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Abstract 
 

 The majority of eukaryotic cells exist in a quiescent state outside of the cell cycle known 

as stationary phase, or G0. Although quiescent cells are non-proliferating, they retain the ability 

to reenter the cell cycle. Events such as DNA alterations can take place in stationary phase cells 

that are associated with a risk for inappropriate reentry into the cell cycle and the development 

of cancer. Such alterations can occur in repetitive tracts of DNA known as minisatellites. When 

change in the number or order of minisatellite repeat units occurs, rare alleles of minisatellite 

tracts may arise. Many of these rare alleles are associated with human diseases, including 

cancer, diabetes, and epilepsy. Previous work in our lab has demonstrated that certain genes 

are involved in regulating the stability of a synthetic minisatellite in stationary phase cells. In 

order to relate these findings to the association between minisatellites and human disease, we 

inserted the human minisatellite associated with the HRAS1 oncogene into the ADE2 gene of S. 

cerevisiae to determine how its stability is regulated during stationary phase. Our lab has 

developed a novel assay for studying stationary phase minisatellite stability in S. cerevisiae. 

When minisatellites are destabilized and undergo a change in repeat number or order, a novel 

color phenotype known as blebbing occurs. Blebbing mutants were constructed and we found 

that the zinc transporter ZRT1, the DNA repair gene RAD27, the checkpoint gene RAD53, the 

Polε subunit DPB3, and several checkpoint genes (including MRC1, TOF1, CSM3) regulate the 

stability of the human HRAS1 minisatellite. Upon examination of minisatellite alterations in 

these blebbing mutants, we saw both expansions and contractions of the minisatellite tract; 

through further analysis, these alterations were found to be dependent upon homologous 

recombination. 
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Introduction 

 A common hallmark of cancer is uncontrolled overgrowth of cells. Multiple genes have 

been found to play roles in the risk and development of cancer. When one or several of these 

genes are mutated or improperly regulated, the overgrowth of cells may begin. Human cancers 

often contain multiple mutations, and the high occurrence of these mutations in cancerous 

cells largely surpasses the amount found in normal cells. Jackson and Loeb demonstrated that 

endogenous sources of DNA damage may contribute to DNA instability and the numerous 

mutations often seen in tumorous cells (Jackson and Loeb 2001). Since DNA damage and 

mutations influence DNA stability and overall cellular functioning, they can result in improper 

entry into or exit from the cell cycle, a common source of oncogenesis. 

 Proper regulation of the cell cycle is vital to chromosomal integrity and the overall 

health of an organism. During the cell cycle, DNA is replicated and cells are able to grow and 

divide. Such a state of cellular division is also known as mitotic growth or cell proliferation.  

Although proper cell proliferation is important, the majority of eukaryotic cells, including 

human cells, exist as quiescent, or non-dividing, cells in a state outside of the cell cycle known 

as stationary phase, or G0 (Figure 1) (Gray et al., 2004). Quiescent stationary phase cells have 

exited the mitotic cell cycle due to exhaustion of available nutrients and are no longer 

proliferating (Werner-Washburne et al., 1993). Although quiescent cells are non-proliferating, 

they retain the ability to exit stationary phase and reenter the cell cycle. Events involved in the 

development of cancer can occur in stationary phase cells, triggering them to exit stationary 

phase and reenter the cell cycle (Abbott 2006). Since changes can take place during stationary 
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phase that trigger the development of cancer, it is essential to understand the events that 

occur in stationary phase cells.  

 While cells are in stationary phase, specific DNA alterations can take place that are 

associated with a risk for reentry into the cell cycle. DNA stability and mutation events have 

been studied in actively growing cells; however, little is known about DNA stability and related 

events in quiescent stationary phase cells (de Morgan et al., 2010). One family of DNA 

fragments in which alterations have been found to occur is in repetitive tracts of DNA. Our lab 

uses Saccharomyces cerevisiae (S. cerevisiae) as a model organism to study repetitive DNA 

stability (Jauert and Kirkpatrick 2005, Kirkpatrick et al., 1999). Eukaryotic genomes contain 

multiple forms of repetitive DNA (Debrauwere et al., 1997). These include microsatellites and 

minisatellites. Microsatellites are short tracts of DNA ranging from 1-15 base pairs in length that 

are identical and directly repeated. Minisatellites are a more complex form of repetitive DNA 

This form of tandem DNA consists of longer repeat units ranging from 15-100 base pairs in 

length. These repeat units can undergo changes in order and composition during meiosis and 

stationary phase, but are stable during mitosis (Kelly et al., 2007).   

 When minisatellites are destabilized, changes within minisatellite tracts can occur. 

These changes are termed minisatellite alterations. The resulting rare alleles from these altered 

minisatellites are associated with a wide variety of human diseases including diabetes (Kennedy 

et al., 1995), cancer (Ding et al., 1999; Krontiris et al., 1993; Vega et al., 2001; Rosell et al., 

1999; Weitzel et al., 2000; Phelan et al., 1996; Wang et al., 2003; Jeong et al., 2007) and 

epilepsy (Lafreniere et al., 1997; Virtaneva et al., 1997).  By gaining a better understanding of 
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the factors which control minisatellite stability, we will gain insight into important aspects of 

human health. 

 Cancer can occur when mutations in quiescent cells allow these cells to escape from 

stationary phase and undergo multiple rounds of cellular division in mitosis. Because 

minisatellites are capable of undergoing alterations during stationary phase, minisatellite 

stability has an important relationship to the development of cancer. However, the stability of 

minisatellites in stationary phase is poorly understood, and this gap in scientific knowledge is 

hindering us from further unraveling the complex events involved in the development of 

human cancer. Stationary phase yeast cells have similar characteristics to quiescent human cells 

including reduced protein synthesis (Fuge, et al., 1994) and condensed, unreplicated 

chromosomes (Pinon 1978). Consequently, yeast is a very good model system for stationary 

phase studies. In 2007, Katy Kelly, a previous doctoral student in our lab, identified certain 

mutations that can cause a minisatellite tract to be destabilized during stationary phase in yeast 

(Kelly et al., 2007). Upon further study, she demonstrated that both cis-acting sequences and 

trans-acting factors can affect the stability of a minisatellite. Her work was done using the 

budding yeast Saccharomyces cerevisiae (S. cerevisiae), and as she describes in her paper, S. 

cerevisiae is a particularly good organism in which to study minisatellite stability because 

human minisatellite alteration patterns are more similar to those which occur in S. cerevisiae 

than in any other model organisms (Jauert et al., 2002). 

