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ABSTRACT OF THE THESIS 
 
 
 

Using CRISPR/dCas9 to Dissect the Role of Ribosomal DNA in Cellular Growth and Aging in 
Saccharomyces cerevisiae 

 
 
 

by 
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Professor Nan Hao, Chair 
 
 
 

 Ribosomal DNA (rDNA) plays a major role in cellular growth and aging, but dissecting this 

role is challenging due to its highly repetitive nature. In this study, a genomically integrated 

CRISPR/deactivated Cas9 (dCas9) tool was developed to probe the role of various transcribed and 

non-transcribed regions of the rDNA on growth and aging in the budding yeast S. cerevisiae, a model 

organism for studying cell physiology in eukaryotes. From constructed cell growth curves, among 

the 6 targets tested, none of the cell strains with dCas9 targeting a non-transcribed region of rDNA 

had any effect on cell growth rate, as expected. Surprisingly, however, among the strains with dCas9 

targeting either one of the two genes of rDNA and their respective promoters, only the cell strain 
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with dCas9 targeting the 35S rRNA transcribed region, not its promoter, had a significant effect on 

cell growth, slowing its doubling time from 100 minutes per cell division to 140 minutes. This was 

further confirmed with a spotting assay, which showed that only this strain’s colonies grew visibly 

more slowly than other strains’. Fluorescence microscopy showed an anti-correlation in this slow-

growing strain between the abundance of dCas9-GFP localized in the nuclear region and the total 

abundance of a constitutively expressed reporter protein, Nhp6a-iRFP. These selective differences 

suggest the efficacy of this novel tool to probe the various regions of rDNA and may provide 

insight into the role of rDNA transcribed versus non-transcribed regions in cell growth and aging at 

the single-cell level. 
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INTRODUCTION 

 One of the distinguishing and most fascinating characteristics of life is its capacity to 

independently grow and reproduce. Understanding the mechanisms underlying this phenomenon 

has been a large focus in the field of biology, and using the budding yeast Saccharomyces cerevisiae as a 

model organism for eukaryotes like humans (1, 49-51), immense progress has been made in both 

discovering the key components and pathways responsible for cellular growth (2)—and, more 

recently, the aging process of an organism, where this capacity for growth is progressively lost (3). 

 

 A snapshot of rDNA 

 At the intersection of determining both cellular growth and aging is the ribosomal DNA 

(rDNA) locus. Located on the right arm of Chromosome XII in budding yeast and spatially 

localized in the nucleolus, the rDNA locus is typically 1-2 Mb long and comprises on average 100-

200 tandem repeat units, each of which is 9.1 kb in length (Fig. 1b) (4). Each repeat unit contains 

two distinct transcribed regions separated by non-transcribed spacer regions—NTS1 and NTS2. 

Interestingly, the two transcribed regions are expressed using different polymerase machinery. The 

longer transcribed region, 35S rRNA gene (6.9 kb), is expressed by RNA polymerase I (RNA Pol I) 

transcriptional machinery; the shorter transcribed region, the 5S rRNA gene (119 bp), is expressed 

by RNA polymerase III (RNA Pol III) transcriptional machinery. These two genes are divergently 

expressed: the polymerase for each initiate transcription within NTS2—also called intergenic spacer 

region 2 (IGS2)—and transcription for both terminate within NTS1 (IGS1). While the shorter 5S 

rRNA gene encodes only one of the four different rRNA transcripts for the final ribosome assembly 

(see next section), the much longer 35S rRNA gene encodes the other three different rRNA 
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Figure 1: Simplified schematic of the rDNA and its rRNA production pathways in budding yeast S. cerevisiae. (a) The 
ribosome assembly pathway. Only the major intermediates and products are shown (i.e. the primary transcript produced 
from transcription, and in the case of the rRNAs, the final form used in the ribosome). (b) The rDNA repeat unit. The 
rDNA locus comprises 100-200 (typically around 150) of these repeat units in tandem. The 6 targets within the rDNA 
unit chosen for this study are boxed in a 2nd, duplicated image of the rDNA repeat unit, below the 1st one. The bottom 
version has each of the 6 chosen targets in this study boxed. 
 
transcripts: 18S, 5.8S, and 25S rRNA transcripts. Though the rRNA transcripts are expressed from 

two different genes by different transcriptional machinery, it is believed that the two genes are 



	3	

expressed in roughly equimolar quantities (5) and can be expressed independently of each other (6, 

7). All four of these RNA transcripts are post-transcriptionally processed before being incorporated 

with the other 79 different ribosomal proteins (r-proteins), expressed from over 130 genes scattered 

elsewhere in the yeast genome, to form the mature ribosome complex used for protein translation in 

the cell (8). 

 The non-transcribed spacer regions, NTS1 and NTS2, contain key elements for the proper 

replication of the rDNA locus. Within each NTS2 is an autonomously replicating sequence (ARS), 

about one-fifth of which are activated for bi-directional DNA replication during S phase (9). The 

rDNA repeat units containing an active ARS also tend to be clustered as two to three adjacent units 

within the rDNA locus, with the clusters randomly distributed throughout the rDNA locus (10) and 

switching between active and inactive even within a cell cycle (11). The resulting replicons during 

DNA replication typically span up to five repeat units in length (12, 13). Within each NTS1 is a 

replication fork barrier (RFB) region that helps direct the DNA replication within the rDNA locus 

to overall proceed towards the centromere, not towards the telomere (see below, The non-transcribed 

regions of rDNA). 

