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Abstract 

RNA expression can be thought of as a sum of the products of RNA synthesis 

and decay: on the one hand, cells are transcribing the genes required for a given 

situation, while on the other, RNA degradation machinery is constantly acting on normal 

as well as aberrantly synthesized RNA. The kinases which phosphorylate the C-terminal 

domain (CTD) of RNA Polymerase II (Pol II) are canonically associated with being on the 

additive scale of the balancing act between RNA synthesis and decay. One such kinase, 

and the focus of my thesis, Kin28/CDK7 activates and promotes transcription by 

phosphorylating serine residues on the CTD. I begin my thesis with an introduction into 

our current understanding of how transcription is regulated via post-translational 

modification of the CTD, and also present the open questions, which this thesis seeks to 

address, on the role of Kin28/CDK7 in mediating gene expression (Chapter 1).  

In Chapter 2, I describe the development of a chemical genetic approach to 

covalently inhibit Kin28 in budding yeast. The strategy and lessons learned therein can 

be generally applied to covalently inhibit kinases in other model organisms. Combined 

with transcriptomic sequencing, I show that Kin28 is required for synthesis of nearly all 

annotated yeast mRNAs, and demonstrate that previously conflicting views on the 

matter can be explained by the phenomenon known as “RNA buffering,” which is the 

stabilization of the steady-state level of RNAs during insults to transcription or decay. 

Also discussed in this chapter is our novel discovery that Kin28 plays a role in advancing 

Pol II from the initiation into the elongation phase of transcription. 

In Chapter 3, I investigate determinants of RNA buffering in a Kin28-inhibited 

regime, and reveal that the relative binding of the RNA binding proteins Nab2 and Ski2 

can predict mRNA stability. Furthermore, I show inhibition of Kin28 rapidly induces the 

formation of P bodies and perturbs translation. From my analyses, I present a 

compendium of the mRNAs that are unstable, buffered, translated, and or poorly 



	 xii 

translated in situations of transcriptional crisis, a state I show is distinct from that of the 

canonical stress response. 

In Chapter 4, I study RNA buffering from the “other side” of the gene expression 

equation by exploring the combined effect of deleting a component of the RNA decay 

machinery (rai1::URA3) and inhibition of Kin28. Despite being on opposite sides of the 

scale of gene expression, both defects in decay (rai1::URA3) and synthesis (inhibition of 

Kin28) result in similar outcomes, such as the formation of P bodies and defects to 

translation, suggesting translation as a key regulatory node for the crosstalk between 

RNA synthesis and decay.  

Finally, in Chapter 5, I comment on the potential of Kin28/CDK7-based therapies 

for the treatment of disease, and how studies in yeast can inform on the mechanism of 

action of such therapies. Appendix I describes my efforts into characterizing the role of 

CTD methylation on gene expression. In sum, this work has significantly contributed to 

our understanding of the myriad ways Kin28/CDK7 functions in regulating gene 

expression beyond its canonical roles in promoting RNA synthesis. 
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Chapter 1: Introduction 
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1.1 Introduction 

Gene expression, i.e. the manifestation of the information encoded in the 

genome, and its precise regulation through development and in response to 

environmental stimuli fundamentally dictate all aspects of an organism’s biology. The 

control of a gene’s expression is complex, beginning with cis regulatory elements 

encoded in the very nucleic acid bases of the gene, and involving multiple layers of 

regulation thereafter that modulate the levels of a gene’s products, RNA and protein. 

This chapter reviews our current understanding of how eukaryotic gene expression is 

regulated via the C-terminal domain (CTD) of RNA Polymerase II, with an emphasis on 

the role of the essential CTD kinase Kin28/CDK7. Kin28 and CDK7 are budding yeast 

and human homologs, respectively; this delineation in yeast/human protein names will 

be used hereafter. 

 

1.2 The CTD Code of RNA Polymerase II 

The core catalytic subunit of DNA-dependent RNA polymerases is extremely 

conserved from bacteria to man; while prokaryotes utilize one polymerase to perform all 

transcription, eukaryotes contain multiple RNA polymerase genes with non-overlapping 

functions [1]. Rpb1/POLR2A, the largest subunit of RNA polymerase II (Pol II), 

specializes in transcription of mRNA. Pol II, whilst still in possession of a nearly identical 

core catalytic domain, differs substantially from the other eukaryotic Pol I and III by an 

unstructured C-terminal domain (CTD). The CTD contains a highly repetitive amino acid 

sequence motif ‘Y1S2P3T4S5P6S7’ in tandem 26 times in budding yeast and 52 times in 

mammals (Figure 1.1). Each residue of the heptad will be referred to hereafter by its 

three-letter abbreviation and position in the heptad, e.g. the fifth serine as Ser5. 

Since its discovery [2, 3], the unique sequence of the CTD was recognized as a 

potential node of transcriptional regulation because five of the seven residues in the  
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Figure 1.1 The CTD of Pol II Has Expanded and Diversified from the ‘YSPTSPS’ 
Motif Conserved Among Eukaryotes 
 
Deviations from consensus are highlighted in orange, and chordate heptads which 
contain the S7K polymorphism are highlighted in red. The CTD of Rpb1 extends from an 
unstructured linker, which together with the CTD can theoretically—though unlikely—
extend 10X the diameter of Rpb1. Like the CTD, Pol II subunits are known to interact 
with RNA processing and other transcription-coupled proteins. The exit tunnel from 
which nascent RNA emerges is also indicated [4]. Pol II graphic was generated from 
PDB# 1Y1W [5]. 
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repeating heptads can be phosphorylated and, being in close proximity to the catalytic 

center of Pol II, is optimally placed for action [6]. Indeed, the CTD is extensively, 

reversibly phosphorylated and further, the phosphorylation state of the CTD is critical for 

activation of transcription in vivo through interaction with histone chaperones and 

methyltransferases, and numerous other complexes [7-9]. Based on the difference in 

mobility of hypo- and hyperphosphorylated Pol II in polyacrylamide gels, it is apparent 

that Pol II exists predominately at these extremes in vivo and less so at an indiscrete 

number of intermediate phosphorylated states [10, 11]. The exact distribution and 

patterns of phosphorylation along the CTD have been difficult to ascertain because 

current biochemical methods (e.g. mass spectrometry or antibody-based methods) 

typically used to characterize post-translational modifications are unable to differentiate 

one heptad from another. Using cells expressing CTD with sequences modified to allow 

for differentiation by mass spectrometry, two groups independently demonstrate that 

phosphorylation of Ser2 and Ser5 are the most abundant modifications to the CTD [12, 

13]. 

The combinations of post-translational modifications of the CTD are often 

referred to as the “CTD code” [14] because each modification or set of modifications is 

known to correspond to various stages of RNA synthesis and processing (Figure 1.2). 

Through regulation of CTD modifying enzymes, such as CTD kinases and 

phosphatases, or “writers” and “erasers” of the code, gene expression is controlled. 

“Readers” of the code can be thought of as the proteins that bind to the CTD, and they 

do so selectively, their binding affinity enhanced or reduced by the combination of 

modifications on the one or multiple CTD repeats they bind. Once associated with the 

CTD, reader proteins can interact with chromatin, chromatin-bound factors, and, in the 

case of elongating Pol II, with nascent RNA. Further expanding the code are the prolines 
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within the CTD that can isomerize, which has been demonstrated to affect the binding 

affinity of CTD interacting proteins such as the Ser5 and 7 phosphatase Ssu72 [15] and  

the short RNA termination factor Nrd1 [16]. In addition to phosphorylation, the serine and 

threonine residues may undergo O-linked glycosylation [17], occurring predominantly 

before active transcription occurs, and mutually exclusive to Ser2 and 5 phosphorylation. 

Historically, phosphorylation of Ser2 and 5 are the most studied CTD marks as 

the first CTD antibodies were raised against epitopes containing phosphorylated Ser2 

and 5 [18], and the first CTD modifying enzymes discovered were the Ser2 and 5 

kinases, Ctk1 [19] and Kin28/CDK7 [20-22]. Soon after, the primary Ser2 kinase 

Bur1/CDK9 was also characterized [23]. However, the CTD code continues to be 

updated with the discovery of new writers, erasers, readers, modifications, and new 

functions for previous discoveries [24]. Contrasting the clear picture presented in Figure 

1.2, recent developments reveal that multiple enzymes can act on the same CTD 

substrate in a gene- or environment-specific manner. For example, instead of CDK7, 

ERK1/2 has been shown to specifically phosphorylate Ser5 at the promoter of 

developmental regulator genes in embryonic stem cells [25]. 

Furthermore, a vertebrate-specific CTD code is becoming apparent. Thr4 is 

dispensable in yeast, but essential in chicken DT40 cells and human and mouse cells 

[26, 27]. (Though mutation of Thr4 in the yeast CTD is tolerated, Thr4 mutants display a 

severe growth defect, and the phosphorylation of Thr4 enhances recruitment of 

transcription termination machinery in yeast [28].) The phosphorylation of Ser7 recruits 

Integrator, a small non-coding RNA (snRNA) processing complex found in mammals but 

without an ortholog in yeast [29, 30]. In addition to differences in usage of the canonical 

CTD, mammals contain additional repeats of non-consensus CTD, which differ 

predominately at the 7th position of the heptad (Figure 1.1). These non-consensus 

residues are also modified and functionally relevant to transcriptional processes.  
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Figure 1.2 The Phosphorylation of the CTD Coordinates RNA Synthesis and 
Processing 
 
At the beginning of the transcription cycle, hypo-phosphorylated Pol II is recruited to 
promoter elements by general transcription factors (GTFs). CDK7 and 8 phosphorylate 
Ser5 and 7 [31]; Ser5 phosphorylation is read by mRNA capping enzymes (CE) and 
histone H3K4 methyltransferase SetD1A [32] and in turn, H3K4me3 recruits CDK9 and 
12, initiating promoter release and active elongation with phosphorylation of Ser2 [33]. 
With increasing Ser2p, Ser5p and Ser7p, phosphatase RPAP2 begins removal of these 
marks [34]. Ser2p interacts with splicing proteins (SP) and termination factors such as 
PRP40 and PCF11 of the polyadenylation complex (PA) [35]. SETD2, also recruited by 
Ser2p, methylates H3K36, recruiting histone deacetylases (not shown), which “close” 
chromatin in the wake of transcribing Pol II [36]. Exonuclease XRN2 promotes 
termination of transcription and release of Pol II from chromatin [37, 38]. FCP1 erases 
Ser2p [39], and SSU72 removes remaining Ser5p and Ser7p; prolylisomerase PIN1 
catalyzes dephosphorylation of Ser5p by converting Sp-Pro bonds to the cis 
conformation, which is a higher affinity substrate for SSU72 [40]. Figure adapted from 
[9]. 
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Notably, a CTD arginine (R1810) is methylated [41], and the lysines are methylated [42], 

acetylated [43], and ubiquitinated [44]. 

Table 1.1 summarizes the CTD code deciphered to date, and Figure 1.3 

presents profiles for CTD modifications over a typical transcribed gene, noting 

differences between budding yeast and human cells. 

 

1.3 Regulation of Transcription by Kin28/CDK7 

The predominant Ser5 and 7 kinase, Kin28 in budding yeast and CDK7 in 

humans, is required for viability in both organisms because it serves a range of essential 

biological functions which, for the most part, are conserved. The fission yeast (S. 

pombe) homolog Mcs6 is also required for viability and exhibits similar functions as 

Kin28/CDK7 [45]. Deviations between species will be noted when appropriate in the 

following discussion of the kinase’s manifold functions in regulating transcription.  

Kin28/CDK7 was first identified as part of the ten-subunit TFIIH general 

transcription factor complex [31, 46, 47], which as a whole has been implicated in DNA 

damage repair [48, 49], rRNA transcription [50], and cell cycle control [51, 52] in addition 

to its roles in regulating Pol II. Interestingly, three of the ten subunits (Kin28/CDK7, 

Tfb3/MAT1, Ccl1/CCNH) can reversibly disassociate from the rest of the TFIIH complex 

[53, 54]. This trimeric complex is called the cyclin-dependent kinase (CDK) Activating 

Kinase (CAK) complex because in metazoans and S. pombe, it does indeed activate 

CDKs during specific stages of the cell cycle [55]. CDK7 and Mcs6 regulate the activity 

of CDKs through phosphorylation of a threonine in a conserved CDK domain known as 

the T-loop, which induces a conformational switch of the CDK into an active state [56]. 

However, a different kinase Cak1, rather than Kin28, serves this function in budding 

yeast [57, 58]. 
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Table 1.1 Summary of the Known Functions of CTD Post-translational 
Modifications 
 
Modification Known Function References 
Ser2p promotes transcription elongation, histone 

remodeling/modification, proper termination, 
cleavage and polyadenylation 

[59-64] 

Ser5p promotes transcription initiation and entry into 
elongation, recruits capping enzymes/chromatin 
remodelers and modifiers, splicing, termination 

[7, 65-74] 

Ser7p snRNA expression, recruits Integrator complex* [29, 30] 

Tyr1p stabilizes Rpb1, prevents antisense transcription 
and prevents pre-mature termination 

[75-77] 

Thr4p transcription termination, chromatin remodeling, 
splicing*, histone mRNA processing* 

[26-28, 78, 
79] 

Arg1810me sn(o)RNA expression* [41] 

Lys7ac transcription initiation of growth factor genes* [43] 

Lys7me transcription initiation*, maintenance of gene 
expression levels* 

[42, 80] 

Lys7ub degrades Rpb1* [44, 81] 

Ser O-GlcNAc promotes transcription initiation* [17, 44, 82] 

* in human cells only 
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Figure 1.3 Average Profiles of CTD Modifications across a Gene 
 
Pol II begins transcription at the transcription start site (TSS), unphosphorylated (Hypo). 
(A) The human CTD (H. sapiens), unlike the (B) budding yeast CTD (S. cerevisiae), 
contains lysines (K7) which are methylated (me) and acetylated (ac) early in the 
transcription cycle. The serine (Ser), tyrosine (Tyr), and threonine (Thr) residues of the 
CTD heptad are phosphorylated (-P) at distinct stages of transcription. Past the 
polyadenylation site (pA), the CTD returns to its hypo-phosphorylated state by the action 
of phosphatases throughout the transcription cycle. 
  



 10 

Shortly after its discovery, Kin28/CDK7 was shown to phosphorylate the CTD 

[21, 31], and was surmised to regulate transcription by this activity. Recent structural 

studies have provided finely resolved insight into how Kin28/CDK7 is situated as part of  

the transcriptional pre-initiation complex (PIC), which has added to our understanding of 

its functions at gene promoters and agrees with previous biochemical studies [83, 84]. 

As shown in Figure 1.4, TFIIH makes contacts with both Pol II, the Mediator complex, 

and promoter DNA. The Ssl2/XPB translocase subunit of TFIIH has been shown to “reel 

in” DNA, causing melting of the DNA duplex, and thus opening of the promoter for 

transcription by Pol II [85, 86]. Phosphorylation of the CTD by Kin28/CDK7 further 

promotes transcription initiation [73, 74] by disrupting high-affinity interactions between 

Pol II and the Mediator that prevent Pol II escape from the promoter [72, 87-89]. 

In metazoans and S. pombe, but absent in budding yeast, Pol II pauses after 

promoter escape in a phenomenon known as promoter-proximal pausing [90]. Inhibition 

of CDK7 was recently shown to further increase Pol II pausing [91]. Remarkably we 

show Pol II accumulation near the +2 nucleosome, reminiscent of promoter-proximal 

pausing, in budding yeast when Kin28 is inhibited [67] (discussed further in Chapter 3 of 

this thesis), which highlights the crucial role of Kin28/CDK7 in promoting Pol II clearance 

from the promoter into active elongation. Promoter-proximal pausing is thought to be 

partially regulated by Pol II interactions with the DSIF (DRB sensitivity inducing factor) 

complex, homologous to budding yeast Spt4 and 5; phosphorylation of DSIF by CDK7 in 

metazoans releases Pol II from the promoter-proximal pause [92]. Spt5 phosphorylation 

in yeast by Kin28 is known only to occur in vitro, and is thought rather to be a substrate 

for the Ser2 kinase Bur1 [93]. Promoter-proximal pausing is also thought to be 

established by the NELF (negative elongation factor) complex, absent in budding yeast, 

which is disassociated from Pol II by phosphorylation by the Ser2 kinase CDK9 (Bur1 in 

budding yeast) [94]. However, because Kin28/CDK7 stimulates Bur1/CDK9 activity, it is  
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Figure 1.4 Schematic of Mediator Contacts with Components of the PIC   
 
Figure (A) is adapted from [84]; it presents a view of the cryo-electron microscopy 
structure of Mediator in complex with the PIC containing TFIIH. Regions of the TFIIH 
subunits Rad3, Tfb3, and Kin28/Ccl1 are shown. (B) A simplified diagram of (A) 
illustrates Kin28 and the associated cyclin Ccl1 are positioned to disrupt contacts 
between Mediator and Pol II through phosphorylation of the CTD, which would 
accumulate repulsive negative charge in the ‘Cradle’ region.  
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difficult to disentangle Kin28/CDK7’s from Bur1/CDK9’s role in promoting some aspects 

of transcription [93]. 

Apart from its functions in the early stages of transcription, Kin28/CDK7-mediated 

phosphorylation is also required for efficient RNA processing and transcription 

termination. Capping enzymes, which catalyze the addition of 7-methylguanosine caps 

on the 5’ ends of nascent mRNA, are recruited to nascent mRNA by binding to CTD with 

phosphorylated Ser5 and 7 residues [66, 95, 96]. In metazoan cells, Ser5 

phosphorylation has been shown to affect alternative splicing [70], which may be caused 

by altered Pol II elongation rates, which are linked to splicing efficiency [97, 98]. 

Transcription termination is thought to be regulated by Kin28/CDK7 because the affinity 

of termination machinery for Pol II is highly dependent on the phosphorylation state of 

the CTD [28, 78]. For example, the Nrd1-Nab3-Sen1 complex in yeast is required for 

efficient termination of short RNAs, including a class of noncoding RNAs known as small 

nuclear and small nucleolar RNA (snRNA and snoRNA) [99, 100]. This complex binds 

CTD phosphorylated on Ser5 residues [65], and increased phospho-Ser5 levels in 

attenuated Ser5 phosphatase mutant yeast cause readthrough defects in RNA, i.e. 3’ 

ends extend past canonical termination sites [101-103]. Additionally, Pta1, a factor of the 

cleavage and polyadenylation factor complex, which processes the 3’ ends of mRNAs, 

also interacts with Kin28-phosphorylated CTD [104]. 

In sum, the TFIIH kinase Kin28/CDK7 regulates transcription from its start, 

middle, and end. Figure 1.5 summarizes these modes of regulation. 

 

1.4 Merging Conflicting Views from Kin28/CDK7 Loss-of-function Studies 

Given the large body of work which demonstrates Kin28/CDK7’s crucial roles in 

regulating transcription, it may come as a surprise that conflicting views exist on whether 

Kin28/CDK7 is dispensable for RNA synthesis. Early studies of an in vitro reconstituted   
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Figure 1.5 Mechanisms of Transcriptional Regulation Mediated by Kin28/CDK7 
 
Adapted from [67]; Kin28/CDK7 phosphorylates Ser5 and 7 of the CTD, triggering a 
series of events which regulate multiple stages of transcription. Below the diagram, 
these events are listed horizontally offset by their relative occurrence in the transcription 
cycle. TSS denotes the transcription start site, and CPS indicates the cleavage and 
polyadenylation site. 
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transcription reaction showed that purified extracts of Pol II, without the CTD, in the 

absence of Kin28/CDK7, could transcribe naked DNA templates as efficiently as intact 

Pol II [105]; Kin28/CDK7 activity was shown to be nonessential for transcription in vitro, 

but was shown to combat the effects of an unidentified negative elongation factor in less 

pure extracts [106]. These findings conflicted with subsequent in vitro studies, which 

demonstrated a dependence on CTD and Kin28/CDK7 activity for tested genes [107]. 

Later in vivo work provided two examples (copper-inducible CUP1 and HSP82 

genes) of genes that did not require the CTD, Kin28, and Mediator subunits [108]. In this 

study, yeast expressing Pol II lacking the CTD could transcribe those genes normally 

and without binding of Kin28 and Mediator components at the gene loci. The CTD-less 

Pol II was the only copy of Pol II expressed, while endogenous Pol II was subject to 

degradation by introduction of a temperature-sensitive allele (ts). Though Pol II was able 

to transcribe CUP1 at a high level without Kin28, the CUP1 mRNAs that were produced 

utilized alternative polyA sites and were more rapidly degraded. Thus, it was concluded 

that Kin28 was non-essential, not a global transcriptional activator, and that its main 

function lay in recruitment of 5’-capping enzymes to protect nascent mRNAs from 

degradation. 

However, a subsequent transcriptome-wide study that also utilized temperature-

sensitive mutant yeast strains—including kin28ts—revealed that nearly all mRNAs were 

reduced in cells devoid of Kin28 at the restrictive temperature, akin to cells devoid of the 

Rpb1 enzyme itself [109]. Thus, contrary to several aforementioned reports, it was 

postulated that Kin28/CDK7 is globally required for transcription. Still, a subsequent 

report emerged arguing against the point; in this study, a kinase-attenuated strain of 

yeast carrying a point mutation of kin28 showed reduced levels of Ser5 phosphorylation 

and capping enzyme (Ceg1) occupancy at a few genes, but had unaffected levels of Pol 

II occupancy and levels of mRNAs at the same tested genes [66]. 
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A previous member in our lab hypothesized that these contrasting views might 

arise from differences in the loss-of-function strategy employed to study Kin28. Her 

studies revealed that the ts mutants of Kin28 impacted processes separate from the 

kinase activity of Kin28 [110]. Specifically, at the restrictive temperature used to 

inactivate Kin28, other subunits of the TFIIH complex were disassociated. The 

devastating consequences observed transcriptome-wide in kin28ts at restrictive 

temperatures were likely caused by inactivation of the other members of the TFIIH 

complex, and perhaps the PIC as a whole, rather than solely as a result of the loss of 

Kin28 activity. Indeed, by utilizing a chemical-genetic approach to specifically inhibit 

Kin28 with a non-hydrolysable competitive ATP analog (1-NA-PP1), which did not 

disrupt its interactions with other proteins, it was shown that the gene expression of only 

a small fraction of the transcriptome was affected by loss-of-function of Kin28 [110]. 

Figure 1.6 highlights the key features of the chemical-genetic approach. 

Doubt still persisted as to the dispensability of Kin28/CDK7 for transcription, 

despite the findings from this study. For example, another study utilizing the same 

approach introduced in [110] came to an opposing conclusion with regards to the effect 

of inhibiting Kin28 on the transcriptome, namely most mRNAs were reduced in 

expression [111]; differences in differential gene expression normalization methods were 

cited as the reason for the discrepancy. Furthermore, communications with other 

researchers in the community (unpublished) indicated concern for the potential for 

“leaky” activity in the chemical-genetic approach utilized in [110, 111]. It was noted that 

inhibition of Kin28 with 1-NA-PP1 was reversible, and furthermore, slowed but did not 

completely kill cells, as might be expected for inactivation of an essential kinase. 
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Figure 1.6 Chemical-genetic Approach to Inhibit Kin28/CDK7 
 
The structure of CDK7 (PDB# 1UA2 [112]) is shown alongside a zoomed-in view of the 
ATP-binding pocket of wild-type (WT) and mutant Kin28 (kin28as). WT and kin28as 
differ only at one position: the “Gatekeeper” residue (L83, blue) is substituted for a 
glycine in kin28as, as shown at the right in the sequence alignment of WT and kin28as. 
The smaller Gatekeeper residue allows for binding of, and thus inhibition by, ATP 
analogs containing bulky substituents. Below, a schematic of one such inhibitor (1-NA-
PP1) is docked into the mutated ATP-binding pocket of kin28as. 
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1.5 Thesis Overview 

This thesis clarifies the role of Kin28/CDK7 kinase activity in transcription 

initiation and gene expression. In Chapter 2, I describe improvements to the chemical-

genetic strategy of inhibiting Kin28 and more accurate methods of quantifying differential 

gene expression, which allowed us to obtain a sharper picture of Kin28 functions. 

Though I hesitate to say I have dispelled all controversy on the subject, I show Kin28 

activity is globally required for RNA synthesis, and that discrepancies between studies 

may have arisen from not only differences in methods of attenuating Kin28 function, but 

also in differences of differential gene expression analysis. Specifically, I show Kin28’s 

role in RNA synthesis has been overlooked in studies which only capture the steady-

state level of RNA, which is prone to stabilize in situations of defective transcription and 

decay in a phenomenon known as RNA buffering. 

 

Though the feedback between RNA synthesis and decay has been 

independently observed in several instances, the mechanism by which these two 

processes communicate is less established. Translation is a potential cellular meeting 

point at which signals imprinted on mRNA during RNA synthesis (i.e. transcription) can 

converge with RNA decay machinery. In Chapters 3 and 4, I investigate the crosstalk 

between RNA synthesis, decay, and translation via inhibition of the essential CTD kinase 

Kin28/CDK7. 

 

This work reveals fundamental biology of a highly conserved, central kinase. 

Importantly, I have determined mechanisms by which Kin28 regulates transcription 

genome-wide, and the vast datasets collected can be applied to cancer cell biology, 
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where the fine-tuning of transcription is of high interest. This potential will be described in 

Chapter 5. 
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Chapter 2: A Rational Approach to Targeted Inactivation of the TFIIH-

Kinase Clarifies Its Regulatory Roles in Transcription 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is adapted from Rodríguez-Molina JB*, Tseng SC*, Simonett SP, Taunton 

J, Ansari AZ (2016) Engineered Covalent Inactivation of TFIIH-Kinase Reveals an 

Elongation Checkpoint and Results in Widespread mRNA Stabilization. Mol Cell 

63(3):433-44. *Co-authors; JBR-M designed the initial kin28is alleles and performed 

inhibitor wash-out experiments, performed and analyzed data from ChIP-chip, and 

designed the Pol II genetic interaction assays conducted by SPS; all other experiments 

presented in this chapter were performed by SCT.  
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2.1 Introduction 

The transition of Pol II from a promoter-bound pre-initiation complex (PIC) to 

active transcription initiation is gated by TFIIH [1]. The kinase subunit (Kin28 in S. 

cerevisiae or CDK7 in humans) marks the transcriptionally active polymerase by 

hyperphosphorylating the C-terminal domain (CTD) of its largest subunit [2-4]. The CTD 

is comprised of a repeating heptapeptide (Y1-S2-P3-T4-S5-P6-S7) that is 

phosphorylated at positions 5 and 7 by Kin28/CDK7 [5-7]. Hyperphosphorylation of the 

CTD by Kin28/CDK7 is thought to play an essential role in releasing Pol II from the 

promoter-bound PIC. Kin28/CDK7-mediated phosphorylation of the CTD also creates a 

scaffold to recruit factors that act on nascent transcripts, the underlying chromatin, and 

the CTD itself. Promoter-proximal marks on Ser5 and Ser7 are also thought to “prime” 

the CTD for subsequent modifications that coordinate sequential association of different 

cellular machines that facilitate transcription [8-13]. 

Facilitating promoter release was thought to be the primary function of 

Kin28/CDK7, because certain temperature-sensitive (ts) alleles of Kin28 severely disable 

transcription initiation at non-permissive temperatures [14, 15]. Genetic studies further 

highlighted the essential nature of this kinase, as deletion of Kin28 or substitution with a 

catalytically inactive form resulted in loss of cellular viability [16]. More recently, a small 

molecule inhibitor that conjugates to a cysteine residue outside the kinase domain of 

human CDK7 was shown to inhibit kinase activity and result in cytotoxicity in cancer cell 

lines [17]. These observations suggest that blocking Kin28/CDK7 from hyper-

phosphorylating the CTD effectively blocks promoter release and disables transcription 

initiation by Pol II. 

In contrast, a catalytically impaired kin28 (T17D) mutant showed defective 

placement of the m7G cap on nascent transcripts but only had a minor impact on mRNA 

synthesis [18]. Non-covalent inhibition of an analog-sensitive allele of Kin28 (kin28as) 
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with purine analogs demonstrated that loss of Kin28-dependent CTD 

hyperphosphorylation did not efficiently block promoter release in vivo [19, 20]. Using 

this chemical-genetic approach, subsequent studies confirmed the observation that 

Kin28/CDK7 kinase activity was not essential for promoter release or Pol-II-dependent 

RNA synthesis [5, 6, 21-27]. Depleting Kin28 from the nucleus using the in vivo “anchor-

away” approach in S. cerevisiae also did not abrogate transcription initiation [26]. 

