin-B phosphorylates TAF1C at Thr852 

inactivating the SL1 complex and abolishing Pol I transcription [125].  Synthesis of rRNA is 
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reinstated during G1 via the phosphorylation of UBF at Ser484 by Cdk4/Cyclin D1 and 

Cdk2/Cyclin E [124, 126].  An observed increase in transcription in the S phase results from the 

phosphorylation of UBF at Ser388 by Cdk2/Cyclin E and Cdk2/Cyclin A [127].  This intimate 

relationship between the cell cycle and rRNA synthesis is maintained through key cell cycle 

checkpoints that frequently become altered in cancer cells.  

 

 

Figure 6.  Pol I transcriptional activity is tightly coordinated with cell cycle progression.   

A. Stages of the cell cycle. Adapted from www.tes.com.  B. Relative activity of Pol I transcription 

during the various stages of the cell cycle. Adapted from Drygin et al., 2010.  C. Various 

extracellular pathways and stimuli that regulate Pol I transcription. Red arrows indicate 

inhibitory effect while green arrows indicate stimulatory effect.  
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1.5.2  Extracellular Signaling Pathways 

 The mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase 

(ERK) signaling pathway transduces extracellular signals to the nucleus to modulate 

transcription [128].  Epidermal growth factor receptors (EGFRs) are activated and transduce a 

signal through the following signaling cascade: GTPase Ras, Raf, MEK, ERK.  Specifically, 

rDNA transcription is regulated by ERK1/2 kinases that directly phosphorylate UBF at Thr117 

and Thr201 to influence UBFs interaction with promoter DNA (Figure 6C) [129, 130].  

Moreover, Rrn3 is phosphorylated at Ser633 and Ser649 via ERK and ribosomal S6 kinase 

(RSK), respectively, that are required to form a transcriptionally competent PIC (Figure 6C) 

[131]. 

 GTPase Ras also controls the phosphatidylinositol-3 kinase (PI3K)/protein kinase B 

(Akt)/mammalian target of rapamycin (mTOR) signaling cascade [132, 133].  mTOR is a 

serine/threonine kinase that regulates cell growth and proliferation that functions by altering 

protein synthesis machinery [133, 134].  The PI3K/Akt/mTOR pathway modulates Pol I activity 

mainly through phosphorylation of transcription factors UBF and Rrn3 (Figure 6C) [134-136].  

Activation of mTOR increases SL1 promoter occupancy presumably through the 

phosphorylation of the carboxy-terminal activation domain of UBF and Rrn3 at Ser44 (Figure 

6C) [136].  mTOR can also act as a negative regulator of rRNA synthesis by phosphorylating 

Rrn3 at Ser199 rendering the protein inactive and abolishing PIC formation (Figure 6C) [136].   

 The c-Jun N-terminal Kinase 2 (JNK2) pathway also regulates rRNA synthesis [137].  

Under oxidative stress, phosphorylation of Rrn3 at Thr200 by JNK2 blocks Rrn3 from 

interacting with Pol I and the SL1 complex thereby inhibiting rDNA transcription (Figure 6C) 

[137].  Inactivation of Rrn3 leads to its subsequent translocation to the nucleoplasm.  The AMP-
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activated protein kinase (AMPK), also implicated in rRNA synthesis, is activated in energy-

depleted conditions in response to an increase in the ratio of AMP: ATP [16, 138].  AMPK 

directly phosphorylates Rrn3 at Ser635 to inactivate Rrn3 and block its interaction with the SL1 

complex, therefore, preventing PIC formation and inhibiting Pol I transcription (Figure 6C) 

[138].  Moreover, phosphorylation of AMPK leads to the inhibition of mTOR which directly 

affects mTOR-dependent rRNA synthesis [138].   

 Casein Kinase 2 (CK2) is a serine/threonine kinase that has also been shown to regulate 

rRNA synthesis.  CK2 associates with the transcriptionally competent Pol Ib but not the 

transcriptionally inactive Pol Ia [139].  CK2 targets multiple components of the Pol I 

transcriptional machinery to regulate rDNA transcription.  More specifically, CK2 targets the C-

terminal acidic tail of UBF and TAF1C of the SL1 complex to regulate PIC assembly (Figure 

6C) [139, 140].  In addition, CK2 phosphorylates Rrn3 at Ser170 and Ser172 which releases 

Rrn3 from Pol I and facilitates promoter escape and transcription elongation (Figure 6C) [141].   

 

1.5.3  Other Pol I regulators  

 BRCA1 is a well-studied tumor suppressor that is involved in several cellular processes 

such as the DNA damage response pathway, cell cycle control, and transcriptional regulation.  

Recent studies have demonstrated that BRCA1 interacts with components of the Pol I 

transcription machinery [142].  More specifically, direct contacts with UBF, the TAF1B subunit 

of SL1, and the largest subunit of human Pol I were identified.  Chromatin immunoprecipitation 

(ChIP) experiments observed BRCA1 occupancy at the rDNA promoter and throughout the gene 

body although its distribution appears to vary by cell type [142].  A reduction BRCA1 promoter 

occupancy at the rDNA loci was observed in response to DNA damage in addition to decreased 
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association with Pol I factors [142].  Together, these results suggest a positive regulatory role in 

DNA damage-dependent regulation of Pol I transcription.   

Insulin has also been shown to regulate rDNA transcription.  Insulin-deprived cells 

exhibit a significant reduction in rDNA transcription and the total RNA content which upon re-

addition of the hormone can restore RNA levels [143, 144].  Insulin is proposed to control the 

number of ribosomes available for protein synthesis by accelerating Pol I transcription and 

slowing the rate of ribosome degradation [143].  It was later shown that the increase in Pol I 

transcription is due to an increase in the expression of the UBF gene which enhances the rate of 

forming transcriptionally active Pol I PICs [144].  The lysine acetyltransferase P300/CBP-

associated factor (PCAF) has also been documented as a regulator of rDNA transcription [145].  

PCAF-mediated acetylation of the TAF1B subunit of SL1 results in increased binding of SL1 to 

the rDNA promoter which in turn stimulates Pol I transcription [146].  Nucleophosmin (NPM1) 

is a critical cellular protein that has histone chaperone activity and has be implicated in numerous 

functions such as chromatin remodeling, genome stability, and apoptosis [147].  NPM1 has been 

shown to localize to the nucleolus where it interacts with rDNA to regulate Pol I transcription 

[148].  A decrease in rRNA synthesis was observed when NPM1 was depleted.  Depletion of 

UBF reduced the chromatin binding affinity of NPM1 suggesting that the ability of NPM1 to 

regulate rDNA transcription relies on its interaction with UBF [149].  

 In S. cerevisiae, Net1, Cdc14, and Sir2 form the Regulator of Nucleolar Silencing and 

Telophase (RENT) complex that controls mitotic exit and nucleolar silencing.  Studies have 

shown that the Net1 subunit anchors RENT to the nucleolus and that Net1 directly interacts with 

Pol I to stimulate rRNA synthesis both in vitro and in vivo [150].  More recently it was shown 

that the Pol I-Net1 interaction is mediated by the Net1 CTR and that the acidic C-terminal tail of 
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human UBF can functionally substitute for the Net1 CTR [71].  Sir2, a histone deacetylase 

within the RENT complex, is known for its role in epigenetic silencing and has also been shown 

to have a role in regulating Pol I transcription in what is known as rDNA silencing [151].  Non-

coding RNAs (ncRNAs) that are integrated within the non-transcribed spacer (NTS) of the 

rDNA array are partially silenced by Sir2 [151, 152].  Silencing of the rDNA locus requires high 

rates of Pol I transcription and is propagated by Pol I unidirectionally [152].  Sir2-dependent 

repression of rDNA is associated with lifespan control through its ability to stabilize and regulate 

rDNA recombination [153].   

 

1.6  Dysregulation of Pol I Transcription and Disease 

 The nucleolus gathers and incorporates information from multiple signaling cascades to 

regulate ribosome production, which in turn controls cell growth and proliferation [154].  

Perturbations to this essential and intricate process of rDNA transcription and ribosome 

biogenesis can manifest in a variety of ways [16, 118, 154].  Oxidative stress, nutrient 

deprivation and other conditions that impair cellular metabolism were shown to decrease rRNA 

synthesis that results in various developmental disorders (Table 2) [13-16, 118, 119].  

Conversely, many of the signaling pathways and factors that regulate Pol I transcription are 

subject to mutations that enhance rRNA synthesis leading to uncontrolled cell proliferation [16, 

118].   
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1.6.1  Ribosomopathies 

 Ribosomopathies are diseases in which genes encoding for ribosome biogenesis factors 

or ribosomal structural proteins are dysregulated, resulting in a lack of ribosomes for normal 

protein synthesis [13-15, 119].  Such mutations can affect different stages of ribosome 

biogenesis including pre-rRNA synthesis, rRNA processing, and ribosome assembly that often 

leads to tissue-specific developmental phenotypes [13-15].  These diseases include Treacher 

Collins Syndrome (TCS), 4H-Leukodystrophy, Diamond-Blackfan Anemia, Acrofacial 

Dysostosis Cincinnati Type, Shwachman-Diamond Syndrome, Bloom’s Syndrome, Werner’s 

Syndrome, Dyskeratosis congenita, Cartilage-hair hypoplasia, and 5q Myelodysplastic 

Syndrome though this list is not complete (Table 2) [13-15, 119].   
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Table 2. List of Clinical Ribosomopathies

 

 

 

 

Disease Clinical Features Affected Gene Affected Process
Treacher Collins Syndrome Crainiofacial abnormalities, 

hearing loss, cognitive 
impairment

TCOF1, POLR1C, 
POLR1D

Pre-rRNA Synthesis 

Acrofacial Dysostosis Cincinnati Type Crainiofacial/limb 
abnormalities

POLR1A Pre-rRNA Synthesis

Diamond-Blackfan Anemia Developmental and 
cognitive delay, anemia, 
craniofacial/thumb 
abnormalities

10-15 RPs including 
RPS19, RPL5, 
RPL11

Ribosome Assembly

4H-Leukodystrophy Hyopmyelenation, 
cognitive impairment, 
ataxia

POLR1C Pre-rRNA Synthesis

Schwann-Diamond Syndrome Pancreatic insufficiency, 
short stature, anemia

SBDS Ribosome Assembly

Dyskeratosis Congenita Oral leukoplakia, bone 
marrow failure, abnormal 
skin pigmentation, nail 
dystrophy

DKC1 Pre-rRNA 
Processing

5q Myelodysplastic Syndrome Hypolobated
megakaryocytes; anemia

RPS14 Pre-rRNA 
Processing

North American Indian Childhood 
Cirrhosis

Cirrhosis, jaundice, 
hypertension

UTP4/Cirhin Pre-rRNA 
Processing

Cartilage-Hair Hypoplasia Short-limbed dwarfism, 
immune dysfunction, 
hypoplastic hair

RMRP Pre-rRNA 
Processing

Isolated Congenital Asplenia Born without spleen,  
immunodeficiency

RPSA Pre-rRNA 
Processing

Bowen-Conradi Syndrome Severe developmental 
delay, embryonic lethal

EMG1 Pre-rRNA 
Processing

Bloom’s Syndrome Severe developmental 
delay, cancer 
predisposition

BLM Pre-rRNA Synthesis, 
rDNA Copy Number 
Maintenance

Werner’s Syndrome Premature aging, cancer 
predisposition

WRN Pre-rRNA Synthesis, 
rDNA Copy Number 
Maintenance

Cockayne Syndrome Neurodegenerative 
disease, premature aging

CSA/CSB Pre-rRNA synthesis
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 As the research of our lab is focused on the initiation of Pol I transcription, we study a 

disease in which this process is impaired known as TCS (Figure 7B) [155].  TCS is an 

exceptionally rare autosomal dominant disease that is classified as mandibulofacial dysostosis.  