 S. cerevisiae has a short doubling time of 1.5 to 2 hours and a very small genome which 

is highly conserved from eukaryotes to humans. Having such a quickly-reproducing model 

organism has allowed scientists to obtain preliminary results on multiple topics much quicker 
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than could be done with a higher level eukaryote. We have chosen to study this organism in 

order to better understand the effects of minisatellite stability in stationary phase. 

  When minisatellites are destabilized and undergo changes in repeat number or order, 

this can affect a nearby gene’s reading frame. Because of the effect of repeat instability on a 

gene’s reading frame, we were able to develop a novel assay for studying minisatellite stability 

in S. cerevisiae. The assay consists of inserting minisatellite sequences into the ADE2 gene, 

which disrupts the ADE2 reading frame. ADE2 allows cells to properly synthesize adenine; when 

this gene is not in the correct reading frame, the cells cannot synthesize adenine, and the 

colony turns a bright red color. As a result, colony color indicates which cells have the 

minisatellite sequences inserted correctly. Alterations in the inserted minisatellite sequence, 

such as the gain of 2 repeat units or loss of 1 repeat unit, cause the ADE2 gene to be knocked 

back into the correct reading frame. This restores the colony back to its normal white color 

(Figure 2). We can therefore monitor changes to the minisatellite tract by colony color changes 

of red to white. 

  By using this assay, we were able to identify a novel color segregation phenotype that 

consists of small white microcolonies growing on the surface of a red colony (Kelly et al., 2007). 

Such white microcolonies are termed “blebs.” When a red colony is producing these small 

white microcolonies on its surface, the red colony is referred to as a “blebbing” colony (Figure 

3). A red colony consists of cells that had the minisatellite tract inserted into them and have not 

yet undergone any alterations. The microcolonies are white due to minisatellite alterations that 

knocked the ADE2 gene back into the correct reading frame specifically while the cells were in 

stationary phase. This alteration allowed cells to reenter the cell cycle and continue to grow. 
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From doing a timecourse experiment, we were able to determine that once the red colonies 

had formed, only the white blebs were still growing – the red cells had ceased growing (Figure 

4). This indicates that the cells had entered stationary phase due to a depletion of adenine in 

the media and were no longer dividing because of a non-functioning ADE2 gene. As a result of 

minisatellite alterations during stationary phase, the new white colonies formed because they 

were capable of synthesizing adenine and proliferating in adenine-depleted media. 

 From this assay system, we are able to differentiate between the cells from the original 

colony and cells which contain altered minisatellite tracts. Being able to distinguish between 

the two has allowed us to gain a better understanding of how minisatellite tract alterations 

occur and what factors are involved in such alterations. Others in our lab have inserted the 

ade2-min3 allele, a small synthetic minisatellite tract containing 20 base pairs repeats, into the 

ADE2 gene of S. cerevisiae in order to identify genes involved in the regulation of a synthetic 

minisatellite. Blebbing within a colony is indicative of minisatellite alterations. Since the wild-

type strain would naturally undergo some level of minisatellite alterations, this was used as the 

baseline control. By then creating multiple deletion strains from the wild-type strain, we were 

initially able to identify five genes involved in the regulation of minisatellite stability: the zinc 

transporter ZRT1, the endocytosis gene END3, the checkpoint gene RAD53, the DNA repair gene 

RAD27, and the protein kinase PKC1.  Deletion of any one of these genes resulted in a decrease 

in minisatellite stability and a significant increase in blebbing.  

 Since blebbing is a way to visually detect minisatellite instability, our lab was able to use 

a whole-genome high-throughput screen to detect minisatellite instability in mutant strains 

bearing the ade2-min3 construct. This screen is a modified version of the Synthetic Genetic 
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Array Analysis developed by Charles Boone (Tong et al., 2001). Bonnie Alver, a current doctoral 

student in the Kirkpatrick lab, mated a query strain containing the ade2-min3 allele to the 

entire Nonessential Yeast Deletion Strain Set. This set contains approximately 4,800 yeast 

strains, each of which bears a deletion of a single non-essential gene. From this screen, 73 

candidate genes were identified that stabilize ade2-min3 minisatellite stability in stationary 

phase. Of these genes, the Polε subunits DPB3 and DPB4 were identified. Several checkpoint 

genes that are components of a replication checkpoint complex were also identified and 

included MRC1, TOF1, and CSM3. As a result of the identification of these genes as stabilizing to 

a minisatellite tract, our lab hypothesizes that insufficient DNA repair during stationary phase 

results in minisatellite alterations. 