 

 The transcribed regions of rDNA 

 As a whole, the rDNA locus is solely responsible for producing all four of the different 

rRNA in the cell, each of which are crucial for ribosome function and thus protein translation. Of 

the 100-200 copies of rDNA units, only about half are active at any given moment in the cell cycle 

(14). Each rDNA unit has been estimated to cycle between spending an average of 8 minutes in its 

inactive state and 5 minutes in its active state (11). While active, each unit produces an average of 

almost 200 total 35S rRNA transcripts, implicating an average RNA Pol I transcription re-initiation 

rate of under 2 seconds. This process of RNA Pol I transcription initiation requires the 14-subunit 
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complex bind to a core promoter sequence immediately upstream of the 35S gene (15). This 

association with the promoter is aided by a multitude of transcription factors and transcription 

factor complexes, which can be grouped into four main categories: (1) UAS-binding upstream 

activity factors (UAFs), (2) TATA-binding proteins (TBPs), (3) core factors (CFs), and (4) Rrn3. 

Once initiated, RNA Pol I transcription of the 35S rRNA gene proceeds at about 40-60 nucleotides 

per second (16). In a typical cell in exponential growth phase, the 35S rRNA gene in an active rDNA 

unit is not too packed with RNA Pol I transcribing the gene, carrying an average of 50 Pol I 

involved in transcription. Termination of RNA Pol I transcription involves a main terminating site 

about 100 bp downstream of the 35S rRNA gene, which terminates 90% of the transcription events, 

and a “fail-safe” terminating site about 250 bp downstream of the gene (15). 

 Besides also being regulated by the activation and inactivation of the rDNA units, the 5S 

rRNA gene is expressed by a different mechanism than 35S rRNA. Its polymerase RNA Pol III is 

also recruited by other transcription factors, but many of these factors bind at promoter sequences 

located within the 5S rRNA gene, by a mechanism categorized as class I transcription initiation by 

RNA Pol III (17, 18). Aside from the different mechanism of transcription initiation, the elongation 

is believed to proceed at a rate of just over 20 nucleotides per second (19). Termination of RNA Pol 

III transcription presumably involves the long T-stretch just downstream of the 5S rRNA gene (20-

22), though it has also been implicated that termination is facilitated by the transcriptional machinery 

of 35S rRNA running against the transcriptional machinery of the 5S rRNA gene. 

 The direct product of these transcription events for both 35S rRNA and 5S rRNA is not the 

mature rRNA, but rather pre-rRNA that must be processed and exported out of the nucleolus and 

into the cytoplasm to be assembled into the mature ribosome complex for protein translation (23). 

These post-transcriptional processing and modifying tend to happen co-transcriptionally, though 

they can also be done strictly after transcription (24, 25). For the 5S rRNA gene, its such short 
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length makes this capacity for co-transcriptional processing and modifying unlikely to make a major 

difference in its production rate of mature 5S rRNA; however, the co-transcriptional processing of 

35S rRNA may have a role in the production rate of mature 18S, 5.8S, and 25S rRNA. It is 

interesting to note that the pre-rRNA for 18S rRNA—the only rRNA used for the small ribosomal 

subunit in the final ribosome complex—tends to be cleaved from the parent 35S rRNA transcript 

before completion of the whole transcript in an exponentially growing cell (24). This pre-rRNA for 

18S rRNA, the 20S rRNA, is packaged with 43S ribosomal ribonucleoproteins (rRNPs) and 

exported out of the nucleolus and nucleus and into the cytoplasm, where it is further processed into 

the final 18S rRNA. From the remaining 5.8S and 25S rRNA regions from the original 35S rRNA 

transcript, now the 27SA2 rRNA, the processing pathway diverges into a major and minor pathway, 

both of which will produce the same mature 25S rRNA but will produce a shorter or longer version, 

respectively, of the final mature 5.8S rRNA. About 85-90% of the final 5.8S rRNA transcripts derive 

from the major pathway and does not contain a 6-nt sequence on the 5’-end of the 5.8S rRNA; this 

shorter mature form of 5.8S rRNA is called 5.8SS rRNA (8). About 10-15% of the final transcripts 

derive from the minor pathway and include the 6-nt sequence; this longer mature form is called 

5.8SL rRNA (8, 26-28). Both versions appear about equally functional in polyribosomes (8), and this 

heterogeneity is interestingly conserved among all studied eukaryotes. Besides processing, all the pre-

rRNA undergo extensive base modifications, particularly by small nucleolar ribonucleoproteins 

(snoRNPs), typically also co-transcriptionally (8, 24-25). In particular, box C/D snoRNPs catalyze 

2’-O-ribose methylation on the rRNA, and box H/ACA snoRNPs catalyze pseudouridylation on the 

rRNA. Based on the the cell’s demand for ribosomes (see below), these pre-ribosomes with their 

rRNA are predicted to be exported from the nucleus at an average rate of 25 units every minute 

(29). These maturing rRNA then associate with the various ribosomal proteins (r-proteins) and, after 

more processing, become the mature ribosome complex (8). 
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 These processes to produce mature rRNA must meet a large demand by the cell for its 

growth. In rapidly growing cells in exponential growth phase, it is estimated there is on the order of 

200,000 ribosomes in the cell (29). Given the typical doubling time for such a cell is 100 minutes, 

this implies the cell must produce an average of 2,000 ribosomes per minute in order to sustain this 

growth rate. This large demand for ribosomal components is especially evident in the output from 

the rDNA locus: 80% of the total RNA transcripts in these cells are rRNA, and about 60% of the 

total transcription in the cell is by RNA Pol I, whose sole known target is the 35S rRNA gene. 

 

 The non-transcribed regions of rDNA 

 Aside from its crucial role in ribosome synthesis, the rDNA locus has also been implicated 

as one of the most unstable regions of the entire genome (4, 31). Loss of stability in the genome has 

been strongly implicated as a “hallmark” of aging in all organisms (3). The key components involved 

in this progressive loss of stability in rDNA are becoming elucidated, and insight into the long-term 

dynamic processes underlying this mechanism are being discovered (31). The most well-studied 

contributors of rDNA to its own instability are localized to the non-transcribed regions of the 

rDNA repeat unit, NTS1 and NTS2 (Fig. 1b). 