Patients have craniofacial abnormalities that include down slanting palpebral fissures, lower 

eyelid colobomas, microtia, and malar and mandibular hypoplasia that lead to difficulties 

breathing and eating and cognitive delay [155].  This disease is very rarely identified before birth 

and patients have limited and expensive treatment options including multiple tedious 

reconstructive surgeries that are never fully corrective. 

 The majority of TCS cases result from mutations to genes encoding for the shared Pol 

I/III subunits, POLR1C and POLR1D, and the TCOF1 gene that encodes for the protein 

TREACLE, which has been shown to interact with rDNA and components of the Pol I PIC [156-

159].  These mutations affect the migratory cell population known as neural crest cells that 

ultimately differentiate into tissues and bones of the face (Figure 7A) [155, 156, 158, 159].  TCS 

mutations lead to premature apoptosis of the neural crest cells before they can reach their final 

destination resulting in underdeveloped craniofacial features that are characteristic of the disease 

[155].  There is currently no cure for TCS therefore understanding the basic molecular 

mechanisms of the disease can elucidate alternative, more effective detection and treatment 

options.  
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Figure 7.  Treacher Collins Syndrome affects the migratory neural crest cells. A. Neural 

crest cells originate from the dorsal fold indicated by red circle and undergo complex 

morphogenesis to give rise to the tissues and bones of the face. Adapted from Adameyko and 

Fried, 2016.  B. Siblings from the same parents with varying degrees of TCS. Adapted from 

Trainor et al., 2009. 
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1.6.2  Cancers 

 Enlarged and abnormally shaped nucleoli are common features of cancer cells that have 

been observed by pathologists for more than a century (Figure 8) [22, 121, 160, 161].  Elevated 

levels of pre-rRNA have been identified in nearly all types of cancers, with a few exceptions 

[162, 163].  Pol I activity is directly regulated by a variety of tumor suppressors and oncogenes 

such as p53, p14Arf, Myc, retinoblastoma protein (pRb), and phosphatase and tensin homolog 

deleted on chromosome 10 (PTEN) whose frequent mutation results in tumorigenesis [7, 16, 118, 

164].   

 

 

 

Figure 8.  Size and morphology of nucleoli are an indicator of tumor progression. A.B. Two 

silver stained histological sections of human breast carcinomas.  Dark black spots are nucleoli in 

both panels.  Darker staining nucleoli (B) are indicative of tumor stage and aggressiveness. 

Adapted from Derenzini et al., 2004.  
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 Tumor suppressor p53, commonly referred to as the guardian of the genome, is activated 

in response to stress signals and triggers cell cycle arrest and apoptosis [165, 166].  In normal 

cells, p53 is regulated by murine double minute 2 (MDM2/HDM2 in humans) [165, 166].  

MDM2 is an E3 ubiquitin ligase that binds to, inactivates and targets p53 for proteasomal 

degradation [165].  Inhibition of Pol I transcription triggers the nucleolar stress response where 

RPs translocate to the nucleoplasm and bind MDM2, which stabilizes and activates p53 [167-

170].  The stabilization of p53 in the nucleolus triggers apoptotic signaling pathways that 

ultimately result in controlled cell death [167].   

 Most genes regulated by p53 are involved in cell cycle progression and need to be 

transcriptionally inactive to suppress cell proliferation and tumorigenesis [165, 166].  p53 

localizes to the nucleolus where it directly regulates Pol I transcription by interacting with Pol I 

transcription factors [167, 171, 172].  Accumulation of wild type (WT) p53 inhibits Pol I 

transcription by binding to TAF1C and TBP of the SL1 complex and inhibits the interaction 

between SL1 and UBF, thereby abrogating PIC formation and Pol I transcriptional activity [168, 

172].  Mutant p53, which is one of the most frequently altered genes in human cancers, does not 

retain this inhibitory function.  Cancer cells, which typically have elevated levels of pre-rRNA 

synthesis, have less free RPs to bind to and inactivate MDM2 so there is more p53 degradation 

and thus a lack of apoptotic signaling and cells will continue to proliferate [171, 172].  

 p14Arf is a tumor suppressor upstream of p53 that acts as the first line of defense against 

hyperproliferative signals [173].  p14Arf is a central regulator of ribosome biogenesis that acts 

both, directly and indirectly, to regulate Pol I transcription [115, 118, 174].  p14Arf indirectly 

regulates Pol I by binding to MDM2 and inhibiting its E3 ligase activity that in turn stabilizes 

p53 and triggers apoptosis [174].  p14Arf directly inhibits rDNA transcription by inhibiting both 
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pre-rRNA synthesis and processing by interfering with the phosphorylation of UBF and 

preventing the nucleolar import of TTF1 [175].  Loss of p14Arf expression, which is often 

mutated or silenced in cancer cells, results in enhanced ribosome biogenesis [7]. 

 One of the most common oncogenes, Myc, plays a role in the activation of genes 

associated with ribosome biogenesis, cell growth, metabolism, and protein synthesis [176, 177].  

Approximately 1/6 of all genes within the genome are mediated by Myc, including many Pol I 

transcription initiation factors [176].  Myc forms a heterodimer with binding partner Max that 

binds to enhancer motifs of DNA, which recruit chromatin remodelers to establish a permissive 

DNA structure for transcription by all Pols [176].  The rDNA gene has multiple copies of the 

enhancer DNA motif that is bound by Myc [178].  Unsurprisingly, Myc localizes to the 

nucleolus at sites of rRNA synthesis and has been shown to interact with components of the SL1 

complex and rDNA elements [177].  The overexpression of the Myc oncoprotein, which has 

been found in ~50% of all cancers, is known to enhance the rate of ribosome biogenesis by 

increasing the expression of UBF, RPs, and maturation factors [177-181].  In addition, Myc 

binds to SL1 and stabilizes its interaction with UBF that subsequently enhances pre-rRNA 

synthesis, ribosome biogenesis, and cellular proliferation [118, 179].  Furthermore, 

overexpression and chromosomal translocations of NPM1 are a common feature of human 

malignancies and enhance nucleolar localization of Myc and Myc-driven rDNA transcription 

[182-184] . 

 The tumor suppressor pRb controls cell cycle progression from G1 to S phase and can 

directly suppress rDNA transcription [185-188].  pRb undergoes progressive phosphorylation 

during the cell cycle [123, 189].  Active, non-phosphorylated pRb binds to UBF and inhibits its 

role in PIC formation and thus represses Pol I transcription [185].  During normal cell cycle 
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progression, the increased phosphorylation of pRb from G1 to G2 phase enhances rDNA 

transcription and nucleolar size [174].  pRb accumulates in the nucleoli of differentiated cells 

where it represses Pol I transcription by interacting with UBF and preventing its association with 

the rDNA promoter [185-188].  Mutations or alterations to the pRb gene are one of the more 

common features of human malignancies.  Inactivation of the canonical pRb function has been 

associated with increased rates of rRNA synthesis [185, 187].  Notably, cancers that have 

mutated or inactive p53 and pRb have the highest rates of rRNA synthesis [25, 118]. 

 PTEN is a tumor suppressor with lipid phosphatase activity that inhibits PI3K/Akt 

signaling and cell growth [190, 191].  PTEN has been shown to directly repress Pol I 

transcriptional activity by disrupting SL1 from the promoter as well as dissociating subunits of 

the SL1 complex [191].  An N-terminal extended PTEN isoform, PTENβ, has been demonstrated 

to localize to the nucleolus where it dephosphorylates nucleolin, one of the most abundant non-

ribosomal nucleolar proteins, at Thr84 [192].  Dephosphorylation of nucleolin negatively 

regulates rDNA transcription by altering the distribution of UBF and Pol I along the promoter 

[192].  As such, loss of functional PTEN results in elevated levels of rRNA synthesis to drive 

cell proliferation and tumorigenesis [191, 192].   

 Overexpression or mutations affecting the many components of the signaling cascades 

that regulate Pol I transcription initiation has also been associated with tumorigenesis.  Current 

statistics suggest that ERK is abnormally active in ~30% of all human cancers [132].  ERK 

activation in tumors is often associated with mutations to the GTPase Ras, the membrane-

associated protein that controls ERK function [128].  PI3K and Akt are encoded by oncogenes 

that are often amplified in cancers.  PI3K/Akt signaling is also amplified when PTEN loss-of-

function mutations arise [132].  Roughly 50-80% of sporadic human tumors result from 
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monoallelic mutation of PTEN [174, 190].  Inactivation of PTEN results in the constitutive 

activation of the PI3K/Akt signaling pathway and ultimately tumorigenesis [123, 164].  Loss of 

functional PTEN results in increased Pol I transcription regardless of p53 status in the cell [191].  

Enhanced mTOR expression has not been observed in human cancers but it is frequently 

hyperactivated via changes to upstream regulators of mTOR such as PTEN, Ras, and Akt2 [115].  

There is a sophisticated network of crosstalk between these signaling pathways that regulate 

rRNA synthesis and as such, dysregulation to any one of these pathways has a significant 

influence on ribosome biogenesis and cancer cell progression. 

 While the majority of cancer mutations affect auxiliary signaling pathways and proteins 

that regulate the Pol I transcriptional machinery, there have been instances where the Pol I 

factors themselves have mutations that are associated with tumorigenesis [193-196].  Somatic 

frameshift mutations of TAF1B and TAF1C subunits of the SL1 complex were identified in 

certain colorectal cancers [193].  TAF1C frameshift mutations have also been reported in 

particular gastric cancer cases [194].  In addition, low incidences of TAF1A somatic missense 

mutations have been identified in some cases of lung adenocarcinomas [195].  More recently 

expression of POLR1B, the second largest subunit of human Pol I, was shown to be upregulated 

in non-small cell lung cancer and promote tumorigenesis [197].  Together, these findings 

highlight the intimate relationship between ribosome biogenesis, cellular homeostasis, and 

cancer. 
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1.6.3  Other Pol I related diseases 

Parkinson’s Disease 

 Dysregulation of the nucleolar structure and function is a cellular stress event that has 

been associated with aging and neurodegenerative diseases such as Parkinson’s disease.  The 

Parkin Interacting Substrate ZNF746, also known as PARIS, was shown to interact with 

components of the Pol I transcription machinery, occupied the rDNA promoter and suppressed 

rDNA transcription levels in vivo [198].  A decrease in rRNA levels leads to an accumulation of 

p53 activating the apoptosis pathway in neurons [198].  These results suggest that repression of 

rRNA synthesis via a defective Parkin-PARIS pathway can contribute to Parkinson's disease 

pathogenesis. 

 

Aging 

 The combination of the highly transcribed tandemly arranged rDNA repeats, and the 

difficulty of replicating such repetitive sequences, makes the rDNA intrinsically unstable and 

susceptible to variations in repeat copy number [199].  Studies in yeast have shown that the 

replicative life span is tightly linked to the stability of the rDNA loci [200-202].  Through 

intramolecular homologous recombination, extrachromosomal rDNA circles (ERCs) form and 

accumulate as cells age and are thought to contribute to aging [203].  Maintenance of rDNA 

copy number and the epigenetic methylation state of rDNA loci have also been associated with 

aging [204].  Furthermore, studies have shown that rRNA production increases with age and that 

nucleolar size and activity may serve as biomarkers of aging [205]. 
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Cardiac Failure 

 Whole exome sequencing of pediatric siblings diagnosed with dilated cardiomyopathy 

revealed a compound heterozygous recessive mutation, L84S, and G341R, in the TAF1A subunit 

of the SL1 complex [206, 207].  Assessment of explanted hearts revealed associated symptoms 

that include marked fibrosis and gene-specific nucleolar segregation defects in cardiomyocytes, 

indicative of impaired rRNA synthesis [207].  Knockout of the TAF1A gene in zebrafish 

recapitulates the observed heart failure phenotype [207].  These findings implicate defective 

rRNA synthesis and ribosome biogenesis as a source of early-onset heart failure.  