 The stabilizing effect of these genes and DNA repair mechanisms in general on 

minisatellites in stationary phase may be important in keeping cells from escaping quiescence 

at an inappropriate time. Therefore, it is vital to better understand how minisatellites are 

regulated so that we can identify and hopefully prevent certain events which cause cells to 

reenter the cell cycle and begin cancerous growth. Once our lab had shown that certain genes 

are capable of destabilizing a synthetic minisatellite tract, we wanted to see what factors 

controlled the stability of a human minisatellite tract; this has been the focus of my 

undergraduate project. Using our same assay system, we inserted a minisatellite associated 

with the human HRAS1 oncogene into the ADE2 gene of S. cerevisiae. Previous work from our 

lab has demonstrated that the human HRAS1-associated minisatellite also displays the same 

phenotypes that it does in humans when inserted into the genome of yeast (Jauert et al., 2002).  
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 In addition to the minisatellite’s phenotypic similarity between humans and yeast, this 

gene-associated minisatellite was also chosen because rare alleles of the HRAS1 minisatellite 

are associated with an increased risk of various cancers, including breast cancer (Ding et 

al.,1999), brain tumors (Vega et al. ,2001), lung cancer (Rosell et al., 1999), ovarian cancer 

(Weitzel et al., 2000), and colon cancer (Vega et al., 2001; Krontiris et al., 1993). Since the 

stability of this minisatellite is so crucial to human health, it is important to know which genes 

are involved in regulating its stability. In this study, we hypothesized that the pathways which 

we had previously identified as affecting the stability of a synthetic minisatellite would also be 

involved in regulating the stability of the human HRAS1 minisatellite. I specifically studied the 

effect of the following genes on minisatellite stability during stationary phase: ZRT1, RAD53, 

RAD27, PKC1, END3, MRC1, CSM3, TOF1, DPB3, and DPB4. Throughout this study, we have 

identified several of these genes which are involved in regulating HRAS1 minisatellite stability 

as well as the specific alterations occurring in multiple HRAS1 mutant strains. Our work on 

human HRAS1 minisatellite stability during stationary phase has considerable implication for 

human disease and has begun to bridge the gap between events in stationary phase and the 

development of cancer. 
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Materials and Methods 

Media, Plasmids, and Strains 

 Media was made as described in Guthrie and Fink 1991. YPD+G418 media consisted of 

standard solid YPD media with 200mg/L of G418 sulfate (geneticin) added. Hydroxyurea (HU) 

media was made by adding hydroxyurea to YPD after autoclaving, with an end concentration of 

100mM HU. Sporulation and dissection of strains was as described (Jauert et al., 2002).  

 All strains used in this study (Table 1) were Saccharomyces cerevisiae strains derived 

from EAS28 (MATa his7-2 trp1-289 ura3-52) from Sia et al., 1997. The plasmid pEAS8 (Sia et al., 

1997) was used for construction of the ade2-h7.5 strain. DTK1200, DTK1225, DTK1373, 

DTK1533b, DTK1534, DTK1538, DTK1543, and DTK1560 were constructed using amplified 

genomic DNA from the Yeast Deletion Consortium Strains as a template. The template PCR 

product consisted of the G418 resistance gene flanked by 3’ and 5’ homology to the target 

sequence. The respective PCR products were then transformed into DTK1188. DTK1374 was 

made by crossing DTK1170 with DTK1188. Strains bearing the rad53-1 mutation were plated 

onto YPD+100mM HU media to check for the presence of the rad53-1 allele. This allele confers 

sensitivity to growth on HU containing media. All oligonucleotides used in this study are listed 

in Table 2. 

 

Constructing the ade2-h7.5 strain 

 In order to study the stability of a human minisatellite, we constructed the ade2-h7.5 

strain (DTK1188). This strain was constructed by inserting 7.5 repeats of the human HRAS1-
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associated minisatellite into the ADE2 gene of S. cerevisiae (Figure 5). The original plasmid 

pEAS8 contained the ADE2 gene. This plasmid was digested with the endonuclease XbaI. The 

human HRAS1 repeats are surrounded by a unique sequence. Oligonucleotides complimentary 

to this sequence with XbaI flanking ends were used in PCR to amplify the minisatellite region of 

the HRAS1 gene. The amplified HRAS1 was then digested with XbaI and ligated into the ADE2 

region of the plasmid pEAS8. The plasmid, now containing the ADE2 and HRAS1 regions, was 

cut using the endonuclease BglII. This linearized plasmid was transformed into the ADE2 gene 

of S. cerevisiae. Cells were plated onto 5-fluoroorotic acid containing media to remove the 

plasmid backbone and produce the ade2-h7.5 strain (Figure 6). PCR and sequencing comparing 

the ade2-h7.5 strain to the ADE2 parental strain verified the insertion and transformation. 

 

Construction of ade2-h7.5 mutants 

 Once construction of the ade2-h7.5 strain was completed and verified, knockouts were 

made of various genes in DTK1188 to study the effect of these genes on the HRAS1 minisatellite 

stability. Single knockouts were constructed in DTK1188 of the following genes: ZRT1, RAD27, 

END3, MRC1, CSM3, TOF1, DPB3, DPB4; point mutations were constructed in DTK1188 of the 

genes RAD53 and PKC1. These strains (see Media, Plasmids, and Strains) were constructed via 

high-efficiency Lithium Acetate (LiAc) transformation of yeast using PCR fragments. Prior to 

transformation, we performed PCR on a strain bearing a mutation in the gene we intended to 

mutate in our wild-type strain. PCR on the mutation-bearing strain amplified only the region of 

the mutated gene of interest. The mutated gene consisted of either a complete deletion of the 

gene and replacement with a KAN-resistance marker or a point mutation marked by resistance 
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to a chemical or conferring temperature sensitivity. Purification of the PCR product was 

performed to precipitate the DNA for transformation.  

 The transformation protocol was performed as follows. A single colony of DTK1188 was 

used to inoculate 5mls of liquid YPD and grown overnight at 30°C. After overnight growth, the 

5ml culture was used to inoculate 50ml of YPD. This culture was grown for 4 hours, then 

centrifuged to pellet cells. The cell pellet was resuspended in 5ml of 0.1M LiAc. Centrifugation 

and resuspension was repeated and the solution was stored at 4°C overnight. Cells were spun 

down and resuspended in 0.5ml of 0.1M LiAC. 100μl of cell suspension was transferred to a 

smaller tube. 12μl of salmon sperm DNA (10mg/ml) and 20μl of the PCR product was added to 

the tube. The cell/DNA mixture was incubated for 15 minutes at 30°C. 600μl of LiAC/PEG 

solution was added and mixed by pipetting. The mixture was incubated for 30 minutes at 30°C, 

followed by an addition of 68μl of DMSO. The cells were heat shocked at 42°C for 15 minutes 

then pelleted by pulse spinning. The supernatant was removed and 500μl of YPD was added. 