 NTS2 contains an autonomously replicating sequence (ARS) and is the location of the origin 

of replication (ori) within the rDNA locus (32). From each ori in the rDNA, the region of DNA 

replication (replicon) has been measured to span up to 5 rDNA repeat units (12, 13). Combined 

with the observation that DNA replication is predominantly unidirectional in the rDNA locus, not 

bidirectional (see below), this is comparable to the replicon length expected from the fraction (one-

fifth) of ARS in the rDNA locus estimated to be active. Given the relatively high density of ARS in 

the rDNA locus (9), it is interesting how the cell coordinates the replication of rDNA with its crucial 
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transcription of rRNA, especially since both DNA replication and transcription involve exposing the 

DNA to stresses which may damage the DNA, accelerating the aging process of the cell (3).  

 NTS1 contains a replication fork barrier (RFB) region that recruits the protein Fob1, 

arresting the progression of a replication fork. Likely because of its proximity to the ARS on its 

centromere-proximal end (Fig. 1 and 2), RFB associated with Fob1 prevents the replication fork 

from progressing specifically towards the telomere, thus causing the DNA replication of rDNA to 

be overall unidirectional towards the centromere, and along the same direction as the transcription 

of the 35S rRNA gene (33). This induces a double-stranded break (DSB) in the DNA at the stalled 

replication fork, which is then repaired predominantly by homologous recombination. The specific 

homologous recombination pathway undertaken, however, may vary. All of the likely pathways 

involve the 5’ ends of both sides of the DSB being cut back, exposing a 3’ overhang on either side 

that is progressively coated with RPA, inhibiting self-annealing within the same single-strand. Given 

the highly repetitive nature of rDNA, one likely recombination pathway from here is recombination 

by single-strand annealing (SSA) (34), where the 5’ ends continue to be cut back until a sufficiently 

long homologous region between the 3’ overhangs facilitates their annealing together, providing 

each with a new template strand to restart DNA synthesis. The remaining non-homologous flaps are 

then cut away by nucleases, and the gap is repaired by DNA synthesis and ligation. This repair 

pathway results in the loss of at least 1 rDNA repeat unit, reducing the rDNA copy number in the 

genome. Another likely pathway after exposing the 3’ overhangs on either side is for either side to 

form a large loop of multiple rDNA units, bringing one of the units close to the damaged unit and 

serving as a template for recombination. This pathway produces an extrachromosomal rDNA circle 

(ERC), which more dramatically reduces the genomic rDNA copy number. Accumulation of ERCs 

have been implicated as a marker for aging (35). A third pathway involves a 3’ overhang simply 

annealing to the nearest complementary strand of its sister chromatid, after which it will either 
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undergo crossover or non-crossover based on where the endonucleases cut at the Holliday junction, 

and finish repair by DNA synthesis and ligation. 

Where the 3’ overhang finds the “nearest” complementary strand determines whether this 

pathway produces a change in the rDNA copy number. If the nearest complementary strand region 

is in fact the original complementary strand to this 3’ overhang before DNA replication had begun, 

then recombination with this region will result in no rDNA copy number change. This is typically 

the case, especially if cohesins are still associated at the cohesin-associated regions (CARs) nearby, 

between the ARS and RFB, holding the sister chromatids together before mitosis. However, the 

cohesins can be displaced, allowing for unequal sister chromatid recombination, which typically 

expands the rDNA copy number (36). A bidirectional RNA Pol II promoter region (E-pro, where E 

comes from “rDNA expansion region”) within NTS2 can promote transcription from E-pro to 

either direction, displacing cohesins in the process and thus facilitate unequal sister chromatid 

recombination. This RNA Pol II transcription is typically suppressed in the cells by Sir2, inhibiting 

this amplification of rDNA units. 

 Taken together, these DNA repair pathways, typically induced by Fob1-dependent DSBs via 

a stalled replication fork progressing from the rDNA ARS towards the telomere, at the RFB, are 

believed to be the primary mechanisms for rDNA copy number variation and rDNA instability. 

rDNA in cellular growth and aging 

The synthesis of ribosomes (ribogenesis) is a major determinant of cell growth rate (37). 

Ribogenesis crucially depends on the production of rRNA; it is likely that the rate of ribogenesis is 

limited by the rate of rRNA production (38, 39). Given the relatively high instability of rDNA, it is 

also likely that rDNA plays a major role in cellular aging. One of the byproducts of homologous 

recombination at the rDNA locus, the extrachromosomal rDNA circles (ERCs), has been observed 

to accumulate in aging mother cells (35). While the accumulating levels of ERCs in a cell has become 



	10	

a hallmark for aging in yeast, its role as an aging factor is still not well-established (40, 41). However, 

the stability of rDNA has been strongly correlated with increased lifespan (42), and the loss of 

stability of rDNA has been strongly correlated with shorter lifespan and is in fact consistently 

observed as a mother cell approaches the end of her lifespan (31). 

Given the regularly interspersed functions—over hundreds of repeat units—of DNA 

replication and repair, and rRNA gene transcription and processing, both of which appear very 

active, it is reasonable to expect that the rDNA plays a role in coupling cell growth and aging. 