 

Type 2 Diabetes 

 An increase in the number of renal matrix proteins supports the induction of kidney 

hypertrophy, one of the first signs of the onset of diabetes.  This increase in protein expression is 

largely dependent on the availability of ribosomes to translate the mRNAs of the renal matrix 

proteins.  Expression of the TAF1C subunit of the SL1 complex was recently shown to be 

significantly increased in patients with Type 2 Diabetes Mellitus [208].  Furthermore, high 

glucose conditions were shown to enhance phosphorylation of UBF and its interaction with Pol I 

and the rDNA promoter [144, 208].  This suggests that rRNA synthesis contributes to diabetes 

pathophysiology.  

 

Neurodegeneration 

 A recurrent de novo missense mutation of UBF was identified as a gain-of-function 

mutation responsible for developmental neuroregression [209-211].  The age of onset for this 

particular neuronal syndrome is between 2.5-3 years of age, much earlier than most 
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neurodegenerative diseases [209, 211].  The E210K mutation results in a slow progression of 

motor, cognitive, and behavioral dysfunction [209-211].  Examination of patient fibroblasts 

revealed that UBF expression was normal however, there was a significant increase in UBF 

promoter occupancy, amplified expression of pre-rRNA, number of nucleolar abnormalities and 

DNA breaks that ultimately result in defective cell cycle progression and apoptosis [209, 211]. 

 

1.7  Pol I Targeted Therapies 

 Pol I transcription and ribosome biogenesis are at the center of a key convergence point 

of a vast array of stimuli [118].  Inhibition of rRNA synthesis leads to apoptosis, autophagy or 

cellular senescence depending on the cell type.  Given its critical role in cellular homeostasis, 

targeting ribosome biogenesis at the step of rDNA transcription has proven to be therapeutically 

valuable.  Pol I transcription is highly selective and as such Pol I targeted therapies have the 

potential to minimize off-target effects [212].  Moreover, normal, healthy cells have relatively 

slow rates of ribosome biogenesis in comparison to transformed cancer cells, which makes for 

better drug uptake specificity towards malignancies [212].  Since the majority of cancers have 

dysregulated ribosome biogenesis, Pol I transcription has become an attractive therapeutic target 

in recent years as it has the potential to treat a broad range of malignancies.   

 One compound that has been widely studied for its anti-tumorigenic potential is BMH-21 

(Figure 9A) [213-216].  This compound intercalates with GC-rich DNA, a common feature of 

rDNA, and acts independently of the DNA damage response [213, 214].  BMH-21 activates p53 

and induces expression of p53 target genes [213-215].  In addition, treatment of a variety of 

cancer cell lines with BMH-21 displays inhibition of Pol I transcription by nucleolar segregation, 

decrease in pre-rRNA levels, and degradation of RPA194, the largest subunit of Pol I (Figure 
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9B) [214].  Recently, it was shown that defects in Pol I transcription elongation make cells 

hypersensitive to BMH-21 and that the drug can directly impair the elongation process [216]. 

 

 

 

Figure 9.  Pol I Targeted Anticancer Compounds. A. BMH-21 chemical structure. B. BMH-

21 specifically induces degradation of RPA194. Adapted from Peltonen et al., 2014.  C. 9-

Hydroxyellipticine (9-HE) chemical structure. D. 9-HE inhibits pre-rRNA synthesis in a dose-

dependent manner in a panel of cell lines including HeLa, human non-small cell lung carcinoma 

cell (H1299), human bone osteosarcoma epithelial cells (U2OS) while the non-tumorigenic 

epithelial cell line (MCF10A) is somewhat resistant. Adapted from Andrews et al., 2013.  E. CX-

5461 chemical structure. F. CX-5461 Blocks SL1 from binding the rDNA promoter. Adapted 

from Drygin et al., 2011. 
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 Another Pol I inhibitor is 9-Hydroxyellipticine (9-HE), an ellipticine that localizes to the 

nucleus and disrupts SL1 and Pol I promoter occupancy (Figure 9C) [217].  This compound was 

shown to be equally effective both before and after PIC formation [217].  9-HE was shown to be 

highly selective towards inhibiting Pol I activity while having virtually no effect on Pols II/III 

activity.  A substantial reduction in pre-rRNA levels was observed in a panel of transformed 

human cell lines where Pol I inhibition is proposed to occur by a mechanism independent of p53, 

ATM/ATR, and Top2 (Figure 9D) [217].  Interestingly, non-malignant cells displayed resistance 

to 9-HE treatment (Figure 9D) [217].  

 A small-molecule peptide that targets the Pol I/Rrn3 interface was shown also to 

selectively inhibit rRNA synthesis [218].  An evolutionarily conserved 22 amino acid peptide 

within the RPA43 subunit of Pol I (residues 136 to 157) was identified by in silico methods 

[218].  This peptide is necessary and sufficient to mediate the interaction between Rrn3 and 

RPA43, an interaction that is essential for recruiting Pol I to the PIC [218].  While rDNA 

transcription was inhibited in vitro in the presence of this peptide, further in vivo studies are 

required to validate its inhibitory effects.  Rrn3 has also been shown to interact with 

Topoisomerase II a (Top2), an enzyme that catalyzes the cleavage of double-stranded DNA to 

relieve torsional strain and supercoiling [219].  Top2 is thought to alter the topology of the rDNA 

promoter to facilitate de novo PIC formation.  Interestingly, the depletion of Top2 reduced rDNA 

transcription but not transcription elongation [219]. This suggests that anticancer therapies that 

target Top2, which many compounds do, act by altering the ability to form a productive PIC and 

inhibit the initiation of Pol I transcription.    

 CX-5461 is one of the most widely studied Pol I-specific anticancer compounds (Figure 

9E) [123, 212, 220-223].  CX-5461 is the first selective inhibitor of Pol I transcription that 
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blocks PIC formation and is currently in Phase I/II clinical trial for its therapeutic effects on solid 

tumor breast cancers [221, 222].  This class of ellipticine planar alkaloid compounds is found to 

intercalate with GC-rich DNA and stabilize G-quadruplex secondary structures found in GC-rich 

DNA, such as rDNA that is ~60% GC-rich [221-223].  Order of addition experiments 

demonstrated that CX-5461 inhibition occurs before PIC formation suggesting that the drug 

inhibits transcription at the initiation step [221, 222].  ChIP analyses of CX-5461 treated cells 

revealed a substantial reduction in Pol I and subunits of the SL1 complex at the rDNA promoter 

[221].  This was further validated in vitro with DNA binding assays (Figure 9F) [221].  The 

underlying mechanism of action employed by this compound is unclear and has become 

somewhat controversial the a primary mechanism of cytotoxicity employed by CX-5461 was 

recently reported as Top2 poisoning [224].  

CX-5461 can elicit inhibitory effects on tumor proliferation in a wide variety of cancers, 

those with WT p53 being most sensitive to treatment [220-222].  Across a panel of 50 human 

cancer cell lines and 5 non-transformed cell lines, CX-5461 has an average EC50 value of 147 

nmol/L in cancer cells and 5,000 nmol/L in normal cells [221].  The normal cells can likely 

tolerate a reduction in rRNA levels without inducing apoptosis whereas cancer cells cannot.  

Moreover, CX-5461 has a 300-400 fold higher selectivity for Pol I over Pols II and III [225].  

Several studies have demonstrated a synergistic effect of CX-5461 when treated in combination 

with other inhibitors specific to the cancer phenotype presented by patients [226, 227].  Benefits 

of selective Pol I inhibition include reduced genotoxicity and reduced DNA damage to non-

tumor cell population which results in a reduction of secondary cancers to normal cells compared 

to traditional therapies [212].   
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Cell lines devoid of functional p53 treated with CX-5461 were shown to activate the 

Ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) pathway 

[228, 229].  ATM/ATR maintains genome integrity by regulating the DNA damage response.  

Activation of the ATM/ATR pathway in response to cellular stress activates the cell cycle 

checkpoint kinases CHK1 and CHK2 [228, 229].  These checkpoint kinases arrest cells in G2 

and prevent entry into mitosis.  Interestingly, activation of this pathway was independent of 

DNA damage suggesting a novel nucleolar stress response in p53 null CX-5461 treated cells 

[228, 229]. 

 

 1.8  Non-canonical roles of the Pol I transcription machinery 

 While Pol I is widely known for its role in rDNA transcription and ribosome biogenesis, 

there have been reports of alternative functions of Pol I and its transcription factors.  In addition 

to its role in transcription of the rDNA loci, Pol I has also been associated with the transcription 

of mRNAs, which are typically transcribed by Pol II [230, 231].  A chimeric plasmid containing 

the SV40 tumor antigen coding sequence under control of the mouse rDNA promoter was 

microinjected into the nuclei of mouse cells where the expression of the SV40 large T antigen 

was observed [230].  This was the first time that Pol I was shown to transcribe a protein-coding 

gene.  Later work in the model organism Trypanosoma brucei revealed that these parasites bear a 

multifunctional Pol I that can carry out transcription not only of rDNA but also variant surface 

glycoproteins and procyclins [231].   

In Schizosaccharomyces pombe, Pol II has been demonstrated to form a complex with the 

Rrn7 subunit of the CF complex at the HomoID box element of the promoter to stimulate the 

expression of RPs [232].  This study establishes direct interactions between Rrn7 and the basal 
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Pol II transcription machinery including TFIIA, TFIIB, TFIIE, TBP and Pol II itself [232].  Rrn7 

is required both in vitro and in vivo to form a PIC on HomoID box-containing promoters and is 

required for in vitro transcription assays [232].  Together, these studies suggest that the Pol I 

initiation factors are not restricted to rRNA synthesis.   

 Gene rearrangements generate mixed-lineage leukemia (MLL) fusion proteins that are the 

cause of aggressive leukemias.  The fusion of MLL to the co-activator complex AEP (AF4 

family/ ENL family/ P-TEFb) results in the constitutive activation of target genes through the use 

of the SL1 complex [233, 234].  Briefly, the AF4 component of the AEP complex was shown to 

associate with SL1 on chromatin where it loads TBP from SL1 onto the promoter to initiate Pol 

II-dependent transcription of the target gene [233].  It was later shown that TBP loading by AF4 

is the rate-limiting step in MLL-fusion dependent transcription [234].  These studies revealed a 

previously undocumented role of SL1 in Pol II transcription initiation.   

  UAF has multiple functions within the cell aside from its role in activating rDNA 

transcription.  UAF plays a critical role in suppressing Pol II transcription at the rDNA loci [44, 

235, 236].  Deletion of the UAF subunit Rrn9 results in the polymerase switch phenotype where 

Pol II carries out the synthesis of rRNA [235].  While the transcription efficiency of rDNA by 

Pol II is less than that of Pol I, this phenomenon is an inherent feature of S. cerevisiae that is 

heritable and reversible.  Furthermore, UAF has been shown to maintain rDNA copy number 

[237].  The tandem repetitive nature of the rDNA array makes it inherently unstable which under 

certain circumstances leads to a reduction in rDNA copy number.  UAF monitors rDNA copy 

number loss and can directly repress Sir2 expression, the histone deacetylase involved in rDNA 

silencing, and induce rDNA copy recovery [237].  Together, these studies demonstrate the 

multifunctionality of the UAF complex. 
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 During mitosis, the human nucleolus is dissolved and reforms around the chromosomal 

NORs [90].  In addition to its role in maintaining the chromatin landscape of the rDNA to 

facilitate Pol I transcription, UBF has been shown to play an essential role in establishing a 

“bookmark” on mitotic NORs [238].  To this end, UBF stays bound to the rDNA gene array 

while cells undergo mitosis and can reestablish an active NOR after cell division is complete 

[238].  Studies demonstrated that depletion of UBF inhibits the cells ability to reform an active 

NORs.  Moreover, a minimal neo-NOR, containing the UBF binding array coupled to rDNA 

transcription units, was sufficient to direct de novo nucleolar biogenesis irrespective of the 

chromosomal site of integration.  These results highlight the critical role of UBF in the 

organization of rDNA chromatin [238].  Furthermore, UBF has been shown to regulate the 

chromatin landscape of other genes aside from rDNA including genes associated with the DNA 

damage response and cell cycle checkpoints [239].  Studies have also shown that both isoforms 

of UBF are required to recruit Pol II to highly transcribed histone genes where it regulates DNA 

accessibility for optimal gene expression [239].  