For Kan resistant knockouts, the cells were then grown for 4 hours at 30°C. For all other 

knockouts used, cells were grown for 1 hour at 30°C. Cells were then spun down and the 

supernatant was removed by decanting. The residual liquid was used to resuspend the cells. 

Cells were then plated onto the appropriate medium. DTK1374 was tracked on HU, DTK1375 

was tracked on YPD at 37°C, and all other strains were tracked on YPD + G418. 

 DTK1374 and DTK1375 were made by crossing the parental DTK1188 strain to another 

strain containing the desired knockout (Table 1). PCR was used to ensure the identity of the 

transformation and cross mutants in the ade2-h7.5 background. 
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Blebbing Quantification 

 To assess the effect of the mutated genes on HRAS1 minisatellite stability, blebbing 

quantification was performed. The mutant strain was streaked for single colonies on YPD and 

grown at 30°C for 3 days. A single red colony was used to inoculate 5mL of liquid YPD and 

grown at 30°C for 4 hours. The strain was then diluted using sterile water. For the first trial of 

blebbing quantification for each strain, 1:10, 1:25, 1:50, and 1:100 dilutions were made. Once 

the first trial was completed, the dilutions which yielded appropriate cell growth were used for 

the subsequent trials. Once dilutions were made, 100μL of each dilution was plated onto YPD 

and grown for 2 days at 30°C. Plates were moved to room temperature and grew for 6 more 

days. After the 8 total days of growth, photographs of 30-50 individual colonies were taken 

using a standardized microscope focus and camera resolution. The diameter of the 

photographed colonies was measured at the widest point. This meant that only colonies of the 

same size were included in this assay and ensured that size was not a factor in the amount of 

blebbing occurring.  

 The number of blebs on each photographed colony was counted and the following 

statistical analysis was performed for the colony diameter and number of blebs: average, 95% 

confidence interval, and standard deviation. This experiment was repeated 3 independent 

times and statistics were calculated for the combined data of each independent experiment. 

Blebbing quantification was performed for all knockout strains and DTK1188. If the knockout 

strain had a higher blebbing amount per colony and the 95% confidence intervals for number of 

blebs did not overlap between a knockout strain and the wild-type strain, this indicated a 

significant increase in blebbing due to the deletion of that gene. 
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 In order to assess if the ade2-h7.5 minisatellite alterations where occurring via 

homologous recombination, other members of the lab knocked out the following three 

recombination factors in both the ade2-h7.5 background and the ade2-h7.5 ∆zrt1 background: 

RAD50, RAD51, and RAD52. Blebbing quantification was performed using the same method and 

strains were constructed as described in (Kelly et al., submitted for publication). 

 

Analysis of Minisatellite Alterations by PCR and Sequencing 

 Bleb quantification was followed by analysis of specific minisatellite tract alterations. 

This analysis was performed in order to discover which types of alterations were occurring in 

the h7.5 minisatellite tract of each strain.  For each strain, 100 individual blebs were picked over 

three trials (approximately 30 blebs per trial) and patched onto YPD to grow overnight. DNA 

was isolated from the patches and purified using the Puregene Yeast/Bact Kit from Quiagen. 

PCR was used to amplify the h7.5 minisatellite region. Oligonucleotides 43901571 and 

43901572 were used. Electrophoresis on a 0.8% agarose gel separated the DNA bands by size. 

The amplified h7.5 region of the wild-type ade2-h7.5 strain was used as the baseline control. 

Visualization of the gel allowed us to see where expansion or contraction of the minisatellite 

tract occurred.  

 Once the PCR products of the minisatellite region of the blebs were run out onto a gel to 

visualize changes in length, sequencing was performed on the PCR products in order to see 

which specific alterations occurred. A minimum of 25 PCR products were chosen to be 

sequenced from each strain. The BioMedical Genomics Center DNA Sequencing and Analysis 

Facility at the University of Minnesota, Twin Cities, performed all sequencing. Oligonucleotide 
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43901571 was used for all sequencing reactions. The sequencing results were then analyzed in 

order to reveal the specific changes that had occurred within the HRAS1 minisatellite tract of 

each strain. 

 

SGA Analysis 

 In order to gain a better understanding of the factors affecting HRAS1 minisatellite 

stability, we are employing a whole-genome high-throughput screen to discover candidate 

genes that destabilizing the ade2-h7.5 minisatellite. This screen is a modified version of the 

Synthetic Genetic Array (SGA) Analysis (Tong et al., 2001) which Bonnie Alver used to detect 

minisatellite instability in mutant strains bearing the ade2-min3 construct. Similar to the 

analysis that was performed with the ade2-min3 construct, we are mating a query strain 

containing the ade2-h7.5 allele to the entire Nonessential Yeast Deletion Strain Set (Figure 7). 

This set contains approximately 4,800 yeast strains, each of which bears a deletion of a single 

non-essential gene. Media selection and assessment of blebbing was performed as in Alver et 

al., unpublished.  
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Results 

Bleb quantification of ade2-h7.5 mutant strains  

 In order to identify genes involved in stabilizing the HRAS1-7.5 minisatellite, we 

calculated the mean number of blebs per colony and the 95% confidence interval of the mean 

for each ade2-h7.5 mutant strain and the wild-type ade2-h7.5 strain. By comparing the amount 

of blebbing between strains bearing the ade2-h7.5 allele, we can determine whether or not the 

level of blebbing is statistically different. If blebbing in a mutant strain is greater than the wild-

type and the 95% confidence intervals of the two strains do not overlap, this indicates a 

statistically significant increase in the levels of blebbing. If the 95% confidence interval of the 

two strains overlaps, this is not a statistically significant change in the levels of blebbing. A 

statistically significant decrease in the level of blebbing would occur if the mutant strain had a 

lower level of blebbing than the wild-type strain and the two confidence intervals did not 

overlap.  