Similarly, attenuating CDK7 function in mammalian cells did not block transcription 

initiation [6, 28-30]. Furthermore, chemical inhibition of CDK7 with THZ1 did not 

dramatically impact transcription initiation and promoter release [31]. In sum, these 

observations suggest that Kin28/CDK7 functions to prime the CTD for subsequent 

binding of factors that coordinate the transcription cycle. 

Despite significant inhibition of kinase activity with non-covalent inhibitors, the 

lack of cellular lethality led to the possibility that activity of other promoter-bound 

kinases, such as Cdc28 [32] or Srb10 [27], or residual activity due to reversible inhibition 

of Kin28as permitted low levels of CTD phosphorylation to persist. Minimal CTD 

phosphorylation may suffice for promoter release and productive RNA synthesis. 

To resolve these discrepancies and definitively address the critical role of Kin28 

activity in RNA synthesis, we developed a targeted covalent inhibition approach that 

robustly inactivates Kin28 in vivo. We recapitulate the lethal phenotype of a catalytically 

inactive kin28 allele. Using our “irreversibly sensitized” Kin28 allele (kin28is), we observe 

that covalent inhibition impacts promoter escape to differing degrees and impairs 

transition to productive elongation, revealing a rate-limiting “checkpoint” coincident with 

the +2 nucleosome. Promoter-proximal pausing of Pol II, a hallmark of the metazoan 

transcription cycle, is not observed by chromatin immunoprecipitation (ChIP) in budding 

yeast [33]. However, upon irreversible inhibition of Kin28is, a clear enrichment of Pol II is 

observed within a transition window where promoter-proximal factors are exchanged for 
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elongation and 3′ end processing factors [34-37]. Consistent with a potential defect in 

early transcription elongation, a catalytically “slow” version of Pol II is particularly 

sensitive to any degree of Kin28 inhibition, whereas a “fast” transcribing Pol II is more 

resistant [38]. Unexpectedly, we observe a global decrease in nascent transcription 

along with a stabilization of extant mRNA levels. Taken together, our results reconcile 

long-standing controversies and reveal a role for Kin28 in facilitating promoter release, 

enhancing the transition to productive elongation, and priming the CTD for downstream 

stages of the transcription cycle. Moreover, given the highly conserved ATP-binding site 

across kinases, our strategy for structure-guided covalent inhibition of Kin28 readily 

lends itself to targeted irreversible inhibition of other kinases in vivo. 

 

2.2 Design of an Irreversibly Sensitive Kinase Allele 

To definitively dissect the role of Kin28, we used structure-guided protein design 

to generate an “irreversibly sensitized” version of Kin28 (kin28is) that can be selectively 

and covalently inhibited by an ATP analog bearing a thiol-reactive chloromethyl-ketone 

moiety (CMK). The approach was inspired by the use of CMK to inhibit CDC5, which has 

a naturally occurring solvent-exposed cysteine within its ATP-binding pocket. CMK 

docks into an enlarged ATP-binding pocket of CDC5 (cdc5as) and becomes covalently 

conjugated to the reactive cysteine, thereby irreversibly inhibiting kinase function [39, 

40]. We reasoned that rational engineering of Kin28 to possess an enlarged ATP-binding 

pocket and a reactive Cys in the structurally identical position to CDC5 would render it 

sensitive to CMK. We created a mutant allele of Kin28 that contains two substitutions 

within its ATP-binding pocket: (1) a smaller gatekeeper residue (L83G) to accommodate 

the para-methyl-phenyl group of CMK and (2) a solvent-exposed Cys positioned to react 

with CMK in place of a conserved Val (V21C) (Figure 2.1A). Our design predicts that 

CMK would meet the two selectivity filters by docking into the enlarged active site and  
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Figure 2.1 Rational Design of Irreversibly Sensitive Kin28 Allele 
 
(A) Left: structure of human CDK7 (PDB: 1UA2) highlighting the kinase active site. 
Right: sequence alignment of WT, Kin28as, or Kin28is with indicated residue positions. 
To generate the kin28is allele, the gatekeeper residue (L83, blue) was substituted for a 
glycine, and a conserved valine (V21, red) was substituted for a solvent-exposed 
cysteine. The homologous gatekeeper and conserved valine substitutions were modeled 
into the CDK7 structure using PyMOL. (B) Schematic representation of a WT kinase 
(left), an analog-sensitive kinase with a gatekeeper substitution (center), and the 
irreversibly sensitive kinase containing both the smaller gatekeeper and the reactive 
cysteine (right).   
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irreversibly conjugating to Kin28is, thereby preventing engagement of cellular ATP. In 

contrast, non-covalent inhibitors equilibrate with the kinase as a function of on/off rates, 

inhibitor concentrations, and cellular ATP levels (Figure 2.1B). In other words, CMK 

would irreversibly silence the catalytic activity of the kinase. 

 

2.3 Covalent Inhibition of Kin28is Irreversibly Arrests Cell Growth 

kin28is cells grown in the presence of CMK display striking sensitivity (growth 

rate, as measured by doubling time, is halved at 40 nM CMK) and growth arrest on solid 

media as well as in liquid cultures (Figures 2.2 and 2.3). In the presence of 1-NA-PP1 (a 

non-covalent reversible inhibitor), kin28as and kin28is cells display partial decrease in 

growth rates and, over time, attain growth densities comparable to uninhibited cells. 

Importantly, cells with Kin28 bearing only the gatekeeper mutation (L83G) or only the 

V21C mutation (not shown) are not sensitive to CMK (Figure 2.2). Given the strict 

requirement for two selectivity filters, the ATP-binding sites of endogenous yeast kinases 

would not permit covalent conjugation by CMK. Consistent with this expectation, CMK 

does not perturb the transcriptome in wild-type cells or in cells bearing the kin28as allele 

(detailed below). 

To determine whether the CMK-rendered growth arrest was irreversible, we 

treated cells with 1-NA-PP1 or CMK for 24 hours, followed by cell harvest, extensive 

washes with fresh media, and further growth for 24 hours in media lacking either 

inhibitor. Wild-type (WT) and kin28as cells were able to recover from inhibition after drug 

washout, whereas kin28is cells treated with CMK were unable to recover (Figure 2.4). 

Together, these data suggest our covalent inhibition strategy is specific, irreversible, and 

able to recapitulate the growth-arrest phenotype manifested by a catalytically inactive 

kin28 allele. Although we have been cognizant of partial kinase inhibition by reversible 

inhibitors, others may not realize this caveat [21].   
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Figure 2.2 Covalent Inhibition of Kin28is Irreversibly Arrests Cell Growth 
 
(A) Drop tests of serially diluted cultures and (B) growth curves of WT, kin28as, and 
kin28is cells grown in 5 μM 1-NA-PP1, 5 μM CMK, or DMSO solvent control. Arrows in 
the growth curves denote addition of the respective inhibitor.   
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Figure 2.3 Dose-dependent Decrease in kin28is Growth Rate upon Covalent 
Inhibition 
 
WT (top), kin28as (middle), and kin28is (bottom) cells were grown in increasing 
concentrations of CMK. Growth rate was monitored for 16 hours. As a control, 2 µM 1-
NA-PP1 was also added to WT and kin28as growth curves.  
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Figure 2.4 Inhibitor Washout Assay 
 
To test whether CMK could be washed out, overnight cultures of WT, kin28as, and 
kin28is cells were subcultured with 5 µM of 1-NA-PP1, CMK, or volume equivalent of 
DMSO control for 24 hours. Equal number of cells were harvested and washed with 
fresh media lacking the inhibitor. Washed cells were used to inoculate fresh media for 24 
hours. OD600 measurements were used to monitor cell growth at each end point.  
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2.4 Irreversible Inhibition of Kin28 Drastically Reduces Cellular Ser5-P Levels 

Promoter-proximal phospho-Ser5 (Ser5-P) and phospho-Ser7 (Ser7-P) marks 

are placed primarily by Kin28 [5]. Inhibition of Kin28 with reversible ligands, however, 

does not result in bulk decrease in Ser5-P or Ser7-P marks [5, 20, 32]. To assess the 

effect of covalent inhibition of Kin28is on bulk levels of phospho-CTD marks, we 

prepared whole-cell extracts from exponentially growing cells treated with the DMSO 

solvent control (“Untreated”), the reversible inhibitor 1-NA-PP1, or the irreversible 

inhibitor CMK. Western blots show a striking decrease in Ser5-P marks in cells treated 

with CMK (p < 0.05, Student’s t test) (Figure 2.5 and 2.6). Partial loss of bulk Ser7-P 

marks is consistent with the role of Bur1 (CDK9 in humans) in placing Ser7-P marks 

[27]. Ser2-P, phosphorylated tyrosine-1 (Tyr1-P), and phosphorylated threonine-4 (Thr4-

P) levels do not appear to change appreciably, suggesting that these are not major 

targets of Kin28 in cells. Importantly, treatment of WT cells does not affect phospho-CTD 

levels in line with the requirement of an “is”-sensitized kinase for CMK to inhibit kinase 

activity.  

Interestingly, using an antibody that detects hyper-Ser5-P, our blotting shows 

residual Ser5-P after inhibition of Kin28, which suggests alternative minor Ser5 kinases 

are still functional (Figure 2.6B). However, after 15 min of Kin28 inhibition, bulk Ser5-P 

levels are visibly diminished in kin28is cells (Figure 2.6C and 2.6D) with no difference in 

overall Kin28 protein abundance after 1 hour, the time span of our inhibition experiments 

(Figure 2.6E). Together, these data further highlight the selectivity and effectiveness of 

our covalent inhibition approach. 

 

2.5 Genome-wide Ablation of Promoter-Proximal Ser5-P and Ser7-P Marks 

To determine the impact of covalent inhibition of Kin28 on Pol II distribution, we 

performed ChIP with antibodies against the tandem affinity purification (TAP) tag (Rpb3-  
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Figure 2.5 Covalent Inhibition of kin28is Leads to Global Decrease in Ser5-P CTD 
Marks 
 
(A) Immunoblots of co-immunoprecipitations from cells bearing WT, kin28as, or kin28is 
alleles treated with DMSO or 5 µM of inhibitors. Blots were probed with phospho-CTD 
specific antibodies against Ser5-P (H14), Ser7-P (4D12), Ser2-P (S2, Bethyl 
Laboratories), Tyr1-P (3D12), Thr4-P (1G7), and against the TAP tag in Rpb3-TAP as 
loading control. (B) Signal from each phospho-CTD mark was normalized to its 
corresponding abundance of Rpb3-TAP, and the change in signal relative to DMSO was 
calculated for individual replicates. The average fold changes are plotted. Error bars 
represent the standard error of the mean, n = 3-5.  
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Figure 2.6 Covalent Inhibition of kin28is Abolishes Hyper-Ser5-P CTD Marks 
 
(A) Differential recognition of single and multiple Ser5-P marks by H14 and 3E8 
antibodies. 3E8 is able to detect a single Ser5-P mark whereas H14 detects multiple 
Ser5-P marks [64, 65]. (B) Immunoblots of whole cell extracts from cells bearing WT, 
kin28as or kin28is alleles treated with DMSO control or 5 µM of inhibitors. Blots against 
Rpb3-TAP were used as a loading control. Signal from each phospho-CTD mark was 
normalized to the abundance of Rpb3-TAP in its corresponding blot, and the change in 
signal relative to DMSO was calculated for individual replicates. Error bars represent the 
standard error of the mean, n = 3-5. P<0.05, two-sided Student’s t-test. (C) CMK titration 
leads to dose-dependent depletion of bulk Ser5-P marks. (D) Ser5-P marks are ablated 
within 15 minutes of treatment with 5 µM CMK, and remain undetectable after 180 
minutes of treatment. (E) Covalent inhibition of Kin28is does not affect bulk protein levels 
of Kin28is.  
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TAP) or phospho-CTD marks. Covalent inhibition of Kin28is caused a global decrease in 

Ser5-P marks and a precipitous decrease in promoter-proximal Ser7-P marks (Figure 

2.7). The loss of Ser5-P and Ser7-P marks were more pronounced when cells were 

treated with CMK compared to 1-NA-PP1 at the same concentration (Figure 2.7B). We 

validated these decreases in Ser5-P and Ser7-P marks near active gene promoters by 

ChIP-qPCR at ADH1 (Figure 2.8). Residual Ser5-P signal within genes, as well as 

remaining Ser7-P signal near promoters and within genes, is consistent with the activity 

of Bur1 on CTD at these regions [27]. 

Phosphorylation of the Pol II CTD by Kin28 is thought to release the CTD from its 

interaction with the Mediator Head module [41]. Covalent inhibition of Kin28is, followed 

by ChIP-chip analysis of the Mediator Head module subunit, Med8, reveals a shift in 

Med8 occupancy to −42 bp, rather than its typical location at −116 bp with respect to the 

transcription start site (TSS) (Figure 2.8), consistent with previous studies [26, 42]. 

While we do not observe a significant difference in Pol II occupancy at genes regulated 

by TFIID or SAGA complexes (Figure 2.9), nascent transcription is slightly more 

affected at TFIID-dependent rather than SAGA-dependent genes. Kin28 inhibition is also 

reported to alter start site selection at TFIID-targeted promoters in vitro [43]. However, 

under covalent inhibition conditions, no such shift was apparent in vivo (Figure 2.9). The 

sum of these results highlights the specific and potent effects of covalent inhibition of 

Kin28is with CMK previously not attained by reversible inhibition strategies. 

 

2.6 Depleted Pol II Occupancy at 3’ Ends of Transcribed Regions 

Covalent inhibition of Kin28is revealed a reproducible Pol II decrease toward the 

3′ ends of protein-coding genes (pc-genes) (Figure 2.7). The graded decrease in Pol II 

levels is inversely correlated with gene length (Figure 2.10A, Pearson correlation 

−0.509, p = 8.6 × 10−42 versus mean p = 0.501 from 104 randomized iterations of the 
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data), suggesting a length-dependent mechanism by which Pol II is depleted from 

chromatin in the absence of Kin28 activity. To parse out different patterns of Pol II 

perturbation, we performed k-means clustering of changes in Pol II occupancy at pc-

genes with robust levels of Pol II occupancy (top 10%). Visual inspection of the clusters 

revealed six distinct patterns of Pol II change. For 71% of these genes, Pol II shows 

depletion at the cleavage and polyadenylation site (CPS) (elongation coefficient), which 

does not necessarily correlate with Pol II changes at the TSS (promoter escape 

coefficient) (Figure 2.10B). However, the ratio of Pol II at the CPS versus the TSS (Pol II 

travel index) invariably shows Pol II has a reduced travel index within most of the 

clusters identified (Figure 2.10C). These data suggest Kin28 impacts Pol II promoter 

escape to different degrees at different promoters and unexpectedly plays an important 

role in Pol II elongation. 

 

2.7 Global Decrease in Nascent RNA Synthesis and Concomitant Stabilization of 

mRNA 

To determine the role of Kin28 activity on RNA synthesis, we performed 

comparative dynamic transcriptome analysis [44]. The newly synthesized transcripts 

were pulse labeled with 4-thiouracil, which is incorporated into growing RNA chains. The 

thiolated transcripts were biotinylated and purified using streptavidin-coated magnetic 

beads (Nascent, Table 2.1 and 2.3). In parallel, we purified Total RNA (Total, Table 2.2) 

as a measure of steady-state transcript levels. To account for any global defects in 

transcription upon inhibition of Kin28 activity, we spiked in S. pombe cells for which RNA 

was simultaneously prepared and sequenced (6:1 S. cerevisiae:S. pombe cellular ratio). 

We fit local linear regressions of gene expression across replicates from S. pombe, 

which were used to normalize S. cerevisiae Nascent and Total RNA sequencing (RNA-

Seq) data across replicates and treatments. Thus, we circumvent potentially misleading  
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Figure 2.7 Genome-wide Ablation of Promoter-Proximal Ser5-P and Ser7-P Marks 
 
(A) Single gene traces of Rpb3 (blue), Ser5-P (red), Ser7-P (purple), and Ser2-P (green) 
from kin28is cells treated with DMSO or 5 μM CMK. (B) Average occupancy for Rpb3, 
Ser2-P, Ser5-P, and Ser7-P from kin28is cells at the TSS (black arrow) and CPS (red 
bar) of pc-genes with the top 10% of Pol II occupancy (average Log2 [IP/input], n = 615 
genes). 
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Figure 2.8 Observed Changes to Ser5-P, Ser7-P, and Med8 Match Previous 
Observations 
 
(A) ChIP from WT or kin28is cells treated with DMSO (solvent control), 2 μM 1-NA- PP1 
or 2 μM CMK for 1 hour. Chromatin was immunoprecipitated using specific antibodies 
against Ser5-P (10 μl, 3E8), Ser7-P (50 μl, 4E12), or the TAP tag (5 μl). DNA was 
quantified by qPCR using primers that target the transcription start site of the ADH1 
gene (ADH1 -196 Fwd and ADH1 +13 Rev). Ser5-P and Ser7-P values were normalized 
to Rpb3 levels at that same site (error bars depict standard error of the mean) (*, P < 
0.05, one-sided paired Student’s t-test, n=4). (B) (Left) Average Med8 (black trace) and 
Pol II-normalized Ser5-P marks (red trace) at the TSS (black arrow) of 60 pc-genes 
isolated from neighboring genetic elements. (Right) Inhibition of Kin28is leads to ablation 
of Ser5-P marks (dotted red trace) and a corollary downstream shift in Med8 occupancy 
(dotted black trace). 
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Figure 2.9 Comparison of Changes in Pol II Occupancy and RNA-Seq Coverage at 
TFIID versus SAGA Gene Classes 
 
(A) Single gene traces of Rpb3 (blue), Ser5-P (red), Ser7-P (purple), and Ser2-P (green) 
marks from untreated kin28is cells (filled bars) or treated with 5 μM CMK (lines) at TFIID 
and SAGA genes. (B) Pol II (Rpb3-TAP) occupancy changes at the TSS or the CPS of 
TFIID or SAGA genes [66] are not significantly different. (C) However, the distribution of 
gene expression changes (RNA-Seq of Nascent fraction) is significantly different 
between TFIID and SAGA genes (Mann-Whitney-Wilcoxon Test, P < 0.01). (D) The 
expression change after inhibition of Kin28is for each TFIID gene was plotted against its 
respective TATA-TSS distance [43]. Outliers in TATA-TSS distance were removed 
(TATA-TSS distances >50,000 bp). The equation of the best-fit line and Pearson 
correlation coefficient are shown. 
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Figure 2.10 Kin28 Protects the Elongation Complex from Premature Termination 
 
(A) Change in Pol II (Rpb3-TAP) after Kin28is inhibition with 5 μM CMK arranged by 
gene length (same genes as averaged in Figure 2.7B). (B) k-means clustering of 
changes in Pol II occupancy at the TSS and the CPS of genes in (A). (C) Pol II travel 
index describes Pol II occupancy at the CPS relative to the TSS. A negative Pol II travel 
index indicates there is less Pol II at the CPS than there was loaded onto the TSS. 
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normalization approaches that rely on a handful of model genes that do not reflect the 

full range of transcriptome perturbations in cells [22]. Thus, if Kin28is inhibition were to 

cause global reduction in transcription, it would be reliably detected by our analyses. We 

have consistently used spike in controls to account for global changes in the yeast 

transcriptome [19], contrary to assertions which claim otherwise [22]. 

Unexpectedly, the data revealed that Total RNA levels remain generally 

unchanged, whereas Nascent RNA levels show nearly 4-fold decrease upon covalent 

inhibition of Kin28is (Figure 2.11). To determine the number of genes that were 

significantly downregulated upon covalent inhibition of Kin28is, we employed edgeR and 

DESeq, two widely used statistical packages. Although both generally agreed on the 

effect of Kin28is inhibition on Total RNA (edgeR: 283 downregulated genes, DESeq: 643 

downregulated genes, with ≥2-fold decrease, 5% FDR), we found edgeR and DESeq 

differed in their analysis of the Nascent RNA data. Analysis of the raw Nascent RNA 

data clearly shows a global decrease in abundance upon covalent inhibition of Kin28is. 

However, DESeq, but not edgeR, preserved this initial observation (edgeR: 166 versus 

DESeq: 4,321, with ≥2-fold decrease, 5% FDR, out of 5,390 pc-genes) (Figure 2.12). 

Indeed, in simulation studies, edgeR and other commonly used analysis methods 

performed poorly when there was global reduction in transcript abundance [45]. We 

conclude that covalent inhibition of Kin28is leads to downregulation of the majority of the 

Nascent RNA fraction. 

For both Total and Nascent RNA fractions, irreversible inhibition of Kin28is with 

CMK causes the largest overall change in RNA abundance (Figure 2.12 and 2.13). 

Treatment of WT cells with either 1-NA-PP1 or CMK did not result in any significant 

changes in Total or Nascent RNA levels (Figure 2.13). Likewise, non-covalent inhibition 

of Kin28is or Kin28as with 1-NA-PP1 did not result in significant changes in RNA levels, 

consistent with previous reports (Figure 2.13A) [19]. These results reconcile previous  
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Figure 2.11 Inhibition of Kin28is Leads to Stabilization of mRNA Abundance and 
Reduction in Nascent Transcripts 
 
Coverage of RNA-Seq reads at the indicated genes for the (A) Total and (B) Nascent 
fractions of RNA from untreated (black line) and CMK-treated (orange fill) kin28is cells. 
(C) Scatterplot of expression changes in the Total (x axis) and Nascent (y axis) fraction 
plotted for each pc-gene. The distributions of expression changes are plotted as 
histograms, adjacent. Differentially expressed genes with greater than 2-fold decrease, 
as called by edgeR, are boxed in red. 
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Figure 2.12 Results from Differential Gene Expression Analysis Vary by Software 
Used 
 
Comparison of read count fold-change values in CMK-treated versus untreated cells 
using commonly used R packages for calculating differential gene expression analysis.  
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Figure 2.13 Irreversible Inhibition of Kin28is Impacts mRNA Expression Globally 
 
(A) Plot of read count (Log10) per pc-gene in untreated versus inhibited cells. Points 
along the gray line of slope = 1 represent genes that do not change in expression 
between treatment conditions (absolute fold change relative to DMSO ≤ 2, 5% FDR). 
The equation of the regression line (red) and Pearson correlation coefficient are 
displayed. (B) Distribution of expression changes for WT cells treated with CMK does 
not significantly affect RNA levels in the Total or the Nascent fractions. 
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discrepancies and indicate that different transcriptional processes depend on different 

degrees of CTD phosphorylation, with capping requiring maximal levels of 

phosphorylation, whereas promoter escape and transcription elongation can occur at low 

levels of Kin28-dependent CTD phosphorylation. 

 

2.8 Highly Repressed Genes Reveal a Checkpoint Prior to Productive Elongation 

Among the genes with the most pronounced decrease in Pol II travel index, we 

observed genes with Pol II accumulation 100–200 nt downstream of the TSS (Figure 

2.14). Likewise, Pol II profiles at the genes most severely affected in their Total and 

Nascent pools of RNA revealed accumulation of Pol II, which coincides with the +2 

nucleosome and the transition from initiation to elongation (Figure 2.15) [23, 34-37, 46]. 

This Pol II accumulation is consistent with a checkpoint at the onset of productive 

elongation after successful transcription initiation and promoter escape. The Pol II 

buildup also coincides with the region of maximal Spt5 recruitment, which occurs 

upstream of maximal Bur1 and Paf1 occupancy [47, 48]. Phosphorylation of Spt5 and 

Pol II by Bur1 contributes to efficient recruitment of the Paf1 complex, which is a critical 

step for efficient transcription elongation [49-51]. To further define the nature of the 

defect in the transition to elongation, we examined the levels of Spt5 and phosphorylated 

Spt5 (Spt5-P) at two representative genes (Figure 2.16). The data show that inhibiting 

Kin28 significantly reduces the level of Spt5-P, indicative of compromised Bur1 function. 

 

2.9 Impact of Pol II Alleles with Different Elongation Rates 

To test whether a functional link between Kin28 activity and the rate of Pol II 

elongation exists, we examined the impact of Kin28 inhibition in strains bearing Pol II 

alleles with either fast or slow elongation rates. We first replaced WT Kin28 with the 

kin28is allele in the anchor-away system [52]. In this system, rapamycin-induced  
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Figure 2.14 Pol II Traces at DIP5 
 
Pol II traces at DIP5 before (line) and after (filled) inhibition of Kin28is. 
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Figure 2.15 Kin28 Plays a Crucial Role in Priming Pol II for Elongation 
 
(A) Difference in Rpb3, Ser5-P, Ser7-P, and Ser2-P occupancy after inhibition of Kin28is 
with 2 μM CMK at genes most affected by loss of Kin28 function (i.e. genes boxed in 
Figure 2.11C) and sorted by gene length. Following a decrease in Ser5-P and Ser7-P 
marks, Rpb3 ChIP signal accumulates on average 177 bp downstream of the TSS (top 
blue bar) and coincides with the +2 nucleosome (bottom panel). (B) Occupancy of 
factors recruited during initiation and elongation [47] (C) Average occupancy traces for 
Pol II and nucleosome data shown in (A). (D) Average occupancy traces for Pol II and 
data shown in (B). Vertical dotted line denotes TSS. Blue highlighted regions denote the 
site of Pol II stalling. 
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Figure 2.16 Levels of Spt5 and Phosphorylated Spt5 (Spt5-P) at Two 
Representative Genes 
 
ChIP-qPCR of Rpb3 (blue), Spt5 (orange), and Spt5-P (maroon) at the indicated regions 
(5′, mid, and 3′) of (A) CDC60 and (B) RPS4B. Average fold changes (n = 3−6) relative 
to DMSO control are plotted. ∗P < 0.05, one sample two-sided Student’s t test. 
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heterodimerization of an Rpb1-FRB fusion with RPL13A-FKBP12 actively exports Rpb1 

from the nucleus due to the normal nucleo-cytoplasmic trafficking of RPL13A (Figure 

2.17A). Expression of Rpb1 variants in this system permits the replacement of 

endogenous WT Pol II with Pol II variants with reduced/slow (rpb1-N488D) or 

enhanced/fast (rpb1-E1103G) elongation rates [38]. The slow Pol II variant is thought to 

hinder initiation or early elongation and should therefore exacerbate the effects of 

irreversible inactivation of Kin28 and show a negative genetic interaction with sub-

optimal levels of Kin28 activity. Consistent with a shared function in elongation, kin28is 

cells grown in otherwise sub-lethal concentrations of CMK (0.2 μM) displayed a synthetic 

lethal phenotype when combined with the slow Pol II variant (Figure 2.17B). 

Reciprocally, we predicted the fast Pol II variant would be less sensitive to Kin28is 

inhibition. In further agreement, the fast variant of Pol II did not display the synthetic 

lethal phenotype when Kin28is activity was dialed down with sub-lethal concentrations of 

CMK. Remarkably, the fast Pol II partially rescued the temperature-sensitive phenotype 

of kin28is when grown at 37 °C. In contrast, WT and slow Pol II strains were unable to 

grow under these conditions. Thus, our data reveal a role for Kin28 activity in placing 

marks that facilitate transition from transcription initiation to efficient transcription 

elongation. 

 

2.10 Discussion 

To resolve the long-standing discrepancies on the function of Kin28/CDK7, we 

rationally designed a sensitized variant of Kin28 (kin28is) that can be inhibited 

specifically and irreversibly in vivo by CMK. To achieve targeted inhibition, CMK requires 

the simultaneous presence of two selectivity filters, a small gatekeeper residue and a 

precisely positioned cysteine in the ATP-binding site. Conveniently, none of the  
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Figure 2.17 Functional Interaction between Kin28 Activity and Pol II Elongation 
Rates 
 
(A) Scheme of anchor-away strategy used to exchange endogenous Pol II fused to 
FKBP12-rapamycin-binding protein (Pol II + FRB) with a slow (rpb1-N488D), fast (rpb1-
E1103G), or WT Pol II fused to human FKBP12. Rapamycin (Rap) was added to anchor-
away endogenous Rpb1 while mutant Pol II remains in the nucleus. (B) Top: a sub-lethal 
dose of CMK (0.2 μM) was combined with WT, slow Pol II, or fast Pol II in a KIN28 or 
kin28is background. Inhibited kin28is shows a synthetic lethal interaction with a Pol II 
mutant with reduced elongation rate. Bottom: at 37 °C, 0.2 μM CMK is lethal for kin28is 
cells bearing WT or slow Pol II. Exchange of endogenous Pol II for a fast Pol II partially 
restores viability to kin28is (compare kin28is RPB1 to kin28is fast Pol II). However, 
presence of a fast Pol II is insufficient to rescue kin28is viability at higher concentrations 
of CMK (2 μM). 
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endogenous kinases in budding yeast have both sequence elements, enabling selective 

inhibition of the doubly mutated kin28is allele. 