Studies on the chromatin state of rDNA suggest a heterogeneity that is consistent with a coupling 

between rRNA gene transcription and DNA replication of the rDNA locus. The rDNA repeat units 

can be experimentally isolated in one of two states: nucleosomal (associated with nucleosomes) and 

non-nucleosomal (not associated with nucleosomes). Combined with various assays to locate the 

sequences associated with nucleosomes, these studies have shown that the nucleosomal rDNA units 

are transcriptionally inactive, while the non-nucleosomal rDNA units are transcriptionally active 

(33). They also observe a positive correlation between the nucleosomal state of the 35S rRNA gene 

and the nucleosomal state of its enhancer region, downstream of the gene. The 5S rRNA gene has 

also been shown to strongly associate with a nucleosome, though its position is less predictable and 

may greatly vary (43). This might be expected, given the short length of the 5S rRNA gene 

transcribed is comparable to the length of DNA wound in a typical nucleosome in S. cerevisiae (44), 

which would likely inhibit transcription of the gene. In the non-transcribed spacer regions, both are 

detected to be in a nucleosomal state, but only in NTS2 are the nucleosomes (indirectly) observed to 

be stably positioned (10). Of the five observed positions of the stably positioned nucleosomes in 

NTS2, the one in the ARS region appears less strongly associated than the others (33). This may be 

due to a heterogeneity of ARS that are bound or unbound to a histone octamer, which would be 

consistent with the observation that only one-fifth of the rDNA ARS are activated in a given cell 
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cycle. On the other hand, the nucleosomes in NTS1 do not appear to be stably positioned. Given 

the high recombination activity at NTS1, this seems reasonable to expect, as the various dramatic 

conformational changes and exchanges of protein factors at this region would probably hinder 

nucleosome association.  

 CRISPR/dCas9 as a sequence-selective probing tool 

The connection between regulating cell growth via ribogenesis and the aging phenomenon 

via rDNA instability seems reasonable, yet the evidence is still inconclusive. This is largely because 

probing the role of rDNA is made difficult by the fact that rDNA exists as a large number of 

tandem repeats. Obviously, rDNA is a vital component to the cell, which already limits the 

techniques we can use to perturb and study the various functions of rDNA. More importantly, the 

large number of repeats in the locus makes it difficult to controllably mutate a sequence in the repeat 

unit and know how many of the repeat units have been mutated. This also applies to inserting a 

reporter gene, whether to tag a gene in the locus or to simply insert a reporter in a region. A clever 

method has been reported (45) where the rDNA copy number was reduced to two by deletion of 

FOB1, a reporter target sequence was introduced, and a plasmid carrying FOB1 was transformed 

back into the cell, re-populating the rDNA locus with rDNA units carrying this reporter target 

sequence. The tradeoff is that this rDNA locus is not “native” anymore, so conclusions of how the 

perturbed rDNA behaves in a normal cell is obscured. Further, even if the dilemma of controlled 

but minimal genetic perturbation were resolved, the transformation procedures required to 

accomplish this typically require the cell to grow for multiple generations before being observed, so 

it is not easy to probe the immediate effects of perturbing the rDNA.  



	12	



	13	

 To begin approaching this dilemma, we have developed a CRISPR/dCas9 tool that can 

selectively probe various regions within an rDNA unit by targeting a specific sequence to bind (Fig. 

3). The dCas9 protein is derived from the more well-known Cas9 protein of the CRISPR/Cas9 

system, but the two endonuclease domains of the Cas9 protein are point mutated to deactivate its 

cleaving capacity (46). Thus, the CRISPR/dCas9 system effectively serves as a DNA sequence-

selective binding protein that can either (or both) compete with other DNA binding factors or (and) 

recruit a factor tagged onto the dCas9 protein. The original CRISPR/dCas9 system for yeast (47, 48) 

had been developed to target a reporter gene, without cutting the target DNA, and confirm its 

capacity to significantly inhibit expression of the target gene when binding to its promoter. In this 

study, we modify the tool to target the rDNA unit at various tandemly repeated regions to 

effectively probe for an effect on the growth rate of the yeast cells, with the goal of eventually 

optimizing its targeting capacity and functionalizing it to become more versatile in its ability to 

probe a target DNA region, in order to dissect the role of rDNA in both cellular growth and aging 

in budding yeast. Specifically, in this study we modify the dCas9 protein to alter its nuclear 

localization signal (NLS) to be codon-optimized for our yeast strain, and we link a GFP protein on 

its C-terminus to quantify its abundance and location in the cell. 

We also modify the guide RNA (gRNA) target sequence component of the CRISPR/dCas9 

system based on our chosen targets in the rDNA unit. The targets were chosen based on our 

hypothesis that targeting the either of transcribed regions of the rDNA unit would likely have a 

more significant inhibiting effect on the cell growth rate than targeting either of the non-transcribed 

regions, due to the active role of the transcribed regions in the production of rRNA, while targeting 

specifically the 35S rRNA gene but not the 5S rRNA gene would likely have a more major role in 

the aging process since the aging phenotypes likely arise predominantly from stalled replication 

forks, which already do not proceed very far from the ARS to the RFB when traversing the 5S 
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rRNA gene but can proceed for a significant length across the 35S rRNA gene before encountering 

another stalled fork, and would thus be interrupted much earlier by our CRISPR/dCas9 tool. To 

target these genes, we choose both their promoters and their internal transcribed sequence as 

targets, as targeting the promoter, though commonly done, relies on the CRISPR/dCas9 tool being 

an effective competitor of the pertinent transcription factors and polymerase, and targeting the gene 

sequence may still interrupt the transcription elongation process. It is noteworthy that, given the 5S 

rRNA gene is very short and is promoted by RNA Pol III—and thus contains core promoter 

elements within the transcribed sequence itself—the targets chosen for the 5S rRNA gene would be 

more accurately described as the “upstream promoter element” and the internal transcribed 

sequence. 