 Blebbing quantification was performed as described in Materials and Methods for 

mutant strains of the zinc transporter ZRT1, the DNA repair gene RAD27, the checkpoint gene 

RAD53, the protein kinase PKC1, and the endocytosis gene END3 (Figure 8). Blebbing levels 

were compared to the wild-type ade2-h7.5 strain, which produced 0.7 blebs/colony. Deletion of 

ZRT1 in the ade2-h7.5 strain background resulted in a significant increase in the level of 

blebbing compared to the wild-type strain. The level of blebbing for the ade2-h7.5 ∆zrt1 strain 

was 4.8 blebs/colony. The ade2-h7.5 ∆rad27 mutant also showed an increased level of blebbing 

at 5.0 blebs/colony. The third gene in this set of five that was shown to increase the level of 
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blebbing in the ade2-h7.5 strain when mutated was RAD53. The level of blebbing seen in the 

ade2-h7.5 rad53-1 strain was 6.4 blebs/colony. Both ade2-h7.5 pkc1-4 and ade2-h7.5 ∆end3 

mutant strains did not show a significantly increased level of blebbing compared to the wild-

type ade2-h7.5 strain. The ade2-h7.5 strain bearing a point mutation in PKC1 displayed in 0.9 

blebs/colony, and deletion of END3 in the ade2-h7.5 background resulted in 0.3 blebs/colony 

(Figure 9). This result contrasts with our results from the ade2-min3 analysis, where both PKC1 

and END3 did display an effect on minisatellite stability. From this data, we conclude that ZRT1, 

RAD27, and RAD53 have a stabilizing effect on the human HRAS1 minisatellite.  

 Our finding that RAD53 stabilizes minisatellites in stationary phase was surprising as 

checkpoints are thought to be active only in mitotically growing cells. Because RAD53 was 

found to stabilize minisatellites in stationary phase, we wanted to know if other components of 

the RAD53 checkpoint signaling pathway also play an active role in minisatellite stability in 

stationary phase cells. To investigate this, we studied the role of other checkpoint components 

in minisatellite stability during stationary phase. Checkpoint genes MRC1, CSM3, and TOF1 are 

components of a Replication complex, and DPB3 and DPB4 are Polε subunits. Blebbing 

quantification for these five ade2-h7.5 mutants was performed, following the same protocol as 

with the other 5 mutant strains. However, we observed that the blebs grew slower for this set 

of mutants and therefore modified our blebbing quantification protocol by extending the room 

temperature incubation time from 4 to 6 days. All other steps of the protocol were left 

unchanged. The mean number of blebs per colony for each mutant strain was then compared 

to the wild-type ade2-h7.5 strain, which had a blebbing level of 2.0 blebs/colony. At this new 

timepoint, deletion of any of the three checkpoint genes showed an increased level of blebbing 
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(Figures 8,10). Deletion of MRC1 in the ade2-h7.5 strain background resulted in 8.6 

blebs/colony, and the ade2-h7.5 ∆csm3 mutant yielded 11.7 blebs/colony. Deletion of the third 

checkpoint gene, TOF1, resulted in 10.9 blebs/colony. Of the two Polε subunits, only deletion of 

DPB3 showed a significantly increased level of blebbing, 4.0 blebs/colony. Deletion of DPB4 

resulted in 2.2 blebs/colony, an insignificant change from the wild-type strain (Figure 10). From 

this analysis, we conclude that several components of the RAD53 signaling pathway have an 

active role in stabilizing minisatellites in stationary phase. 

 

Specific minisatellite alterations in ade2-h7.5 blebbing mutants 

 By performing sequencing across the minisatellite tract of the ade2-h7.5 allele, we can 

determine what types of specific alterations occur within the minisatellite. Therefore, we 

performed PCR and sequencing of white ADE+ bleb isolates taken from several mutant strains in 

order to reveal specific repeat changes that had occurred within the HRAS1-7.5 minisatellite 

tract. From our bleb quantitation data discussed above, we discovered seven genes that result 

in destabilization of the minisatellite upon mutation: ZRT1, RAD27, RAD53, MRC1, CSM3, TOF1, 

and DPB3. PCR and sequencing of bleb isolates was performed for each of these deletion strains 

as well as for the ade-h7.5 ∆dpb4 strain, the other Polε subunit, although deletion of DPB4 did 

not produce a significant blebbing phenotype. The HRAS1-7.5 minisatellite consists of 7.5 

repeats and includes all four of the HRAS1 repeat types (Figure 5). PCR and sequencing was 

performed on the wild-type strain to compare these results with those of the deletion strain. 

 We found that alterations of the ade2-h7.5 minisatellite tract include both gains and 

losses of repeats. This was seen in the wild-type strain as well as in the following deletion 
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strains: ZRT1, RAD27, MRC1, TOF1, and DPB3. Deletion of CSM3, and DPB4 and mutation of 

RAD53 in the ade2-h7.5 background showed only losses of repeats (Figures 11-19). We can 

draw two important conclusions from this data. First, alterations of the HRAS1-7.5 minisatellite 

are complex as seen by the different patterns of rearrangement. We also see that deletion of 

different genes results in different patterns of minisatellite tract alterations. No one mutant has 

a specific, unique type of alteration. 

 

ade2-h7.5 ∆zrt1 recombination mutants 

 Previous research in our lab revealed that minisatellite alterations in an ade2-min3 ∆zrt1 

strain were dependent upon the homologous recombination factor, Rad50p (Kelly et al., 2007). 

In order to reveal whether or not minisatellite alterations within the ade2-h7.5 ∆zrt1 strain 

were also occurring via homologous recombination, we constructed recombination deletion 

mutants of RAD50, RAD51, and RAD52 in the ade2-h7.5 and ade2-h7.5 ∆zrt1 background. 