We find that Kin28 plays a crucial role at multiple stages of Pol II transcription 

and that when the kinase is chemically inhibited in vivo, the impact on transcription is 

masked by increased stability of mature mRNA. Furthermore, we find Kin28 enhances 

transcription elongation by priming the CTD and enabling the engagement of complexes 

that help overcome an “elongation checkpoint” well after promoter release and 

transcription initiation (Figure 2.18). Thus, by irreversibly inhibiting Kin28 with a covalent 

ligand, we have effectively dialed down Kin28 activity past a physiologically relevant 

threshold previously unattained with non-covalent inhibitors. By achieving more 

complete inactivation, our study has revealed the essential role of Kin28 catalytic activity 

at different stages of the transcription cycle. 

 We conclude that differential levels of kinase inhibition reveal distinct 

transcriptional processes that display differing degrees of dependence on CTD 

phosphorylation states. Promoter-proximal recruitment of Ceg1 and 5′ capping of 

nascent pre-mRNAs is highly sensitive to partial Kin28 inhibition and partial reduction of 

CTD phosphorylation. The heightened sensitivity of Ceg1 for any perturbation in Kin28 

activity may arise in part from the kinetic competition between transcribing Pol II and 5′ 

surveillance factors. This competition may restrict the essential function of the capping 

enzyme to a narrow window of opportunity immediately following initiation. Thus, 

capping defects are readily detectable when using non-covalent inhibition strategies 

against Kin28 [19]. On the other hand, further reduction in Kin28-dependent Ser5-P and 

Ser7-P levels diminishes the formation of elongation-competent complexes. Upon 

irreversible inhibition of Kin28, the position of Pol II buildup coincides with proposed 

“checkpoints” that are thought to coordinate 5′ capping of nascent transcripts with 

productive elongation and splicing [34-37]. This checkpoint was not detected by previous  
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Figure 2.18 Model Depicting the Various Roles of Kin28 during Transcription, 
which Are Revealed by Covalent Inhibition of Kin28is 
 
(A) Normal Pol II progression through the transcription cycle when Kin28 is active. (B) 
Upon covalent inactivation of Kin28is, Pol II is depleted to different degrees at the TSS 
of the majority (82%) of highly transcribed genes and retained at a smaller fraction of 
genes (11%). (C) Left: although Total RNA is generally unaffected by covalent inhibition 
of Kin28is, Nascent RNA is globally decreased, consistent with stabilization of the Total 
RNA pool upon a global decrease in RNA synthesis. Right: genes that show decrease in 
Total and Nascent RNA also show delayed transition through the elongation checkpoint, 
as evidenced by a buildup of Pol II ∼177 bp from the TSS. These genes also display 
attrition of Pol II toward their 3′ end. 
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genome-wide chromatin immunoprecipitation studies of Pol II but is readily evident upon 

covalent Kin28 inhibition. 

Consistent with a role for Kin28 in productive elongation, we find that upon Kin28 

inactivation, Pol II abundance at the 3′ end of genes correlates negatively with gene 

length. Interestingly, a slow-transcribing Pol II (rpb1-N488D) shows a synthetic lethal 

interaction with Kin28, suggesting a functional link between Pol II elongation rates and 

Kin28 activity. In line with a role for Kin28 in early transcription elongation, recruitment of 

the cap binding complex is required for efficient recruitment of Bur1 and Ctk1, proper 

levels of Ser2-P marks, and efficient elongation [25, 34-36, 50]. Fast Pol II, on the other 

hand, is proposed to display transcription rates that may bypass elongation checkpoints 

and compromise co-transcriptional processing [53, 54]. Our observations suggest a 

critical role for Kin28 in priming Pol II for elongation competency by facilitating timely 

recruitment of elongation and pre-mRNA processing factors and protecting the 

elongation complex from capping surveillance factors that would remove Pol II 

molecules carrying uncapped pre-mRNAs [55]. Our findings are also consistent with a 

model wherein Kin28 activity primes Pol II and Spt5 for downstream phosphorylation by 

Bur1. These modifications recruit elongation complexes required to overcome a 

transition checkpoint imposed by the +2 nucleosome. This “kinetic” checkpoint contrasts 

with the stable promoter-proximal Pol II pause in mammalian systems that occurs within 

100 bp of the TSS and is mediated by the Negative Elongation Factor (NELF) and DSIF 

(Spt4/5). While NELF does not exist in yeast and the kinetic checkpoint is detected 

downstream of the mammalian pause site, both mechanisms present a rate-limiting step 

prior to transition into productive transcription elongation. 

It is important to note that Nascent RNA synthesis decreases upon covalent 

inhibition of Kin28is but is not dramatically impaired upon partial inhibition with a 

reversible inhibitor. Unexpectedly, steady-state RNA levels remain mostly unaffected for 



 58 

an extended period after covalent inhibition of Kin28is, reflecting increased stabilization 

of the cellular mRNA pool in response to defective transcription by Pol II. This 

dichotomous response to Kin28 inhibition supports a built-in safeguard against defective 

Pol II transcription [44, 56, 57]. Our findings help reconcile initial observations that 

suggested an essential role for Kin28 in transcription and more recent findings showing 

that mRNA levels remain unaffected when Kin28 activity is compromised by certain 

mutations [16, 58] or blocked with reversible ligands [5, 19-23]. 

Pol II occupancy is not affected to the same degree as Nascent RNA upon 

covalent inhibition of Kin28. This is reminiscent of reports wherein inhibition of general 

transcription using the rpb1-1 allele shut down RNA synthesis within 5–15 min after 

switching to non-permissive temperatures [59], yet Pol II remained robustly associated 

with chromatin for an additional hour [60, 61]. Similarly, under certain nutrient conditions, 

Pol II association with transcribed regions increases subtly even though the rate of 

Nascent RNA synthesis is dramatically reduced [56]. Therefore, although RNA synthesis 

is reduced, remaining Pol II occupancy may reflect a combination of slowly transcribing, 

backtracking, or inactively engaged Pol II. Taken together, our results converge on 

multiple roles for Kin28/CDK7 in regulating post-initiation stages of the transcriptional 

cycle and reconcile long-standing controversies. 

Furthermore, unlike kinase-specific inhibitors that require exhaustive and cost-

prohibitive small molecule screens and may have off-target effects due to non-specific 

interaction with related kinases [17], our approach has the potential to be broadly applied 

to other kinases. Our results clearly demonstrate that the active site of a kinase can be 

rationally sensitized to irreversible inhibition and that CMK does not perturb cellular 

growth rates, CTD phosphorylation patterns, or the transcriptome in wild-type cells. 

Importantly, our strategy faithfully recapitulates the phenotype of a catalytically inactive 

kin28 allele and achieves a greater degree of inhibition than reversible ligands. These 
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outcomes are likely to extend to other kinases as our structurally and bioinformatically 

guided engineering of Kin28 can be readily applied to confer “irreversible sensitization” 

to thiol-reactive ATP analogs. Thus, the strategy that we describe here may serve as a 

resource for the broader scientific community studying kinases, as well as ATP-binding 

proteins and enzymes that are amenable to rationally designed chemical-genetic 

retrofitting. 

 

2.11 Materials and Methods 

Kin28is Allele Design and Isolation 

The gatekeeper (L83) and conserved valine (V21) residues of Kin28 were 

identified by aligning the primary sequence of Kin28 to that of Cdc5 which has a 

naturally occurring solvent exposed Cys in place of the conserved Val using ClustalW2 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Protein sequences were gathered from 

SGD. After identification of sites for mutagenesis, we used previously reported plasmids 

encoding kin28-L83G (pSH573) [20] to create the kin28is allele. Primers were designed 

to direct the V21C substitution in KIN28 following QuickChange II manufacturing 

instructions (formerly Stratagene, now Agilent Technologies). PCR and DpnI digestion of 

template DNA was also carried out following manufacturer instructions. Purified plasmids 

were sequenced to confirm mutagenesis at the University of Wisconsin-Madison 

Biotechnology Center sequencing facility. The endogenous KIN28 gene was substituted 

with its kin28is counterpart by two-step allele replacement into a BY4705 strain. 

To increase recombination efficiency for subsequent strains we amplified the 

kin28is genomic locus from the kin28is strain (above) with increased up- and 

downstream sequence using the KpnI-Kin28 Fwd and BamHI-Kin28 Rev primers. We 

subsequently cloned the resulting amplicon into the KpnI and BamHI sites of pRS306 to 

create pSCT001. pSCT001 was digested upstream of the KIN28 coding region 
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with BmgBI and transformed into the Rpb3-TAP (Open Biosystems, now Thermo Fisher) 

or HHY170 background [52]. Cells were selected for URA3+ transformants. After 

recombination, loss of URA3 was screened on SC+5FOA and potential kin28is colonies 

were screened by growing them on rich media (YPD) or media containing CMK 

(YPD+CMK). Colonies that displayed a growth defect on YPD+CMK, but not on YPD, 

were selected and confirmed by sequencing to carry the modified gatekeeper and the 

reactive Cys. 

 

Growth Curves 

Cells were grown overnight in respective dropout media and sub-cultured to an 

OD600 of 0.1 two to three hours before the assay. When the OD600 was between 0.2 

and 0.4, cells were plated onto a 96-well clear, flat-bottom polystyrene plate in a volume 

of 100 µL. Drugs were added directly to each well, taking care that the volume of the 

drug did not exceed 0.5% of the total volume in the well. Cells were incubated with 

constant shaking at 30 °C in an Infinite M1000 Pro (Tecan) plate reader. OD600 

measurements were recorded every 5 min over the duration of the assay (12-16 hours) 

and plotted as growth curves. IC50 was calculated by plotting kin28is percentage growth 

(i.e. ODmax/ODinitial normalized to growth in DMSO) as a function of drug concentration. 

The drug concentration at which 50% growth was achieved was calculated from a 

logarithmic trend line that was fitted to the data. 

 

Extracts and Antibodies for Western Blotting 

Yeast strains were grown overnight (14-16 hours) in YPD and subcultured in 50 

mL of YPD at a starting OD600 of 0.1 and allowed to grow to exponential phase (OD600 

0.5-1). Unless otherwise noted, cells were treated with 5 µM 1-NA-PP1 (Toronto 

Research Chemicals), 5 µM CMK or an equivalent volume of DMSO for 1 hour. For CMK 
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titrations, cells were treated with the indicated concentrations of CMK for 1 hour as well. 

Cells were harvested by centrifugation, and lysis was conducted by bead-beating in lysis 

buffer (100 mM HEPES pH 7.4, 100 mM potassium acetate, 0.5% Triton X-100, 0.1% 

Tween-20), Protease Inhibitor Cocktail (Roche), 0.2 mM PMSF, and 5 mM of 

phosphatase inhibitors Na3VO4, NaF, and NaN3. Lysates were treated with 25 U of 

DNase I (Sigma) and incubated on ice for 20 min before addition of SDS loading buffer. 

In the case of H14, extracts were first incubated with anti-Rpb3 (Neoclone, 1:400) 

overnight at 4 °C and immunoprecipitated with Protein G Dynabeads, washed in lysis 

buffer and eluted with SDS loading buffer. After Rpb3 enrichment, supernatant was used 

to probe for bulk Kin28 levels. Samples were resolved by 10% SDS-polyacrylamide gel 

electrophoresis. Anti-phosphorylated CTD antibodies were generous gifts from Dr. Dirk 

Eick (1:500), except anti-Ser5p (Covance H14, 1:000) anti-Ser2-P (S2 antibody Bethyl 

Laboratories, 1:2500). Rpb3-TAP levels were probed with anti-TAP (Pierce CAB1001, 

1:2000) and Kin28 levels were probed with anti-Kin28 (BioLegend 924901, 1:250). 

 

PCR-mediated FLAG-tag Fusion of Med8 

A FLAGx5::KanMX6 cassette was fused to the C-terminal end of Med8 using the 

pFA6a-FLAGx5 plasmid (a gift from Dr. John Pringle) as template following a published 

protocol [62]. A PCR amplicon bearing the in frame FLAGx5 tag and the G418 

resistance cassette (KANMX6) was amplified using pFA6a-MED8-Ctermtag-F2 and 

pFA6a-Med8-Ctermtag-R1. The ~2kb fragment was transformed into kin28is cells 

following the standard LiAc protocol [63]. After 6 hours of outgrowth, cells were plated on 

YPD + 500 μg/mL G418 and after 3-4 days at 30 °C, G418 resistant colonies were 

screened by colony PCR (Ling et al., 1995) for the correct insertion. The pFA6a specific 

primer, pFA6a insertion check, and the Med8 specific primer, Med8 +301 Fwd were 

used to screen G418 resistant colonies for the appropriate insertion. Med8-FLAGx5 was 
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confirmed by Sanger sequencing through the UW Biotechnology Center sequencing 

facility. 

 

Chromatin Immunoprecipitation and Microarray Hybridization 

ChIP experiments were carried out essentially as described previously 

(Chinchilla et al., 2012; Tietjen et al., 2010) with minor modifications. Briefly, cells in mid-

log phase were treated with 2 µM or 5 µM 1-NA-PP1 or CMK (as indicated) for 1 hour 

followed by crosslinking with 1% formaldehyde for 5min. Pulldowns were carried out with 

the following amounts of antibody: Rpb3-TAP, with 3 µl of anti-TAP antibody (Thermo), 

Ser5-P marks, with 3 µl of 3E8 (a generous gift from D. Eick), Ser7-P marks with 50 µl of 

4D12 (Chapman et al., 2007), Ser2-P marks, with S2 antibody (Bethyl Laboratories), 

Med8-FLAG with 3 μl of anti-FLAG (M2, Sigma), Spt5 with 3 µl of anti-Spt5 (a generous 

gift from Dr. Grant Hartzog) and phosphorylated Spt5 with 3 μl of anti-Spt5-P (a 

generous gift from Dr. Steven Hahn) overnight. For every immunoprecipitation, 50ul of 

protein G conjugated Dynabeads (Life Technologies), pre- washed with lysis buffer (50 

mM HEPES-KOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na- 

Deoxycholate, 1 mM, Aprotinin, 1 mM Leupeptin, 1 mM PMSF, 1 mM Benzamidine, 1.45 

mM Pepstatin, 1mM NaN3, 1 mM Na3VO4, 1 mM NaF), were mixed with the whole cell 

extract-antibody mixture to pulldown Pol II complexes. Washes and elution were 

performed as previously described (Tietjen et al., 2010). ChIP DNA was end-repaired, 

linkers were ligated and ligation-mediated PCR was performed as previously described 

(Chinchilla et al., 2012). 

 

ChIP-chip Data Analysis 

Single gene traces were gathered using Integrated Genome Viewer (IGV) 

(Thorvaldsdottir et al., 2013). Changes in Pol II, Ser2-P, Ser5-P and Ser7-P were 
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calculated for genes with the top 10% of Pol II occupancy (Figure 2.9A) or for genes 

which showed a significant decrease in Total or Nascent RNA (Figure 2.13) and 

arranged by length using R. k-means clustering was performed as previously described 

(Tietjen et al., 2010). Briefly the changes in Pol II occupancy at the TSS and CPS for 

genes with the top 10% of Pol II occupancy were initially clustered in 10 k- means 

clusters in Multiple Experiment Viewer using an uncentered Pearson correlation and 

visually inspected. General Pol II change patterns coalesced to 6 distinct patterns. Pol II 

3’ end decrease (Figure 2.9) was calculated by taking the Log2 of the average change 

in Pol II occupancy within the last 200bp of pc genes with the top 10% highest Pol II 

occupancy (Tietjen et al., 2010). Pearson correlation statistic between Pol II 3’ end 

decrease and gene length were calculated in R. To further test if the correlation between 

the change in 3’ Pol II occupancy and gene length was non-random, we performed the 

Pearson correlation statistic with 104 randomized iterations of the data and calculated 

the average p-value. Pol II travel index was calculated by taking the ratio of Pol II 

occupancy at the cleavage and polyadenylation site (CPS) (b) vs. Pol II occupancy at 

the transcription start site (TSS) (a) for DMSO (b/a) and CMK (b’/a’) conditions. 

Likewise, Promoter Escape and Elongation coefficients were calculated by taking the 

ratio of Pol II at the TSS (a’/a) and CPS (b’/b) upon inhibition of Kin28 respectively. 

Position of Pol II stalling with respect to the TSS was calculated by finding the mode of 

the distribution of maximum Pol II change at genes whose Total or Nascent RNA levels 

decreased significantly. 

 

RNA Preparation and Next Generation Sequencing 

Total and nascent (i.e. labeled) RNA was prepared as described in (Miller et al., 

2011) but was used in an RNA-Seq rather than microarray format. For cDTA, cells were 

treated essentially as described in (Sun et al., 2012) with a labeling time of 6 min with 4-
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thiouracil (Sigma). S. pombe was harvested and labeled identically to the experimental 

samples, and was added in a 1:6 ratio to S. cerevisiae prior to lysis. The strand-specific 

RNA-Seq libraries were constructed with the ScriptSeq Complete Yeast Kit (Epicentre). 

Sequencing (1 x 100 bp) was performed on an Illumina HiSeq2000 sequencer following 

standard Illumina clustering and quantification protocols. Reads were de- multiplexed 

and quick statistics generated with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Reads were simultaneously 

clipped of 3’ adapters and aligned to a concatenated version of the most recent S. 

cerevisiae (SacCer3, SGD, http://www.yeastgenome.org/) and S. pombe genome 

(ASM294v.2.23, PomBase, http://www.pombase.org/) with STAR 2.3.0 (Dobin et al., 

2013). Reads mapping to more than one locus were discarded to prevent ambiguous 

alignment of sequences shared between species. Alignments were then subset by 

species with SAMtools and visualized with IGV (Li et al., 2009). 

 

RNA-Seq Data Normalization and Differential Gene Expression Analysis 

Because we cannot assume total RNA levels are comparable between cells with 

and without Kin28 function, we could not normalize by library size as is common 

practice. Instead, we utilized an S. pombe spike-in to normalize and compare RNA 

expression between samples. The number of reads, which mapped to each annotated 

gene, was counted using HTSeq 0.6.0 (Anders et al., 2015). Annotation files were 

obtained from the same databases from where the genome sequences used in initial 

read alignment were downloaded. S. cerevisiae read counts were normalized with loess 

regression using S. pombe read counts to fit the loess as described by (Loven et al., 

2012). To scale coverage plots, the slope of the best fit line between S. pombe genes for 

each total and nascent sample was scaled to the largest slope for total and nascent 

fractions, respectively. Subsequently, these scaling factors were used to scale S. 
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cerevisiae genome-wide coverage plots. Differential expression of annotated regions 

was calculated with edgeR (Robinson et al., 2010), DESeq (Anders and Huber, 2010), or 

manually with Excel and the R qvalue package (Bass JDSwcfAJ et al., 2015). 

 

Anchor Away Assays 

HHY170 and HHY170 kin28is were transformed with plasmids bearing WT (pL-

RPB1), slow (pL-rpb1-N488D) or fast (pL-rpb1-E1103G) variants of RNA Polymerase II. 

Cells were grown in SC -Trp overnight (typically 16-20 hours) at 30 °C. Cultures were 

serially diluted by a factor of 0.5 and plated on SC -Trp media alone or containing 

rapamycin (1 μg/mL), 0.2 μM or 2 μM CMK or respective CMK +rapamycin 

combinations. Cells were incubated at 30 °C or 37 °C for 3-4 days and photographed to 

score for growth and viability. At least three independent biological replicates were 

performed. 
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Table 2.1 Read Counts in Nascent RNA Fractions 
 

Replicate 1 
Strain Treatment All Reads Aligned Sc Reads Sp Reads 

WT 
DMSO 7,716,701 6,766,911 6,387,702 379,209 

1-NAPP-1 19,231,330 16,664,541 15,553,964 1,110,577 
CMK 6,557,336 5,149,371 4,819,252 330,119 

kin28as DMSO 8,554,860 7,010,016 6,512,344 497,672 
1-NAPP-1 3,863,661 3,461,856 2,795,611 666,245 

kin28is 
DMSO 12,784,391 10,305,178 5,766,954 4,538,224 

1-NAPP-1 10,696,662 705,501 473,197 232,304 
CMK 8,051,363 1,425,733 624,130 801,603 

 
Replicate 2 

Strain Treatment All Reads Aligned Sc Reads Sp Reads 

WT 
DMSO 12,364,023 1,038,016 809,998 228,018 

1-NAPP-1 13,475,974 7,439,215 5,976,996 1,462,219 
CMK 11,022,435 8,631,108 7,004,567 1,626,541 

kin28is 
DMSO 5,602,058 4,773,654 3,134,732 1,638,922 

1-NAPP-1 5,574,112 4,366,742 2,584,020 1,782,722 
CMK 3,764,657 1,551,544 667,602 883,942 

 
Replicate 3 

Strain Treatment All Reads Aligned Sc Reads Sp Reads 

kin28is 
DMSO 7,531,965 6,421,525 4,221,258 2,200,267 

1-NAPP-1 7,720,014 6,051,090 3,582,496 2,468,594 
CMK 6,048,661 2,497,509 1,074,166 1,423,343 

 
Replicate 4 

Strain Treatment All Reads Aligned Sc Reads Sp Reads 
kin28is CMK 5,048,144 3,750,264 960,318 2,789,946 

 
Replicate 5 

Strain Treatment All Reads Aligned Sc Reads Sp Reads 
kin28is CMK 7,458,865 5,543,416 1,421,922 4,121,494 

 
Aligned refers to uniquely aligned reads to either the S. cerevisiae (Sc) or S. pombe (Sp) 
genome. 
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Table 2.2 Read Counts in Total RNA Fractions 
 

Replicate 1 
Strain Treatment All Reads Aligned Sc Reads Sp Reads 

WT 
DMSO 6,717,512 5,211,778 4,466,352 745,426 

1-NAPP-1 6,372,173 4,532,813 3,793,781 739,032 
CMK 4,910,988 3,687,483 3,089,200 598,283 

kin28as DMSO 11,066,959 8,614,187 7,230,601 1,383,586 
1-NAPP-1 7,499,402 4,250,509 3,426,600 823,909 

kin28is 
DMSO 8,961,864 6,375,489 5,432,326 943,163 

1-NAPP-1 9,625,429 7,259,703 6,167,925 1,091,778 
CMK 19,303,394 14,962,674 12,706,714 2,255,960 

 
Replicate 2 

Strain Treatment All Reads Aligned Sc Reads Sp Reads 

WT 
DMSO 9,980,891 8,758,874 5,841,791 2,917,083 

1-NAPP-1 16,728,332 13,136,172 9,602,654 3,533,518 
CMK 13,808,827 11,912,806 8,882,815 3,029,991 

kin28is 
DMSO 18,515,063 14,459,419 8,397,047 6,062,372 

1-NAPP-1 11,534,266 8,386,767 5,826,290 2,560,477 
CMK 13,079,359 8,978,793 6,079,555 2,899,238 

 
Aligned refers to uniquely aligned reads to either yeast genome. 
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Table 2.3 S. cerevisiae to S. pombe Counts in Mock Nascent RNA Pulldowns 
 

Strain Treatment Total Aligned* Sc Reads Sp Reads 

WT DMSO 
(-4tU, Total) 13,840,989 10,812,142 8,308,803 2,503,339 

WT DMSO 
(-4tU, Nascent) 10,502,224 4,111,410 848,378 3,263,032 

 
Nascent RNA enrichment from cells without 4tU show a substantially lower proportion of 
S. cerevisiae to spike-in reads. 
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Table 2.4 Yeast Strains Used in This Chapter 
 

Strain Relevant Genotype Reference 
WT MATa his3∆1 leu2∆0 met15∆0 ura3∆0 RPB3-

TAP::HIS3 
[67] 

BY4705 MATα, ade2::hisG, his3∆200, leu2∆0, lys2∆0, 
met15∆, trp1∆63, ura3∆0 

[68] 

kin28is 
Rpb3-TAP 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 RPB3-
TAP::HIS3 kin28 L83G, V21C 

This study 

kin28is MATα, ade::hisG, his3∆200, leu2∆0, lys2∆0, 
met15∆, trp1∆63, ura3∆0, kin28 L83G, V21C 

This study 

kin28is 
Med8-
FLAG 

MATα, ade::hisG, his3∆200, leu2∆0, lys2∆0, 
met15∆, trp1∆63, ura3∆0, kin28 L83G, V21C 
MED8-FLAGx5::kanMX6 

This study 

HHY170 MATα tor1-1 fpr::NAT RPL13A-2xFKB12::TRP1 
RPO21-FRB::kanMX6 

[52] 

HHY170 
kin28is 

MATα tor1-1 fpr::NAT RPL13A-2xFKB12::TRP1 
RPO21-FRB::kanMX6 kin28 L83G, V21C 

This study 

KIN28 
RPB1 

MATα tor1-1 fpr::NAT RPL13A-2xFKB12::TRP1 
RPO21-FRB::kanMX6 pL-RPB1 

This study 

kin28is 
RPB1 

MATα tor1-1 fpr::NAT RPL13A-2xFKB12::TRP1 
RPO21-FRB::kanMX6 kin28 L83G, V21C pL-RPB1 

This study 

KIN28 slow 
Pol II 

MATα tor1-1 fpr::NAT RPL13A-2xFKB12::TRP1 
RPO21-FRB::kanMX6 pL-rpb1-N488D 

This study 

kin28is 
slow Pol II 

MATα tor1-1 fpr::NAT RPL13A-2xFKB12::TRP1 
RPO21-FRB::kanMX6 kin28 L83G, V21C pL-rpb1-
N488D 

This study 

KIN28 fast 
Pol II 

MATα tor1-1 fpr::NAT RPL13A-2xFKB12::TRP1 
RPO21-FRB::kanMX6 pL-rpb1-E1103G 

This study 

kin28is fast 
Pol II 

MATα tor1-1 fpr::NAT RPL13A-2xFKB12::TRP1 
RPO21-FRB::kanMX6 kin28 L83G, V21C pL-rpb1-
E1103G 

This study 
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Table 2.5 Plasmids Used in This Chapter 
 

Plasmid Backbone Reference 
pSH573 pRS306 (Liu et al., 2004) 

pSCT001 (pRS306 
kin28is) 

pRS306 This study 

pL-RPB1 pRS415 (Malagon et al., 2006) 
pL-rpb1-N488D pRS415 (Malagon et al., 2006) 
pL-rpb1-E1103G pRS415 (Malagon et al., 2006) 
pFA6a-FLAGx5  (Longtine et al., 1998) 
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Table 2.6 Oligonucleotides Used in This Chapter 
 
Name Sequence 
ADH1 -196 Fwd CGGTATACGGCCTTCCTTCCAG 
ADH1 +13 Rev CTGGGATAGACATTGTATATGAGATAGTTGATTGTATG 
CDC60-5’F GTTCGGCTTCCCTCTTTAGTT 
CDC60-5’R GAGCTTTGTTTCCATTGGGTTT 
CDC60-midF TGCCGTAGTATTCAGGTTTGTG 
CDC60-midR GTCATTGCTACCAAGGGTACTG 
CDC60-3’F GCTTGTGCTGCCTTCTTAAC 
CDC60-3’R AAGCCAGAGGATGTGTTTGA 
RPS4B-5’F CCCGCAATGCTTATCTGTTACT 
RPS4B-5’R CCCTCTCATGATTGGTACAAGTG 
RPS4B-midF GAGGCTTCTTCATCGGTGATAC 
RPS4B-midR GTTTCATGGACGTCATCACTCT 
RPS4B-3’F AGACGAAGAGAGGGCAGATAA 
RPS4B-3’R GCCAAAGGGTAAGGGTATCA 
pFA6a-MED8-C-
term tag-F2 

AAGCCCATTATTACGGGATCTACTTCAACATCATCTAGTAAT
CGGATCCCCGGGTTAATT 

pFA6a Med8 C-
term tag-R1 

CAATAAAATGTTTTAAAATATCAGTAGCGTGAAGTAAAATGA
ATTCGAGCTCGTTTAAAC 

pFA6a insertion 
check 

CCTGAGAAAGCAACCTGACC 

Med8 +301 Fwd TTCCCAACCACCTCTCATGAAAGTTTGG 
Kin28 V21C SDM 
Fwd 

GGTGAGGGTACTTATGCGGTTTGTTACTTGGGTTGTCAACA
CTC 

Kin28 V21C SDM 
Rev 

GAGTGTTGACAACCCAAGTAACAAACCGCATAAGTACCCTC
ACC 

KpnI-Kin28 Fwd TAAGCAGGTACCGTTGTGCCTGTAGGT 
BamHI-Kin28 
Rev 

TGCTTAGGATCCTCAGTTACGTATTTT 
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Chapter 3: Defining Post-transcriptional Consequences of Kin28 Inhibition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parts of this chapter are adapted from Tseng SC*, McClean MN, Steinmetz LM, Ansari 

AZ, Inhibition of a Transcriptional Kinase Triggers Coordinated Inhibition of Protein 

Translation and mRNA Decay, intended for publication.  
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3.1 Introduction 

The TFIIH kinase, Kin28 in budding yeast and CDK7 in mammals, has critical 

roles in regulating transcription and pre-mRNA processing events. Notably, Kin28/CDK7 

phosphorylates the fifth and seventh serine residues (Ser5/7) of the C-terminal domain 

(CTD) of RNA polymerase II (Pol II) [1-3], transitioning Pol II from a promoter-bound pre-

initiation complex to an elongation-competent form [4-6]. CDK7 has received renewed 

attention as a chemotherapeutic target because of the success of the inhibitor, THZ1, in 

selectively killing tumor cells through covalent conjugation with a cysteine residue 

outside of the ATP-binding pocket of CDK7 [7]. However, it is somewhat of a conundrum 

that inhibition of CDK7, which has essential functions in all cells, is particularly harmful 

only to cancer cells. The current theory for the propensity of cancer cells to be “addicted” 

to CDK7 hinges on the notion that cancer cells uniquely require continued, high-level 

expression of oncogenes to maintain their cancerous state [8-11]. 