By the same token, we hypothesize that targeting either of the non-transcribed spacer 

regions, NTS1 or NTS2, would not significantly affect the cell growth rate, as these regions are not 

directly involved in the production of rRNA. Though the NTS1 region contains an enhancer 

element for the 35S rRNA gene, it has already been shown that it is not required for efficient 

transcription of rRNA, and we reason that the cell may adjust its rDNA copy number or the net 

transcription rate of 35S rRNA to adjust for this change, as it seems to already do for stresses such 

as nutrient starvation (8). It may have also been reasonable to propose that targeting the ARS region 

in NTS2 would slow down cell growth by inhibiting the initiation of DNA replication from the 

rDNA ARS; however, given the observance of a stably positioned nucleosome in these ARS, we 

reason that the CRISPR/dCas9 tool may not be very effective at this region, unless the tool were 

optimized for significantly stronger binding affinity. For aging, however, we expect that targeting the 

ARS region would have a more significant effect on aging than would targeting the RFB region, 

since targeting the ARS may slow down the initiation of DNA replication while targeting the RFB 
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would likely be using the tool as a substitute for Fob1 and thus not have a significant effect in a 

strain with wild-type FOB1. 

In this study, we construct the relevant strains to target 6 different regions within the rDNA 

unit (Fig. 1b, bottom of the two), based on the rationale outline above: 

• rRNA transcription regions of the rDNA unit 

o transcribed sequence of the 35S rRNA gene 

o core promoter element of the 35S rRNA gene 

o transcribed sequence of the 5S rRNA gene 

o upstream promoter element of the 5S rRNA gene 

• non-transcribed regions of the rDNA unit 

o RFB (in NTS1) 

o ARS region (in NTS2) 

We then test the efficacy of the tool by measuring cell growth rate and expression of dCas9 and a 

constitutively expressed reporter protein for global translation, Nhp6a, in response to our 

genomically integrated tool targeting one of the 6 targets above.  
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METHODS 

 Cloning 

 For plasmids constructed using simple restriction cloning, all bacterial transformations were 

performed using lab-made chemically competent DH5-α cells, following standard transformation 

protocols (New England Biolabs). For plasmids constructed using Gibson assembly, all bacterial 

transformations were performed using commercial chemically competent DH5-α cells, following 

standard transformation protocols (New England Biolabs). All yeast transformations were 

performed using standard yeast transformation protocols (52) via homologous recombination. All 

bacterial and yeast strain constructions were verified by sequencing (Eton Bioscience). 

 Plasmid construction 

 The two CEN/ARS plasmids carrying dCas9 (pTDH3-dCas9) and the gRNA targeting the 

promoter of TEF1 (pSNR52-sgTEF1) were ordered from Addgene. From pSNR52-sgTEF1, the 

gRNA gene, with its promoter and terminator, was subcloned into a pRS306 vector using 

EcoRI/KpnI. From this plasmid, all other plasmids expressing gRNA were constructed using 

Gibson assembly. The targets for the gRNA were restricted to only sequences found within or 

overlapping sequences deemed “core” to the function of each target region, and from these the final 

target sequence was chosen based on the highest predicted selective binding efficiency (61).  

 For pTDH3-dCas9, a Phusion PCR-amplified GFP coding sequence with a linker that 

matches the reading frame of the dCas9 and the GFP (53) was subcloned into the plasmid at the C-

terminus of dCas9 using BamHI/XhoI. One of the primers also contained the modified SV40 NLS 

Kozak sequence (59), codon-optimized for our yeast strain (60). From this plasmid, the dCas9-GFP, 

with its promoter and terminator, was subcloned into a pRS305 vector using SpeI/PstI.  
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 Yeast strain construction 

 For all transformations where a whole plasmid (uncut) was transformed into the yeast, 

the resulting strains that tested positive were constantly kept on or in appropriate nutrient drop-out 

media to retain the plasmids in the cells. These strains were derived from the BY4741 strains with 

the original, region-deleted genes to minimize the chance of cells reverting to a functional version of 

the nutrient selection gene and thus losing the selection pressure to retain the transformed plasmids. 

This was done for two plasmids: 

• pTDH3-dCas9 
• pSNR52-sgTEF1 

 For all transformations that tagged a native gene with a reporter and selection marker at the 

gene’s 3’-end, 

• TEF1:GFP-HIS 
• NHP6A:iRFP-KAN 

 
the reporter-selection marker fragment was prepared by Phusion PCR with primer-introduced 40-bp 

overhangs on either end, homologous to the 3’-end of the native gene and the sequence beyond the 

3’-end of this gene. 

 For all transformations that introduced a gene into a native gene corresponding to a nutrient 

selection marker, 

• LEU2::dCaS9-GFP 
• URA3::(gRNA targeting a specific sequence) 

 
the introduced gene was prepared by linearizing the plasmid carrying the gene using a restriction 

enzyme that cut at a single site, located within the gene for the nutrient marker. For LEU2::dCAS9-

GFP, BbsI was used; for URA3::(gRNA), NcoI was used. 
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Measuring growth curves 

 Strains were inoculated from YPD plate into 2 mL of low-fluorescence synthetic complete 

(LFSC) media and incubated on a rotary shaker (240 rpm) at 30oC for 12 hours. The optical density 

(OD600) of these cultures were then measured using a spectrophotometer, and then diluted in 10 mL 

of LFSC media such that the OD600 of the culture would be expected to reach 0.05 in 12 hours. If 

the doubling rate was not previously measured, a doubling time of 100 minutes was assumed. After 

12 hours, measurements of OD600 were taken every 30 minutes. The data were plotted as 

log 𝑂𝐷&''  versus time (min). 