Blebbing was quantitated using our standard blebbing quantification protocol (Figure 20, Table 

3). From this data, we conclude that both the wild-type ade2-h7.5 and ade2-h7.5 ∆zrt1 strain 

alterations are dependent upon all three recombination factors, as deletion of any of them 

results in a dramatic decrease in blebbing. This data also reveals that ade2-h7.5 ∆zrt1 strain 

alterations depend predominantly on Rad50p and Rad51p, as deletion of both of these genes 

resulted in the largest blebbing decrease among the single mutants. Furthermore, deletion of 

Rad50p and Rad52p resulted in the largest overall decrease in blebbing. This indicates that 

ade2-h7.5 ∆zrt1 alterations rely mostly on Rad50p rather than Rad51p. As for the wild-type 

ade2-h7.5 strain, deletion of Rad50p and Rad52p resulted in the largest decrease in blebbing 
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among the single mutants. From this we conclude that wild-type strain alterations depend 

mostly on Rad50p and Rad52p. This is also reflected in the ∆rad50 ∆rad52 double mutant as 

shown by further decrease in the level of blebbing when both are deleted. 

 

SGA Analysis 

 After identifying several genes involved in regulating the stability of the human HRAS1 

minisatellite during stationary phase and better characterizing these pathways, we wanted to 

gain a more comprehensive understanding of the factors affecting the stability of the HRAS1 

minisatellite. We are currently employing a whole-genome high-throughput screen to discover 

candidate genes that destabilize the ade2-h7.5 minisatellite. This screen, a modified version of 

the Synthetic Genetic Array (SGA) Analysis (Tong et al., 2001), involves mating a query ade2-

h7.5 strain to approximately 4,800 strains from the Yeast Deletion Strain Haploid Set. At this 

time, we have completed the first of three rounds of our SGA analysis. Thus far we have 

identified 277 candidate genes as having a stabilizing effect on the HRAS1-7.5 minisatellite in 

stationary phase (Table 4). We then used an online program, FunSpec, which employs an 

algorithm to reveal functional groups that are overrepresented in a query of genes. Gene 

Ontology (GO) terms categorize gene product properties based on cellular component, 

molecular function, and biological process. From FunSpec, we identified multiple GO terms that 

are potentially involved in regulating human HRAS1 minisatellite stability in stationary phase 

(Table 5). The data from our SGA analysis allows us to have a more comprehensive list of the 

genes involved in stabilizing the human HRAS1 minisatellite. 
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Discussion 

 Rare alleles of minisatellites have been implicated in a wide variety of human diseases 

including diabetes (Kennedy et al., 1995), cancer (Ding et al., 1999; Krontiris et al., 1993; Vega 

et al., 2001; Rosell et al., 1999; Weitzel et al., 2000; Phelan et al., 1996; Wang et al., 2003; 

Jeong et al., 2007) and epilepsy (Lafreniere et al., 1997; Virtaneva et al., 1997). These rare 

alleles are formed when the minisatellite tract is destabilized and repeat tract changes occur. 

For example, HRAS1 is an oncogene, and rare alleles of its minisatellite are associated with an 

increased risk for multiple cancers, including breast cancer (Ding et al., 1999), brain tumors 

(Vega et al., 2001), lung cancer (Rosell et al., 1999), ovarian cancer (Weitzel et al., 2000), and 

colon cancer (Vega et al., 2001; Krontiris et al., 1993). Previously, our lab demonstrated that 

DNA alterations can occur in quiescent stationary phase cells (Kelly et al., 2007). It is thought 

that DNA alterations occurring in stationary phase cells are associated with improper 

reentrance into the cell cycle and subsequent oncogenesis. In order to better understand the 

factors regulating minisatellite stability in stationary phase and the role this might play in the 

development of cancer, we studied the human HRAS1-associated minisatellite in yeast strains 

bearing the ade2-h7.5 allele. 

 

Identifying Genes Regulating HRAS1 Minisatellite Stability 

 Using our novel assay system, we identified seven genes involved in the regulation of 

human HRAS1 minisatellite stability in stationary phase cells. Deletion or mutation of ZRT1, 

RAD27, RAD53, MRC1, CSM3, TOF1, or DPB3 in the ade2-h7.5 background resulted in a 
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significant blebbing phenotype (Figures 9,10). This indicates that minisatellite instability occurs 

during stationary phase in each of these strains. Identification of these genes as regulators of a 

human oncogene-associated minisatellite has significant implications for our understanding of 

human disease. 

 When the high-affinity zinc transporter, ZRT1, was knocked out in a strain bearing the 

ade2-h7.5 allele, destabilization of the minisatellite tract occurred. The level of blebbing seen in 

this mutant was significantly greater than that of the wild-type (Figure 9). This result reflects 

those shown in our previous research in a ∆zrt1 strain containing the ade2-min3 minisatellite 

allele (Kelly et al., 2007). As Katy Kelly has previously discussed in her work on the ade2-min3 

construct, it is likely that the blebbing phenotype seen in cells containing a zinc gene mutation 

is caused by the change of intracellular zinc levels. Zinc is an important cofactor for many 

cellular proteins. One activity that zinc-binding proteins are involved in is DNA repair (Ho 2004). 

DNA repair mechanisms in yeast often utilize homologous recombination, a mechanism that 

results in DNA alterations. This link among DNA repair mechanisms, DNA alterations and zinc-

binding proteins suggests that minisatellite alterations occurring in Δzrt1 cells are due to the 

aberrant function of DNA-binding proteins that require zinc, one example of this being proteins 

that aid in DNA repair activity.  