We have previously shown that inhibition of Kin28 dramatically attenuates 

nascent RNA synthesis, but because of concurrent decrease in decay of pre-existing 

mRNAs, the steady-state mRNA levels actually remained somewhat constant [12]. The 

phenomenon of maintenance of mRNA steady-state levels in response to insults to 

transcription or decay has been termed “RNA buffering” and has been shown to be 

mediated by the cytoplasmic 5’-to-3’ exonuclease Xrn1 [13, 14]. Interestingly, a small set 

of mRNAs were not buffered, and their stability was highly dependent on Kin28 activity. 

In this current study, we sought to determine why certain mRNAs are not 

buffered in cells that encounter transcriptional stress. Our analyses reveal unstable 

mRNAs are often highly expressed, have short open reading frames (ORFs), and 

encode proteins destined for the endoplasmic reticulum (ER) or cell periphery. While 

buffering is mediated by inactivation of Xrn1, we find that non-buffered mRNAs are 

generally unstable in other situations of defective transcription, and surprisingly, 
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translation. Of particular note, is our finding that the buffering status of an mRNA can be 

predicted from the ratio of Nab2-to-Ski2 association. 

The stabilization of extant RNA pools upon experiencing stress is well 

documented [15]. However, it was not clear whether irreversible inhibition of Kin28 elicits 

known stress signaling pathways to buffer extant mRNA pools from degradation. 

Importantly, whether the buffered mRNAs are capped and translated in inhibited Kin28 

cells was, prior to this study, unclear. Contrary to expectations, we discovered that 

inhibition of Kin28 reduces translation globally, but not from lack of m7G or canonical 

stress-related pathways. Rather, we show mRNAs are rapidly sequestered into P-bodies 

and identify classes of mRNAs that escape translation repression. Moreover, we find 

that selective preference for Ski2 over Nab2 correlates with stabilization of mRNA levels. 

Our results underscore the close coupling of transcription initiation in the nucleus with 

translation and RNA decay in the cytoplasm by a quintessential general transcription 

factor. Understanding the various mechanisms by which Kin28 regulates gene 

expression in addition to its canonical role in transcription initiation may benefit potential 

CDK7-based therapies, as well as expand our understanding of the web of regulatory 

decisions that couple nuclear and cytoplasmic processes and stabilize extant RNA pools 

under situations of cellular stress. 

 

3.2 The Transcriptomic Landscape of Irreversibly Inhibited Kin28 Cells Resembles 

That of Defective Translation 

To study the transcriptomic and post-transcriptomic consequences of inhibiting 

Kin28, we utilized our chemical genetic strategy to covalently and potently inhibit this 

kinase in vivo. Two point mutations in KIN28 irreversibly sensitize the kinase (kin28is) to 

an ATP analog that covalently reacts via a chloromethylketone (CMK) moiety without 

discernable off-target effects [12]. Transient transcriptome sequencing (TT-Seq), an 



 80 

RNA-Seq method that combines 4-thiouracil labeling and biotinylation with fragmentation 

was utilized because it reduces the 5’ bias in reads during capture of nascent transcripts 

[16]. We also improved the efficiency of recovering labeled transcripts by utilizing a more 

reactive biotinylation reagent [17]. Differential gene expression analysis of our new TT-

Seq dataset closely correlated with our previous RNA-Seq datasets (Figure 3.1). 

Therefore, we utilized the data from all RNA-Seq libraries in subsequent bioinformatic 

analyses.  

In agreement with our previous findings [12], synthesis of transcripts after 

inhibition of Kin28 decreased significantly (median fold-change = 0.12), while the steady-

state level of mRNA was much less affected (median fold-change = 0.80) (Figure 3.2A). 

This is indicative of RNA buffering [13, 14]. Transcripts that are most reduced in quantity, 

i.e., unstable, by inhibition of Kin28 tend to be highly-expressed (Figure 3.2B) and 

possess short ORFs (Figure 3.2C). This is in contrast to the inherent tendency for 

longer mRNAs to have faster degradation rates [18, 19]. The few transcripts that are 

induced or unaffected when Kin28 is inhibited have longer 5’ and 3’ UTR lengths 

compared to the transcripts that are buffered or decrease in expression (Figure 3.2D). 

Interestingly, there is little correlation between the change in transcript levels upon 

inhibition of Kin28 with previously reported mRNA half-lives [18, 20, 21], synthesis rates 

[20], and 5’/3’-UTR lengths [22] (Table 3.1).  

Next, we wondered if the buffered and unstable mRNAs in inhibited Kin28 cells 

were the same in other situations of attenuated transcription. We performed correlation 

analysis between the expression changes in inhibited kin28is and the expression 

changes of cells in 52 other instances where buffering was examined [14], which 

included the transcriptome of decay factor deletion strains, cells treated with a general 

transcription inhibitor (1,10-phenanthroline), and cells treated with a low dose of 

translation elongation inhibitor cycloheximide (CHX). Inhibition of Kin28 had similar  
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Figure 3.1 Correlation Analysis of Expression Changes between RNA-Seq 
Replicates 
 
Correlation analysis of expression changes in wild-type (WT) and kin28is cells treated 
with inhibitor CMK presented as a heatmap of pairwise Spearman correlation 
coefficients. 
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Figure 3.2 Bioinformatic Analysis of Buffered versus Unstable Transcripts 
 
(A) Scatter plot of expression changes of newly synthesized, y axis, and steady-state 
mRNA, x axis, after inhibition of Kin28 with CMK. The square of the Pearson correlation 
coefficient (R2) between the two variables is indicated. Buffered transcripts have 
expression changes between -1 and 1, shaded. (B) Violin plot showing the distribution of 
expression level in uninhibited cells of mRNA whose steady-state levels are increased 
(Log2(CMK/DMSO)>1; n=92), buffered (-1<Log2(CMK/DMSO)<1; n=3557), or 
decreased (Log2(CMK/DMSO)<-1; n=1050) after inhibition of Kin28. One-way ANOVA 
indicates the difference in mean expression level between the three groups of mRNA is 
statistically significant, p<0.0001. (C) Violin plot showing the distribution of ORF length. 
(D) Violin plots showing the distribution of UTR lengths. *One-way ANOVA indicates the 
difference in expression level, 5’ and 3’ UTR, and ORF length between the three groups 
of mRNA is statistically significant, p<0.0001. 
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Table 3.1 Correlation between Published Datasets of Half-life (H.L.), Synthesis 
Rate (S.R.), 5’ and 3’ UTR and ORF Length (L.) 
 

 
H.L. 
[20] 

S.R. 
[20] 

H.L. 
[21] 

H.L. 
[18] 

5'UTR-L 
[22] 

3' UTR-L 
[22] 

ORF-L 
SGD  

Total 0.133 0.081 0.007 0.003 0.004 0.000 0.069 
Nascent 0.041 0.020 0.012 0.008 0.003 0.001 0.000 
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effects to cells treated with low-dose CHX for 10 and 60 minutes (Spearman R=0.44 and 

0.38, respectively) (Figure 3.3). Additionally, transcriptomic changes in inhibited kin28is 

also correlated with those observed from deletion of XRN1 (R=0.41), UPF2 and UPF3 

(R=0.35 and 0.36, respectively), and THP2 (R=0.31). Deletion of the UPF factors [23] 

and XRN1 [14], as well as inhibition of translation [24], are all known to generally 

increase the steady-state levels of mRNA. To our surprise, the effect of inhibition of 

Kin28 on the transcriptome more closely resembles that of defective translation rather 

than defective transcription by treatment with 1,10-phenanthroline (R=0.11). In sum, we 

find that inhibition of Kin28 leads to a unique transcriptomic landscape, wherein 

synthesis of nearly all nascent transcripts is severely diminished, but the steady-state 

levels of transcripts parallel the differential gene expression changes observed in 

conditions of translational attenuation and XRN1-deletion. 

 

3.3 Inhibition of Kin28 Reduces Translation Globally 

To probe the state of translation in inhibited Kin28 cells, we examined the 

polysome profiles from kin28is cell lysates (Figure 3.4A). The profiles of inhibited 

kin28is showed significantly less polysome formation and a slight accumulation of 

monosomes (Figure 3.4B). Polysome profiles may not reflect active translation, 

therefore we assayed translation in inhibited cells by metabolic labeling of nascent 

proteins in vivo. Methionine analog, L-homopropargylglycine (HPG), was added to the 

media and its incorporation into nascent polypeptides was measured using copper-

catalyzed “click chemistry.” Aided by the catalyst, nascent proteins bearing a HPG side 

chain form a triazole adduct with the fluorescent Cy3-azide (Figure 3.5A) [25]. The 

results clearly demonstrate that nascent protein synthesis is drastically reduced when 

Kin28 is inhibited, but some synthesis continues at a low level (Figure 3.5B and 3.5C).  
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Figure 3.3 The Transcriptomic Landscape of Irreversibly Inhibited Kin28 Cells 
Resembles That of Defective Translation 
 
Spearman correlation coefficients between the change in steady-state RNA levels (i.e., 
‘Total’ Log2[treatment or mutant versus vehicle]) of Sun et al. decay factor knockout 
strains/treatments and inhibited kin28is. The pairwise correlations were clustered 
hierarchically with black outlines to emphasize the four most related groups. A strong 
positive correlation is indicated by blue, while a strong negative correlation is indicated 
by red.. 
  



 86 

 
 
Figure 3.4 Polysome Profiling of Inhibited kin28is 
 
(A) Polysome profiling of kin28is cells treated with vehicle control (DMSO) or inhibitor 
(CMK) for 1 hr. The area under each peak, relative to the area under the DMSO 80S 
peak, is reported below. (B) Western blotting of Rpl3, a component of the large 
ribosomal subunit.  
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Figure 3.5 Labeling of Nascent Proteins 
 
(A) Schematic of nascent protein labeling in vivo and the click chemistry performed after 
in vitro. L-homopropargylglycine (HPG) is incorporated into proteins in place of naturally 
occurring methionine. Cell lysate is reacted with Cy3-azide in the presence of Cu(I) and 
tris-hydroxypropyltriazolylmethylamine (THPTA), forming the protein-traizole-Cy3 adduct 
that can be detected fluorescently. (B) Cy3 fluorescence and (C) Coomassie staining of 
SDS-PAGE of whole cell extract from kin28is cells treated with vehicle control (DMSO) 
or inhibitor (CMK) for 1 hour. After 10 minutes of incubation with DMSO or CMK, 
proteins were labeled for the indicated times with methionine analog L-HPG to which 
Cy3-azide was conjugated through Cu(I)-catalyzed “click chemistry.”  
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Next, we examined common causes for translational attenuation to determine if 

they were mediating the effect in inhibited Kin28 cells. It is well understood that the m7G 

cap at the 5’ end of mRNAs greatly enhances translation through binding with translation 

initiation machinery [26, 27]. Furthermore, the phosphorylation of the Ser5 and 7 

residues of the Pol II CTD, which decreases upon inhibition of Kin28 [12, 28], recruits 

mRNA capping enzymes [29], so it is possible that inhibition of Kin28 would reduce m7G 

levels. Recently, the methylation of adenosines (m6A) was shown to increase on 

mRNAs that are derived in conditions of defective or slow transcription, and that 

increased levels of m6A impede translation [30]. We performed RNA 

immunoprecipitation with m7G- and m6A-specific antibodies and included an exogenous 

S. pombe spike-in to control for immunoprecipitation efficiency and to enable accurate 

quantification of m7G enrichment between samples (Figure 3.6A). The level of both 

buffered and unstable mRNAs in Input and immunoprecipated samples were quantified 

by RT-qPCR. Controlling for mRNA levels in the Input as well as efficiency of the 

immunoprecipitation, we found no significant changes in the cap state of steady-state 

mRNAs from either the buffered or non-buffered groups (Figure 3.6B) and a slight 

enrichment of m6A in some of the inhibited kin28is mRNA tested (Figure 3.6C). 

The expected mechanism of attenuating translation through depletion of m7G 

cap was not the primary attenuator of protein translation in the context of Kin28 

inhibition, so we next examined phosphorylation of the α subunit of the translation 

initiation factor eIF2 (eIF2α). Stress-responsive kinases phosphorylate eIF2α preventing 

the formation of translation initiation complexes, and this event, the integrated stress 

response (ISR), is a general mechanism to rapidly arrest translation when cells 

encounter unfavorable growth conditions [31]. Immunoblotting of kin28is cells treated 

with CMK showed no significant increase in eIF2α phosphorylation. This result 

demonstrates that inhibition of Kin28 does not trigger the ISR and the observed   
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Figure 3.6 Immunoprecipitation of Modified RNAs 
 
(A) Schematic of quantification of m7G-capped and m6A-modified mRNA. S. pombe 
cells are mixed with S. cerevisiae cells in a 6:1 cellular ratio. After RNA purification, an 
antibody that binds to the m7G cap or the m6A modification is used to purify capped 
mRNA from both yeast species. This is followed by RT-qPCR of specific S. cerevisiae 
and S. pombe transcripts, with the S. pombe mRNA serving as an external control. After 
kin28is was inhibited with CMK, RNA was immunoprecipitated with an antibody with 
affinity for (B) m7G or (C) m6A, which was quantified by RT-qPCR. cDNA levels were 
normalized to an S. pombe exogenous control before calculation of % Input, then fold 
change; mean +/- SEM, n=3.  
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reduction in translation is not mediated by phosphorylation of eIF2α (Figure 3.7). To 

ensure that this stress-responsive pathway is active in Kin28 inhibited cells, 

phosphorylation was induced by treatment with rapamycin, a known simulator of nutrient 

deprivation and inducer of eIF2α phosphorylation [32]. The phosphorylation of eIF2α is 

readily evident in kin28is cells, irrespective of their treatment with the covalent inhibitor. 

Furthermore, eIF2α phosphorylation was absent from yeast lacking GCN2, which is a 

highly conserved kinase that phosphorylates eIF2α in response to a range of cellular 

stresses [33]. 

Upon various perturbations, non-translating mRNAs are known to accumulate in 

cytoplasmic foci called P-bodies and stress granules [34]. To examine if extant mRNA 

were sequestered in P-bodies we examined the distribution of fluorescently tagged Edc3 

and Pab1. Immunofluorescence of P-body (Edc3-GFP) and stress granule markers 

(Pab1-GFP) demonstrate that P-bodies, but not stress granules, formed within minutes 

of inhibiting Kin28 (Figure 3.8). The absence of eIF2α phosphorylation in inhibited 

kin28is, the lack of significantly increased m6A modification [35], the lack of similarity 

between the ISR transcriptome (Figure 3.9), and the lack of stress granule 

accumulation, reinforces the conclusion that inhibition of Kin28 does not trigger the ISR 

during the time scale of our studies but it stabilizes extant mRNA by sequestering them 

in P-bodies. 

 

3.4 Inhibition of Kin28 Reduces Co-translational Decay 

Ribosome dynamics can be captured by extracting 5’P-Seq signal that displays a 

3-nt periodicity in open reading frames (ORFs) (Figure 3.10) [36]. 5’P-Seq selectively 

captures RNA with a 5’-monophosphate terminus. From a set of 3765 transcripts with 

robust signal, we found a positive correlation between changes in 5’P and changes in 

RNA-Seq when Kin28 was inhibited (R2=0.28) (Figure 3.11A). Similar to the expression   
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Figure 3.7 Immunoblotting for Phosphorylated or Total eIF2α 
 
The wild-type, kin28is, or gcn2Δ cells were treated with vehicle control (DMSO), Kin28is 
inhibitor (CMK), or 400 ng/mL rapamycin (RAPA).  
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Figure 3.8 Immunofluorescence of P Body and Stress Granule Markers 
 
Representative images of kin28is cells expressing P body marker Edc3-GFP or stress 
granule marker Pab1-GFP before and after the addition of vehicle control (DMSO) or 
inhibitor (CMK) for the indicated time.  
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Figure 3.9 Expression Changes Compared to the Induced Stress Response 
 
Heatmap of the expression changes from this study (inhibition of kin28is) plotted 
adjacent to the expression changes of yeast treated with heat shock, ethanol (EtoH), 
hydrogen peroxide (H2O2), and amino acid starvation (AAS) [37]. The Pearson 
correlation between our dataset and the respective stress dataset is listed below.  



 94 

changes quantified by RNA-Seq, mRNA with decreased 5’P in inhibited Kin28 cells tend 

to be higher expressed (Figure 3.11B). 

By comparing the pattern of 5’P across a transcript, we could infer its translation 

state. The buffered mRNA RPS28A has increased 5’P reads across its length in 

inhibited kin28is (Figure 3.12A), which suggests RPS28A is still translated in inhibited 

kin28is. In contrast, the unstable mRNA SEM1 has decreased 5’P reads, which is most 

apparent at the peak -20 nt from the stop codon (Figure 3.12B). This 5’P peak at -20 nt 

from the stop codon corresponds to the pause of the last ribosome terminating 

translation. As expected, the 5’P reads from the isogenic strain of yeast bearing wild-

type KIN28 was unaffected by treatment with the inhibitor (Figure 3.13). In general, the 

change in 5’P at the start of the ORF and at the 5’-UTR scales with the change in 

steady-state RNA levels determined by RNA-Seq (Figure 3.13A). Conversely, a 

dramatic loss of 5’P signal at the end of the ORF is apparent in most transcripts from 

both the buffered and unstable groups of mRNAs (Figure 3.13B). The general loss in 

5’P is uniform ~100 bp, or three to four ribosome lengths, from the stop codon, 

suggesting a lack of ribosome processivity and/or Xrn1 activity (discussed in the next 

section) in inhibited Kin28 cells. 

Plotting the fraction of 5’P reads in the codon-protected frame across gene length 

shows the proportion of reads is reduced but still greater than 0.33, the theoretical 

fraction indicative of no co-translational decay (Figure 3.14A). Importantly, the fraction 

of codon-protected reads is not increased before the start codon relative to the 

downstream nucleotides when Kin28 is inhibited, which would indicate a stalling of 

ribosomes at the start codon. A severe elongation defect would be reflected by an 

accumulation of codon-protected reads relatively closer to the start codon because of 

the increased residence time of ribosomes [36]. 
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Figure 3.10 Schematic of RNA Captured via 5’P-Seq 
 
A diagram of processes which generate the 5’P degradation intermediates captured by 
5’P-Seq is shown. The ribosome occupies 20 nucleotides of RNA from the 5’P to the end 
of the ‘A’ site.  



 96 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3.11 A Comparison of RNA-Seq and 5’P-Seq Read Counts in Inhibited 
kin28is  
 
(A) Scatter plot of expression changes (RNA-Seq), x axis, and changes in 5’P signal, y 
axis, in kin28is cells treated with inhibitor CMK. The square of the Pearson correlation 
(R2) is displayed. (B) Violin plots showing the distribution of 5’P-Seq, left, and RNA-Seq, 
right, read counts of mRNA whose steady-state levels are increased, buffered, or 
decreased after inhibition of Kin28.  
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Figure 3.12 Example 5’P-Seq Coverage over Genes 
 
5’P-Seq reads mapped to a (A) buffered mRNA, RPS28A, and a (B) unstable mRNA, 
SEM1, in wild-type and kin28is cells treated with the vehicle control (DMSO) or inhibitor 
(CMK). The peak at -20 nt corresponding to the last terminating ribosome is indicated. 
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Figure 3.13 Changes in 5’P at the ORF 
 
The average 5’P-Seq reads relative to (A) the first nucleotide of the start codon or to (B) 
the last nucleotide of the stop codon of the ORF is plotted. The peaks at -14 and 0 nt 
correspond to a ribosome parked at the start and 6th codon, respectively, in the ‘P’ site. 
The peaks at -20 and -50-53 nt correspond to one or two ribosomes, respectively, 
parked at the stop codon in the ‘A’ site. Heatmap of the change in 5’P of treated cells per 
gene ordered by steady-state expression change in kin28is, below. Only genes with over 
100 RNA-Seq reads and over 32 5’P-Seq reads/base are included, n=3765.  
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The 3-nt periodicity in the 5’P signal, which is associated with Xrn1 chasing the 

last translating ribosome, decreases at both the start and end of the ORF (Figure 

3.14B), indicating that the defect in co-translational decay occurs early in translation. 

The decrease in 3-nt periodicity is apparent in both buffered and non-buffered 

transcripts, suggesting these changes to co-translational decay do not dictate mRNA 

stability in inhibited kin28is (Figure 3.14C). Interestingly the few mRNAs that increase in 

expression in inhibited kin28is continue to be translated, as indicated by sustained 3-nt 

periodicity and intensity of 5’P-Seq signal.  

On closer inspection of the change in 5’P signal at the start codon for the mRNAs 

that increase in inhibited Kin28 cells, a slight accumulation of 5’P reads relative to the 

end of transcript is visible. This increase in 5’P is diffuse over the start of the ORF and 

does not present as a distinct peak (e.g. not -14 nt from the start codon that is 

associated with the 48S pre-initiation pause [36]), suggesting the increase in 5’P does 

not stem from pausing of the pre-initiation complex. Rather, the increase in 5’P signal 

upstream of the annotated start codon in inhibited Kin28 cells might represent an 

increase in alternate TSS and start codon usage from long undecoded transcript 

isoforms (LUTIs), which are known to be utilized by cells during certain phases of 

meiosis [38]. In support of this idea, we found several examples, in both our 5’P-Seq and 

RNA-Seq data, of increased expression of LUTIs in inhibited kin28is (Figure 3.15). 

Overall, our 5’P-Seq analysis supports the idea that the global reduction in 

translation of inhibited Kin28 cells observed in polysome profiling is the result of reduced 

association of mRNA with ribosomes, rather than a defect in a particular stage of 

translation (i.e. initiation or termination). Many mRNAs are still translated, albeit with a 

defect in elongation. 
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Figure 3.14 Analysis of 5’P-Seq Signal in the Translated Frame  
 
(A) The proportion of 5’P reads in the ribosome-protected frame plotted across the first 
600 nt of a meta-ORF for untreated or inhibited wild-type and kin28is cells. The 
smoothed average is displayed for genes without introns and longer than 600 nt. The 
gray dashed line indicates 0.33, which is the expected proportion of 5’P in one frame if 
not biased by ribosome protection. (B) The power of the 3-nt periodicity in the 5’P reads 
is plotted as bars for wild-type and kin28is cells treated with the vehicle control (DMSO) 
or inhibitor (CMK) in a 45-nt window near the start and stop codon. (C) Same as (B) but 
grouped by mRNA whose steady-state levels are increased, buffered, or decreased after 
inhibition with CMK.  
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Figure 3.15 Examples of LUTIs in Inhibited kin28is 
 
SSA4 and YAT2 express long undecoded transcript isoforms (LUTIs) in inhibited kin28is 
cells, but not wild-type yeast upon treatment with CMK. LUTIs are characterized by 
alternate TSS usage, which is distinguishable in both (A) 5’P- and (B) RNA-Seq data.  
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3.5 Xrn1-mediated Co-translational Decay Is Attenuated During Defective 

Transcription 

Because 5’P signal intensity is an indicator of decay as well as the state of 

translation, we wondered if the reduction in co-translational decay observed in 5’P-Seq 

could also be explained by attenuated Xrn1 activity. To test if exonucleolytic activity was 

reduced in inhibited kin28is, we depleted Pol II from the nucleus using the anchor-away 

technique [39], and monitored mRNA levels with RT-qPCR (Figure 3.16A). Removing 

Pol II from the nucleus effectively ablates synthesis of additional mRNAs, such that the 

decline in mRNA levels over time only reflects inherent or exonuclease-catalyzed 

degradation. Buffered mRNA, e.g., RPS28A and YTA7, were indeed stabilized after 

transcriptional arrest, while mRNA with decreased steady-state expression, e.g., SEM1 

and GAS1, were unstable (Figure 3.16B). Thus, differences in steady-state level are not 

simply a function of synthesis rates, but are actually a result of differential RNA decay. 

Surprisingly, transcripts that were induced upon inhibition of Kin28, such as SSP2, 

increased in quantity despite removal of Pol II, suggesting they may actually be Pol I or 

III transcripts. This is supported by ChIP, which reveals low levels of Pol II at SSP2 

(Figure 3.16C). Interestingly, the differential mRNA stability in inhibited kin28is cells 

seems to mirror that of anchor-away of Pol II. In other words, transcripts that are 

buffered when Kin28 is inhibited are also buffered when synthesis of new transcripts is 

stopped in general.  

Next, we sought to determine which decay factors are inactivated when Kin28 is 

inhibited. Like most mRNA, the mRNA of decay factors was dramatically reduced in 

synthesis while the steady-state level was moderately reduced (Figure 3.17). This 

modest reduction of decay factors may be sufficient to initiate buffering. Indeed, deletion 

of the major cytoplasmic 5’-to-3’ exonuclease Xrn1 was able to partially restore steady-

state levels of transcripts that were normally not buffered in inhibited kin28is cells   
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Figure 3.16 RNA Buffering Occurs in Other Situations of Transcriptional Crisis 
 
(A) Schematic of anchor-away of Rpb1. Pol II tagged with FRB is effectively removed 
from the nucleus via rapamycin-induced dimerization of FRB to FKBP12, which itself is 
attached to Rpl13, an abundant cytoplasmic, ribosomal protein that shuttles in and out of 
the nucleus. (B) Relative steady-state levels of example transcripts from the indicated 
groups after anchor-away of Rpb1 (A. A.). kin28is cells were treated with vehicle control 
or CMK for 10 minutes before addition of rapamycin at time point 0 minutes to induce A. 
A. Expression is normalized to an S. pombe exogenous control; mean +/- SEM, n = 3 
biological replicates. All values are relative to the respective value at time = 0 minutes. 
(C) Rpb3 ChIP profiles of genes in (B) from kin28is cells treated with vehicle control 
(DMSO) or inhibitor (CMK).  
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Figure 3.17 Change in Expression of mRNA Decay Factors in Inhibited kin28is 
 
The mean change in expression of factors involved in mRNA decay when Kin28 is 
inhibited is presented as bars colored by the process with which they are associated. 
Data from RNA-Seq; mean +/- SEM, n = 4 biological replicates.  
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 (Figure 3.18). This suggests that the spectrum of differential gene expression observed 

from Kin28 inhibition is caused in some part by differential Xrn1 activity. Buffered 

mRNAs are protected from Xrn1-mediated decay during transcriptional arrest, and, 

unstable mRNAs are either particularly sensitive to Xrn1, or are decayed by other 

factors. Though deletion of XRN1 was not able to reverse the growth defect of inhibited 

kin28is (Figure 3.19A), it allowed kin28is colonies to eventually form on YPD+CMK 

plates (Figure 3.19B). 

 

3.6 mRNA Decay in Inhibited kin28is Is Characterized by Subcellular Localization 

To untangle the identity of transcripts with reduced translation from those with 

decreased steady-state expression, we performed k means clustering of the mRNAs by 

changes in their 5’P-Seq signal (Figure 3.20A). More specifically, steady-state 

expression changes are reflected by the change in 5’P signal at the ORF start and the 

UTRs (Figure 3.20B), whereas changes to translation are apparent at the ORF stop. 

Thus, clustering changes to 5’P signal at a window centered around the start as well as 

the stop codon allowed us to deconvolute the effect of inhibiting Kin28 on transcription 

and translation, respectively. Overall, we find that the translation state of an mRNA did 

not necessarily match with its buffering state in inhibited kin28is. That is, a group of 

buffered as well as unstable mRNAs (Clusters 2 and 4, respectively) showed relatively 

unchanged 5’P signal at the end of their ORFs. Similarly, a group of buffered as well as 

unstable mRNAs (Clusters 3 and 5, respectively) exhibited a severe defect in translation.  