 

1.9  Thesis Goal 

 Here, we have determined the structural features of the essential, basal transcription 

initiation factor CF and its interaction with promoter DNA.  This was accomplished by cryo-EM 

where the near-atomic resolution of Pol I and CF bound to DNA was obtained at 3.8Å [11].  

Briefly, we observed a unique path of promoter DNA in the Pol I system.  We discovered three 

states of initiation in which the mobile nature of the CF complex allows it to act as a ratchet to 

force DNA into the active site of the enzyme, a phenomenon unique to the Pol I system [11].  In 
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addition, we have resolved both the RPA49 tandem winged helix domain and the RPA49 linker 

domain that were shown to interact with template DNA and Pol I, respectively.   

 With the advent of the resolution revolution came multiple structures of the CF-Pol I 

initiation complex [11, 240, 241], which led us to question the mechanism in which CF engages 

with promoter DNA to facilitate transcription initiation.  Moreover, the development of Pol I-

specific anticancer therapeutics highlighted the need to better understand the basic mechanisms 

underlying the protein-DNA interactions within the Pol I system.  Using in vitro electrophoretic 

mobility shift assays (EMSAs), we found that CF preferentially binds to the GC-minor groove of 

the CE within a 12 bp region of the larger ~40 bp CE, from positions -28 to -17 relative to the 

transcription start site at +1 [242].  This 12 bp region of the CE is necessary and sufficient to 

mediate the CF-DNA interaction.  We also show that yeast CF can bind to the human rDNA 

promoter and that its binding to both yeast and human promoters is inhibited by the human Pol I-

specific anticancer therapeutic, CX-5461 [242].  Finally, we show that the yeast CE can be 

humanized in a position-dependent manner to support cell growth.  Taken together, these results 

demonstrate that CF utilizes a conserved sequence-independent binding mechanism to engage 

with the rDNA promoter to initiate Pol I transcription [242].  Moreover, we demonstrate that 

yeast is a powerful tool to study human anticancer compounds [242].  
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Supplemental Figure 1.1. Yeast Pol I factors and in vitro transcription assay.  A. Coomassie 

blue stained SDS-PAGE gel of purified yeast Pol I factors. B. Purified yeast Pol I factors are 

functional in promoter dependent transcription. The RNA product was visualized by primer 

extension. A red asterisk denotes primer extension product specific to the Pol I promoter. 
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Supplemental Figure 1.2. Cryo-EM of Pol I Initial Transcribing Complex.  

A. Representative negative stained raw micrograph. B. Representative cryo-EM raw micrograph. 

C. Refinement strategy (Materials and methods). A total of two rounds of 3D classification were 

performed, revealing three functional states of the Pol I Initial Transcribing Complex. The local 

resolution estimation shows flexibility for Core Factor and the Pol I stalk. Focused refinement on 

both Pol I and Core Factor improved alignment accuracy and improved the resolution for both 

regions. Euler angle distribution is also shown next to each reconstruction. D. FSC curves and 

estimated resolution using the 0.143 criteria following the gold-standard procedure implemented 

in RELION for the full Initial Transcribing Complex (black), Pol I (orange) and Core Factor 

(green). 
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Supplemental Figure 1.3. Comparison of Pol I in our Initial Transcribing Complex 

reconstruction with previous published models.  Pol I model from our Initial Transcribing 

Complex reconstruction is compared with Pol I in Elongation Complex (Neyer et al., 2016; Tafur 

et al., 2016) (A) and the apo crystal structure in the absence of nucleic acid (Engel et al., 2013; 

Fernández-Tornero et al., 2013) (B). Pol I in these models were aligned against the Core module, 

excluding the mobile Shelf, Jaw-lobe modules and the stalk (Cramer et al., 2001; Engel et al., 

2013; Fernández-Tornero et al., 2013). Models used are 5M5X (A) and 4C2M (B). Pol I in the 

Initial Transcribing Complex resembles Pol I in Elongation Complex more so than the apo crystal 

structure in the absence of DNA. 
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Supplemental Figure 1.4. Rrn3 does not stably associate with the rest of the complex. 

Complex assembly reaction was monitored on an SDS-PAGE gel and visualized by silver staining. 

Rrn3 was only present in the unbound and the first wash fractions (lanes 5 and 6; Rrn3 was labeled 

by a red asterisk). ‘Elution’ fraction in lane 9 is the assembled complex that was used in our EM 

analysis, whereas ‘retained’ fraction in lane 10 indicates everything that remained bound to the 

magnetic beads after elution, either due to inefficient digestion by the restriction enzyme or 

aggregation. ‘EcoRI’ fraction in lane 11 denotes the digestion buffer containing 5 unit/µl EcoRI. 

We also performed a control reaction in which TBP was the only protein included, and the elution 

from this control reaction was loaded in lane 12. Although we did not observe TBP density in our 

EM reconstructions, we observed a band on the gel corresponding to TBP (lane 9). This could be 

due to the association of TBP by itself to the DNA template (lane 12). In lane 13, the SDS sample 

buffer used for preparing samples for the gel was also loaded. 
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Supplemental Figure 2.1. Molecular architecture of Core Factor.  A. A ‘hand’ model for the 

molecular architecture of Core Factor. B-C. interfaces between the Rrn11 TPR domain and the 

Rrn6 NTD (B) and the Rrn7 IH (C). Color scheme is the same as in Figure 2.  
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Supplemental Figure 2.2. Structural comparison of the cyclin fold domains between Rrn7 

and TFIIB.  A. Alignment of the N- (left) and C-terminal (right) cyclin fold domains between 

Rrn7 (dark and light green) and TFIIB (orange). B. Aligning one of the two cyclin fold domains 

reveals a potential rotation of the other. Left, the N-terminal cyclin fold domain is aligned; right, 

the C-terminal cyclin fold domain is aligned. 

 

Supplemental Figure 3.1. Interfaces for the downstream duplex DNA in the Pol I Initial 

Transcribing Complex.  Key structural domains making direct contacts on the downstream DNA 

are labeled and colored differently.  
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Supplemental Figure 3.2 Cryo-EM reconstruction of Pol I Initial Transcribing Complex 

using a truncated scaffold.  A. The sequence of the truncated scaffold used for assigning the 

register of upstream Core Factor bound DNA. Color scheme is the same as in Figure 1A. B. Cryo-

EM reconstruction of the Pol I Initial Transcribing Complex assembled on the scaffold shown in 

A. Core Factor subunits and the nucleic acid template are colored the same as in Figure 1B in the 

left panel. The middle panel shows the local resolution estimation of the complex. FSC curve and 

estimated resolution using the 0.143 criteria following the gold-standard procedure implemented 

in RELION are shown in the right panel. C. Comparison between reconstructions using the full 

scaffold (Figure 1A) and this truncated scaffold. The density for the truncated complex is shown 

as a gray surface, while the full complex is depicted as mesh in tan. D. Fitting of rDNA promoter 
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DNA from positions −27 to −10 into the density. Template and non-template strands are shown in 

blue and cyan, respectively. Core Factor is shown in transparency, and is colored as in Figure 1. 

E. Euler angle distribution for the reconstruction shown in B. 

 

 

 

Supplemental Figure 4.1. Structural features of the three functional states of Pol I Initial 

Transcribing Complex.  A. Comparison of the Core Factor/Pol I interface between State 1 and 2. 

State 1 is shown in gray, while State 2 is shown in color. B. Density for the N-terminal zinc ribbon 

domain and linker region of Rrn7 is only observed in State 2. C. Density for A49 tandem winged 

helix domain and linker is only observed in State 3. D. Comparison between State 2 and 3 for the 

mutually exclusive appearance of the A49 tandem winged helix domain and the Rrn7 N-terminal 

domain. State 2 is shown in color, while State 3 is depicted in medium blue. Zoom in panel shows 

the clashes between A49 tandem winged helix domain and Rrn7 linker (red circle). 
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Supplemental Figure 4.2. Comparison of the density of the template strand within the active 

site cleft among the three functional states of the Pol I Initial Transcribing Complex. Density 

is depicted as blue mesh. Modeled DNA molecules are also shown. 
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Supplemental Figure 4.3. Core Factor mutants are defective for open complex formation. A. 

Schematic of experimental setup. B. Pol I Pre-Initiation Complexes were formed on the rDNA 

promoter reporter plasmid and incubated with the indicated extract and/or recombinant Core 

Factor (rCF) protein and treated with KMnO4 after 30 min. Reactions were supplemented with 

rCF where indicated. Products from primer extension reactions run on a Urea-PAGE gel are 

shown. Numbers to the right denote the approximate nucleotide position, with +1 as the 

approximate transcription start site. C. SDS-PAGE gel of indicated rCF proteins. 
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Supplemental 5.1. Comparison of Pre-Initiation Complexes of Pol I and II near TFIIB-like 

proteins. A. Relative positions of the zinc ribbon and the cyclin fold domains in Rrn7 and TFIIB 

after aligning the polymerases in Pol I and Pol II initiation complexes. Polymerases are shown in 

transparency. The DNA molecules are depicted in blue for the Pol I Initial Transcribing Complex, 

and magenta for the Pol II Pre-Initiation Complex (PDB ID: 4V1N), and are also shown in 

transparency. Rrn7 is shown in green, while TFIIB is in orange. Dotted circles indicate the 

locations of the zinc ribbon domains of Rrn7 (green) and TFIIB (orange). B. The N-terminal cyclin 

fold domains engage with different phase of promoter DNA in Pol I and Pol II initiation 

complexes. The N-terminal cyclin fold domains between Rrn7 and TFIIB are aligned. Rrn7 

obviously interact with a major groove, whereas TFIIB’s major DNA interface is at a minor 

groove. 
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Supplemental Figure 6.1. Model for the proposed Closed Complex based on the 

reconstruction in State 1. A B-form DNA is naturally extended from the upstream duplex 

sandwiched by the wall and protrusion domains of Pol I. Color scheme is the same as in Figure 1. 
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Supplemental Figure S1.  Effect of competitor order of addition on CF DNA binding.  A. 

DNA competitors were pre-incubated with DUAS IR-labeled DNA before CF addition (Scheme 

1) or after CF addition (Scheme S2).  B.  Representative EMSA results are shown for the 

indicated order of addition treatments.  DNA sequences of the two yeast competitors used in this 

experiment are listed in Figure 4B.    
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Supplemental Figure S2. Defining the minimal human core promoter element bound by 

yeast CF.  A.  Sequence of competitors used to define the minimal human core element bound 

by yeast CF. WT, wild type sequence in which competitors are based upon.  Dashed lines 

indicate excluded base pairs. Position within Pol I promoter relative to the transcription start site 

listed above respective base pairs.  Gray shaded area indicates the minimal human region bound 

by yeast CF.  B. Effect of indicated human mini competitors on yeast CF DNA binding.  