 Our lab’s previous findings also indicated that the mechanism of minisatellite tract 

alteration occurring in ZRT1 blebbing mutants is unique to minisatellite repeats (Kelly et al., 

2007). These findings are especially interesting because of the significant role zinc homeostasis 

plays in human health. Minor effects of zinc deficiency may include asthma (Murgia et al., 2006) 

and depression (Nowak et al., 2005). ZRT1 and the zinc transporter SLC39A4 (Wang et al., 2002) 
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are members of the ZIP zinc transporter family. Loss of SLC39A4 results in acrodermatitis 

enteropathica, which is a hereditary zinc deficiency that is typically fatal in the absence of zinc 

supplement therapy. (Sehgal and Jain 2000). Zinc levels have also been implicated in prostate 

cancer (Dhar et al., 1973; HO 2004; Costello and Franklin 1998; Platz and Helzlsouer 2001; 

Bataineh et al., 2002) and neurodegenerative disease (Dupuisa et al., 2004; HO 2004). Our 

results indicate that ZRT1 is an important gene for regulating the stability of a human 

minisatellite in stationary phase cells. Since minisatellite stability and zinc homeostasis have 

both shown involvement in multiple human diseases, a better understanding of how this 

regulation occurs is essential. 

 Overall, our lab hypothesizes that minisatellite tract alterations occur due to insufficient 

DNA repair during stationary phase. Our blebbing quantification results from this study 

demonstrate that deletion of the DNA repair gene RAD27 destabilizes the HRAS1 minisatellite 

tract (Figure 9). The nuclease encoded by RAD27 is involved in processing of Okazaki fragments 

and in maintaining genome stability (Liu and Bambara 2004). Interestingly, it has been shown 

that expansion of di- and tri-nucleotide repeats is, in part, prevented by the activity of the 

RAD27 protein (Xie et al., 2001). Therefore, the importance of a functional RAD27 is not only 

relevant to minisatellites, but also to other forms of repetitive DNA. 

 Another DNA repair-related gene that our lab identified in our blebbing quantification 

experiments is RAD53. RAD53 is important to cell recognition of DNA damage and is required 

for cell-cycle arrest in response to DNA damage (Allen et al., 1994). Our results demonstrate 

that loss of RAD53 destabilizes the minisatellite associated with the human oncogene HRAS1 

(Figure 9). Cancer can be caused when mutations occur that allow cells to escape from 
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stationary phase and reenter the cell cycle. Functional cell cycle checkpoints and DNA damage 

response are vital for the prevention of such cancerous growth. Consequently, it is important to 

understand how checkpoint genes such as RAD53 regulate genome stability.  

 Recent studies have also shown a positive correlation between ovarian cancer 

incidence, rare HRAS1 minisatellite alleles, and BRCA1 mutations (Phelan, et al., 1996). The 

breast cancer associated gene BRCA1 has been shown to be involved in cell cycle checkpoints, 

maintenance of genome stability, and DNA damage response (Deng 2006). Therefore, the 

relationship between checkpoint genes and the regulation of HRAS1 minisatellite stability is one 

that has significant implications for human health. 

 Components of a replication checkpoint complex were also shown to regulate human 

HRAS1 minisatellite stability. Loss of MRC1, CSM3, or TOF1 destabilized the HRAS1 minisatellite 

tract (Figure 10). These three genes function during DNA replication and activate RAD53 when 

fork stalling occurs (Bando et al., 2009). Recent work has shown that MRC1, CSM3, and TOF1 

inhibit CAG·CTG repeat instability, an example of how checkpoint genes regulate the stability of 

another form of repetitive DNA (Razidlo and Lahue 2008; Freudenreich and Lahiri 2004). 

Previous work in our lab has demonstrated a novel relationship between checkpoint genes and 

regulation of the ade2-min3 minisatellite’s stability (Alver et al., unpublished). This study has 

shown that the same relationship exists between checkpoint genes and human minisatellite 

stability.  

 Bonnie Alver’s work with the ade2-min3 strain demonstrated that MRC1, CSM3, and 

TOF1 function within the same pathway as DPB3, indicating that Polε and the replication 

checkpoint complex may have a joint function in stabilizing minisatellites during stationary 
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phase (Alver et al., unpublished). DPB3 is the third-largest subunit of DNA polymerase II, Polε, 

and is required to maintain chromosomal replication fidelity; DPB4 is a shared subunit of Polε. 

We quantitated blebbing in the Polε subunits DPB3 and DPB4, both of which showed significant 

blebbing when deleted in the ade2-min3 background. However, in our minisatellite screen only 

loss of DPB3 was shown to destabilize the HRAS1 minisatellite tract (Figure 10). Although this 

appears to indicate that DPB4 does not play a role in regulating human HRAS1 minisatellite 

stability, the DPB4 mutant in the ade2-min3 strain also showed a decreased level of blebbing 

from the other significantly blebbing mutants. Since blebbing levels are reduced overall in the 

ade2-h7.5 strain from the ade2-min3 strain, it is possible that DPB4 does regulate human 

HRAS1 minisatellite stability. Nonetheless, it is noteworthy that the other Polε subunit DPB3 

was shown to regulate HRAS1 minisatellite stability since it was shown to function in the same 

pathway as MRC1, CSM3, and TOF1, which all also regulate ade2-h7.5 minisatellite tract 

stability.  

 

HRAS1-7.5 Minisatellite Tract Alterations 

 After identifying several genes involved in regulating human HRAS1 minisatellite 

stability, we sequenced white ADE+ bleb isolates of each mutant strain in order to determine 

the specific repeat alterations occurring. We found that both gains and losses of repeats 

occurred in the wild-type strain as well as in the ZRT1, RAD27, MRC1, TOF1, and DPB3 mutants. 

(Figures 12-15). Multiple alleles of the HRAS1-7.5 minisatellite were formed in each of the 

mutant strains. For example, of the 26 MRC1 bleb isolates sequenced, 9 allelic variations of the 

minisatellite were formed and 4 different classes of repeat tract alterations occurred (Figure 
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13). This data provides us with characterization details of the alterations occurring in each 

strain as well as some of the differences among the strains. Interestingly, no two strains 

produce the same pattern of alterations. With the exception of one allele in the RAD27 mutant 

and three alleles in the DPB3 mutant, we only see alterations of entire repeat units. This implies 

that homologous recombination is presumably the mechanism responsible for the minisatellite 

alterations. 