Gene ontology (GO) analysis of the mRNAs with the most reduced translation in 

inhibited Kin28 cells (Clusters 3 and 5) revealed these mRNA are associated with 

nuclear and cell cycle processes such as ‘transcription,’ ‘nucleolus,’ ‘ribosome 

biogenesis,’ and ‘nucleosome assembly’ (Table 3.2). Clusters 2 and 4, which contain 

mRNA that continue to be translated, share GO terms related to ‘membrane’ and   
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Figure 3.18 Differential Xrn1 Activity Mediates Buffering and Co-translational 
Decay in Inhibited Kin28 Cells 
 
Change in steady-state (Total) and newly synthesized (Nascent) mRNA levels of 
example transcripts from the groups indicated in Figure 3.16 after 1 hour inhibition of 
wild-type (WT), kin28is, or XRN1-deleted kin28is (xrn1::URA3 kin28is) cells. Expression 
was normalized to an S. pombe exogenous control before calculation of fold change; 
mean +/- SEM, n = 3-7 biological replicates, one-tailed *p < 0.05.  
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Figure 3.19 Growth of xrn1::URA3 kin28is In Inhibitor-treated Media 
 
(A) Growth curves for kin28is and xrn1::URA3 kin28is cells treated with vehicle control 
(DMSO) or 5 µM of inhibitor (CMK). (B) Viability assay of the yeast strains indicated in 
the bottom-left on normal media (YPD) or media with 10 µM inhibitor (YPD+CMK). The 
time elapsed after plating the yeast is shown.  
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‘transport.’ Cluster 1 mRNAs, which are stable and translated in inhibited Kin28 cells, are 

associated with protein folding and the stress response. Taken together, most mRNAs 

experience a translation defect when Kin28 is inhibited, but many mRNAs are still 

translated, with associations to cytoplasmic “house-keeping” functions and response to 

stress. In contrast, the mRNAs with the most severe translation defects are related to 

nuclear processes. 

 

3.7 Buffered mRNA Display Differential Preference for Ski2 over Nab2 

The associations between subcellular localization, stability, and translation state 

of mRNAs in the inhibited Kin28 transcriptome prompted us to examine the relative 

binding of RNA-binding proteins (RBPs). We hypothesized mRNA ribostasis in inhibited 

kin28is might be correlated with differential binding of cytoplasmic versus nuclear RBPs. 

To test this idea, we compared the relative binding of the RBPs from the “transcriptome-

wide atlas” of crosslinking and analysis of cDNA (CRAC) [40] to the inhibited kin28is 

transcriptome. Interestingly, the relative binding of Nab2 and Ski2 was strikingly different 

between buffered and unstable transcripts (Figure 3.20C). Predominantly Nab2-bound 

mRNAs are unstable in inhibited kin28is, while Ski2-bound mRNAs are typically 

buffered. Nab2 is a nuclear polyA binding protein [41], and Ski2 is a cytoplasmic 

helicase associated with the exosome [42]. Though less apparent than the relative 

binding of Nab2/Ski2, other nuclear RBPs (Cbc1, Hrp1) are bound in greater proportion 

to unstable transcripts (Figure 3.21A). Xrn1 binding did not seem to correlate with 

changes in mRNA stability. A recent study was published that revealed defects in 

transport and loss of Nab2 resulted in instability of mRNAs in the nucleus [43], a result 

consistent with our observation that cytoplasmic Ski2-associated mRNAs are more 

protected from degradation during transcriptional stress. Thus, the absolute amount of  
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Figure 3.20 Properties of Unstable mRNAs in Inhibited kin28is 
 
(A) k-means clustering of the change in 5’P at the start and stop codon. See Figure 3.13. 
(B) Violin plot showing the distribution of steady-state mRNA expression changes in 
inhibited kin28is cells by clusters identified in (A). (C) Relative binding (normalized 
across each gene) of Nab2 and Ski2 from Tuck and Tollervey [40] CRAC datasets 
plotted in the same order as in (A).  
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Table 3.2. Gene Ontology Analysis of Clusters Identified in Figure 3.20 
 
Significant (p < 0.01, Bonferroni-adjusted) gene ontology (GO) terms shared among 
genes in each cluster grouped by 5’P-Seq profile. The number of genes (n) in each 
cluster, median open-reading frame (ORF) length in nucleotides (nt), and median fold-
change in steady-state RNA-Seq is listed for each cluster. The number of genes in the 
cluster (k) is reported along with the number of genes in each GO term category (f). 
 

Cluster n ORF 
Length (nt) 

RNA-Seq 
Log2FC GO Terms p-value k f 

 
 
 

1 

 
 
 

478 

 
 
 

1437 

 
 
 

-0.11 

 
 
 
catalytic activity 

 
 
 

8.2E-10 

 
 
 

69 

 
 
 

455 
    response to stress 2.6E-07 30 152 
    protein refolding 3.4E-07 9 16 
    ATPase activity 8.8E-07 24 112 
        

2 1409 1494 -0.61 nucleotide binding 2.2E-10 235 778 
    endoplasmic reticulum membrane 5.6E-09 111 318 
    ATP binding 6.2E-09 190 622 
    endoplasmic reticulum 1.3E-08 136 416 
    membrane 1.3E-08 437 1671 
    transport 4.1E-07 229 815 
    transferase activity 8.0E-07 178 611 
        

3 902 1701 -0.70 transcription, DNA-dependent  2.9E-12 131 540 
    nucleolus  1.1E-11 75 253 
    regulation of transcription, DNA-dependent  1.6E-10 120 507 
    rRNA processing  2.8E-10 60 195 
    ribosome biogenesis  1.9E-09 53 170 
    DNA binding 1.7E-07 100 449 
    ATP binding  2.0E-07 129 622 
    nucleotide binding  2.6E-07 154 778 
        

4 620 1123.5 -0.99 transport 9.4E-08 119 815 
    membrane  1.7E-08 214 1671 
    integral to membrane  3.1E-07 170 1303 
        

5 356 1149 -1.19 P-P-bond-hydrolysis-driven protein transmembrane transporter activity 4.1E-06 6 10 
    nucleosome  1.7E-10 9 11 
    chromatin assembly or disassembly  7.2E-09 11 23 
    nuclear nucleosome  9.5E-09 8 11 
    nucleosome assembly  1.1E-07 9 18 
    nucleolus  5.6E-07 34 253 
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Figure 3.21 Nuclear Association of Unstable mRNA in Inhibited kin28is 
 
(A) Relative binding (normalized across each gene) of RNA binding proteins from CRAC 
datasets [40] plotted in the same order as in Figure 3.20. (B) Change in expression of 
factors involved in mRNA export when Kin28 is inhibited is presented as bars. Data from 
RNA-Seq; mean +/- SEM, n = 4 biological replicates.   



 112 

Nab2 binding is less relevant than the relative binding of Nab2-to-Ski2 in predicting 

mRNA stability in inhibited kin28is. Notably, the mRNA of export factors are fairly 

unstable in inhibited kin28is (Figure 3.21B).  

We further explored the relationship between mRNA instability and the cell 

periphery by analyzing the subcellular localization of the proteins that are encoded by 

transcripts that increase, decrease, or are buffered when Kin28 is inhibited. The 

proportion of genes that encode cell periphery and ER-associated proteins is 

significantly greater in the group of genes with decreased expression when Kin28 is 

inhibited (Figure 3.22). Conversely, the proportion of genes that encode cytosolic 

proteins is greater in the group of genes with buffered expression. Analysis of another 

dataset of the subcellular localization of the yeast proteome also revealed ER proteins 

tend to be encoded by non-buffered mRNAs (Figure 3.23). 

 

3.8 Discussion 

Kin28 regulates gene expression in a myriad of ways beginning with its role in 

transcription initiation and recruitment of capping enzymes via phosphorylation of Ser5 

and Ser7 residues of the CTD heptad repeat. In this study, we show inhibition of Kin28 

has far-reaching roles beginning in, but extending well beyond the nucleus (Figure 

3.24). The defects in new RNA synthesis are severe and affect nearly all protein-coding 

genes with a few exceptions, discussed below. Surprisingly, we find that the Kin28-

inhibited transcriptome does not mirror the canonical yeast ISR (Figure 3.9). In the ISR 

many genes are acutely up- and down-regulated [37], while in inhibited Kin28 cells, very 

few genes are up-regulated, and most genes show little change in steady-state level. 

The ~2% of transcripts that consistently increase over two-fold when Kin28 is inhibited 

share many associations with meiosis (Table 3.3). This group of induced meiosis-related 

mRNA is lowly expressed under normal conditions in part due to RNA interference by   
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Figure 3.22 Subcellular Localization of Proteins Ranked by mRNA Stability in 
Inhibited kin28is 
 
Proportion of subcellular localization in listed compartments is plotted in order of 
decreasing expression change, indicated below the graphs. Subcellular localization data 
is from the CYCLoPS database [44].  
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Figure 3.23 Enrichment of Subcellular Localization of Proteins 
 
The normal cellular localization of proteins encoded by mRNA that are increased, 
buffered, or decreased when Kin28 is inhibited is plotted as a percent of the respective 
group. Localization data is from LoQAtE [45], which is derived from microscopy of GFP-
tagged proteins. The proportion of genes that encode cell periphery and ER-associated 
proteins is significantly greater in the group of genes with decreased expression when 
Kin28 is inhibited; conversely, the proportion of genes that encode cytosolic proteins is 
greater in the group of genes with buffered expression, z-test two-tailed *p < 0.01.  
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Figure 3.24 Model Depicting the Post-transcriptional Events after Inhibition of 
Kin28 
 
(1) Inhibiting the nuclear kinase Kin28 causes a massive decrease in nascent mRNA 
synthesis. (2) In turn, activity of the cytoplasmic exonuclease Xrn1 is reduced, through a 
decrease in Xrn1 mRNA and/or translocation of Xrn1 protein into the nucleus. 
Conversely, the loss of transcription de-represses m6A methyltransferase Ime4 
expression, which potentially increases deposition of m6A. Translation is reduced, at 
least in part, because the pool of translatable mRNAs is decreased and the obstruction 
from m6A. (3) While the levels of many cytoplasmic Ski2-bound mRNAs are buffered 
because of loss of cytoplasmic Xrn1 activity, the levels of nuclear Nab2-bound mRNAs 
are severely reduced through nuclear surveillance mechanisms.  
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Table 3.3 Gene Ontology Analysis of Unstable and Induced mRNAs 
 
Gene ontology (GO) terms associated with genes that are unstable or induced upon 
Kin28 inhibition. P-values displayed are Bonferroni-corrected. The number of genes in 
the indicated group (k) —unstable or induced—is indicated along with the total number 
of mRNA in the GO category (f). 
 
 

Repressed/Unstable (Log2CMK/DMSO < -1.5, RNA-Seq; n = 335) 
 

 p-value k f 
nucleosomal protein complex 5.8E-09 7 8 
vacuole 1.7E-08 33 224 
purine anabolism 6.7E-08 11 29 
cell periphery 8.7E-08 31 216 
membrane (ER, Golgi, nuclear envelope) < E-06 - - 
20S proteasome 3.5E-06 7 15 
cell wall 5.8E-05 25 213 
MFS proteins 6.6E-05 19 140 

 
 
 
 
 
 

Induced (Log2CMK/DMSO > 1, RNA-Seq; n = 92) 
 

 p-value k f 
PP1-associated 1.0E-05 4 11 
meiosis 2.8E-05 10 146 
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upstream transcripts [38]. Interestingly, in the XRN1 deletion strain, two of the 

sporulation genes tested (SPO21 and SSP2) were over three-fold that of the wild-type 

strain (Figure 3.25), which emphasizes the similarity in the Kin28-inhibited transcriptome 

to that of XRN1-deleted yeast. Early studies of Xrn1 highlighted its essential function in 

successful meiosis [46], which has largely been overshadowed by its role as the master 

regulator of a cell’s steady-state mRNA levels [13, 14]. Potentially, deletion of XRN1 and 

inhibition of Kin28, which effectively results in decreased Xrn1 activity, operate in the 

same pathway that releases the transcriptional block or hyper-degradation of 

sporulation-associated genes. 

How exactly Xrn1 exerts differential activity during transcriptional crises as in 

inhibited kin28is was, prior to this study, an open question. We show here that Ski2-

binding, relative to Nab2-binding, may define mRNAs that are buffered when Kin28 is 

inhibited. SKI2 mutations are synthetic lethal with XRN1 deletion [47], which hints at a 

role for Ski2 in Xrn1-related pathways. Ski2 is a RNA helicase associated with the 

cytoplasmic exosome (notably subunit Rrp44) in 3’-to-5’ RNA decay [42, 48] and in the 

decay and prevention of translation of mRNAs lacking a polyA tail [49]. Nab2, on the 

other hand, has been implicated in co-transcriptional mRNA end processing, polyA-

binding, and with protecting nascent mRNAs from the nuclear exosome (notably 

subunits Rrp6 and Dis3) [43, 50, 51]. The relative binding of these factors may reflect a 

difference in localization of the bound mRNAs. 

As such, localization of a given mRNA to the nucleus (or lack of export to the 

cytoplasm) could contribute to its decay during inhibition of Kin28 by nuclear decay 

factors whose activity remains intact. Furthermore, Xrn1 has been shown to mediate the 

transit of decay factors Ccr4, Dcp1/2, Edc3, and Lsm1 from the cytoplasm to the 

nucleus, where they accumulate in response to heat shock and starvation [13]. In the   
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Figure 3.25 Expression of Meiosis-Related mRNA in XRN1-deleted Yeast 
 
The expression of induced transcripts SPO21 and SSP2 in the wild-type (WT) and 
xrn1::URA3 strain was determined by RT-qPCR and plotted as bars; mean +/- SEM, 
n=3-5 biological replicates.  
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same study, Xrn1 itself was also shown to reside in the nucleus where it could modulate 

transcription under stress, a feature that required its intact RNA binding and degradation 

capacity. It will be of interest to determine if Xrn1 and these other decay factors are 

enriched in the nucleus of inhibited Kin28 cells, thus accelerating the decay of nuclear, 

Nab2-bound mRNAs. 

Potentially, the significance of the increased Nab2-to-Ski2 binding on unstable 

mRNAs goes beyond differential export and localization of mRNA. One possibility is that 

differential Nab2/Ski2 binding may instead reflect differences in polyA length [52, 53], 

which are known enhancers of translation and mRNA turnover [51]. The mammalian 

homologs of Nab2 and Ski2, PABPN1 and SKIV2L, respectively, share similar functions 

as their yeast counterparts [54], and may also be linked to mRNA stability in CDK7 

inhibited regimes. 

 

3.9 Materials and Methods 

Yeast Strains and Growth Conditions 

Unless specified otherwise, cells were treated for 1 hour with 5 µM CMK and 

harvested during early log-phase (OD600 between 0.3-0.7) in histidine-dropout media 

with 2% dextrose or standard yeast peptone dextrose complete media with 2% dextrose. 

Analog-sensitive kinase alleles were introduced using the two-step allele replacement 

strategy described in [12]. Strains used in this study are listed in Table 3.4. 

 

RNA Purification 

RNA was extracted from cells by incubating with occasional vortexing in TE Lysis 

Buffer (10 mM TrisHCl pH 7.5, 10 mM EDTA, 0.5% SDS) and acidic phenol at 65 °C, 

followed by ethanol precipitation. All RNA preparations were treated with DNase I 

(Ambion) prior to downstream assays.  
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TT-Seq Library Preparation 

Nascent RNA was metabolically labeled with 4-thiouracil (4tU, Sigma) as 

previously described [12]. Briefly, 5 mM 4tU was added to cell media 5 minutes before 

harvest. An aliquot of cells was removed for counting, and cell pellets were flash frozen 

in liquid nitrogen and stored at -80 °C until lysis and RNA purification. 4tU-labeled S. 

pombe cells were added to each pellet at a ratio of 1:6 S. pombe to S. cerevisiae before 

RNA purification as detailed above. 100 µg of RNA was diluted to 240 ng/µL in 

Biotinylation Buffer (10 mM HEPES pH 7.5, 1 mM EDTA) and fragmented on a 

BioRuptor at high power for 24 minutes total time (12 cycles of 30 seconds/30 seconds 

ON/OFF). Biotin was conjugated to nascent RNA by adding 5 µg of MTSEA biotin-XX 

(Biotium) and nutating at room temperature for 1 hr covered in aluminum foil. Before 

pulldown with 100 µL of Dynabeads Streptavidin C1 (Thermo Fisher Scientific), RNA 

was purified using 25:24:1 phenol:chloroform:isoamyl alcohol followed by isopropanol 

precipitation. Nascent biotinylated RNA was eluted from the beads with 5% BME. A final 

ethanol precipitation was performed with 1 uL of GlycoBlue (Thermo Fisher Scientific). 

ScriptSeq Complete Gold Kit for Yeast (Epicentre) was used for preparing stranded 

rRNA-depleted sequencing libraries. Single end, 100 bp reads were collected on an 

Illumina HiSeq 2500. 

 

RT-qPCR 

cDNA was prepared using the SuperScript IV First-Strand Synthesis System 

(Thermo Fisher Scientific) from 1 µg of RNA using random hexamers. Before qPCR, 

cDNA was treated with RNaseH (Thermo Fisher Scientific). qPCR was performed on an 

ABI 7500 machine with PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) 

under standard cycling conditions. Primers used for qPCR are listed in Table 3.5.  
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 Polysome Profiling 

Sucrose was dissolved in Polysome Profile Buffer (20 mM TrisHCl pH 7.5, 10 

mM MgCl2, 100 mM KCl) to 7, 17, 27, 37, and 47% weight by volume. Sucrose gradients 

were formed by layering sucrose solutions into an ultracentrifuge tube, freezing in liquid 

nitrogen between layers. Sucrose gradients were thawed overnight at 4 °C before use or 

stored at -20 °C. Cycloheximide (CHX, 100 µg/mL final concentration, DOT Scientific 

Inc.) was added to cells immediately before harvest. Cells were lysed in Lysis Buffer (2 

mM DTT, 1% Triton X-100, 1 µL/mL RNase Inhibitor (Promega), 100 µg/mL CHX, 1X 

EDTA-free cOmplete Protease Inhibitor (Roche), in Polysome Profile Buffer) by bead-

beating at 4 °C, five cycles of 2 minutes with 2 minutes rest. Lysates (15 A260 units) 

were layered onto the top of sucrose gradients and separated by spinning at 45,000 rpm 

(SW50.1 Ti rotor) for 1 hour and 20 minutes at 4 °C with 3 minutes acceleration and 

deceleration. Profiles and fractions were collected on an ISCO Foxy Jr with PeakTrak 

software. 

 

Fluorescence Microscopy 

Images were collected on a Nikon Eclipse Ti system. Cells grown in YPD without 

riboflavin and folic acid were plated on Nunc 96-well coverslip bottom plates that were 

pre-treated with concanavalin A (2 mg/mL concanavalin A, 5 mM CaCl2, 5 mM MnCl2). 

Approximately 15 minutes after plating, 1 µL of DMSO or CMK (equivalent to 1% of the 

total volume) was added. Images were processed using ImageJ software with the plugin 

StackReg [55] to align stacks. 

 

Nascent Protein Labeling 

Methionine-prototroph w303a kin28is cells were used for these experiments, 

though labeling was comparable in BY4741 yeast. Cells were scraped into 15 mL of 
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methionine-dropout media to an OD600 of ~0.3 and were treated with either DMSO or 

CMK for 10 minutes before addition of 100 µM L-HPG (Click Chemistry Tools). The ‘time 

0’ samples were collected before addition of L-HPG. Cells were harvested by pelleting 5 

mL samples, rinsing in water, and flash freezing in liquid nitrogen until lysis. Pellets were 

lysed by bead-beating at 4 °C for 10 minutes in 80 µL of HPG Lysis Buffer (50 mM 

TrisHCl pH 8, 1% SDS 1X EDTA-free cOmplete Protease Inhibitor (Roche), 1 mM 

PMSF, 1 µg/mL pepstatin A, 1 µg/mL aprotinin). To 50 µL of lysate, 90 µL of 1X PBS 

and 20 µL of 2.5 mM Cy3-azide (Click Chemistry Tools) was mixed, followed by 10 µL 

each of 100 mM THPTA (Click Chemistry Tools), 20 mM CuSO4, and 300 mM sodium 

ascorbate, vortexing gently after each addition. Click-chemistry reactions were incubated 

at room temperature, protected from light for 30 minutes. Proteins were purified with 

chloroform-methanol extraction before resuspending in 1X SDS Loading Buffer (Bio-

Rad) and using for SDS-PAGE, described below. After running, gels were scanned 

using the Typhoon FLA 9500 for Cy3, followed by staining with Coomassie Blue.  

 

SDS-PAGE and Immunoblotting 

Lysates were prepared for SDS-PAGE by bead-beating cells and adding SDS 

Loading Buffer. Samples were heated for 5 minutes at 95 °C, and insoluble material was 

pelleted prior to loading onto tris-glycine gels. SDS-PAGE and transfer to nitrocellulose 

membranes were conducted with the Bio-Rad Mini-PROTEAN system following 

standard protocols. Blots were blocked for 1 hour in 5% milk in TBST and incubated with 

primary antibodies overnight at 4 °C at the following dilutions: anti-eIF2α (1:2000), anti-

eIF2α (pS52) (1:1000, #44-728G, Thermo Fisher Scientific), anti-Mpp10 (1:10,000), anti-

RpL3 (1:5000). The yeast eIF2α antibody was a generous gift of Dr. Thomas Dever; 

Mpp10 of Dr. Susan Baserga. Secondary antibodies were used at a 1:5000 dilution. 
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Blots were incubated with Clarity Western ECL substrate and developed on the 

ImageQuant LAS 4000. 

 

m7G and m6A RNA Immunoprecipitation 

For m7G, 10 µg of antibody (#RN016M, Medical and Biological Laboratories) 

was used per reaction. For m6A, 5 µg of antibody (#MABE1006, EMD Millipore) was 

used per reaction. Antibody was added to 20 uL of Protein A/G beads (Thermo Fisher 

Scientific) and incubated with nutating at 4 °C for 1 hour. Antibody-conjugated beads 

were washed twice with 500 µL of RIP Buffer (150 mM NaCl, 25 mM Tris pH 7.5, 5 mM 

EDTA, 0.5 mM DTT, 0.5% NP-40) and resuspended in 200 µL of RIP Buffer to which 1 

µg RNA and 1 µL RNase Inhibitor was added. The reaction was incubated with nutating 

for 1 hour at room temperature. Beads were washed three times with 500 µL of RIP 

Buffer before eluting immunoprecipitated RNA with phenol-chloroform extraction 

followed by ethanol precipitation. 

 

5’P-Seq Library Preparation 

RNA was purified as described above, and the 5’P-Seq libraries were prepared 

with rRNA reduction as detailed in [56]. 

  

Anchor-Away of Pol II 

Cells were treated with DMSO or CMK for 10 minutes before inducing 

dimerization of FRB and FKBP12, and thus anchor-away of Pol II in HHY170, by 

addition of 1 µg/mL rapamycin (LC Laboratories). The ‘time 0’ sample was collected 

before adding rapamycin. An aliquot of cells was removed for counting at each time 

point, and cell pellets were flash frozen in liquid nitrogen and stored at -80 °C until lysis 
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and RNA purification. S. pombe cells were added to each pellet at a ratio of 1:6 S. 

pombe to S. cerevisiae before RNA purification, described above. 

 

TT-Seq Data Analysis 

Reads were demultiplexed and quick statistics generated with FastQC. Reads 

were clipped of adapter sequences and aligned to a concatenated sacCer3 and S. 

pombe genome using STAR (v2.4.2a). Reads mapping to more than one position were 

filtered to prevent ambiguous alignment of sequences shared between species. Aligned 

reads were sorted and indexed with SAMtools and counted with HTSeq (0.6.0). S. 

cerevisiae read counts were normalized with loess regression using S. pombe read 

counts to fit the loess as described previously [12]. Differential gene expression analysis 

was performed with DESeq. Alignments were scaled and converted to bigwig files with 

deepTools 2 and visualized in IGV. The heatmap of correlations between inhibited 

kin28is differential gene expression and the matrix in Figure 1 was plotted with R 

‘cormat’ and ‘corrplot’ packages.  

 

5’P-Seq Data Analysis 

Reads were demultiplexed and quick statistics generated with FastQC. UMI-tools 

was used to move the unique molecular identifier (UMI) into the read header before 

alignment to sacCer3 with STAR; clipped 5’ reads were filtered with –alignEndsType 

Extend5pOfRead1. Aligned reads with a quality score over 30 were sorted and indexed 

with SAMtools. UMI-tools was used to de-duplicate reads. The 5’ nucleotide was plotted 

with --Offset 1 and scaled with --normalizeUsingRPKM during conversion to the bigwig 

format with deepTools 2. Alignments were visualized in IGV. Signal was extracted 

across ORFs with deepTools 2 with single nucleotide bin sizes. Analysis was continued 

only on transcripts that had over 100 RNA-Seq reads and over 32 5’P-Seq reads per 
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base in at least one condition to reduce the effect of noise in interpretation of data. 

Heatmaps of 5’P signal and relative Nab2/Ski2 binding intensity were generated with 

Java TreeView 3.0 and clustered with Cluster 3.0. To calculate the spectral density at 3-

nucleotide, the R package ‘spectrum’ was used on 5’P signal over the window [2:47] with 

base 1 being the first nucleotide of the start codon or -100 from the last nucleotide of the 

stop codon. The proportion of 5’P reads in the ribosome-protected frame was calculated 

for each gene across 600 nucleotides (200 frames) by dividing the read count in frame 1 

by the sum of read counts in frame 1, 2, and 3. The smoothed average proportion for 

genes without introns and longer than 600 nucleotides was plotted as a spline with R 

‘smooth.spline’ function. Gene ontology analysis was performed with FunSpec. 

 

RNA Binding Protein Bioinformatic Analysis 

The CRAC dataset from Tuck and Toll was downloaded from GEO, and UCSC’s 

bigWigAverageOverBed software was used to obtain a count/base for each transcript 

and each RNA-binding protein. The resultant matrix was quantile-normalized across 

RNA-binding protein arrays with the R ‘preprocessCore’ package and 

‘normalize.quantiles’ function. Next, Cluster 3.0 was used to determine relative binding 

across genes (mean-centered).  

 

Quantification and Statistical Analyses 

Quantitative data are presented as the mean and standard error from biological 

replicates. To determine statistical significance between groups, comparisons were 

made using Student’s two-tailed t tests and ANOVA, using VassarStats 

(http://vassarstats.net/). The number of biological replicates (n), test used, and p values 

are indicated in the legend of each figure. For immunoblots, the reported images are 

representative of at least three independent experiments.