Representative EMSA results are shown.  Bar graphs below the EMSA results depict the relative 

CF DNA binding (R.B.) quantitation.  All values shown are relative to CF DNA binding in the 

absence of competitor oligos which is set at 1.0. 
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Supplemental Figure S3. Determining the Kd between CF and target promoters.  A-B. 

Representative EMSAs of CF titrations with a 20bp, IR-labeled probes containing the minimal 

(A) yeast CE (yCE) and (B) human CPE (hCPE) used for Kd calculations. C-D. Kd plots for the 

(C) yCE and (D) hCPE. Respective R2 and Kd values presented on each plot. Kd and standard 

deviation presented in picomoles (pM).  
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5.1  Summary 

 Here we have characterized the yeast CF complex, a basal Pol I transcription initiation 

factor, using both structural and biochemical approaches.  We have resolved the cryo-EM 

structure of yeast Pol I-CF complex bound to promoter DNA at 3.8Å [1].  The resolution of this 

structure revealed the unique molecular architecture of the Pol I PIC and the ATP-independent 

mechanism of rDNA transcription initiation [1].  In addition, we have characterized the binding 

preferences of the yeast CF complex and show that there is a conserved sequence-independent 

binding mechanism in which CF engages the GC-minor groove of the rDNA promoter [2].  We 

have discovered that positions -28 to -17 of the CE relative to the TSS at +1 are necessary and 

sufficient to mediate the CF-rDNA interaction [2].  Together, these studies have advanced our 

understanding of the overall topology of the Pol I PIC and revealed the underlying mechanisms 

of promoter recognition and transcription initiation that were previously unknown.  Defining the 

basic mechanisms of Pol I PIC assembly and rDNA transcription initiation will be tremendously 

beneficial in advancing our understanding of ribosomopathies and for the future development of 

Pol I-specific anticancer therapies. 

 

5.1.1  Molecular architecture of basal Pol I PIC  

 For more detailed summaries on the available structures of yeast CF bound to promoter 

DNA, the reader is directed to Chapter 3 and the following reviews [3, 4].  Subsequent findings 

have validated and expanded upon our results presented here.  Briefly, the ATP-independent 

mechanism of transcription initiation employed by Pol I was confirmed [5].  This event is 

centered around the rotation of the CF complex and upstream DNA which opens the DNA 

template and repositions the RPA49 tWH onto DNA, which agrees well with our previous 
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findings [1, 5].  This conformational rearrangement results in steric clashing between the 

components of the Pol I PIC that ultimately results in Pol promoter escape. 

 

5.1.2  CF rDNA promoter recognition 

 Our cryo-EM data revealed that CF resembles a right-hand grasping promoter DNA with 

both Rrn7 and Rrn11 at the interface [1].  We have further analyzed CFs interaction with 

promoter DNA in vitro using EMSAs and show that yeast CF has a preference for the GC-minor 

groove of the rDNA promoter [2].  Given the small size and reduced number of functional 

groups in the minor groove, it is uncommon for transcription factors to target the GC-minor 

groove; it is especially rare for a protein the size of the CF complex which makes this type of 

interaction rather unique [6, 7]. We have identified a 12 bp region of the CE from positions -28 

to -17 that is necessary and sufficient for CF promoter engagement [2].  We show that yeast cell 

growth is sensitive to the human anticancer compound CX-5461 and that yeast CF binding to 

both the yeast and human rDNA promoters is inhibited by CX-5461 in a dose-dependent manner 

[2].  Furthermore, we strategically humanized the yeast CE which revealed a conserved 

sequence-independent binding mechanism employed by the basal Pol I transcription factor [2].  

We propose that rDNA promoters in future work should be analyzed and compared based on 

their DNA structural features rather than by pairwise sequence alignment tools.  Moreover, we 

demonstrate the power of using yeast as a model to study human anticancer compounds [2]. 

A recent study made mutations to the rDNA promoter and the CF complex to further 

parse out the molecular mechanisms of Pol I promoter recognition and template opening [5].  

Changing promoter DNA from positions -27 to -23 and -22 to -19 results in a loss of a CF-

specific footprint [5].  Moreover, a variety of mutations in this region of the promoter failed to 
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produce an in vitro transcript due to the inability of CF to bind [5].  These results agree well with 

our findings where we found positions -28 to -17 to be necessary and sufficient for CF promoter 

binding [2].  Mutations to CF subunits Rrn7 and Rrn11 that mediate promoter interaction 

reduced transcriptional activity when multiple residues were mutated to alanine; less of an effect 

was observed when radical mutations were introduced [5].  Together, these studies demonstrate 

the importance of positions -28 to -17 of the CE in the rDNA promoter for CF recruitment and 

rRNA synthesis.   

In our cryo-EM reconstitutions we resolved the RPA49 tWH and linker in great detail 

and postulated that RPA49 has a multifunctional role in rRNA synthesis [1].  In a recent study, 

the tWH, dimerization and linker domains of the RPA49 mammalian ortholog, Polymerase 

Associated Factor 53 (PAF53), were all found to be essential in rDNA transcription and cell 

growth [8].  The C-terminal tWH of PAF53 was shown to have DNA binding activity similar to 

that of its yeast counterpart [8].  In addition, a secondary DNA binding domain in PAF53 was 

also discovered that is essential for rDNA transcription and mammalian cell growth [8].  

Together, these studies have expanded upon our findings and advanced our understanding of the 

mechanisms of rDNA transcription initiation. 

 

5.2  Future Directions 

 We have made great progress in our understanding of yeast Pol I transcription initiation.  

However, comprehensive structures of both the yeast and human Pol I PICs, as well as detailed 

mechanisms of PIC assembly and transcription initiation, are absent.  Future work studying the 

structural characteristics can potentially reveal clues as to how the Pol I PIC is altered when 

ribosome biogenesis is dysregulated in disease pathology.  Moreover, understanding the 
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complete topological landscape of the Pol I PIC and mechanisms that govern rDNA transcription 

initiation will benefit the development of future Pol I-specific anticancer compounds and other 

targeted therapies. 

 

5.2.1  A Complete PIC 

It will be important to define the role of all of the yeast Pol I GTFs in PIC assembly and 

transcription initiation including UAF and TBP.  Optimizing the order of addition of the 

initiation factors in the assembly of the cryo-EM scaffold may support a more stable complex 

that will provide improved resolution of the Pol I PIC.  Previous studies have reported that TBP 

interacts more strongly with UAF than CF [9].  It is possible that we were unable to resolve TBP 

in our cryo-EM reconstitutions due to the absence of UAF in our cryo-EM scaffolds.  We have 

also found that proper handling of the proteins in this work is extremely important, which 

includes minimizing the number of freeze thaws during and after purification.  Moreover, having 

a better understanding of how these factors engage with DNA will allow for a more careful 

assembly of cryo-EM scaffolds, such as not using dG: dC in the presence of CF as we have 

shown that it competes CF from binding its target sequence.  Using this information, we will 

assemble a more stable cryo-EM scaffold to improve the resolution of the entire yeast Pol I PIC. 

Chemical crosslinking and mass spectrometry (CX-MS) can also be used to identify 

potential interactions between initiation factors of the yeast Pol I PIC.  To this end, we will form 

a complex of purified Pol I initiation factors on DNA similar to the conditions used in the cryo-

EM scaffold assembly and expose the complex to a variety of chemical crosslinkers.  The 

chemical crosslinkers will covalently link reactive surface residues of the proteins within a 

defined distance.  After confirmation of successful crosslinking and processing the samples for 
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MS, we will obtain putative protein-protein interactions between yeast Pol I PIC members.  We 

can use this information together with the currently available structures to advance our 

understanding of the overall topology of the yeast Pol I PIC.  Furthermore, we can strategically 

mutagenize the protein-protein contacts identified in our CX-MS analysis to determine which 

interactions are necessary and sufficient to mediate yeast Pol I PIC assembly.  

 

5.2.2  CF Promoter Recognition 

While we have studied the nucleotides that are involved in CF promoter recognition, a 

thorough examination of the protein residues involved is required to complete our understanding 

of CFs interaction with DNA.  As mentioned above, a recent study mutated a variety of surface 

residues of the Rrn7 and Rrn11 subunits in the CF complex to determine their role in promoter 

recognition [5].  These authors found that transcriptional activity is reduced only when multiple 

residues are mutated [5].  This is not surprising as CF engages the promoter through a large 

positively charged interface between the DNA and the Rrn7 and Rrn11 subunits [10].  Future 

efforts that introduce more mutations to a larger number of residues in the DNA binding subunits 

of CF would likely produce greater effects on promoter engagement given the large interface 

between CF and the rDNA promoter.  We will test if mutant CF complexes can bind the rDNA 

promoter in our EMSA to determine which protein residues are critical for mediating promoter 

interactions.  Mutations to the N-terminus of Rrn11 and the N-terminal cyclin fold of Rrn7 will 

likely have the greatest effect on CF binding as these two regions contact promoter DNA [1].  

We will test those mutant CF complexes that can bind promoter DNA in an in vitro transcription 

assay to assess the functional importance of those residues in PIC assembly and transcription 

initiation.  
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We will continue to explore the previously predicted species-specificity of the Pol I 

system and expand upon our hypothesis of a sequence-independent binding mechanism.  We will 

analyze the DNA structural features of promoters of other eukaryotes such as pig, rodent, and 

chimpanzee and use our EMSA to determine if CF can bind those promoters with structural 

features that are similar to the WT yeast CE profile.  We expect those promoters with structural 

features similar to the yeast CE and human CPE will be able to support yeast CF binding.  

Guided by the structural profiles of the DNA sequences, we will methodically swap regions of 

the various species promoters and ask if they can support cell growth using our plasmid shuffle 

assay in the ∆rdnn yeast strain.  In addition, a random sequence generator will be used to identify 

DNA sequences that have similar structural profiles to the WT CE.  Using our EMSA conditions 

and plasmid shuffle assay, we can ask if the randomly generated sequences can compete for CF 

binding and if CF can directly bind those sequences as well as if the sequences can support yeast 

cell growth.  These studies would support our hypothesis of a conserved sequence-independent 

binding mechanism and may uncover other conserved features of CF promoter recognition.  

Characterizing as much as possible about CFs binding preferences can identify additional 

binding properties and discover DNA sequence motifs that may be important for transcription 

factor promoter recognition and engagement.  For example, the metazoan initiator element (Inr) 

is bound by the TAFs of the TFIID complex [11, 12].  These types of promoter specificity 

elements in yeast have not yet been resolved aside from the TATA-box motif, the GA element, 

and the TSS [13].  Studies have shown that sequence-specific contacts between TBP and TATA-

less promoters are not as important for transcriptional activity of those genes and that other 

transcription factors are responsible for promoter recognition [13].  Given the absence of a 

TATA-box motif in the rDNA promoter, CF is likely the most significant component for rDNA 
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promoter recognition and engagement.  This fits well with the GC-minor groove binding 

preference that we have discovered for the yeast CF complex [2].  While it is not necessarily a 

sequence-specific motif, it still plays a significant role as an initiation factor recognition element.  

This highlights the importance of fully characterizing the rDNA promoter and the engagement of 

transcription factors at the structural and molecular levels.  