 Spotting assays 

 Up to 7 strains were tested per LFSC plate. Strains were inoculated from YPD plate into the 

same 2 mL of LFSC media as that used for measuring growth curves. After 12 hours of incubation 

at 30oC, each culture was diluted in 2 mL of LFSC media such that the OD600 of the culture would 

be expected to reach 1.0 in 12 hours. The doubling rate used to make this estimate was similarly 

determined as for the growth curves above. After 12 hours, the cultures were diluted as needed to 

have an OD600 = 1, then five serial 1:10 dilutions were made, from which 1 µL of each dilution 

stage—including the original culture of OD600 = 1—were spotted onto the LFSC plate. To reduce 

plate-to-plate and environmental condition variability, all plates were made from the same batch 

media; the plating assays for all strains were performed at the same time, and a control strain 

(BY4741 with Nhp6a-iRFP reporter and point mutated Δleu2-1 and Δura3-1) was spotted on every 

plate. Plates were then incubated at 30oC. For the time-lapse spotting assay, a picture of each plate 

was taken every 12 hours (including right after spotting). Plates were kept closed during imaging to 

avoid contamination. For the single time point spotting assay, a picture of each plate was taken 24 

hours after the plates were spotted. 
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 Fluorescence microscopy 

Each strain was inoculated from YPD plate into the same 2 mL of LFSC media as that used 

for measuring growth curves. After 12 hours of incubation at 30oC, each culture was diluted in 5 mL 

of LFSC media such that the OD600 of the culture would be expected to reach 0.5 in 12 hours. The 

doubling rate used to make this estimate was similarly determined as for the growth curves above. 

After 12 hours, each culture was spun down at 3000 rpm for 20 seconds, the supernatant was 

removed, and 2 µL of the remaining resuspended culture was loaded onto a glass slide with a cover 

slip for microscopy. 

All microscopy was performed using a Nikon Ti-E inverted fluorescence microscope with 

Perfect Focus, coupled with an electron-multiplying (EM) CCD camera (Andor iXon X3 DU897). 

The light source was a Spectra-X LED system. Images were taken using a CFI Plan Apochromat 

Lambda DM 60x oil immersion objective (numerical aperture = 1.40; working distance = 0.13 mm). 

Images from the Phase channel were taken using 60 ms exposure and an EM gain multiplier of 56; 

from the Cy5 channel (for imaging iRFP), 300 ms exposure at 15.0% lamp intensity and an EM gain 

multiplier of 300; from the GFP channel, 300 ms exposure at 10.0% lamp intensity and an EM gain 

multiplier of 100.  
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RESULTS 

 Only targeting the 35S rRNA gene sequence significantly slowed cell growth; others were relatively unaltered 

The log 𝑂𝐷&''  data were plotted against time (min) for each culture; the data were then 

fitted with a linear regression at the linear portion of the data, and the slope was used to calculate the 

doubling time 𝑡)*+,-. during the exponential growth phase for the strain by approximating the 

growth rate as a first-order exponential growth: 

𝑡)*+,-. =
log 2
𝑠𝑙𝑜𝑝𝑒  

The resulting doubling times for all strains with genomically integrated genes (Fig. 4) reveal that 

only the cells with the complete CRISPR/dCas9 system targeting the 35S gene sequence—not its 

promoter—had a significant effect on the doubling rate of the cells, significantly slowing the 

doubling time from 100 minutes to 140 minutes. The linear regression for each growth curve used 

data from at least 8 consecutive time points and had a Pearson coefficient of determination (𝑟7) 

over 0.99, suggesting every fitted line was a good fit for the corresponding data. 

 The results for the strains with a complete CRISPR/dCas9 system targeting a non-

transcribed region of the rDNA (Targets 1-2) were consistent with our expectation that the non-

transcribed spacer regions NTS1 and NTS2 do not have a major role in modulating the cell growth 

rate. Surprisingly, however, of the two transcribed targets and their respective promoters, only 

targeting the 35S rRNA gene sequence—not its promoter—led to a significant increase in the 

strain’s doubling time: from ~100 minutes per doubling event to 140 minutes. 

To verify this result, a spotting assay was performed on all 18 strains. If the doubling times 

calculated from the measured growth curves were a direct consequence of the cell physiology and 

growth rate, rather than of the experimental setup for measuring the OD600 of the liquid cultures, we 

would expect that the colonies of only the strain with the integrated tool targeting its 35S rRNA 



	24	



	25	

gene sequence would grow in size much more slowly than the colonies of the other strains. This was 

in fact what was observed from the spotting assays (Fig. 5 and 6). 

 Only targeting the 35S rRNA gene sequence significantly reduced expression of the global translation 

reporter 

 Slower cell doubling time and colony growth alone, however, do not immediately suggest 

that the tool was successfully inhibiting translation. To measure this, the cells of each strain were 

observed using fluorescence microscopy. The GFP signal, measured in the GFP channel of the 

microscope setup, served as an indicator of the relative abundance and spatial distribution of the 

dCas9; the iRFP signal, measured in the Cy5 channel of the microscope setup, served as an indicator 

of the abundance and spatial distribution of the constitutively expressed reporter protein, Nhp6a. 

Because Nhp6a is natively predominantly localized in the cell nucleus, this reporter protein was used 

both as a meter for global protein expression level and as a marker for the location of the nucleus. 

Thus, the abundance of dCas9 could be quantified both in the whole cell and specifically within the 

observed nuclear region, rather than simply assuming that distinct fluorescent foci in the GFP 

channel would correspond to nuclear localization of dCas9. 