 126 

Table 3.4 Yeast Strains Used in This Chapter 

Relevant Genotype Reference 
S. cerevisiae: wild-type: MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0 RPB3-TAP::HIS3 

[57] 

S. cerevisiae: kin28is: MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0 RPB3-TAP::HIS3 kin28 L83G, 
V21C 

[12] 

S. cerevisiae: HHY170 kin28is: MATα tor1-1 
fpr::NAT RPL13A-2xFKBP12::TRP1 RPO21-
FRB::kanMX6 kin28 L83G, V21C 

[12] 

S. cerevisiae: gcn2Δ: gcn2Δ MATα ura3-52 trp1-
Δ63 leu2-3 leu2-112 GAL2+ 

Dr. Thomas E. Dever 

S. cerevisiae: xrn1::URA3: MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0 RPB3-TAP::HIS3 xrn1::URA3 

This Study 

S. cerevisiae: xrn1::URA3 kin28is: MATa his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 RPB3-TAP::HIS3 
xrn1::URA3 kin28 L83G, V21C 

This Study 

S. cerevisiae: w303a: MATa leu2-3,112 trp1-1 
can1-100 ura3-1 ade2-1 his3-11,15 

[58] 

S. cerevisiae: w303a kin28is: MATa leu2-3,112 
trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 kin28 
L83G, V21C 

This Study 

S. cerevisiae: Edc3-GFP: MATa his4-539 trp1 leu2-
3,112 ura3-52 EDC3-GFP-NEO 
cup1::LEU2/PGK1pG/MFA2pG 

Dr. Roy Parker 

S. cerevisiae: Pab1-GFP: MATa his4-539 trp1 leu2-
3,112 ura3-52 PAB1-GFP-NEO 
cup1::LEU2/PGK1pG/MFA2pG 

Dr. Roy Parker 

S. cerevisiae: Edc3-GFP kin28is: MATa his4-539 
trp1 leu2-3,112 ura3-52 EDC3-GFP-NEO 
cup1::LEU2/PGK1pG/MFA2pG kin28 L83G, V21C 

This Study 

S. cerevisiae: Pab1-GFP kin28is: MATa his4-539 
trp1 leu2-3,112 ura3-52 PAB1-GFP-NEO 
cup1::LEU2/PGK1pG/MFA2pG kin28 L83G, V21C 

This Study 
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Table 3.5 Oligonucleotides Used in This Chapter 

Name Sequence (5'-to-3') 
GAS1-Forward TCAGCGACAAGAACTACAGAAA 
GAS1-Reverse CATCATCACCACAAGCGAAATAA 
POP5-Forward CCTGCGGATGTGTCCATAAA 
POP5-Reverse TTCAACTGCAAGAGAGAGTTACA 
RPS28A-Forward GTCACTTTAGCCAAGGTCATCAA 
RPS28A-Reverse GCCCTTCACGTTTCTGACAATA 
SEM1-Forward AGCAATGCTGTAACGCAAAC 
SEM1-Reverse GGCCTTCAATTCATTGGTGAAA 
SPO21-Forward TGCTCTTCTTCTTCATCATCATCT 
SPO21-Reverse CTCATAATCGATGCGGTGTTAATG 
SSP2-Forward GCACAGGCATCTCTAGTGTATT 
SSP2-Reverse AAAGAACGTTCCGGAGTATCG 
TDH3-Forward GTTGCTTTGAACGACCCATTC 
TDH3-Reverse GGAAACTTCACCAGCGTATCT 
VMA3-Forward GGTTGTGCCTCTGCAATTATC 
VMA3-Reverse GGTCTGGTCTCAACACACAA 
YTA7-Forward CAGAACGAACGAAGAGCTTACTA 
YTA7-Reverse CTGCTTCTTCCTCCTCTTCATC 
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Chapter 4: Exploring the Dark Side of RNA Expression: Exonucleases and 

Decay 
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4.1 Introduction 

RNA is constantly being degraded and synthesized in cells, with the median half-

life of budding yeast mRNA estimated as 2-30 minutes under normal circumstances [1]. 

Interestingly, in many instances where insults are made to the synthesis of new RNA in 

a cell, cellular mechanisms which stabilize pre-existing RNA are initiated [2]. Relatedly, 

when RNA decay is defective, RNA synthesis decreases to prevent accumulation of 

abnormally high levels of steady-state RNA. This phenomenon of maintenance of 

steady-state RNA levels is known as ‘RNA buffering.’ Xrn1, a 5’-to-3’ processive RNA 

exonuclease [3, 4], has been implicated in regulating RNA buffering, but the mechanism 

of action remains unclear. Haimovich et al. report Xrn1 translocates to the nucleus and 

generally promotes transcription at gene promoters when RNA levels in the cytoplasm 

are depleted [5]. However, another report published contemporaneously to [5] was 

unable to detect Xrn1-chromatin interactions, and instead attributed regulation of 

buffering to the transcription factor Nrg1 [2]. How Nrg1 and other decay factors, such as 

Xrn1, can ‘sense’ defective decay or synthesis remains to be determined. 

In the previous Chapters, I have shown inhibition of Kin28 kinase leads to 

decreased mRNA synthesis and induction of RNA buffering. However, a subset of 

mRNAs are not stabilized when RNA synthesis is perturbed, and I identified a link 

between these unstable RNAs and nuclear decay. The connection between nuclear 

localization and sensitivity to Kin28 inhibition led us to examine whether deletion of 

nuclear decay factors might rescue expression of the Kin28-sensitive transcripts. We 

focused on Rai1, a nuclear exonuclease with RNA pyrophosphohydrolase and 

phosphodiesterase activity toward 5’ triphosphates and unmethylated mRNA caps, 

respectively [6-10]. Both activities result in an mRNA with a 5’ monophosphate end, 

which is then vulnerable to decay by the processive 5’-3’ exonucleases Rat1/XRN2 

(nuclear) and Xrn1 (cytoplasmic). 
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In this Chapter, I present my preliminary investigations into the role of both 

cytoplasmic Xrn1 and nuclear Rai1 in RNA buffering in the context of kin28is inhibition. I 

show deletion of XRN1 (xrn1::URA3), but not RAI1 (rai1::URA3), results in a non-

buffered state consistent with previous reports identifying Xrn1 as a crucial factor in 

maintaining RNA buffering. I show Xrn1 is detectable in both the nucleus and the 

cytoplasm, and localizes into distinct subcellular puncta during inhibition of Kin28. 

Interestingly, cells lacking Rai1 show increased levels of P body formation and defects in 

translation. Specifically, we show translation initiation stalls after formation of the 48S 

translation pre-initiation (PIC) complex in rai1::URA3 cells. Although deletion of RAI1 did 

not rescue the expression of Kin28-sensitive transcripts during inhibition of kin28is, it 

inadvertently allowed us to elucidate translation pre-initiation dynamics of inhibited Kin28 

cells. Clarifying the functions of these decay factors will add to our understanding of a 

fundamental question in the field, namely, “How are signals that initiate RNA buffering 

(i.e. attenuation of decay or synthesis) transmitted to and from the nucleus, the site of 

transcription?” 

 

4.2 Xrn1 Sub-cellular Localization Changes in Inhibited kin28is 

To determine if the normally cytoplasmic exonuclease Xrn1 changes its cellular 

localization in inhibited kin28is, we tracked Xrn1-GFP with fluorescent microscopy in 

inhibited Kin28 cells (Figure 4.1). As previously observed [11, 12], Xrn1-GFP is 

abundant throughout the cell, but presents as predominantly cytoplasmic. When Kin28 is 

inhibited, the Xrn1-GFP fluorescence appears as distinct puncta. As discussed in 

Chapter 3, P bodies form when Kin28 is inhibited (Figure 3.8). Xrn1 is a known P body 

component [13], which when deleted in yeast, also results in increased P body 

formation. Thus, Xrn1 is likely localizing to P bodies when Kin28 is inhibited. To test for 

nuclear co-localization, we counterstained cells with DAPI. We did not observe  
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Figure 4.1 Fluorescence Microscopy of Xrn1-GFP in kin28is 
 
kin28is was inhibited with 5 µM of CMK or vehicle control (DMSO) for 1 hour. Three 
representative images from each treatment are shown. 
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Figure 4.2 Fluorescence Microscopy of DAPI-stained Xrn1-GFP in Inhibited kin28is 
 
kin28is was inhibited with 5 µM of CMK for 1 hour and stained with nuclear dye DAPI. 
Two representative images of the bright-field (BF), Xrn1-GFP (Xrn1), and DAPI channel 
are shown. Merged images of the Xrn1-GFP and DAPI fluorescence are also presented. 
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significant overlap in the Xrn1-GFP puncta and the DAPI-stained regions (Figure 4.2). 

However, it is possible that a smaller portion of Xrn1, not readily detectable via our 

fluorescence microscopy method, is translocating to the nucleus.  

Thus, we performed immunoblotting of Xrn1 with nuclear and cytoplasmic lysates 

of kin28is (Figure 4.3). As a negative control for the Xrn1 antibody, we also performed 

blotting in xrn1::URA3, which validates the specificity of the antibody for binding of Xrn1. 

Immunoblotting of nuclear histone protein H3 confirmed that our preparations of nuclear 

and cytoplasmic lysates were not cross-contaminated. Interestingly, a smaller sized form 

of histone H3 is abundant in XRN1-deleted yeast. Both H3 forms are reduced in protein 

level in inhibited Kin28 cells, as was predicted in Chapter 3 via 5’P-Seq analysis of 

translation. Xrn1 itself does not appreciably change in protein level during the time span 

of our Kin28 inhibition studies, and a subtle increase in nuclear levels of Xrn1 is 

apparent. Our immunoblotting of Xrn1 shows it localizes to both nuclear and cytoplasmic 

compartments, and potentially the shuttling between compartments occurs during RNA 

buffering regimes. 

We also performed immunoblotting of Rpb4, a detachable subunit of Pol II, which 

is known to translocate from the nucleus to the cytoplasm; Rpb4 has been linked to 

enhanced cytoplasmic decay for certain mRNAs [14, 15]. Interestingly, similar to H3, we 

also found an increased abundance of a smaller sized form of Rpb4 in xrn1::URA3 cells. 

However, we did not find shuttling of the Rpb4 protein to be dependent on Kin28 

function. Taken together with our microscopy studies of Xrn1-GFP, we cannot exclude 

the possibility that a small amount of Xrn1 enters the nucleus when Kin28 is inhibited, 

but a majority of Xrn1 likely localizes to P bodies during inhibition of Kin28. 
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Figure 4.3 Immunoblotting of Nuclear and Cytoplasmic Lysates of kin28is 
 
kin28is and the XRN1-deleted strain (xrn1::URA3 kin28is) were inhibited with 5 µM of 
CMK or vehicle control (DMSO)  for 1 hour. Total cellular lysates were divided into 
cytoplasmic and nuclear fractions and used in blotting of the indicated proteins. 
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4.3 Deletion of XRN1 Short-circuits RNA Buffering 

To elucidate their function in RNA buffering of inhibited kin28is, We deleted 

XRN1 and RAI1 and used RT-qPCR to quantify steady-state levels of mRNA (Figure 

4.4). In line with its central role in RNA decay and buffering, deletion of XRN1 resulted in 

a significant increase in the steady-state level of mRNAs tested. In contrast, rai1::URA3 

cells did not exhibit elevated steady-state levels of mRNAs, which is consistent with 

buffering observed in [2]. Rather, the steady-state level of the mRNAs tested were 

slightly decreased in rai1::URA3. As discussed in Chapter 3, deletion of XRN1 was able 

to partially restore stability to mRNAs that were unstable in inhibited kin28is. Deletion of 

RAI1 only marginally restores stability to an unstable mRNA in inhibited kin28is (e.g. 

SEM1) compared to xrn1::URA3 deletion (Figure 4.5). Although a transcriptome-wide 

survey of expression changes in these exonuclease mutants would be more conclusive, 

this result suggests differential activity of Xrn1, rather than Rai1, is the main decay factor 

causing instability of mRNAs in inhibited kin28is. 

  

4.4 rai1::URA3 Cells Exhibit Defects in Translation 

We also performed polysome profiling of the exonuclease mutant kin28is strains 

to test if translation—the process we hypothesized is involved with mediating RNA 

stability—was affected in the absence of these decay factors. Interestingly, ‘halfmer 

peaks,’ which are attributed to stalled 40S pre-initiation complexes, are visible as 

shoulders on the monosome (80S) and polysome peaks in profiles from exonuclease-

deleted cells (Figure 4.6). A previous study [9] suggested translation pre-initiation 

stalling in RAI1-deleted yeast was caused by an insufficiency of mature 60S subunits, 

which could be reversed by overexpressing the Rai1 cofactor and rRNA processing 

exonuclease, Rat1. We also observe a greater ratio of 40S:60S ribosomal subunits in 

exonuclease-deleted yeast (Figure 4.7A, white bars). Interestingly, the halfmer peak   
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Figure 4.4 RNA Levels in Exonuclease Deletion Strains 
 
RNA levels of SEM1, RPS28A, and SPO21 were quantified after 1 hour inhibition of 
wild-type, RAI1-deleted (rai1::URA3), or XRN1-deleted (xrn1::URA3) cells. Expression 
was normalized to an S. pombe exogenous control before calculation of fold change; 
mean +/- SEM, n = 3-4 biological replicates. 
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Figure 4.5 Differential Xrn1 Activity Mediates Buffering 
 
Change in steady-state (Total, black bars) and newly synthesized (Nascent, white bars) 
mRNA levels of example transcripts after 1 hour inhibition of wild-type (WT), kin28is, 
RAI1-deleted (rai1::URA3 kin28is) or XRN1-deleted kin28is (xrn1::URA3 kin28is) cells. 
Expression was normalized to an S. pombe exogenous control before calculation of fold 
change; mean +/- SEM, n = 3-7 biological replicates. 
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Figure 4.6 Polysome Profiling of Exonuclease-Deleted kin28is 
 
Polysome profiling of exonuclease-deleted kin28is cells treated with vehicle control 
(DMSO), kin28is inhibitor (CMK), or rapamycin (200 ng/mL) for 1 hour. The 40S, 60S, 
80S, and polysome peaks are indicated in the kin28is DMSO panel. The 40S and 
Polysome peaks are highlighted in grey for ease of comparison. See also Figure 4.7.  
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Figure 4.7 Inhibition of Kin28 Disassembles Paused Pre-initiation Complexes 
 
(A) Bar graphs showing quantification of the relative A260 values of the profiles in Figure 
4.6 for the soluble, 40S, 60S, and monosome peaks. All values are shown relative to the 
profile for kin28is treated with DMSO. (B) Bar graphs showing quantification of the A260 
values of the polysome peaks for the profiles in Figure 4.6. 
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Figure 4.8 Immunofluorescence of P Body Markers in rai1::URA3 kin28is 
 
Representative images of kin28is cells of the wild-type or RAI1-deleted background 
(rai1::URA3 kin28is) expressing P body marker Edc3-GFP before and after the addition 
of vehicle control (DMSO) or inhibitor (CMK) for the indicated time. 
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disappears with inhibition of Kin28 without restoration of 60S levels (Figure 4.7A, red 

bars). Rather, the 40S peak increases in height, suggesting inhibition of Kin28 disrupts 

stalled translation pre-initiation complexes and returns 40S subunits to the pool of 

mRNA-unassociated subunits. 

General translation repression via inhibition of the Tor1/2 kinase with rapamycin 

also causes the halfmer peak to disappear, but does not increase the level of free 40S 

(Figure 4.7A, orange bars) as was observed with inhibition of Kin28. Rapamycin 

represses Pol I and III transcription [16], prevents translation initiation via activation of 

Gcn2 and phosphorylation of eIF2α [17], and leads to the rapid degradation of pre-

existing ribosomes (40-60%) [18]. In Chapter 3, I report inhibition of Kin28 leads to a 

defect, but not a global shutdown, of translation caused by sequestration of mRNAs to P 

bodies and a decrease in total mRNA levels. This is reflected in the decrease in 

polysome peaks in inhibited kin28is cells that is somewhat Xrn1-dependent (Figure 

4.7B). Unlike the global shutdown to translation caused by rapamycin treatment, 

inhibition of Kin28 affects only a subset of mRNAs. Also unlike rapamycin treatment [19], 

inhibition of Kin28 causes formation of P bodies. Kin28-mediated effects on translation 

are distinct from the general translation stress induced by rapamycin, and appear 

protective of ribosomes, rather than destructive. 

We hypothesized rai1::URA3 cells might also show increased formation of P 

bodies given its defects in translation. To test this we utilized fluorescence microscopy of 

Edc3-GFP, a marker for P bodies. Indeed, rai1::URA3 cells exhibit an increase in P body 

number compared to wild-type yeast (Figure 4.8). When Kin28 is inhibited in 

rai1::URA3, these P bodies grow larger and appear to coalesce. In sum, we discover 

RAI1-deleted yeast exhibit increased P body formation and translation defects. 
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4.5 Deciphering Rai1 and Kin28 Function in Translation via 5’P-Seq 

To explore the translation defects in rai1::URA3, as well as determine if RAI1 

deletion affected stability of any mRNAs when Kin28 is inhibited, we utilized 5’P-Seq, 

which quantitatively captures the position of nucleotides bearing 5’-monophosphates 

(5’P) in RNA [20]. Figure 4.9 shows a heatmap of 5’P in ascending order of mRNA 

expression levels in wild-type yeast. As observed before, 5'P levels are generally 

proportional to RNA levels; intuitively, 5'P ends are more abundant if the mRNA itself is 

more abundant. Interestingly, deletion of RAI1 results in an increase in 5’P at the 

transcription start site (TSS) and the cleavage and polyadenylation site (CPS), which is 

unlikely to be a consequence of increased mRNA levels in rai1::URA3, as our RT-qPCR 

experiments show mRNA levels in rai1::URA3 are buffered (Figure 4.4). Rather, the 

increase in 5’P of the RAI1 mutant is consistent with Rai1’s role in promoting Rat1-

mediated decay. After both de-capping and cleavage of mRNA at the TSS and PAS, 

respectively, 5’P are generated, but are rapidly, processively cleared by Rat1. Inefficient 

Rat1 activity, as expected in rai1::URA3, would prolong the abundance of 5’P species at 

the TSS and CPS site of mRNA. 

Next, we analyzed the 5’P-Seq data centered around the open reading frame 

(ORF) start (Figure 4.10) and stop (Figure 4.11) codon to elucidate the defects in 

translation of rai1::URA3. At -14 nt from the start codon, we find a dramatic increase in 

5’P of rai1::URA3. This suggests that the halfmer peak in polysome profiles of 

rai1::URA3 (Figure 4.6) are representative of the translation pre-initiation complex 

stalling at the start codon (48S). Because the increase in 5’P is distinctly positioned and 

not diffuse over the 5’UTR, we conclude that the defect in translation of cells lacking 

Rai1 is specifically a result of 48S pausing versus a defect in start codon scanning or 

regulation via eIF2. Figure 4.12 diagrams the formation of the translation pre-initiation 

complex for reference.  
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Figure 4.9 Deletion of RAI1 Increases Capture of 5’P at the TSS and CPS  
 
Heatmap of 5’P-Seq reads relative to the transcription start site (TSS) or the cleavage 
and polyadenylation site (CPS) is plotted for wild-type (RAI1) and RAI1-deleted 
(rai1::URA3) cells. mRNAs are ordered by steady-state expression level of wild-type 
cells, as determined by RNA-Seq. Only genes with over 100 RNA-Seq reads and over 
32 5’P-Seq reads/base are included, n=3765. 
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Figure 4.10 Changes in 5’P at the Start Codon 
 
Heatmaps of 5’P-Seq reads relative to the first nucleotide of the start are plotted for the 
indicated strains. Plots are in descending order of change in expression level upon 
inhibition of kin28is; the cDTA-Seq data (described in Chapter 3) is adjacent. The peak 
at -14 nt corresponds to a ribosome parked at the start codon in the ‘P’ site. Only genes 
with over 100 RNA-Seq reads and over 32 5’P-Seq reads/base are included, n=3765. 
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Figure 4.11 Changes in 5’P at the Stop Codon 
 
Heatmaps of 5’P-Seq reads relative to the last nucleotide of the stop codon of the ORF 
are plotted. Plots are in descending order of change in expression level upon inhibition 
of kin28is; the cDTA-Seq data (described in Chapter 3) is adjacent. The peaks at -20 
and -50-53 nt correspond to one or two ribosomes, respectively, parked at the stop 
codon in the ‘A’ site. Only genes with over 100 RNA-Seq reads and over 32 5’P-Seq 
reads/base are included, n=3765. 
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Figure 4.12 Schematic of Translation Pre-initiation Events 
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In contrast to changes in 5’P at the start codon, the peaks every 3-nt (i.e. 5’P 

generated from co-translational decay) around the stop codon of rai1::URA3 are not 

noticeably changed compared to wild-type yeast (Figure 4.11). Rather, the 5’P signal 

around the ORF stop codon is more random in rai1::URA3 cells. This observation is 

quantified by the decrease in 3-nt periodicity of the intensity of 5’P in rai1::URA3 (Figure 

4.13). The abundance of 5’P unrelated to translation may be indicative of Rai1’s function 

as Rat1’s cofactor, discussed above. Further, in conjunction with Kin28 inhibition a 

decrease in co-translational decay is also observed in the rai1::URA3 background, 

indicating Rai1 is not responsible for this change—instead, most likely altered Xrn1 co-

translational decay is the cause, as discussed previously. 

Interestingly, the 48S 5’P peak observed in rai1::URA3 cells disappears when 

Kin28 is inhibited. Fortuitously, the change in the 48S 5’P peak served as a proxy for 

translation defects in inhibited Kin28 cells; mRNAs with reduced 48S in inhibited kin28is 

are likely not translated. Furthermore, the disappearance of the 48S 5’P signal upon 

inhibition of Kin28 suggests translation defects in inhibited kin28is occur early, before 

ribosome scanning to identify the start codon. We plotted the change in 5’P signal of 

mRNAs in rai1::URA3 kin28is upon inhibition of Kin28 in the same order as Figure 3.20, 

which clustered the mRNAs by what we believed at the time to be their translatability in 

inhibited kin28is (Figure 4.14). Notably, the mRNAs in Cluster 1 exhibit less change in 

48S pausing. 

We then wondered if 48S pausing was unchanged for Cluster 1 mRNAs in 

inhibited kin28is, or if 48S pausing did not occur at all for these mRNAs. To test for these 

possibilities, we broke-down the change in 5’P signal into its component parts (i.e. we 

plotted heatmaps of 5’P in DMSO and CMK treated cells separately) (Figure 4.15 and 

4.16). In this representation of 5’P, we observe co-translational decay at the stop codon 

is more pronounced under normal conditions for mRNA in Clusters 1, 3, and 5. Thus, 
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changes to co-translational decay would be more prominent for mRNAs in these 

clusters, as is the case in Figure 4.14. Potentially, inhibition of Kin28 affects translation 

of all genes, but is only observable as a change in 5’P for mRNAs subject to co-

translational decay (mRNA in Clusters 1, 3, and 5). In answer to our original question 

about 48S pausing in Cluster 1 mRNAs, we find the 48S pause is also prominent for 

these mRNAs in rai1::URA3 kin28is cells treated with either DMSO or CMK (Figure 

4.16), suggesting they are still translated when Kin28 is inhibited. Changes in 5’P from 

48S pausing in rai1::URA3 kin28is cells may be a better indicator of translation state 

than 5’P at the stop codon. 

Therefore, we re-clustered mRNAs by their changes in 48S pausing in 

rai1::URA3 kin28is to clarify which mRNAs are still translated, i.e. exhibit 48S pausing, in 

inhibited Kin28 cells (Figure 4.17). We identify three such groups of mRNAs, Clusters i, 

iii, and vi; many of the mRNAs in Cluster iii overlap with those previously identified in 

Figure 4.14. Gene ontology (GO) analysis reveals these mRNAs are associated with 

membrane, cytoplasm, mitochondrion, redox activity, the stress response, amino acid 

biosynthesis, the ribosome, RNA binding, and RNA export. In contrast, the mRNAs with 

reduced 48S pausing (Clusters ii, iv, v; untranslated) are enriched for GO terms related 

to rRNA processing, ribosome biogenesis, the proteasome, nucleosome, endoplasmic 

reticulum, pre-ribosome, nucleus, and nucleolus. The full list of GO terms associated 

with each cluster is presented in Table 4.1. 
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Figure 4.13 Analysis of Periodicity in 5’P Signal 
 
5’P signal from the last 200 nt of the ORF was analyzed for periodicity in intensity. Those 
genes for which there was no signal at any of the 200 nt were excluded from analysis. 
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Figure 4.14 Effect of RAI1-deletion on 5’P-Seq Changes in kin28is 
 
See Figure 3.20; k-means clustering of the change in 5’P at the start and stop codon of 
kin28is. The 5’P data from rai1::URA3 kin28s is plotted adjacent in the same order. 
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Figure 4.15 5’P-Seq Changes in kin28is 
 
See Figure 4.14; 5’P-Seq changes were de-convoluted into signal from inhibited (CMK) 
and control (DMSO) cells. 
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Figure 4.16 5’P-Seq Changes in rai1::URA3 kin28is 
 
See Figure 4.14; 5’P-Seq changes were de-convoluted into signal from inhibited (CMK) 
and control (DMSO) cells. 
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Figure 4.17 Re-clustering of 5’P Using Data from rai1::URA3 kin28is 
 
k-means clustering of the change in 5 at the start and stop codon of rai1::URA3 kin28s. 
The position of the -14 nt peak, which corresponds to a 48S ribosomal subunit parked at 
the start codon, is indicated. Relevant Gene Ontology terms from each cluster are listed 
adjacent. See Table 4.1 for a more comprehensive list. 
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Table 4.1 Gene Ontology Analysis of Clusters Identified in Figure 4.17 
 
Significant (p < 0.01, Bonferroni-adjusted) Gene Ontology (GO) terms shared among 
genes in each cluster grouped by 5’P-Seq profile. The number of genes (n) in each 
cluster and the number of genes in the cluster with the GO term (k) are reported along 
with the number of genes in each GO term category (f). 
 

Cluster n Category p-value k f 

i 908 membrane [GO:0016020] 3.98E-10 307 1671 
  cytoplasm [GO:0005737] 2.48E-07 345 2026 
  integral to membrane [GO:0016021] 1.14E-05 228 1303 
      

ii 600 ribosome biogenesis [GO:0042254] 6.72E-11 44 170 
  nucleolus [GO:0005730] 1.29E-10 56 253 
  cytosolic large ribosomal subunit [GO:0022625] 2.83E-10 29 88 
  rRNA processing [GO:0006364] 2.32E-09 45 195 
  endoplasmic reticulum [GO:0005783] 2.40E-09 75 416 
  ribonucleoprotein complex [GO:0030529] 4.99E-09 60 307 
  translation [GO:0006412] 7.79E-09 61 318 
  structural constituent of ribosome [GO:0003735] 3.08E-08 46 218 
  ribosome [GO:0005840] 6.67E-07 55 310 
  cytoplasm [GO:0005737] 1.42E-06 236 2026 
  small-subunit processome [GO:0032040] 1.83E-06 16 47 
  ribosomal large subunit assembly [GO:0000027] 2.77E-06 14 38 
  endoplasmic reticulum membrane [GO:0005789] 3.44E-06 54 318 
  nucleus [GO:0005634] 3.46E-06 228 1965 

  endonucleolytic cleavage to generate mature 5'-end of SSU-rRNA 
from (SSU-rRNA, 5.8S rRNA, LSU-rRNA) [GO:0000472] 3.47E-06 12 29 

  transferase activity [GO:0016740] 8.03E-06 87 611 

  endonucleolytic cleavage in 5'-ETS of tricistronic rRNA transcript 
(SSU-rRNA, 5.8S rRNA, LSU-rRNA) [GO:0000480] 1.07E-05 11 27 

  intracellular [GO:0005622] 1.17E-05 60 381 
  alpha-1,6-mannosyltransferase activity [GO:0000009] 1.31E-05 6 8 
  90S preribosome [GO:0030686] 2.20E-05 19 74 
  nucleotide binding [GO:0000166] 2.79E-05 103 778 
  alpha-1,6-mannosyltransferase complex [GO:0000136] 3.39E-05 5 6 
      

iii 538 catalytic activity [GO:0003824] 8.88E-14 85 455 
  cytoplasm [GO:0005737] 2.95E-13 265 2026 
  oxidation-reduction process [GO:0055114] 3.40E-11 56 272 
  oxidoreductase activity [GO:0016491] 1.07E-10 55 272 
  binding [GO:0005488] 4.85E-09 55 300 
  metabolic process [GO:0008152] 1.01E-08 69 425 
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  oxidoreductase activity, acting on the aldehyde or oxo group of 
donors, NAD or NADP as acceptor [GO:0016620] 2.30E-08 7 7 

  cellular amino acid biosynthetic process [GO:0008652] 3.85E-08 26 98 
  ATP binding [GO:0005524] 1.18E-06 84 622 
  ligase activity [GO:0016874] 4.20E-06 27 130 
  nucleotide binding [GO:0000166] 6.11E-06 97 778 
  mating projection tip [GO:0043332] 8.60E-06 23 105 
  response to stress [GO:0006950] 1.09E-05 29 152 
  2 iron, 2 sulfur cluster binding [GO:0051537] 2.55E-05 7 13 
  actin cortical patch [GO:0030479] 3.36E-05 15 57 
  mitochondrial nucleoid [GO:0042645] 4.28E-05 9 23 
  mitochondrion [GO:0005739] 4.92E-05 121 1072 
  cytosol [GO:0005829] 6.62E-05 32 192 
      

iv 415 threonine-type endopeptidase activity [GO:0004298] 4.89E-07 8 14 

  proteasomal ubiquitin-independent protein catabolic process 
[GO:0010499] 4.89E-07 8 14 

  nucleosome [GO:0000786] 9.76E-07 7 11 
  proteasome core complex [GO:0005839] 9.91E-07 8 15 
  proteasome storage granule [GO:0034515] 1.84E-06 10 26 

  proteasomal ubiquitin-dependent protein catabolic process 
[GO:0043161] 2.05E-06 11 32 

  proteasome complex [GO:0000502] 2.99E-06 13 46 
  nucleoside metabolic process [GO:0009116] 4.54E-06 7 13 

  proteolysis involved in cellular protein catabolic process 
[GO:0051603] 5.70E-06 8 18 

  endopeptidase activity [GO:0004175] 1.47E-05 8 20 
  endoplasmic reticulum membrane [GO:0005789] 1.54E-05 40 318 
  glucosidase activity [GO:0015926] 1.81E-05 5 7 
  proteasome core complex, alpha-subunit complex [GO:0019773] 1.81E-05 5 7 
  nuclear nucleosome [GO:0000788] 2.10E-05 6 11 
  nucleolus [GO:0005730] 4.26E-05 33 253 
  nucleus [GO:0005634] 4.61E-05 160 1965 
  endoplasmic reticulum [GO:0005783] 4.69E-05 47 416 
  preribosome, large subunit precursor [GO:0030687] 6.13E-05 11 44 
      

v 724 nucleus [GO:0005634] 4.56E-11 293 1965 
  endoplasmic reticulum [GO:0005783] 1.88E-08 83 416 
  nucleolus [GO:0005730] 1.32E-07 56 253 
  endoplasmic reticulum membrane [GO:0005789] 1.43E-06 63 318 
  integral to membrane [GO:0016021] 3.76E-06 190 1303 
  transferase activity [GO:0016740] 7.77E-06 101 611 
  membrane [GO:0016020] 1.36E-05 231 1671 
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vi 569 structural constituent of ribosome [GO:0003735] <1e-14 72 218 
  translation [GO:0006412] <1e-14 92 318 
  cytosolic small ribosomal subunit [GO:0022627] <1e-14 28 62 
  cytosolic large ribosomal subunit [GO:0022625] <1e-14 34 88 
  ribosome [GO:0005840] <1e-14 86 310 
  ribonucleoprotein complex [GO:0030529] <1e-14 76 307 
  cytoplasm [GO:0005737] <1e-14 272 2026 
  intracellular [GO:0005622] 2.43E-13 77 381 
  rRNA export from nucleus [GO:0006407] 8.17E-08 13 27 
  RNA binding [GO:0003723] 1.89E-05 52 337 
  cellular bud tip [GO:0005934] 4.71E-05 18 75 
  small ribosomal subunit [GO:0015935] 6.82E-05 7 14 
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4.6 Discussion 

The connections between RNA decay, translation, and P body formation are 

manifold but a unifying picture of the three processes is only just becoming apparent. 