 

5.2.3  Elucidating TBPs role in Pol I Transcription 

While TBPs role in Pols II/III transcription has been well studied, its role in Pol I 

transcription has remained elusive.  Identifying the role of TBP in rDNA transcription and how it 

interacts with the rest of the Pol I PIC will be important as the literature suggests that its role in 

Pol I transcription is fundamentally different from its role in Pols II/III transcription.  Given that 

the rDNA promoter is TATA-less, it is possible that TBP does not engage promoter DNA at all 

but rather serves as a scaffold to mediate protein-protein interactions between other Pol I-specific 

GTFs.  This is supported by studies that demonstrate Pol I transcriptional activity is insensitive to 

TATA oligonucleotide competition and immunodepletion while the transcriptional activity of 

Pols II/III is markedly decreased in the same assay [14-16].  An overlay of the cryo-EM structure 

that we have resolved above with TBP and DNA of a Pol II PIC reveals significant clashing 

between the CF subunits and TBP if TBP were to adopt its typical location (Figure 1).  In 

addition, the relatively straight path of the rDNA promoter in comparison to the bent Pol II 

promoter DNA supports the hypothesis of a unique role for TBP in rDNA transcription initiation 

(Figure 1).  Therefore, we propose that TBP adopts a more upstream location in the yeast Pol I 

PIC in comparison to its location in the Pols II/III PICs.   
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Figure 1.  Overlay of CF-Pol I cryo-EM with TBP and DNA of a Pol II PIC.  Significant 

clashing is observed between CF subunits (light gray) and TBP (pink) if TBP were to adopt its 

canonical location on promoter DNA.  Left, Top view; Middle, Front view; Right, side view. Pol 

I (dark gray), Pol I DNA (orange), Pol II DNA (blue). Pol I PIC (PDB: 5W66), TBP/DNA 

(PDB:5SVA).  

 

 

 

 

 

 

 

 

 

 

 



 138 

Preliminary CX-MS data supports our hypothesis and suggests that TBP may adopt a 

more upstream location in the Pol I PIC (Figure 2).  Briefly, we gathered the CX-MS data 

published in Knutson et al., and mapped the crosslinks on to the cryo-EM structure of CF-Pol I 

bound to the rDNA promoter that we have resolved above [1, 17].  Using our right-handed model 

of CF grabbing promoter DNA, TBP appears to sit on top of the CF complex like a ring sits on a 

finger.  Future studies geared towards optimizing the CX-MS conditions may yield additional 

information about the spatial orientation of these initiation factors within yeast Pol I PIC.  For 

example, being mindful of how proteins are handled and reducing the number of freeze thaws 

during and after purification.  Moreover, forming a UAF-TBP-CF complex on the rDNA 

promoter for CX-MS analysis will reveal protein-protein interactions that are most relevant to 

the native conditions within a cell.  

 

Figure 2.  Mapping CX-MS data on cryo-EM structure reveals a unique location of TBP in 

the Pol I PIC.  BS3 chemical crosslinks between TBP and CF mapped onto cryo-EM structure 

indicated by red spheres. Rrn11 (yellow), Rrn7 (green), Rrn6 (blue), DNA (orange). PDB: 

5W5Y. Data adapted from Knutson et al., 2014 and Han et al., 2017.  
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Macromolecular docking software can be used to model the interaction between CF and 

TBP to further refine our hypothesis.  To this end, the Patchdock rigid body domain server and 

available structures of yeast CF and TBP were used to model the interaction between the two 

proteins.  Patchdock uses surface shape complementarity to model an interaction between two 

proteins similar to fitting puzzle pieces together [18].  In theory, there is an infinite number of 

ways that CF and TBP can interact with each other but data from CX-MS studies can be used to 

introduce spatial constraints to reduce the number of possible models.  For the amine-to-amine 

chemical crosslinker BS3 with an 11Å linker arm, distance constraints of 26-30Å between Ca 

atoms are considered appropriate with a ~3Å window of flexibility [19].  Our Patchdock analysis 

predicted 18 different models of the CF-TBP interaction with a distance constraint of 27Å 

(Figure 3, A. Jackobel, G. Vo, Unpublished Data).  In all of the models generated, TBP adopted 

an upstream location in comparison to its Pols II/III location.  As we reduced the distance 

constraints, we obtained 2 models at 22Å and 0 models at 21Å (Figure 3).  In each of the two 

models obtained at 22Å, TBP is in an orientation with its DNA binding saddle facing away from 

DNA.  This further supports our hypothesis of a unique role of TBP in rDNA transcription 

initiation where it does not use its DNA binding domain to engage promoter DNA. 
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Figure 3. Patchdock modeling of the interaction between yeast TBP and CF in the Pol I 

PIC.  Patchdock modeling of the TBP-CF interaction uncovers clues as to how TBP fits within 

the Pol I PIC. The N-terminus of TBP is indicated by various colored spheres for classification 

into different groups. At 27Å there are 18 possible models that are classified into 4 different 

groups.  As the distance constraint is reduced to 22Å, the number of models is reduced to 2 

possible models in 2 different groups. No models were obtained at 21Å.  BS3 CX-MS data 

adapted from Knutson et al., 2014, TBP structure (PDB: 1YTB), CF structure (PDB: 5W5Y). 
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We have developed a method to form a complex of CF, TBP, and promoter DNA in vitro 

that will allow us to employ several molecular assays to resolve the location of TBP within the 

Pol I PIC.  We isolated recombinant yeast TBP core protein (residues 61-240) as the variable 

amino terminus is non-essential for viability and has been shown to have increased solubility and 

stability [13, 20].  We near-infrared (NIR) labeled the purified TBP core protein and promoter 

DNA to use in our EMSA.  The NIR dyes react with primary amino groups found at the N-

terminus of TBP and at the 5’ end of promoter DNA where an amino linker (AmC6) is used to 

incorporate an active primary amino group to the oligonucleotide.  The promoter DNA is 

roughly 50 bp long and contains the CE and some flanking regions from positions -39 to +11 

relative to the TSS.  We show that the NIR-labeled TBP comigrates with a complex of yeast CF 

and NIR-labeled DNA (Figure 4, A.J. Jackobel, Unpublished Data).  However, it is unclear if 

TBP is engaging with the rDNA promoter specifically or non-specifically through its interactions 

with the CF complex.  To address this uncertainty, we will design promoter DNAs that become 

progressively shorter as nucleotides are removed from the sequence and label them as described 

above for use in our in vitro EMSA (Figure 5A, 5B).  If TBP does engage with promoter DNA, 

the sequence will eventually become too small and lose the TBP binding site that will allow us to 

roughly estimate where TBP interacts with the rDNA promoter (Figure 5A).  If TBP does not 

engage with promoter DNA, the size of the sequence should not affect our ability to form a 

complex (Figure 5B). 
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Figure 4.  TBP comigrates with CF-DNA in vitro.  EMSA of recombinant TBP (IRDye® 

700CW NHS Ester LI-COR, Red), 50 bp CE DNA (IRDye® 800CW NHS Ester LI-COR, 

Green), and CF. The first lane in each panel is DNA only followed by DNA and CF before a 

titration introducing increasing amounts of TBP.  The merge of both channels shows that 

infrared labeled TBP and CF form a complex in vitro on infrared labeled CE DNA between 

positions -39 and +11 relative to the TSS at +1. * Indicates non-specific DNA band. 

 

Figure 5. Potential outcomes of EMSA to determine if TBP binds the rDNA promoter.   A. 

If TBP (pink) does bind DNA (gray), the probe will eventually become too small and will result 

in a loss of TBP binding.  B. If TBP does not bind DNA, the size of the probe will not affect our 

ability to form a TBP-CF-DNA complex. Rrn7 (green), Rrn11 (yellow), Rrn6 (blue). 

* 
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To determine if and where TBP binds the rDNA promoter, we can use molecular 

footprinting techniques like micrococcal nuclease (MNase) and site-specific hydroxyl radical 

cleavage analysis [21, 22].  In these assays, protein-bound DNA is protected from cleavage 

which is then be used to map the interaction (Figure 6).  To this end, we will use our in vitro 

assembly conditions to form a CF-TBP complex on labeled promoter DNA in which TBP is 

fused to the MNase enzyme (Figure 6A).  DNA bound by TBP will be protected from digestion 

leaving DNA near the TBP binding site susceptible to cleavage by MNase [22].  The DNA will 

then be analyzed by gel electrophoresis to assess the size of the cleavage product(s) generated 

(Figure 6A).  This will broadly determine if and approximately where TBP is interacting with the 

rDNA promoter.   

To be more precise in our approach, we will use site-specific p-Bromoacetamidobenzyl-

EDTA, iron (III) chelate (FeBABE) hydroxyl radical cleavage assays to determine where TBP 

engages the rDNA promoter (Figure 6B, 6C) [21].  Guided by our MNase results, we will site-

specifically incorporate phosphorothioate moieties in the rDNA promoter that will serve as 

FeBABE conjugation sites (Figure 6C).  The FeBABE chemical acts like molecular scissors 

whereupon activation, hydroxyl radicals produced via the Fenton reaction cleave peptides within 

a ~12Å radius [21].  With FeBABE conjugated at various sites throughout the rDNA promoter, 

we can determine what nucleotides are involved in TBP promoter recognition as well as what 

residues in the protein mediate this interaction (Figure 6C).  Epitope tags incorporated in the 

protein can be used to estimate the size of the peptide cleavage products visualized by Western 

blot, which can be mapped on known structures to determine how the protein is engaging 

promoter DNA.  These studies will reveal the nucleotides of the promoter that are near TBPs 

binding site and the residues that are putatively mediating TBPs interaction with promoter DNA.  
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Reciprocal experiments where the FeBABE chemical is incorporated into the protein of interest 

will allow us to determine where TBP cleaves promoter DNA and/or other proteins in the Pol I 

PIC (Figure 6B).  Moreover, this approach allows us to ask how TBP engages with CF and UAF 

to better understand the overall structure of the yeast Pol I PIC.  If TBP does engage with the 

rDNA promoter, we will methodically introduce a variety of mutants to the various structural 

domains of the protein and the promoter to better understand the residues and nucleotides that 

are necessary and sufficient to facilitate this interaction. 

 

 

Figure 6. Schematic of molecular footprinting techniques to analyze TBP promoter 

engagement. A. TBP fused to MNase (black saw) will determine an approximate region of 

where TBP may be interacting with the rDNA promoter. B/C. FeBABE (black scissors) can be 

site-specifically incorporated in the protein (B) or the DNA (C) to more precisely determine if 

TBP engages with the rDNA promoter.  UAS, upstream activating sequence; CE, core element. 

Lollipop indicates infrared label. 
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If TBP does not engage with promoter DNA, this supports the hypothesis of an entirely 

different role for TBP in the Pol I PIC.  Rather than engaging with DNA and nucleating PIC 

formation as it does in the Pols II/III systems, this result would suggest that TBP likely serves to 

facilitate protein-protein interactions that stimulate the activity of the Pol I transcription 

machinery, supporting a co-activator like role (discussed in more detail below).  In addition to 

CX-MS, we will employ a technique known as protein painting that will give us information on 

the surfaces that are involved in protein-protein interactions [23].  To this end, a CF-TBP 

complex will be exposed to non-covalent chemical dyes that will cover solvent-exposed surface 

residues making them resistant to trypsin digestion.  Direct protein-protein interactions are 

presumably inaccessible to solvents as the residues in this interface are buried and therefore will 

not be “painted” and retain their sensitivity to trypsin digestion [23].  Those sites sensitive to 

trypsin digestion will be identified by MS to reveal information about the protein-protein 

interaction interfaces between yeast CF and TBP.  Given that we have structures of CF bound to 

the rDNA promoter, we will determine where and how TBP is engaging with CF in the context 

of the rest of the Pol I PIC.  These experiments will be carried out with and without promoter 

DNA to determine if the interaction interfaces between CF and TBP change in the presence of 

nucleic acids.   