 It is visibly apparent in the fluorescence images of the wild-type strains (Fig. 7, top 2 rows), 

as well as all other strains not expressing dCas9-GFP, that a noticeable but minor degree of 

autofluorescence is present in the cells, as the wild-type cells can be seen in the GFP images, despite 

not expressing any gene for GFP. Analysis of fluorescence intensity for other images accounted for 

this background autofluorescence signal by subtracting from the raw integrated density 𝐼9:; the 

expected integrated density from autofluorescence alone, 𝐼:+<* to give the integrated density of the 

signal, 𝐼=>?@:- : 

𝐼=>?@:- = 𝐼9:; − 𝐼:+<* 
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Figure 5: Spotting assay of the cell strains. It is noteworthy that of all 18 strains, the one with the complete 
CRISPR/dCas9 system targeting the 35S rRNA gene sequence (6th row from top) had the smallest colonies, indicating a 
slower growth rate and/or possibly smaller average cell size. This appears to also be true for the strain with the complete 
CRISPR/dCas9 system targeting the 5S rRNA gene promoter (3rd row from bottom), though this appears less 
conclusive, as the spot from 1:10000 dilution (5th column from left) has comparable colony sizes with most other strains 
at the same dilution column. 
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Figure 6: Close-up of a repeated spotting assay, showcasing the colony size differences for the strain with targeted 35S 
gene sequence (top row) and two other strains with other rDNA targeted regions. Here it is much more apparent that 
the colonies from the 35S-targeted strain are overall smaller at every dilution level than other strains’. 
 
The raw integrated density 𝐼9:; is determined by integrating the measured signal intensity of each 

pixel in the defined region of interest (ROI); the expected integrated density from autofluorescence 

𝐼:+<* is calculated by 

𝐼:+<* = 𝐼:+<*𝐴  

where 𝐼 is the mean signal intensity of autofluorescence determined from separate images, from the 

same experiment, of cells from the modified wild-type strain (Fig. 6, 2nd row) expressing GFP, and 

𝐴 is the area, in pixels, of the ROI. Autofluorescence appeared to be a negligible issue for iRFP in 

the Cy5 channel, so subtracting the average background integrated density—measured in and 

averaged over multiple arbitrarily defined regions with no cells—chosen from the same image that 

contains the ROI made no significant difference from subtracting 𝐼:+<* derived from the wild-type 

(no translation reporter) cells. To ensure this subtraction of autofluorescence was consistent across 

multiple images and experiments, the modified wild-type strain with the global translation reporter 

was concurrently prepared in each experiment. The measured mean autofluorescence signal intensity
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Figure 7: Fluorescence microscopy pictures of controls that did not involve any of the rDNA targets. Notable from the 
Phase channel is the lack of differences in cell size and morphology (excluding buds that are not yet fully formed 
daughter cells). Notable from the Cy5 (reporter) channel is that the reporter is visibly constitutively expressed 
(comparing any strain with +reporter versus wild-type) and strongly localized in the nucleus, serving as a nuclear marker 
for quantifying the nuclear localization of dCas9. Notable from the GFP (dCas9) channel is its weak to moderate nuclear 
localization efficiency in the strains containing +dCas9, which carries a nuclear localization signal (NLS) sequence, and, 
crucially, its general correlation in fluorescence intensity with the reporter level, suggesting a lack of significant inhibition 
of global translation by the CRISPR/dCas9 system in these strains. It is also noteworthy that these cells—as do all 
cells—exhibit autofluorescence, as evident in the weak fluorescent signals observed in cells that do not carry the 
corresponding fluorescent reporter. These autofluorescence signals were averaged and subtracted from the raw 
measurements of fluorescence intensity during analysis to emphasize the changes in GFP signal from changes in the 
level of dCas9, not from a combination of the GFP and from autofluorescence. 
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from the GFP channel was measured from this negative control strain and used for the mean 

autofluorescence signal intensity for that experiment. The mean background signal intensity in this 

channel, averaged from multiple regions containing no cells, was compared between the images with 

the modified wild-type strain and the images of the strains being tested in that experiment to help 

ensure that the camera sensitivity and environmental conditions were sufficiently similar from image 

to image, with the criteria that images must have mean background signal intensity within a standard 

deviation of each other to be usable for estimating the mean autofluorescence signal intensity in the 

GFP channel. 

 Imaging of all cells with the global translation reporter Nhp6a-iRFP confirm the nuclear 

localization efficiency as sufficiently high to clearly define the nuclear region when analyzing nuclear 

localized dCas9 signals. Cells with the complete system targeting an off-target site, the promoter of 

TEF1, showed no change in the global translation reporter level, suggesting any effects observed 

from targeting the various rDNA regions would be unlikely to stem from the genetic integration of a 

complete CRISPR/dCas9 system targeting some region in the genome (Fig. 7). Cells with the 

complete system targeting a non-transcribed region (RFB or ARS) similarly showed no significant 

change in the expression level of the global translation reporter, suggesting no significant inhibition 

of rRNA expression level in these cells (Fig. 8). This is consistent with our prediction, since the 

non-transcribed regions of the rDNA are not directly involved in producing rRNA and would thus 

be less likely to have an effect on global translation and thus cellular growth. 

Surprisingly, however, the cells containing the complete system targeting either the 5S gene 

sequence or its upstream promoter element also had no significant effect on the expression level of 

the global translation reporter (Fig. 9). While surprising based on our hypothesis, this is consistent 

with our conclusion from the growth rate data. In fact, the only cells that showed a significant 

change in the global translation reporter expression level are the ones from the strain with the 
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complete system targeting the 35S rRNA gene sequence (Fig. 10). As expected based on the growth 

curve data, the global translation reporter level was significantly reduced (Fig. 12). From the images 

of these cells, it is notable that the level of dCas9 level in the nuclear region appeared anti-correlated 

with the expression level of the global translation reporter (Fig. 11). This is especially intriguing, 

considering that the cells with a higher level of the global translation reporter appear comparably 

bright as cells from other strains. To further explore this, the total whole cell and nuclear 

fluorescence intensities were measured for each cell (Fig. 13). The whole cell signal fluorescence 

intensity from the GFP channel did not vary with the signal from the Cy5 channel to any significant 

extent, suggesting it is unlikely the dCas9 expression level in the whole cell was a primary 

contributor to the reduction of the expression level of the global translation reporter. However, the 

nuclear signal fluorescence intensity from the GFP channel showed a distinct negative correlation 

with the fluorescence intensity from the Cy5 channel, suggesting that a main source of reduction in 

the level of the global translation reporter is the level of dCas9 in the nucleus targeting the 35S 

rRNA gene sequence.  
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DISCUSSION 