Our study suggests that the signal that initiates P body formation may be reduced mRNA 

decay. Both RAI1-deletion and Kin28 inhibition—both of which result in reduced mRNA 

decay—result in the increased formation of P bodies. Potentially, RNA binding proteins 

are titrated to sites of accumulating mRNA, causing aggregation into compartments such 

as P bodies. However, a subset of mRNAs continues to be translated, and is 

presumably not associated with P bodies. 

In this study, we were able to refine our understanding of translation in inhibited 

kin28is through polysome profiling and analysis of 5’P-Seq of rai1::URA3. In our 5’P-Seq 

analysis, we find mRNAs involved with nuclear processes and proteolysis are poorly 

translated in inhibited kin28is cells. We speculate cells have evolved to prioritize 

translation of mRNAs required for basic cellular function and survival during 

transcriptional stress. The effectors of this differential translation in inhibited kin28is 

remain elusive. Potentially, ribosome biogenesis, which involves the action of decay 

factors and Pol I and III transcripts, is a nexus for cellular sensing of RNA metabolism 

and translation. Whether P bodies are sites of decay or storage in inhibited kin28is is 

also an open question. The yeast strains and methods described here can be utilized in 

future studies to answer these questions. 

 

4.7 Materials and Methods 

Yeast Strains and Growth Conditions 

 Table 4.2 lists all strains used in this study. Exonuclease-deletion mutant strains 

were created by replacing the coding regions of the XRN1 and RAI1 gene loci with a 

URA3 gene cassette amplified from pRS306. Clones were selected on uracil-dropout  
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Table 4.2 Yeast Strains Used in This Chapter 

Relevant Genotype Reference 
S. cerevisiae: wild-type: MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0 RPB3-TAP::HIS3 

[21] 

S. cerevisiae: kin28is: MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0 RPB3-TAP::HIS3 kin28 L83G, 
V21C 

[22] 

S. cerevisiae: xrn1::URA3: MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0 RPB3-TAP::HIS3 xrn1::URA3 

This Study 

S. cerevisiae: xrn1::URA3 kin28is: MATa his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 RPB3-TAP::HIS3 
xrn1::URA3 kin28 L83G, V21C 

This Study 

S. cerevisiae: rai1::URA3: MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0 RPB3-TAP::HIS3 rai1::URA3 

This Study 

S. cerevisiae: rai1::URA3 kin28is: MATa his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 RPB3-TAP::HIS3 
rai1::URA3 kin28 L83G, V21C 

This Study 

S. cerevisiae: Edc3-GFP: MATa his4-539 trp1 leu2-
3,112 ura3-52 EDC3-GFP-NEO 
cup1::LEU2/PGK1pG/MFA2pG 

Dr. Roy Parker 

S. cerevisiae: Edc3-GFP rai1::URA3: MATa his4-
539 trp1 leu2-3,112 ura3-52 EDC3-GFP-NEO 
cup1::LEU2/PGK1pG/MFA2pG rai1::URA3 

This Study 

S. cerevisiae: Edc3-GFP kin28is: MATa his4-539 
trp1 leu2-3,112 ura3-52 EDC3-GFP-NEO 
cup1::LEU2/PGK1pG/MFA2pG kin28 L83G, V21C 

This Study 

S. cerevisiae: Edc3-GFP rai1::URA3 kin28is: MATa 
his4-539 trp1 leu2-3,112 ura3-52 EDC3-GFP-NEO 
cup1::LEU2/PGK1pG/MFA2pG rai1::URA3 kin28 
L83G, V21C 

This Study 

S. cerevisiae: Xrn1-GFP: MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0 XRN1::GFP::HIS3MX6 

[23] 

S. cerevisiae: Xrn1-GFP kin28is: MATa his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0 XRN1::GFP::HIS3MX6 

This Study 
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plates, and deletion was confirmed via Sanger sequencing. Unless otherwise specified, 

cells were treated as described in Chapters 2 and 3. 

 

Fluorescence Microscopy 

 Images were collected on a Nikon Eclipse Ti system. Cells grown in YPD without 

riboflavin and folic acid were plated on Nunc 96-well coverslip bottom plates that were 

pre-treated with concanavalin A (2 mg/mL concanavalin A, 5 mM CaCl2, 5 mM MnCl2). 

Images were processed using ImageJ. 

 

Cytoplasmic/Nuclear Lysate Preparation and Immunoblotting 

 Adapted from [24]. All buffers used contained 1X protease inhibitors (1X EDTA-

free cOmplete Protease Inhibitor, 1 mM PMSF, 1 µg/mL pepstatin A, 1 µg/mL aprotinin). 

Briefly, 50 mL of cells were pelleted and resuspended in SB (1 M Sorbitol, 20 mM 

TrisHCl, pH 7.4) and treated with 125 µL of Zymolyase 20T (10 mg/mL) and nutated for 

at least 30 minutes until cell walls were degraded, confirmed by > 80% decrease in 

OD600. Spheroplasts were rinsed twice in 1 mL of SB and gently resuspended with 500 

µL of EBX (20 mM TrisHCl, pH 7.4, 100 mM NaCl, 0.25% Triton X-100, 15 mM beta-

mercaptoethanol), with additional Triton X-100 added to 0.5% final concentration. 

Samples were gently mixed and incubated on ice for 10 minutes. An aliquot of lysate 

was removed (“Total” fraction), and the rest was layered on 1 mL of NIB (20 mM 

TrisHCl, pH 7.4, 100 mM NaCl, 1.2 mM sucrose, 15 mM beta-mercaptoethanol). The 

samples were centrifuged at 10,000g for 15 min at 4 °C. Avoiding the lipid interphase, 

the top layer was removed and saved as “Cytoplasmic” fraction. The nuclei was visible 

as a glassy white pellet, which was then resuspended in 500 µL of EBX. Accounting for 

the pellet volume, Triton X-100 was added to 1% final concentration. Samples were 
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lysed on ice for 10 min with occasional gentle mixing. The resultant lysate was saved as 

the “Nuclear” fraction. 

 SDS Loading Buffer was added to each preparation and were heated for 5 

minutes at 95 °C prior to loading onto tris-glycine gels. SDS-PAGE and transfer to 

nitrocellulose membranes were conducted with the Bio-Rad Mini-PROTEAN system 

following standard protocols. Blots were blocked for 1 hour in 5% milk in TBST and 

incubated with primary antibodies overnight at 4 °C at the following dilutions: anti-Xrn1 

(1:5000), anti-H3 (1:5000), and anti-Rpb4 (1:1000). The yeast Xrn1 antibody was a 

generous gift of Dr. Arlen Johnson. Secondary antibodies were used at a 1:5000 dilution. 

Blots were incubated with Clarity Western ECL substrate and developed on the 

ImageQuant LAS 4000. 

 

RNA Purification and RT-qPCR 

As described in Chapter 3; RNA was extracted from cells by incubating with 

occasional vortexing in TE Lysis Buffer (10 mM TrisHCl pH 7.5, 10 mM EDTA, 0.5% 

SDS) and acidic phenol at 65 °C, followed by ethanol precipitation. All RNA preparations 

were treated with DNase I prior to downstream assays. 

 

Polysome Profiling 

Sucrose was dissolved in Polysome Profile Buffer (20 mM TrisHCl pH 7.5, 10 

mM MgCl2, 100 mM KCl) to 7, 17, 27, 37, and 47% weight by volume. Sucrose gradients 

were formed by layering sucrose solutions into an ultracentrifuge tube, freezing in liquid 

nitrogen between layers. Sucrose gradients were thawed overnight at 4 °C before use or 

stored at -20 °C. Cycloheximide (100 µg/mL final concentration) was added to cells 

immediately before harvest. Cells were lysed in Lysis Buffer (2 mM DTT, 1% Triton X-

100, 1 µL/mL RNase Inhibitor, 100 µg/mL CHX, 1X EDTA-free cOmplete Protease 
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Inhibitor, in Polysome Profile Buffer) by bead-beating at 4 °C, five cycles of 2 minutes 

with 2 minutes rest. Lysates (15 A260 units) were layered onto the top of sucrose 

gradients and separated by spinning at 45,000 rpm (SW50.1 Ti rotor) for 1 hour and 20 

minutes at 4 °C with 3 minutes acceleration and deceleration. Profiles and fractions were 

collected on an ISCO Foxy Jr instrument with PeakTrak software. 

 

5’P-Seq Data Analysis 

Reads were demultiplexed and quick statistics generated with FastQC. UMI-tools 

was used to move the unique molecular identifier (UMI) into the read header before 

alignment to sacCer3 with STAR; clipped 5’ reads were filtered with –alignEndsType 

Extend5pOfRead1. Aligned reads with a quality score over 30 were sorted and indexed 

with SAMtools. UMI-tools was used to de-duplicate reads. The 5’ nucleotide was plotted 

with --Offset 1 and scaled with --normalizeUsingRPKM during conversion to the bigwig 

format with deepTools 2. Alignments were visualized in IGV. Signal was extracted 

across ORFs with deepTools 2 with single nucleotide bin sizes. Analysis was continued 

only on transcripts which had over 100 RNA-Seq reads and over 32 5’P-Seq reads per 

base in at least one condition to reduce the effect of noise in interpretation of data. 

Heatmaps of 5’P signal were generated with Java TreeView 3.0 and clustered with 

Cluster 3.0. The R package ‘GeneCycle’ was used to examine periodicity of 5’P. Gene 

ontology analysis was performed with FunSpec.   
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Chapter 5: Perspective on Kin28/CDK7 Inhibitor-based Therapies  
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5.1 Introduction 

Protein kinases are involved in modulating virtually every known signaling and 

regulatory pathway, and in many cases their function is co-opted to promote specific 

disease states. Despite their obvious relevance as druggable targets, there are only 28 

FDA-approved kinase inhibitors as of 2015 [1]. Kinases have retained nearly identical 

active site structure throughout evolutionary time, which contrasts with their varied 

functional roles in cells [2]. Because of high structural conservation, it has been 

exceedingly difficult to develop inhibitors that selectively target a single kinase’s catalytic 

ATP-binding domain. Over the past two decades, however, several druggable residues, 

unique to a handful of human kinases have been exploited with potent inhibitors that 

show ‘lock-and-key’ complementarity with the target kinase [3]. These druggable 

residues rarely occur naturally in model organisms, such as budding yeast, which allows 

for the design and construction of orthogonal systems of inhibition that may prove useful 

for elucidating kinase function.  

Of the more than 500 human kinases, cyclin-dependent kinases (CDKs) have 

received renewed attention as a chemotherapeutic target because of the success of an 

anti-cancer therapeutic, THZ1, which selectively kills tumor cells through a novel 

covalent binding mechanism outside of the CDK7 ATP-binding pocket [4]. CDK7 along 

with CDK8, CDK9, and CDK12/13 have key roles in regulating RNA transcription [5] 

(Figure 5.1A). Phosphorylation of the carboxyl-terminal domain (CTD) of the largest 

subunit of RNA polymerase II (Pol II) by CDK7, CDK9, and CDK12/13 regulates the 

spatiotemporal recruitment of transcriptional machinery, RNA processing factors, and 

chromatin modifying factors. Because all of these CDKs are required for normal cellular 

function and show high levels of sequence and structural similarities, it is not readily 

apparent how THZ1 can selectively inhibit cancerous cell growth without harming 

healthy cells. 
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In this Chapter, I discuss how targeted covalent inhibition of Kin28/CDK7 in yeast 

can help explain the anti-cancer properties of the recently characterized CDK7 inhibitor 

THZ1 [4]. 

 

5.2 Pause: Licensing for Elongation 

To address the challenges of non-specific kinase inhibition, we recently applied a 

structure-guided approach to target a specific kinase for covalent inhibition in vivo by 

exploiting the high conservation of kinase active sites [6, 7]. Specifically, the ATP-

binding pocket of Kin28/CDK7 was rationally repurposed by introducing two obligate 

mutations which do not occur in the yeast kinome in order to accept a covalent inhibitor. 

Our rationally engineered inhibition strategy provided confidence of the specificity of the 

inhibitor for its target, thus allowing us to directly link its effect to the function of 

Kin28/CDK7 (Figure 5.1B).  

Covalent inhibition of Kin28 caused a Pol II buildup at the +2 nucleosome and a 

progressive depletion of Pol II occupancy downstream (Figure 5.1C). This Pol II 

redistribution is reminiscent of the promoter-proximal Pol II pausing seen in metazoans 

in which NELF restricts Pol II transition to elongation until phosphorylated by P-TEFb 

(Bur1/CDK9). Importantly, Ser2 phosphorylation of RNA Pol II CTD, which is required for 

elongation and termination of transcription, persists even after Kin28 is covalently 

inhibited, albeit at generally lower levels (Figure 5.2B). Our findings underscore the role 

of Kin28/CDK7 in directly promoting the initiation–elongation transition by overcoming a 

potential nucleosome roadblock and in the absence of NELF. These observations may 

also help clarify why the canonical Pol II pause is normally absent in yeast and only 

emerges upon complete inhibition of Kin28/CDK7.  
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Figure 5.1 Findings from Kin28 Inhibition Studies in Yeast 
 
(A) Diagram of CTD phosphorylation events and related kinases during the transcription 
cycle. (B) Schematic of chemical-genetic inhibition of Kin28 with CMK. (C) Inhibition of 
Kin28 is not essential for promoter escape, but defects in RNA synthesis and (D) entry 
into the elongation phase of transcription occur. 
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5.3 Effects of Kin28/CDK7 Inhibition Are Gradated and Cell-type Specific 

Interestingly, inhibiting Kin28 did not have an equal impact on transcription 

genome-wide. Rather, though Pol II occupancy was dramatically reduced after the post-

initiation pause at most genes, it was relatively unchanged at others (Figure 5.1C). 

Newly synthesized RNA levels were depleted genome-wide after inhibition of Kin28, 

although steady-state levels varied by transcript [7]. This spectrum of effect is 

reminiscent of the recent observation that transcription of oncogenes seems particularly 

sensitive to CDK7 inhibition by THZ1 [8]. 

THZ1, which has recently entered pre-clinical trials [9], can selectively dampen 

transcription of oncogenes that promote small cell lung cancer [10] and triple-negative 

breast cancer [11], both of which are notorious for their aggressive progression and lack 

of effective treatments. Unlike flavopiridol ,the first clinically approved broad spectrum 

CDK inhibitor  with varying affinity to CDKs 1, 2, 4, 6, 7, 8, 9, 12, and 13 [12, 13], THZ1 

has remarkable affinity for only CDK7 (3 nM) and modest affinity for CDK12/13 [4]. Akin 

to our finding that inhibition of Kin28/CDK7 impacts Pol II to varying degrees, THZ1 

stops the growth of only those cancerous cells that are “addicted to” or highly reliant on 

high levels of transcription of certain oncogenes such as MYC/MYCN [8]. The 

transcription factor MYC/MYCN globally amplifies transcription and is itself highly 

expressed in several tumor types [14]. Although some low level of Pol II may properly 

complete transcription without functional Kin28/CDK7, oncogenes may be especially 

dependent on efficient transcription or high levels of CTD kinase activity for maintenance 

of a cancerous cell state.  
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Figure 5.2 THZ1 May Exert Its Effects by Inhibiting Kinases Other Than CDK7 

(A) Schematic of THZ1 and THZ531 molecules. (B) Summary of CTD phosphorylation 
changes, determined by western blotting in CMK- versus THZ1-inhibited cells. (C) 
Diagram illustrating that THZ1 may target multiple CDKs. 
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5.4 THZ1 May Exert Its Effects by Inhibiting Kinases Other Than CDK7 

Though THZ1 treatment also elicited the anti-proliferative effects observed in our 

Kin28/CDK7 inhibition studies, we noted some key differences in phosphorylation and 

genomic occupancy of Pol II. THZ1, as well as its close analog THZ2 [11], are thought to 

work by covalently binding to a C-terminal Cys residue (Cys312) that is external the 

ATP-binding pocket of CDK7 (Figure 5.2A). Though the structure of the C-terminal 

region, including Cys312, of CDK7 has not yet been solved, docking models predict that 

the Cys312-THZ1 moiety occludes the ATP-binding pocket. CDKs 8, 12, 13, and 19 

have a C-terminal Cys within four residues of where C312 would occur in peptide 

sequence alignment. THZ1 binds to CDK7 with 100-fold greater affinity than to the other 

CDKs in vitro (3 nM compared to 300 nM), but can nonetheless affinity enrich other 

CDKs to varying degrees. Intriguingly, mass spectrometry of co-bound THZ1-biotin 

proteins reveals enrichment for several other kinases, though of the CDKs, only CDK7 is 

highly ranked [4]. Further, binding studies of THZ1 with a panel of kinases shows 10 

other kinases (TBK1, MAP3K11, MERTK, TYK2, CDK5, CDK2, INSR, CDK1, IFG1R, 

and MAPK8) with nanomolar binding affinities to THZ1, though none showed indication 

of covalent binding.  

Furthermore, unlike the Pol II pause we observe after inhibiting Kin28/CDK7 

inhibitor, THZ1 treatment caused a reduction in Pol II occupancy throughout all stages of 

transcription. Likewise, THZ1 caused a marked reduction in Ser2, Ser5, and Ser7 

phosphorylation levels (inhibition of Kin28 affected mainly Ser5 phosphorylation), which 

suggests that THZ1 may also impact the activity of other CTD kinases (Figure 5.2B). In 

an elegant experiment, Kwiatkowski et al. substituted the reactive cysteine in CDK7 

(Cys312Ser), and observed rescue of Ser5 and 7 phosphorylation, but only partial 

rescue of Ser2 phosphorylation when treated with THZ1. These data indicate that THZ1 

may derive its anti-cancer effects by acting combinatorically on CDK7 as well as other 
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CTD kinases, particularly those that promote other stages of transcription such as the 

Ser2 kinases CDK9, CDK12, and CDK13 (Figure 5.2C). In fact, the THZ-scaffold was 

recently adapted to inhibit CDK12 and CDK13 [15] (Figure 5.2A, right). 

 

5.5 Conclusion 

THZ1 and other drugs that aim to target the general transcriptional machinery are 

an exciting and promising line of therapeutics. The mode of action by which these drugs 

can selectively kill certain tumor cells and leave healthy cells relatively unharmed may 

be better understood by testing the hypothesized mechanisms of action in budding yeast 

with chemical genetic inhibition of rationally designed kinase mutants. The cysteine 

targeted by the THZ-scaffold lies in a C-terminal region that is not found in Kin28. It 

would be interesting to introduce this region and test whether it sensitizes Kin28 to THZ1 

in yeast. Also, as we have proposed here, combination therapy which targets multiple 

CTD kinases may provide the synergistic effects needed for anti-cancer activity and 

should not be overlooked in the design and development of new and effective 

therapeutics. 
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Appendix I: Function of RNA Polymerase II CTD Methylation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Asuka Eguchi cultured cells and performed immunohistochemistry. John D. Leonard 

performed dot blotting. All other experiments presented in this Appendix were performed 

by SCT.  
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I.1 Introduction 

The C-terminal domain of the catalytic subunit of RNA Polymerase II (Pol II CTD) 

is highly repetitive, consisting of the amino acids ‘Y1-S2-P3-T4-S5-P6-S7’ repeated in 

tandem 26 times in yeast and, with slight variation in distal repeats, 52 times in human 

(Figure I.1A). The CTD is extensively, reversibly phosphorylated, and the 

phosphorylation state of the CTD is critical for gene transcription through interaction of 

phosphorylated S2 and S5 residues (S2p and S5p) with histone chaperones, 

methyltransferases, and a vast array of co-transcriptional RNA processing complexes [1-

3]. Recent developments reveal that multiple enzymes can act on the CTD substrate in a 

gene- or environment-specific manner [4]. Furthermore, a vertebrate-specific CTD code 

is becoming apparent. It has been hypothesized that the expansion of the CTD co-

evolved with gene duplication and evolution of chordate-specific proteins [5-8]. For 

example, T4 is dispensable in yeast, but essential in chicken DT-40 cells and human 

and mouse cells [9]. Phosphorylation of Y1 (Y1p) prevents antisense transcription at 

promoters and is essential for the function of certain enhancers, which is also a 

phenomenon specific to mammalian cells and not observed in yeast [10, 11]. The 

differences in the function of CTD modification between mammalian species and yeast 

may result from the set of transcriptional machinery present in higher-order eukaryotes 

but absent in yeast. For example, the phosphorylation of S7 recruits Integrator, a small 

non-coding RNA processing complex, which is expressed in mammals but without an 

ortholog in yeast [12, 13].  

In addition to differences in usage of the canonical CTD, mammals contain 

additional repeats of non-consensus CTD, which differ predominately at the 7th position 

of the heptad. Evidence that these non-consensus CTD residues and their modifications 

are functionally significant is beginning to accumulate. The asymmetric dimethylation of 

a non-consensus CTD arginine (S7R) by CARM1/PRMT4 in HeLa cells and mouse 
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embryonic fibroblasts was found to regulate the expression of a subset of snRNA and 

snoRNA expression [14]. The most frequent variation of the consensus sequence of the 

CTD is S7K, with eight repeats punctuated by K7 rather than S7. The ubiquitinylation of 

K7 by Wwp2 was found to promote the degradation of Pol II [15]. And more recently, 

Voss et al. detected the acetylation, and mono-, di-, and tri-methylation of the CTD from 

Raji cells by mass spectrometry [16]. In an independent study, acetylation of K7 (K7ac) 

by p300 and ChIP-Seq of K7ac was also reported, and was found to pause Pol II at 

growth-factor response genes in mouse ESCs [17]. Interestingly, mass spectrometry 

experiments indicate modification of CTD lysines is always detected on phosphorylated 

peptides with phosphorylation of other CTD residues in the same or adjacent heptads 

[16], but phosphorylation of adjacent S2 and S5 residues was found to inhibit the 

process of acetylation of K7 (and vice versa—pre-acetylated CTD substrates are 

phosphorylated less efficiently at S2 and S5) [17]. 

Here we utilized the monoclonal antibody ‘1F5’, generated and characterized in 

[16], to elucidate the function of CTD methylation in the regulation of gene expression in 

human embryonic stem cells (hESCs). We found that chromatin-associated Pol II was 

constitutively methylated, and, consistent with previous data [16], that detection of K7me 

diminished as Pol II departed from the transcription start site (TSS) of highly transcribed 

genes as a result of epitope masking by hyper-phosphorylation with S5p. In contrast, we 

found extensive co-enrichment of Y1p with K7me. A comparison of K7ac and K7me 

ChIP peaks suggest a sequential modification of K7 residues that may serve to prime 

the CTD for subsequent phosphorylation. Finally, through comprehensive ChIP-Seq 

correlation analysis, we suggest proteins that may potentially interact with the 

methylated CTD of Pol II.  
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Figure I.1 Antibody 1F5 Recognizes Mono- and Di-Methylated Lysines on the CTD 
 
(A) Crystal structure of Pol II (PDB# 1Y1W) showing the sequence of yeast and 
chordate CTD, adjacent. Deviations from consensus are highlighted in orange, and 
chordate heptads which contain the S7K polymorphism are highlighted in red. (B) Dot 
blot of synthetic CTD peptides and yeast whole cell extract (WCE) showing the 1F5 
antibody binds strongly to di-methylated K7 (K7me2), but not mono- or tri-methylated K7 
(K7me, K7me3). An antibody, which detects S7p, serves as a positive control for yeast 
Rpb1, which does not stain positive for K7me because yeast lacks non-consensus 
heptads containing K7 residues. (C) Immunocytochemistry of hESCs with antibodies, 
which recognize Pol II irrespective of phosphorylation state (Pol II), methylation of K7 
(K7me), phosphorylated Y1 CTD (Y1p), and phosphorylated S5 CTD (S5p). Merged 
images with DAPI nuclear stain showing methylated CTD detected predominantly in the 
cytoplasm, which contrasts with the more nuclear Y1p and S5p modifications.  
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I.2 The CTD of Pol II Is Methylated in Human Embryonic Stem Cells 

We chose to explore the methylation of Pol II in hESCs (H1 cell line) because the 

non-consensus CTD repeats, particularly the K7 residues, function in regulating the 

expression of growth and development genes [17-19]. Dot blot assays confirmed the 

1F5 antibody primarily recognizes CTD peptides containing di-methylated lysines 

(Figure I.1B). It did not detect yeast whole cell extract, which does not contain Pol II with 

lysine in its CTD, or mono- and tri-methylated CTD. Voss et al. demonstrate 1F5 can 

also bind to mono-methylated CTD, but with less affinity (~1/10) than to di-methylated 

CTD, which is consistent with the results of our immunoblotting experiments [16]. Also 

consistent with previous observations [16], K7me was predominantly detected in the 

cytoplasm by immunofluorescence staining, though methylated Pol II decorated both 

nuclear and cytoplasmic Pol II in hESCs (Figure I.1C).  

 

I.3 K7me Is Detected at the 5’ End of Genes before Transcription Elongation 

Next, we performed ChIP-Seq with the K7me-specific antibody to identify binding 

sites of methylated Pol II genome-wide in hESCs. Again, we chose to study K7me in 

hESCs because the functional significance of non-consensus CTD repeats has been 

associated with early development and growth, and has not yet been characterized in 

human pluripotent cells [14, 17, 18]. Further, H1 cells are classified by ENCODE 

Consortium as a Tier 1 cell line, which is a group designation reserved for widely used 

cell types that have an abundance of pre-existing datasets [20]. Previous ChIP-Seq 

experiments of K7me were conducted in Raji cells [16], for which substantially less data 

has been generated as compared to H1 cells. In Raji cells, K7me was mostly associated 

with the 5’ end of genes because subsequent S5p past the TSS masked the ability for 

the antibody to detect K7me. Y1p of the CTD was shown to also peak at the 5’ end of 

genes in Raji and chicken DT-40 cells [10, 11]. As such, we also performed ChIP-Seq of   
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Table I.1 Summary of ChIP-Seq Alignment Statistics 
 

Sample Antibody Replicate Total Reads 
(106) 

Overall 
Alignment (%) 

Pol II N-20 1 40.8 98.98 
2 48.6 99.06 

K7me 1F5 1 46.2 97.71 
2 49.8 97.86 

Y1p 3D12 1 30.5 96.47 
2 34.5 98.29 

S5p 3E8 1 44.8 95.56 
2 52.5 95.81 

Input N/A 1 55.2 98.47 
2 64.1 98.23 
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Pol II irrespective of phosphorylation state (antibody N-20) and Pol II phosphorylated at 

Y1 and S5 (antibodies 3D12 and 3E8, respectively). This allowed us to compare co-

occurrence of methylation with phosphorylation of CTD residues in hESCs. Table I.1 

summarizes the ChIP-Seq experiments performed in this study and genome alignment 

statistics. 