Guided by CX-MS and protein painting results, we will introduce mutations to the 

putative protein-protein interaction interfaces and perform co-immunoprecipitations to identify 

what residues and/or domains are important for mediating the interaction between TBP and CF 

and potentially the rest of the Pol I PIC.  As mentioned above, site-specific incorporation of 

FeBABE is another technique that will be used to determine how TBP interacts with other 

members of the Pol I PIC [21].  Uncovering the overall topology of the yeast Pol I PIC may 
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provide additional evidence that supports our hypothesis of a unique role for TBP in Pol I 

transcription initiation.  

There is a growing amount of evidence that suggests TBPs role in Pol I transcription is 

fundamentally different from its role in the Pols II/III systems.  The requirement for TBP in 

transcription initiation is likely more stringent for highly regulated genes such as those that are 

transcribed by Pol II.  Considering the continuous demand for ribosomes and the minimal 

number of gene promoters that Pol I is recruited, it is possible that regulation of rDNA 

transcription initiation is not as extensive as other genes and can be achieved through alternative 

regulatory mechanisms such as post-translational modifications.  The fewer number of factors 

and steps that are required for initiation reduces the energy expenditure and regulatory potential 

while increasing the efficiency of initiation.  This is supported by evidence that suggests Pol I is 

poised in an elongation-competent state which would alleviate the requirement for TBP in basal 

rDNA transcription initiation [1, 24]. 

TBP in the yeast Pol I system more closely resembles that of archaeal TBP as both have 

not been shown to assemble into larger complexes and archaeal TBP has been shown to only 

transiently bind and bend promoter DNA [25].  It has been suggested that the TAFs play an 

important role in promoter recognition and Pol selectivity at TATA-less genes [12, 26].  

Therefore, the CF complex likely plays the most significant role in promoter recognition and PIC 

assembly through binding a conserved DNA structural element in the CE such as the GC-minor 

groove.  The literature supports a co-activator like role for TBP in the Pol I transcription system 

where it stabilizes UAF and CF at the promoter via contacts with the Rrn9 subunit of UAF and 

the Rrn6 subunit of CF [9, 27, 28].  Rather than binding and bending DNA as it does in other 

transcription systems, TBP likely reinforces the interaction between the Pol I-specific initiation 
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factors and additional transcription factors to form a highly stable PIC that is permissive for 

maximal production of rRNA.  Similar to how brackets support and reinforce shelving, CF (the 

shelf) can interact with UAF (the wall) but the interaction is much sturdier and can withstand a 

greater load when TBP (the bracket) is there for support. 

The DNA binding domain of TBP may not be used canonically but rather mediates 

protein-protein interactions between complex members as seen in the TBP-containing SAGA 

and TFIID Pol II transcription factor complexes [29-31].  Evidence supporting this hypothesis 

was reported in the Acanthamoeba castellanii TIF-IB initiation factor, an SL1 ortholog, which 

contains TBP as a member of the complex that does not use its DNA binding domain to interact 

with DNA [32].  It is also possible that TBP does not have any significant function in rDNA 

transcription but its association with Pol I factors is perhaps the result of imperfect evolution or 

an artifact of purification.  All eukaryotic Pols evolved from a similar ancestor with the Pol II 

transcription machinery being most similar to those of archaea and bacteria [33].  Pol I is 

reportedly the most divergent of the eukaryotic Pols [32], therefore[34] it is possible that over 

time the need for TBP in rRNA synthesis was diminished similar to the human appendix that is 

considered a vestigial organ.  It will be important to understand the mechanism(s) of TBP 

recruitment to the yeast Pol I PIC, in addition to its location, which can elucidate the functional 

significance of TBP in rDNA transcription.  Furthermore, it will be important to understand how 

a single protein factor is differentially incorporated into larger transcription complexes for 

selective initiation in both yeast and humans.  

It will also be important to understand why TBP is a stable component of the human SL1 

complex but not the yeast CF complex.  In the yeast Pol I transcription system, TBP has not been 

shown to assemble into larger transcription factor complexes although interactions between the 
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Rrn9 subunit of UAF and the Rrn6 subunit of CF have been reported [9, 17, 28].  However, 

numerous studies have demonstrated the importance of TBP as a member of the human SL1 

complex [35, 36].  TBP was shown to copurify with the SL1 complex where all subunits of SL1 

appear to make contacts with TBP [37].  SL1 activity was analyzed by in vitro transcription 

assays where reactions immunodepleted of TBP displayed markedly reduced rRNA synthesis 

[35].   Partial human SL1 complexes devoid of TBP are unable to facilitate efficient transcription 

initiation highlighting its integral role as a member of the SL1 complex [36].    

One distinguishing feature that may account for this difference lies within the TFIIB 

family proteins, yeast Rrn7 and human TAF1B.  The N-terminal domain of the TFIIB-family (B-

family) proteins plays a critical role in nearly every step of transcription initiation despite a high 

degree of sequence diversity in these regions both within and between species [38].  B-family 

proteins typically engage Pol through the zinc ribbon domain, open template DNA and select the 

TSS using the linker and reader domains and typically bind promoter DNA and TBP through 

tandem cyclin fold domains [38, 39].  Rrn7 retains many of its B-family protein functional 

features however, structures revealed that insertions in the cyclin folds of yeast Rrn7 prevent a 

canonical interaction between the B-family protein and TBP [1, 40, 41].  CF and UAF interact 

through the Rrn7 and Rrn9 subunits, respectively [9, 27].  Interestingly, TBP has been shown to 

interact the strongest with the Rrn9 subunit of the UAF complex [9].  It is possible that UAF 

absorbed the ability to bind TBP given the unique interaction of Rrn7 with the rDNA promoter.  

The N-terminal cyclin fold of human TAF1B has a large insertion that contains numerous 

modifiable residues and being that TBP is part of the SL1 complex, it will be important to 

understand how these structural differences affect complex assembly, DNA binding and 

transcription initiation [41]. 
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It is possible that TBP was retained as part of the SL1 complex as an additional point for 

regulation of human rRNA synthesis.  Yeast have roughly 150 copies of the rDNA repeat where 

humans have upwards of 400 copies [42, 43].  The nucleotide sequence of rDNA promoters is 

divergent between species as well as within species; not every rDNA repeat contains the same 

nucleotide sequence in the promoter region [44].  Being that yeast have a smaller number of 

rDNA repeats, there is likely less variation between rDNA promoter sequences and thus a less 

extensive regulatory mechanism.  This offers a possible explanation as to why TBP is not 

required for basal levels of rDNA transcription in yeast.  The large expansion in rDNA repeat 

number between yeast and humans adds complexity that requires additional mechanisms to 

regulate rDNA transcription initiation.  Therefore, human SL1 may require TBP as part of the 

complex to serve as an additional point of regulation for PIC assembly or stimulated levels of 

transcription.  This is supported by studies that show SL1 and UBF interact through the TBP 

subunit of SL1 but only when the C-terminal acidic tail of UBF is phosphorylated [45].  

 

5.2.4 Human Pol I PIC Structure 

One of the biggest challenges of targeting Pol I transcription therapeutically is the lack of 

structural and molecular data on the human rDNA transcription system.  We need to better 

understand the structural architecture and molecular mechanisms involved in human Pol I PIC 

assembly and transcription initiation to improve the therapeutic value of targeting ribosome 

biogenesis.  Robust purifications of SL1, UBF, and human Pol I will be needed to obtain the 

purity and quantity of material required for various molecular, biophysical, and structural 

analyses.  Similar to yeast, the human Pol I transcription factors are found at relatively low 

abundance in cells [46].  Recombinant expression and purification methods can be designed to 
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purify large quantities of the various proteins.  Bacterial recombinant expression of human Pol I 

factors is one possible approach, where compatible expression vectors containing epitope-tagged 

components of the human PIC can be co-transformed for expression and purification of human 

Pol I transcription complexes.  Alternatively, mammalian tissue culture can be used to purify the 

human Pol I transcription initiation factors.  CRISPR/Cas9 can be used to genomically 

incorporate an epitope tag in particular subunits of the human Pol I transcription factor 

complexes for subsequent purification and characterization. 

Upon obtaining the adequate purity and quantities of starting material, cryo-EM and other 

structural approaches like CX-MS can be employed to determine the overall architecture of the 

human Pol I PIC [47].  CX-MS can be used to reveal the molecular topology of the human Pol I 

PIC and to elucidate putative protein-protein interactions of the SL1 initiation factor complex as 

there is currently no structural data available on this essential transcription factor.  Understanding 

the interactions between the metazoan specific SL1 subunits TAF1D and TAF12 with the rest of 

the human Pol I PIC may reveal additional clues to their roles in rDNA transcription and 

ribosome biogenesis.  Previous studies demonstrate that TAF1D interacts with UBF in addition 

to TAF1B and TAF1C of SL1 [48].  TAF12 is reported to interact with multiple members of the 

SL1 complex including TAF1A, TAF1C, and TBP [49].  It will be important to validate these 

studies and understand the biological significance of these proteins in rDNA transcription.  We 

will combine our CX-MS data with an in-depth analysis of the proteins' structural and functional 

domains to strategically remove different parts of the proteins.  We will determine which part(s) 

of each subunit are important for complex assembly and stability.  Deciphering the essential 

intramolecular network of protein-protein interactions within the SL1 complex will be important 

to understand how the complex assembles and interacts with promoter DNA, which will enhance 
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its value as a therapeutic target.  Remote homology modeling and secondary structure prediction 

tools can be used to construct models of the human Pol I PIC until structures are resolved [50].  

Using a bridge sequence alignment, we have created a model of the evolutionarily conserved 

core (TAF1A, -B, and -C) of the human SL1 complex (Figure 7).  From this model, it seems that 

TAF1A and TAF1B engage promoter DNA which agrees well with previous photocrosslinking 

studies as well with our findings of the yeast paralogs [51]. 

 

 

 

 

 

Figure 7.  Homology model of core human SL1 subunits bound to promoter DNA. A bridge 

sequence alignment between the evolutionarily conserved core subunits of yeast CF and human 

SL1 was completed to predict a model of the core human SL1 complex bound to promoter DNA.  

TAF1A (Rrn11, yellow), TAF1B (Rrn7, green), TAF1C (Rrn6, blue) 
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5.2.5 SL1 Promoter Recognition 

Our studies reveal that CF engages promoter DNA via a sequence-independent conserved 

binding mechanism [2].  It will be essential to validate these studies in the human Pol I 

transcription system.  Using the in vitro DNA binding techniques that are well-established in our 

lab, we will explore the binding preferences of the human SL1 complex.  Testing the ability of 

human SL1 to bind a yeast CE promoter template will be a strong reciprocal experiment to verify 

our conclusions.  Using the various DNA binding agents available in the lab, we will assess the 

DNA binding preferences of SL1 in which the complex will likely retain its preference for the 

GC-minor groove.  Furthermore, determining the region of the human rDNA promoter that is 

necessary and sufficient for SL1 binding will be critical for the future development of Pol I-

specific anticancer compounds.  We can also determine the protein residues that are involved in 

promoter recognition.  As mentioned, studies have demonstrated that the human paralogs, 

TAF1A and TAF1B of the SL1 complex, photocrosslink to promoter DNA suggesting that they 

are involved in promoter binding [51].  It will be important to validate these early 

photocrosslinking studies using our EMSA conditions.  Guided by our structural studies, we will 

introduce mutations to surface residues that are within the DNA binding interface to elucidate 

critical interaction points between the SL1 complex and the rDNA promoter.  Determining the 

precise molecular mechanisms of SL1 promoter engagement will allow for the strategic 

development of improved Pol I-specific anticancer therapies. 