 The results of this study suggest that among the 6 targets chosen (RFB in NTS1, ARS in 

NTS2, 35S rDNA transcribed region and its promoter, and 5S rDNA transcribed region and its 

promoter), only targeting the 35S rDNA transcribed regions using our CRISPR/dCas9 tool 

significantly inhibited the function of the rDNA locus, reducing the cell strain’s doubling time from 

100 minutes to 140 minutes and reducing the translation level of the cell. Given that this effect was 

likely produced by the dCas9 specifically binding to the 35S rRNA gene sequence and thus inhibiting 

the production of 35S rRNA, we can estimate the effect of dCas9 on the transcriptional activity of 

the gene from relatively simple models of gene expression. Given that this target was within the 35S 

rRNA gene, the direct effect of the CRISPR/dCas9 tool may have been to interrupt the 

transcription elongation of the 35S rRNA transcript, producing a failed transcription event. If this 

were the case, we can estimate that the average proportion of successful transcription events for 35S 

rRNA was reduced by at most 1/3 of the level observed in wild-type cells containing the global 

translation reporter. This would correspond to a reduction in the effective density of RNA Pol I 

progressing across the 35S rRNA gene from about 50 Pol I successfully transcribing the 35S rRNA 

per rDNA unit to about 20. RNA Pol I likely span just above 10 nm across the DNA template 

strand (54), so we expect it to span roughly 30 bp of DNA along the template strand. Given there 

are about 50 Pol I transcribing an active 35S rRNA gene, the average spacing between transcribing 

RNA Pol I in a wild-type cell would be about 110 bp. This leaves plenty of room for the 

dCas9/gRNA complex, which also spans about 10 nm (30 bp) across the DNA template (55, 56), to 

bind to the 35S rRNA gene, allowing it to effectively interrupt the transcription elongation process 

of an incoming RNA Pol I. While a more extended quantitative analysis of the competitive binding 

events and interruption of transcription elongation, especially in comparison to the 5S rRNA gene, 

is possible and would give insight into the efficiency of this tool in probing the rDNA locus, the 



	38	

current data from this study is not sufficiently conclusive for this endeavor to be worthwhile. Such 

an analysis would be more fruitful once the tool has been optimized for more efficient binding, and 

once more targets have been tested to further examine the selectivity of the tool’s effect on various 

rDNA subregions. 

 This study ultimately demonstrates the promise of a tool that can probe various subregions 

of rDNA to dissect its role in cellular growth and aging. The tool can be further developed to 

capitalize on this potential. In this study, given the large range of potential targets for even just the 

35S rRNA gene, the observed inhibition of translation and cell growth rate here is not sufficient to 

be confident that the 35S rRNA transcription, more than 5S rRNA transcription and more than the 

consequences of DNA binding at non-transcribed regions of the rDNA unit, is a determinant of cell 

growth rate. This CRISPR/dCas9 tool can be optimized for binding efficiency (57), and more 

targets can be tested within each region to determine if the observed inhibition of translation (or 

lack thereof) is consistent for the target region or is isolated in more specific subregions within the 

targets. It is also interesting to note the unusually low fluorescence signal intensity of the GFP 

observed when tagged on dCas9, given that the promoter for the dCas9-GFP is strong and 

constitutive. This may suggest the cell is perpetually removing the dCas9, likely by degradation. 

Optimizing the binding affinity of the dCas9 may counter this effect. In addition to optimizing the 

tool’s binding efficiency, our measurement of the inhibition activity of the tool can be more directly 

measured if we insert a reporter in the rDNA locus, preferably with a minimal copy number on the 

centromere-proximal edge of the rDNA locus, where recombination is less likely due to a lack of 

RFB beyond the edge of the rDNA locus, but the average silencing or unsilencing effects on the 

rDNA locus can be measured. 

 Besides optimizing the tool for its current specific purpose of inhibiting DNA-binding 

factors, the tool has the capacity to be functionalizable (48, 57, 58); the dCas9 can be tagged not only 
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with a fluorescent protein for visualization and quantification, but also with universal repressor 

domains, universal activator domains, recruiting factors, or epigenetic modifiers instead (58). For 

studying rDNA, it would be interesting to observe the effects of this tool in strains where genes 

implicated as key to the stability of rDNA are deleted. For example, it may be interesting to target 

the NTS2 region with a dCas9 tagged with the histone deacetylase Sir2, which targets the 

bidirectional RNA Pol II promoter E-pro to inhibit its transcription and inhibits unequal sister 

chromatid recombination, in a Δsir2 strain to see if the stabilization of the rDNA copy number can 

be recovered. 

This tool can also be easily modified to probe the dynamics of the rDNA locus, particularly 

over the lifespan of a cell. For example, the promoter for dCas9 may be switched to an inducible 

promoter, and a fast-degradation tag incorporated into the dCas9, to allow for experiments where 

the expression level of dCas9—and thus the perturbation of interest in that experiment—may be 

pulsed during the experiment, rather than observing the cells that have already been expressing the 

system for multiple generations. Alternatively, once the tool has been optimized for binding 

efficiency, and more targets have been explored for their effects on cellular growth and aging, the 

tool may be used as an indirect tracker of the rDNA copy number, without the need to genetically 

modify the native rDNA locus. 
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