Overall, the enrichment of ChIP-Seq reads across the genome correlated 

strongly (Pearson correlation coefficient R > 0.7) between Pol II, K7me, Y1p, and S5p 

ChIPs (Figure I.2). As expected, K7me and Y1p occurred near TSSs, whereas S5p 

persisted into the gene body with transcribing Pol II (Figure I.3 and I.4). Y1p and 

K7meChIP-Seq profiles were essentially the same, with Y1p and K7me ChIP signal 

derived from the same biological replicate correlating more strongly than replicate ChIPs 

from different replicates (R = 0.93 versus 0.89 for Y1p ChIP, Figure I.2). This suggests 

that Y1p does not interfere with the 1F5 antibody’s ability to detect K7me, and that CTD 

containing phosphorylated Y1 may in fact be simultaneously methylated. Indeed, the co-

occurrence of Y1p on the same and adjacent CTD repeats as methylated K7 residues is 

also observed by mass spectrometry [16]. 

K-means clustering of input-normalized K7me ChIP signal centered over the 

TSSs of protein-coding and non-coding genes (n=55,671, hg19) resulted in distinct 

profiles of K7me enrichment, ranging from high (Cluster 1-3) to low (Cluster 4-6) 

abundance of detectable CTD methylation, which was indicative of gene expression 

levels (further discussion of this point below) (Figure I.4A). Pol II ChIP profiles 

overlapped K7me profiles at the 5’ end of genes, which suggests Pol II is methylated at 

K7 early in transcription or that Pol II is methylated before binding to chromatin. The low-

signal Clusters 4, 5, and 6 appear depleted of Pol II, and thus also K7me, which is 

detected at all Pol II-bound genes (Figure I.4B and Figure I.5B). Genes in the high-

signal Clusters 1, 2, and 3 did not differ significantly in length between clusters (Figure   



 186 

 
 
 
 
 

 
 

 
Figure I.2 ChIP-Seq Results Are Comparable between Biological Replicates 
 
Heat map showing Pearson correlation coefficients between ChIP-Seq reads across the 
genome. Biological replicates (Rep. 1 and 2) cluster together by hierarchical clustering. 
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Figure I.3 K7me ChIP Profiles at Example Genes 
 
Example input-normalized ChIP-Seq reads for Pol II and Pol II modifications at indicated 
gene in navy. ChromHMM state is color-coded as in Figure I.6B. The transcription start 
site (TSS) is indicated by the black dashed line, and the scale is annotated below by the 
black bar.   
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Figure I.4 Genome-wide Profile of K7me, Pol II, Y1p, and S5p in hESCs 
 
(A) Heat map of K7me ChIP-Seq signal generated by k-means clustering of K7me ChIP-
Seq signal centered around the transcription start site (TSS), flanked by 1.5 and 3.0 kbp 
before and after the TSS, respectively; heat map of RNA expression, adjacent. (C) 
Metagene profiles of K7me, Pol II, Y1p, and S5p ChIP-Seq signal in indicated clusters.  
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I.5A). However, the width of the K7me peaks differed in broadness over the TSS 

between genes in each cluster, despite having similar peak intensities. Though it has 

been demonstrated that K7me epitopes are masked by subsequent hyper-

phosphorylation of the CTD (i.e. S5p) [16], methylated CTD remained detectable over 

~1.5 kbp into the gene body for Cluster 1 genes. Decreasing K7me signal may also be 

explained by de-methylation after transcription initiation, followed by acetylation or 

further methylation. Potentially, K7me may also be encapsulated by CTD binding 

proteins, which would also result in diminished ChIP signal. 

Despite the differences in K7me peak width between clusters, Cluster 1, 2, and 3 

were composed of similar types of genes (Figure I.6A) with similar chromatin states 

(Figure I.6B). Interestingly, we did not observe enrichment of K7me or Pol II at 

Polycomb-repressed regions (Figure I.7) but could readily detect K7me at bivalent or 

poised chromatin states. The enrichment of K7me at enhancer and insulator elements is 

consistent with the previously described binding of Pol II at these important cis-

regulatory regions. 

 

I.4 Methylation of Pol II Does Not Correlate Linearly with Gene Expression Levels 

Next, we asked whether intensity of K7me, which more or less mimicked Pol II 

levels, correlated with gene expression levels. Pol II may be bound to genes but may not 

be actively transcribing, as is the case with promoter-proximal paused and poised Pol II 

[21, 22]. To answer this question, we compared K7me ChIP-Seq enrichment to RNA-

Seq reads collected from hESCs [23]. Plotting the best-fit line between maximum K7me 

signal (in an interval centered around the gene flanked by 3000 bp) and FPKM per gene 

revealed only a weak positive correlation (R2=0.146). Genes bound by greater levels of 

methylated Pol II—though on average—were not necessarily more expressed (Figure 

I.6C).  
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Figure I.5 K7me Enriched Clusters Are Also Enriched for Pol II, Y1p, and S5p 
 
(A) Boxplot showing length of genes in each cluster is not significantly (n.s.) in clusters 
with K7me signal. (B) Heat maps and metagene plots for Pol II, S5p, and Y1p ChIP-Seq 
in clusters defined by K7me in Figure 2.   



 191 

 
 
 
 
 

 
 
Figure I.6 Analysis of Gene Expression and Chromatin State of K7me-bound 
Regions 
 
(A) Bar graph showing distribution of gene biotypes for each cluster as defined by 
ENSEMBL. (B) Bar graph showing distribution of chromatin states for each cluster as in 
ChromHMM defined by the Broad Institute. (C) Boxplot showing distribution of RNA 
expression (Log2FPKM) of genes in each cluster, outlier points not plotted.  
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Figure I.7 K7me ChIP-Seq Signal Centered Over ChromHMM Features 
 
Heat maps and metagene plots for K7me ChIP-Seq signal centered over the different 
ChromHMM features defined in Figure I.6, shown here as a gray rectangle compressed 
into 100 bins depicted in total as 1 kbp. The signal in the 3 kbp flanking regions is 
absolute, i.e. not binned.  
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To determine what dictated gene expression levels despite being bound by 

similar levels of Pol II, we compared the levels of Pol II, K7me, Y1p, and S5p in highly 

expressed (above median FPKM) and lowly expressed (below median FPKM) genes 

from K7me-enriched clusters, i.e. Clusters 1, 2, and 3. The enrichment of K7me and Y1p 

was slightly less between highly and lowly expressed genes over the TSS (Figure I.8). 

However, although Pol II and S5p signal also appeared slightly less at the TSS, Pol II 

and S5p were considerably more enriched in the gene body of highly expressed genes 

compared to lowly expressed genes. Thus, when the ChIP signals for Pol II 

modifications were normalized to the amount of Pol II signal, we observed that genes 

with high expression rapidly lost K7me ChIP signal after the TSS (Figure I.9A). This 

trend was also observed for Y1p, and was opposite for S5p (i.e. increased relative S5p 

levels corresponded to highly expressed genes). When compared to relative Pol II 

levels, it was apparent that K7me peaks over the TSS, which is relatively depleted of 

S5p. This phenomenon is consistent with the idea that K7me epitopes are masked by 

hyper-phosphorylation of the CTD with S5p. Phosphorylation of S5 occurred later in the 

gene body for Cluster 1, which is consistent with detection of K7me and Y1p further past 

the TSS for genes in Cluster 1. It has been shown previously that the antibody for Y1p 

(3D12) also does not efficiently detect Y1p that is adjacent to phosphorylated T4, S5, 

and S7 residues [24]. Taken together, Pol II may be constitutively methylated, but 

detection of K7me ChIP diminishes because of epitope masking by other CTD 

modifications. However, this does not exclude the possibility that K7me is also removed, 

bound, further methylated, or exchanged for another modification after Pol II departs 

from the TSS. 

To clarify if Y1p and K7me are actually confined to non-elongating Pol II, we 

examined the transcription state of the promoters in the high and low expression groups 

of genes as defined by the methylation state of histone lysines at their promoters,   



 194 

 
 
 
 
 
 

 
 
Figure I.8 ChIP-Seq Average Profiles at the TSS by Expression Level 
 
Metagene profiles of input-normalized ChIP-Seq reads centered around the transcripton 
start site (TSS )of high (greater than median FPKM, solid line) or low (less than median 
FPKM, dashed line) expression genes from Clusters 1-3, median = 0.5405 FPKM.  
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Figure I.9 Methylation of the CTD Is Enriched at the TSS before Hyper-
phosphorylation of S5p 
 
(A) Metagene profiles of input-normalized or Pol II-normalized ChIP-Seq reads centered 
around the transcription start site (TSS) of high (greater than median FPKM, solid line) 
or low (less than median FPKM, dashed line) expression genes from Clusters 1-3, 
median = 0.5405 FPKM. (B) Bar graph showing fraction of high and low expression 
genes in transcription states defined by histone H3 lysine methylation at the promoter. 
‘Neither’ designation has neither H3K4me3 nor H3K27me3 enriched at the gene 
promoter. ‘Bivalent’ designation has both marks. (C) Examples of Pol II-normalized 
K7me ChIP-Seq reads at active, poised, and inactive genes indicated in navy. 
ChromHMM states are color-coded as in Figure 3B. The TSS is indicated by the black 
dashed line, and the scale is annotated below by the black bar.  
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previously annotated in H1 cells [25] (Figure I.9B). Genes from the low expression 

group, i.e. genes with broad K7me and Y1p peak past the TSS, were marked by 

comparably more poised (H3K4me3 and H3K27me3) and inactive or repressed 

(H3K27me3) promoters than genes from the high expression group. Genes from the 

high expression group, i.e. genes with K7me and Y1p peaks confined to the TSS, were 

associated with more active chromatin (H3K4me3). K7me is relatively enriched on genes 

containing inactive and poised Pol II, but depleted after the TSS on actively transcribed 

genes (Figure I.9C). These results suggest K7me and Y1p may mark non-elongating 

Pol II. Whether this is an inadvertent consequence of epitope masking, an actual 

representation of removal or replacement of Y1p and K7me modifications, or a 

combination of both, remains to be tested. 

 

I.5 Methylation and Acetylation of the Same K7 Residue May Occur Sequentially 

Recently, it was shown by mass spectrometry that methylated repeats were also 

acetylated on the same K7 residue, which suggests de-methylation/acetylation and 

methylation/de-acetylation events occur in vivo [16]. Additionally, di- and tri-heptads 

were simultaneously methylated and acetylated on adjacent repeats. To elucidate the 

interplay between K7me to K7ac, we compared the K7me data described here from 

hESCs to previously published K7ac ChIP-Seq data from mouse ESCs [17]. We 

compiled a list of homologous mouse genes by identifying mouse genes with over 10% 

sequence homology to human genes using UCSC’s liftOver program [26]; 11,319 human 

genes were matched to 14,946 mouse genes. Like K7me, K7ac is enriched at the 5’ end 

of genes. Interestingly, K7ac levels at the TSS did not correlate linearly with K7me levels 

(Figure I.10A); acetylation of Pol II at genes with low K7me signal was also observed 

(Figure I.11). Furthermore, the differences in peak broadness observed for K7me 

between Clusters 1-3 was not as apparent for K7ac. Whereas K7me peaked over the   
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Figure I.10 Methylation and Acetylation of Pol II Lysines May Be Sequential 
 
(A) Metagene profiles showing K7ac versus K7me after and over the transcription starte 
site (TSS), respectively. Clusters are as defined previously in Figure I.4. (B) Metagene 
profiles of Pol II-normalized ChIP-Seq reads centered around the TSS of high (greater 
than median FPKM, solid line) or low (less than median FPKM, dashed line) expression 
genes from Clusters 1-3, median = 0.5405 FPKM. (C) K7me and K7ac ChIP profiles 
centered over the TSS, flanked by 1.5 and 3.0 kbp, of non-paused (EIF4E, and adjacent 
SENP3) and paused (FOS) genes, as indicated. The human and mouse gene diagrams 
are shown above the profiles for K7me and K7ac ChIP, respectively. (D) Boxplot 
showing the distribution of fold-changes in differentially expressed genes in K7R mouse 
embryonic fibroblasts (MEFs) by the clusters defined by K7me. Green highlights 
decreased gene expression in K7R MEFs relative to wild-type, and red highlights 
increased gene expression in K7R MEFs relative to wild-type.  
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Figure I.11 A Comparison of K7ac and K7me 
 
Heat maps and metagene plots for K7ac and K7me in genes conserved in mouse and 
human embryonic stem cells showing ChIP-Seq signal separated by the clusters defined 
in Figure I.4.  
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TSS, K7ac peaked immediately before and even more after the TSS, i.e. K7ac was 

slightly depleted over the TSS. This is consistent with the replacement of methylation 

with acetylation after Pol II begins transcription. 

The sequential enrichment for K7me and then K7ac was more apparent when 

ChIP signal was normalized to Pol II ChIP (Figure I.10B). K7ac diminishes slightly 

further into the gene body for genes in Cluster 1, and especially for lowly expressed 

genes in all three K7me-associated clusters as was observed in Figure I.9 for K7me and 

Y1p. Previously, K7ac was shown to be required for promoter-proximal pausing at 

growth-factor-induced genes (e.g. FOS), and replacement of K7 residues with arginine 

(K7R) resulted in severely decreased induction of gene expression of these genes but 

not housekeeping genes (e.g. EIF4A1) [17]. The authors noted K7ac peaks were 

narrowly restricted to the pause region around the TSS for paused genes, whereas K7ac 

peaks were shifted into the gene body for non-paused genes, and ascribed the 

phenomenon to increased dwell time of promoter-proximal Pol II at paused genes. In our 

analysis, we also observed K7ac peaks further into the gene body for highly expressed 

genes such as EIF4A1, and K7ac peaks abut the TSS for paused genes such as FOS 

(Figure I.10C). However, we find this is a general phenomenon for highly expressed 

versus lowly expressed genes, and may not be specific to growth-factor-induced genes 

(Figure I.10B).  

Next, we compared our data to the previously published RNA-array data from 

mouse embryonic fibroblasts containing mutated K7R-CTD in place of wild-type CTD 

[19]. In this study, the authors found that the 1882 genes that were differentially 

expressed (false discovery rate of 5%) were enriched for gene ontology terms “cell 

adhesion”, “vasculature development”, and “blood vessel development.” Of these 

differentially expressed genes, 1091 were annotated in the homologous mouse gene list 

described here. Interestingly, clusters enriched for K7me (i.e. Clusters 1-3) included a 
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greater proportion of these dis-regulated genes than clusters not enriched for K7me (i.e. 

Clusters 4-6) (p < 0.0001; Table I.2). This suggests methylation of K7 may be especially 

important for the proper expression of growth and development genes. However, plotting 

the distribution of fold-change in expression of the most affected genes in wild-type 

versus K7R cells (multiple-test adjusted p < 0.05 and |fold-change| > 2, n=250) by K7me 

clusters, showed only modest differences in distribution between clusters (Figure I.10D). 

Cluster 1 genes contained the most greatly impacted genes by fold-change by the loss 

of K7. In summary, the change in transcriptional program incurred by the mutation in 

mouse fibroblasts, particularly in the clusters associated with higher K7me modification, 

suggests modification of K7 is important for regulating transcription and that this form of 

regulation is conserved in mouse and human cells.     

 

I.6 K7me Co-localizes with Known Chromatin Modifiers and Binding Proteins 

Finally, to identify proteins that can potentially interact with methylated CTD, we 

calculated the Pearson correlation coefficient between our ChIP datasets and several 

chromatin marks and modifiers (Figure I.12) and transcription factors (Figure I.13) 

deposited in the ENCODE Project database for hESCs [20]. Though co-localization is 

not definitive evidence of association, it may narrow the list of candidate proteins to 

investigate. As expected, K7me was enriched on chromatin that was similarly enriched 

by H3K4me2/3 (R = 0.54/0.59), which are chromatin marks associated with poised and 

active genes [27, 28]. Similarly, ChIP of RBBP5, a core component of the H3K4 

methyltransferase complex was also correlated with K7me (R = 0.47). Notably, the 

histone methylation peaks are bifurcated, unlike those for K7me, which confirms the 

specificity of the 1F5 antibody for methylated CTD and not histones (Figure I.14). 

Interestingly, ChIP of PHF8, a lysine demethylase known to physically associate 

with the CTD [29] also showed moderate correlation with K7me ChIP (R = 0.48). PHF8   
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Table I.2 Chi-square Goodness of Fit Test 
 
Contigency table and results of chi-square “goodness of fit” test showing an unequal 
number of genes between clusters defined by K7me ChIP signal are dis-regulated in 
mouse embryonic fibroblasts containing 8KR-CTD 
 

Cluster Genes Dis-
regulated in 8KR 

Expected 
Proportion 

Percentage 
Deviation 

Standardized 
Residuals 

1 209 2206/14946 +29.79% +3.78 
2 257 2902/14946 +21.32% +3.10 
3 279 3440/14946 +11.11% +1.76 
4 103 2029/14946 -30.46% -3.71 
5 104 2192/14946 -35.00% -4.43 
6 139 2177/14946 -12.53% -1.58 

 
Observed frequency = 1091 
Expected proportion = 1.0 
 
Chi-square = 62.86 
Degrees of freedom = 5 
P = < 0.0001 
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Figure I.12 Correlation of Methylated Pol II and Chromatin Modification 
 
Methylated Pol II co-localizes with known chromatin modifiers and binding proteins. Heat 
map showing the Pearson correlation coefficients of ChIP-Seq performed in this study 
(bold) versus the ChIP-Seq from the Bernstein Lab. Proteins with associated correlation 
coefficients between K7me ChIP-Seq greater than 0.4 are highlighted in pink.  
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Figure I.13 Correlation of Methylated Pol II and Transcription Factors 
 
Methylated Pol II co-localizes with known chromatin modifiers and binding proteins. Heat 
map showing the Pearson correlation coefficients of ChIP-Seq performed in this study 
(bold) versus the ChIP-Seq from the Meyers Lab. Proteins with associated correlation 
coefficients between K7me ChIP-Seq greater than 0.4 are highlighted in pink. 
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Figure I.14 ChIP-Seq of Correlated Factors 
 
Heat maps and metagene plots for ChIP-Seq signal of proteins identified as highly 
correlated in enrichment (Pearson correlation coefficient R > 0.45) to K7me, separated 
by the clusters defined in Figure I.4.  
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co-immunoprecipitates with the distal region of the CTD, and the phosphorylation state 

of the CTD does not affect the association. Mutations in PHF8 link the protein to X linked 

mental retardation and cleft lip/cleft palate [30]and aberrant expression of specific genes 

involved in neuronal differentiation [31]. ChIP of SAP30, SIN3A and MAX also correlate 

moderately well with K7me ChIP (R > 0.40). These are all constituents of the Rpd3 

histone de-acetylase complex, which is involved with transcriptional repression [32]. It 

remains to be tested whether PHF8 and the Rpd3 complex, actually “read” K7me on the 

CTD and co-activate or repress transcription in developmentally critical genes. 

 

I.7 Discussion 

The non-consensus CTD can be functionally replaced with consensus repeats 

without apparent consequence to cellular growth and propagation [33]. Paradoxically, 

the non-consensus CTD residues are completely conserved among all members of the 

vertebrate subphylum, which strongly suggests they serve an important function unique 

to the biology that has evolved with backbone-possessing animals. Rather than being 

essential for cellular viability during the senescent stages of cellular division, the non-

consensus CTD may regulate transcription of genes key to differentiation of pluripotent 

cells and early organismal development [19, 33, 34]. Here, we comprehensively 

characterized the genomic regions enriched for binding of the non-consensus CTD 

modification K7me in hESCs. We found the CTD of chromatin-bound Pol II to be 

constitutively methylated in hESCs at genes and gene regulatory regions, such as 

enhancers and insulators. The pervasive methylation of Pol II at K7 may prevent 

subsequent ubiquitinylation, which has been shown to result in the degradation of Pol II 

[15]. 

Likely, methylated K7 residues interact with transcription-regulatory proteins in 

conjunction with modification of adjacent or the same K7 residues. Though detection of 
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K7me diminishes in conjunction with hyper-phosphorylation with S5p, we found Y1p to 

co-occur with K7me. The mutation of K7 to arginine in mouse embryonic fibroblasts 

results in reduced response to epidermal growth factor mediated gene expression of 

developmentally important genes, which were shown to harbor paused Pol II acetylated 

at K7 immediately after the promoter region [17]. Intuitively, K7ac and K7me are 

mutually exclusive CTD modifications on the same K7 residue. As such, K7 

deacetylases and methyltransferases presumably act early during transcription to 

pattern Pol II K7 for active transcription. In this study, we show K7me is detectable at the 

TSS, peaking over the region relatively depleted of K7ac, in both active and poised 

genes. Methylation of K7 may prevent premature K7ac and stalling of Pol II at actively 

transcribed genes. 

Finally, the identity of the methyltransferases, demethylases, and methyl-lysine 

readers of K7me remain elusive. Transcriptional activator p300/CBP, which was found to 

acetylate K7 [17], may potentially interact with K7me through its PHD finger domain, 

which has yet to be assigned a function. Through our ChIP correlation analysis, we 

identified PHF8, a known CTD-binding protein and demethylase, as a potential K7me 

interactor. Additionally, we found binding of components of the Rpd3 repressive, de-

acetylase complex, to correlate with K7me. p300/CBP and Rpd3 complexes acetylate 

and de-acetylate histones, respectively, to finely regulate transcription throughout 

embryonic development [35]. The potential for K7-modifying enzymes to mirror histone-

modifying enzymes is an attractive model that is suggested by our analyses but remains 

to be tested. 
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I.8 Materials and Methods 

Cell Culture Conditions 

Human embryonic stem cells (line H1) were obtained from WiCell and cultured in 

E8 medium. E8 media was made with DMEM/F-12, HEPES (ThermoFisher), 64 μg/mL 

L-ascorbic acid 2-phosphate (Sigma), 14 ng/mL sodium selenite (Sigma), transferrin 

(Sigma), 20 μg/mL insulin (ThermoFisher), 100 ng/mL FGF2 (Peprotech), and 2 ng/mL 

TGF-β1 (Peprotech). Cells were maintained on Matrigel (BD Biosciences) and passaged 

with 0.5 mM EDTA into E8 media containing Y-27632 (Selleck). 

 

Immunocytochemistry and Dot Blotting 

All the rat monoclonal antibodies used in this study, except Pol II N-20 (Santa 

Cruz Biotechnology), were graciously provided by Dirk Eick. For immunocytochemistry 

experiments, cells were fixed with 4% formaldehyde for 10 min, permeabilized with 

0.25% Triton X-100 for 10 min, and blocked with 3% BSA in PBS for 30 min, all at room 

temperature. Primary antibodies were added to cells with the following dilutions in 1X 

PBS: Pol II 8WG16 (1:50), K7me 1F5 (1:5), Y1p 8G5 (1:20), and S5p 3E8 (1:200). Cells 

were incubated overnight at 4 °C with the primary antibody. Secondary AlexaFluor488-

conjugated antibody (Santa Cruz Biotechnology) was added at a dilution of 1:250 in 1X 

PBS for 1 hr at room temperature. Between all steps, cells were rinsed twice in 1X PBS. 

Before imaging on a Nikon ECLIPSE TE2000-U confocal microscope, 0.3 μM DAPI 

solution and a drop of VECTASHIELD mounting media (Vector Laboratories) was added 

to the cells. For immunoblotting experiments, we directly spotted CTD peptides (X 

company) onto nitrocellulose membranes (GE Healthcare) and processed it as 

described previously [36]. A 1:100 dilution of primary rat antibody and 1:12,500 dilution 

of secondary HRP-conjugated secondary (Santa Cruz Biotechnology) was used. 
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ChIP-Seq of Pol II and CTD Modifications 

H1 cells were fixed in 1.5% formaldehyde with gentle agitation for 15 min at room 

temperature. To quench the reaction, cells were incubated in 0.125 M glycine for 5 min. 

Cells were washed with cold PBS and pelleted via centrifugation. The pelleted cells were 

flash frozen and stored at -80 °C before lysis. Frozen cells were resuspended in ChIP 

Buffer 1 (10 mM HEPES, 10 mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100, pH 6.5) and 

1X Protease Inhibitor Cocktail (Roche) at a volume of 125 µL to 107 cells, spun at 4000 

rpm for 5 min at 4 ºC. Pelleted cells were resuspended in 125 µL of ChIP Buffer 2 (200 

mM NaCl, 10 mM HEPES, 1 mM EDTA, 0.5 mM EGTA, pH 6.5). Cells were pelleted 

again and lysed in 175 µL of Lysis Buffer (50 mM Tris-HCl, 10 mM EDTA, 0.5% Empigen 

BB, 1% SDS) per 107 cells. Cells were sonicated with a Misonix sonicator at 60% power 

for 32 min total pulse time, 10 sec ‘ON’ and 10 sec ‘OFF’. Spinning samples at 13,000 

rpm for 10 min retrieved sheared complexes in the supernatant. A small portion was 

collected for Input and the ChIP protocol was performed in parallel sans antibodies. For 

Pol II ChIP with N-20 antibody (Santa Cruz Biotechnology), 25 µL was used for 108 cells 

in 1750 µL volume. For Pol II modification ChIPs (i.e.K7me, Y1p, S5p), 50 µL of antibody 

sera was used for 108 cells. Samples were incubated overnight with rotation at 4 ºC. 

Each sample received 200 µL of pre-cleared magnetic Protein G Dynabeads (Life 

Technologies) and was incubated for 1 hour at 4 ºC. The beads and antibody-bound 

chromatin complexes were separated from the supernatant by using a magnetic tube 

rack. Beads were washed sequentially with Wash Buffer 1 (2 mM EDTA, 20 mM Tris-

HCl, 0.1% SDS, 1% Triton X-100, 150 mM NaCl), Wash Buffer 2 (Wash Buffer 1, except 

500 mM NaCl), and Wash Buffer 3 (1 mM EDTA, 10 mM Tris-HCl, 250 mM LiCl, 1% 

deoxycholate, 1% NP-40), and four times with Wash Buffer 4 (10 mM Tris-HCl, 1 mM 

EDTA). Washed beads were resuspended in 300 µL of Elution Buffer (1% SDS, 0.1 M 

NaHCO3), and samples were incubated in a 65 ºC water bath for six hours with 12 µL of 
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5 M NaCl added to reverse-crosslink DNA. DNA was purified with EconoSpin DNA 

purification columns (Epoch Life Science) and stored at 4 ºC until barcoding and 

sequencing on an IlluminaHighSeq 2000. 

 

Bioinformatics Analysis of ChIP-Seq and RNA-Seq Data 

Reads were mapped to the human genome (version hg19) with Bowtie 2 [37] 

using default settings after adapter and barcode sequences were trimmed with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Alignment files were 

converted to binary format with SAMtools [38], and normalized to Input or Pol II ChIP 

and converted to the bigwig format with deepTools using the bamCompare function [39]. 

Pearson correlation coefficients, heat maps, and metagene profiles were all calculated 

with deepTools’ bamCorrelate, computeMatrix (TSS reference point, 10 bp bins, flanked 

by 1.5 and 3.0 kbp), heatmapper, and profiler functions, respectively.  

Annotated gene lists for human were as described in [23], and a list of homologous 

mouse genes was generated by finding mouse genes with over 10% sequence 

homology to human genes using UCSC’s liftOver program [26] and mouse genome 

version mm9. Chromatin states in H1 were categorized based on the ChromHMM states 

described in [40]. K-means clustering was performed with Cluster 3.0 [41] and visualized 

with Java TreeView[42]. Correlation coefficients from Figure I.2, I.12, and I.13 were 

clustered and plotted with MATLAB’s (MathWorks, Inc.) clustergram function. ChIP-Seq 

signal at specific genes were visualized on the UCSC Genome Browser [43] and Broad 

Institute’s Integrative Genomics Viewer [44].  

See Table I.3 for information regarding datasets analyzed from previous 

publications. 
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Table I.3 Datasets from ENCODE Project [20] or Other Publications Analyzed in 
this Study 
 

Assay Laboratory GEO/SRA 
Accession 

Sample 

ChIP-Seq Bernstein [20] GSE29611 H1 hESC chromatin marks and 
modifiers 

ChIP-Seq Meyers [20] GSE32465 H1 hESC transcription factors 

ChIP-Seq Ott [17] SRX338012 mESC K7ac 

RNA-seq Belmonte [23] GSE54969 H1 hESC RNA expression 

RNA 
array 

Capra [19] GSE66088 NIH/3T3 expression profiling 
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