The presence of additional subunits like TAF1D, TAF12, and TBP may influence how 

the complex binds to DNA.  It will be critical to understand the role of the metazoan specific 

subunits TAF1D and TAF12 in Pol I PIC assembly and transcription initiation.  TAF1D has been 

shown to localize to the nucleolus and copurify with the SL1 complex [48].  Nuclear extracts 
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immunodepleted of TAF1D display reduced transcriptional activity that is restored upon the 

addition of SL1 [48].  Furthermore, knockdown of TAF1D expression reduced SL1 promoter 

occupancy in vivo that ultimately reduced Pol I recruitment and rRNA synthesis [48].  TAF1D 

appears to have a multifunctional role in human rDNA transcription including SL1 promoter 

engagement, PIC assembly through interactions with UBF, and Pol I recruitment [48].  Given the 

reduction in SL1 promoter occupancy that is observed when TAF1D is depleted, it appears that 

TAF1D plays an important role in promoter recognition.  Understanding the precise residues of 

TAF1D that are involved in these different roles will be important and may reveal its potential as 

a unique therapeutic target.  SL1 complexes containing the other metazoan specific subunit 

TAF12 display enhanced transcriptional activity [49].  The precise mechanism of how this 

subunit enhances activity remains unknown.  We can form subcomplexes of SL1 in the absence 

of one or more subunits for our EMSA to determine which proteins are involved in promoter 

recognition.  Moreover, we can determine which nucleotides and protein residues are necessary 

and sufficient for mediating these important interactions.  The literature suggests that TAF1A, 

TAF1B, and TAF1D are the most important for mediating SL1 promoter interactions [48, 51].  

As mentioned previously, it will also be important to determine TBPs role in human Pol I 

transcription.  Given that TBP is a stable member of the SL1 complex, it may occupy a different 

location within the human Pol I PIC based on its interaction with the TAFs.  Using mapping 

techniques like FeBABE described above, we can ask how TBP is incorporated in the SL1 

complex and engages with the human Pol I PIC as a whole.  Together, these studies will reveal 

the functional importance of the additional subunits that are found in the human SL1 complex.  
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5.2.6  Next-Generation Pol I-specific Inhibitors 

Early studies demonstrated that CX-5461 inhibited rRNA synthesis by blocking SL1s 

interaction with the rDNA promoter however, the mechanism of inhibition has become 

somewhat controversial [52].  Two potential mechanisms of action employed by CX-5461 are (i) 

the drug may interact with the DNA to block SL1s ability to engage with the rDNA promoter or 

(ii) the compound interacts with SL1 directly that induces a conformational change of the 

transcription factor complex rendering the protein incapable of binding DNA.  We recently 

demonstrated that CX-5461 can inhibit yeast CF binding to both yeast and human minimal CE 

probes that are roughly 20 bp in length and encompass the essential 12 bp region important for 

CF binding (Figure 8, A. Jackobel, Unpublished Data).  This result suggests that CX-5461 may 

be interacting with promoter DNA and narrows down a region where the drug binds DNA.  

However, one should be cautious when extrapolating from these results as the EMSAs are 

performed with an excess of the drug relative to the amount of DNA in each reaction. 

 

 

Figure 8.  CX-5461 inhibits yeast CF binding to the minimal yeast CE and minimal human 

CPE.   Effect of CX-5461 titration on yeast CF DNA binding to NIR-labeled 20 bp yeast CE 

(left) and 20 bp human CPE (right) promoter probes. Concentrations of CX-5461 used in the 

titration series are 1 uM, 5 uM and 10 uM, respectively. 
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To more precisely identify the mechanism of action employed by CX-5461, we can 

perform experiments where the excess drug is removed before the binding assay.  To this end, 

the CF protein will be pre-incubated with CX-5461 followed by dialysis to remove the excess, 

unbound drug.  We will then ask if the protein is still able to bind DNA in the presence of the 

drug.  The reciprocal experiment will also be executed where the DNA is pre-incubated with 

CX-5461 and ask if the protein can still bind when the excess, unbound drug is removed.  These 

studies will elucidate if the drug binds to the DNA, the protein or both that will be more 

indicative of a mechanism of action.  It is important to validate these experiments in the context 

of the human Pol I transcription system which requires a robust purification of the SL1 complex 

as previously mentioned. 

Researchers recently provided strong evidence that CX-5461 is an inhibitor of Top2 [53].  

Similar patterns of DNA damage were observed in CX-5461 treated cells and Doxorubicin, a 

Top2 inhibitor, treated cells but not in Actinomycin D treated cells, which is an overall inhibitor 

of transcription [53].  Interestingly, Top2 has been shown to associate specifically with the 

transcriptionally competent pool of Pol I where it acts to regulate rDNA transcription [54].  

Given its role in relieving torsional stress ahead of the transcribing Pol, Top2 inhibition may alter 

the chromatin structure of the rDNA to a conformation that is not conducive to PIC formation.  

Taken together, this would suggest that Pol I transcription is an indirect target of CX-5461 which 

is in stark contrast to previously proposed mechanisms of action [53].  However, given the 

affinity of CX-5461 for GC-rich DNA [55, 56], we cannot rule out the possibility that the 

compound is still directly acting on Pol I PIC assembly. 

Determining exactly what CX-5461 targets in vivo will be important to better understand 

the drugs mechanism of action as well as potential off-target effects.  CX-5461 may bind 
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promiscuously throughout the genome which can hinder our interpretation of its inhibitory 

effects.  This hypothesis is supported by evidence that reports CX-5461 can interact with G-

quadruplex structures found in DNA throughout the genome [2].  Chem-seq, a technique that 

couples ligand-affinity capture and massively paralleled DNA sequencing for genome-wide 

analysis of small molecule targets, will be used to address this question [57].  Biotinylated CX-

5461 is added to cells and following gentle crosslinking and sonication procedures similar to 

ChIP, DNA fragments bound by the drug will be isolated and sequenced [57].  We will perform 

Chem-seq in a panel of normal and transformed human cell lines to determine targets of CX-

5461 in normal and transformed cells and if these targets change in different types of cancers.  

These experiments can be adapted to both an in vitro system with cellular extract and in vivo to 

identify candidate drug targets.   

Techniques like Break-seq, which facilitates labeling and sequencing of double-stranded 

DNA breaks (DSB), will also be used to distinguish where exactly the DNA damage is occurring 

within the genome of CX-5461 treated cells as the compound has been reported to activate the 

DNA damage response [58].  To this end, we will harvest genomic DNA from various cancer 

cell lines and treat them with CX-5461 that will presumably induce DSBs at its binding sites 

throughout the genome.  Those DSBs will be end-repaired using biotinylated dATP that will 

allow for isolation by streptavidin purification and subsequent identification of the DSB site by 

next-generation high-throughput sequencing technologies [58].  Comparing the break-seq data of 

CX-5461 treated genomic DNAs from various human carcinomas to break-seq data of genomic 

DNA treated with other inhibitors, like the Top2 inhibitor Doxorubicin, will allow for a better 

understanding of how the drug works.  Moreover, we will perform these studies at different time 

points and drug concentrations to identify the initial targets of CX-5461 as well as distinguish 



 157 

secondary and/or off-target candidates.  This approach will identify where CX-5461 induces 

DNA damage and if the sites of DNA damage are altered in various types of cancers. 

A complete transcriptomic profile on a panel of CX-5461 treated human cell lines will 

highlight differences in the pathways that are activated in response to treatment [59].  Briefly, 

total mRNA will be harvested at various time points from cells treated with CX-5461 to be 

analyzed by next-generation RNA-sequencing.  We will compile the data for a gene ontology 

analysis to categorize the observed changes in gene expression based on their cellular location 

and/or function(s).  An observed upregulation of genes involved in the stress response and 

apoptosis is expected while genes involved in cell cycle progression and proliferation may be 

downregulated.   This global approach will identify overall changes in gene expression and 

establish precisely how different types of cancers respond to treatment with CX-5461 by 

expanding our scope beyond Pol I and its transcription factors. 

Similar to our CX-5461 inhibition studies, it will be interesting to test our hypotheses 

using an alternate Pol I-specific inhibitor, BMH-21.  Studies suggest that BMH-21 can 

intercalate with GC-rich DNA, which is a common feature of the rDNA promoter [60].  

Therefore, the drug can potentially block CF/SL1 promoter recognition.  However, no one has 

directly tested if BMH-21 can block Pol I transcription initiation factors from binding the rDNA 

promoter.  Using our EMSA conditions, we can ask if yeast CF can bind its cognate and 

heterologous promoters in vitro in the presence of BMH-21.  These studies have the potential to 

reveal previously unknown mechanisms of inhibition employed by BMH-21.  Testing the effects 

of chemical analogs like CX-5447, CX-3543, BMH21a1, and BA-41which have displayed 

minimal inhibition specific to Pol I, on yeast CF binding to yeast and human rDNA probes will 

be advantageous to demonstrate the specificity and selectivity of the drug for inhibition of Pol I 
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transcription [61-64].  Furthermore, we have shown that yeast can be a powerful tool to study 

human anticancer compounds [2].  It will be exciting to test the effects of other Pol I-specific 

anticancer compounds like BMH-21 on yeast cell viability.   

The inhibitor constant, Ki, is the concentration required for half-maximum inhibition and 

is a measure of a drug's potency [65].  Future studies defining the Ki of CX-5461 on the various 

rDNA promoter constructs available in the lab will determine how well the drug interacts with 

promoter DNA in the absence of certain regulatory elements like the CPE and if the drug 

interacts more strongly with the human promoter over the yeast promoter.  Surface plasmon 

resonance (SPR), which allows for label-free real-time analysis of biomolecular interactions, can 

be used to address these questions [66].  To this end, we will immobilize the DNA of interest to 

determine if the various drugs can bind the rDNA promoter.  SPR will measure the binding and 

dissociation of CX-5461 to the immobilized DNA that will determine the strength in which the 

drug can bind the rDNA promoter of interest.  A comparison of Ki between various Pol I 

inhibitors such as CX-5461 and BMH-21 will be insightful to determine which is a more 

effective inhibitor.  Together, these studies will provide a more detailed understanding of how 

CX-5461 achieves its inhibitory function in a wide range of human malignancies.  This 

information will be important for improving current therapies and developing next-generation 

Pol I targeted therapies.   

Small molecules are remarkably effective when they are designed to target transcription 

factor binding sites [67].  Targeting the binding site of transcription factors allows for the 

strategic modulation of gene expression [67].  As nearly all cancers have been shown to have an 

addiction to ribosomes, the next generation of anticancer compounds should be designed to 

specifically target the rDNA promoter, particularly the GC-minor groove.  This may be 



 159 

challenging in terms of specificity as much of the human genome is very GC-rich.  Moreover, 

drugs that target specific nucleotide sequences have to fit particular criteria including an 

appropriate length of the target sequence to avoid off-target effects [67].  Toxicity is also a 

potential issue as groove binding drugs have been shown to distort DNA surrounding the ligand 

binding site that could affect that binding of other transcription factors [67].  Nonetheless, 

developing therapies that target the Pol I transcription machinery and ribosome biogenesis have 

the power to treat a broad range of human malignancies for generations to come. 
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Chapter 6.1 
 
 
 
 
 
Treacher Collins syndrome mutations in Saccharomyces cerevisiae destabilize RNA polymerase 

I and III complex integrity. 
 
 

 
Walker-Kopp N, Jackobel A.J.#, Pannafino G.N.#, Morocho P.A.#, Xu X, Knutson B.A. 

 
 
 
 
 
 
 
 
 
 
 

Jackobel, A.J. Contributions: Data curation, Manuscript Preparation and Revisions 
# Authors contributed equally to this work. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Note this work has been peer-reviewed and published in Human Molecular Genetics. 
DOI: 10.1093/hmg/ddx317



 167 

 
 
  



 168 

Chapter 6.2 
 
 
 
 

 
Reconstitution of RNA Polymerase I Upstream Activating Factor and the Roles of Histones H3 
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