 Previously, our lab demonstrated that minisatellite alterations in an ade2-min3 ∆zrt1 

strain were dependent upon the homologous recombination factor Rad50p (Kelly et al., 2007). 

In order to assess whether the ade2-h7.5 minisatellite alterations were occurring via 

homologous recombination, others in our lab knocked out the recombination factors RAD50, 

RAD51, and RAD52 in both the ade2-h7.5 and ade2-h7.5 ∆zrt1 background (Figure 20, Table3). 

The ade2-h7.5 ∆zrt1 strain showed significantly higher blebbing than the ade2-h7.5 in each of 

the recombination mutants. Blebbing in both the ade2-h7.5 ∆zrt1 and ade2-h7.5 strains was 

significantly reduced when all three recombination factors were knocked out. The ∆rad50 

∆rad52 double mutant further decreased the level of blebbing, demonstrating that the wild-

type minisatellite alterations depend mostly on Rad50p and Rad52p. From this data we 

conclude that the recombination factors Rad50p, Rad51p, and Rad52p play a role in regulating 

the stability of the HRAS1 minisatellite in stationary phase cells and that the minisatellite 

alterations seen in ade2-h7.5 strains are, in fact, occurring via homologous recombination. 

 

SGA Analysis 
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 By employing a whole-genome high-throughput screen, we are in the process of 

identifying candidate genes from the entire Nonessential Yeast Deletion Strain Set that 

destabilize the ade2-h7.5 minisatellite. From the first round of this screen, we have been able 

to identify multiple candidate genes that produce a blebbing phenotype when deleted in the 

ade2-h7.5 background. Upon completion of the SGA analysis, this will allow us to have a 

comprehensive list of the genes involved in stabilizing the human HRAS1 minisatellite. From 

comparing our preliminary list of enriched GO terms (Table 5) from this SGA to those from 

Bonnie Alver’s SGA analysis with the ade2-min3 construct, we found a few interesting GO terms 

that were identified as being overrepresented in both the ade2-min3 and ade2-h7.5 SGA 

analyses. Two functional groups that were identified in both screens include cell cycle 

checkpoints and zinc ion transport. These are both categories that we expected to see in our 

screen, given that deletion of these genes resulted in an increased level of blebbing in both the 

ade2-min3 and ade2-h7.5 wild-type strains. From the ade2-h7.5 SGA analysis, we have 

identified 13 genes that are involved in DNA repair. As our previous work has shown, the DNA 

repair gene RAD27 stabilizes the HRAS1-7.5 minisatellite in stationary phase, and DNA repair is 

one of the protein activities performed by zinc-binding proteins (Ho 2004). Overall, our 

preliminary ade2-h7.5 SGA analysis results support our lab’s previous findings that zinc 

homeostasis plays an important role in regulating minisatellite stability in stationary phase. In 

addition, this data indicates that cell cycle checkpoints and DNA repair mechanisms are not only 

active in mitotically growing cells, but have an active role in stabilizing minisatellites during 

stationary phase.  
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Implications and Future Directions 

 Future results from our lab’s ongoing SGA analysis of ade2-h7.5 will be a significant step 

in identifying specific factors that regulate human HRAS1 minisatellite stability. This will also 

broaden our general understanding of DNA stability and related events occurring in quiescent 

cells. After characterizing the regulation of human HRAS1 minisatellite stability in stationary 

phase S. cerevisiae, our lab hopes to extend our research to mammalian cells. By establishing a 

mammalian version of our yeast assay, we would be able to study the pathways regulating DNA 

stability in stationary phase mammalian cells (Kerkhoff and Rapp 1997). By extending this work 

to mammalian tissue culture, we would be able to determine the important roles of these 

pathways in human health. 

 Uncontrolled overgrowth of cells can result from improper reentry of cells into the cell 

cycle. Although quiescent stationary phase cells are not proliferating, they still retain the ability 

to exit stationary phase and reenter the cell cycle. If this occurs at an inappropriate time, 

oncogenesis may result. Specific DNA alterations can take place during stationary phase that 

are associated with a risk for reentry into the cell cycle. Since the majority of human cells exist 

in stationary phase, it is vital to understand the factors regulating DNA stability in stationary 

phase cells. DNA stability and mutation events have been extensively studied in proliferating 

cells; however, little is known about DNA stability and related events in quiescent stationary 

phase cells. By identifying genes that regulate the stability of a human minisatellite in stationary 

phase, we have begun to characterize the relationship between stationary phase events and 

the development of cancer and bridge the gap in our understanding of the events occurring in 

stationary phase cells.  
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Figure 1. Eukaryotic Cell Cycle. Cell growth occurs throughout interphase, which includes G1, S, 

and G2. DNA replication occurs during S phase and mitosis occurs in M phase. Quiescent 

stationary phase cells have exited the cell cycle and exist in G0. Quiescent cells are non-

proliferating, yet retain the ability to reenter the cell cycle.  
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Figure 2. Construction of the ade2-min3 strain. Our lab constructed the ade2-min3 cassette, 

consisting of three identical 20 base pair repeat units inserted into an XbaI site in the ADE2 

gene of S. cerevisiae. As this insertion disrupts the XbaI 4-base overhang, it also duplicates the 

overhang, resulting in one copy of the 4-base overhang on each side of the repeat tract. These 

extra four bases knock the ADE2 gene out of the correct reading frame, forming red ADE- 

colonies that require adenine for growth. When adenine in the media is depleted, cells enter 

stationary phase. Changes in the number of repeat units can occur during stationary phase and 

knock the ADE2 gene back into the correct reading frame, producing a white sector or 

papillation on the colony. These ADE+ cells reenter the cell cycle and continue to grow in the 

absence of adenine. 
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Figure 3. Blebbing. Picture of a blebbing yeast colony. The red colony consists of ADE - cells that 

have entered stationary phase. The white pustules are the blebs. These ADE+ cells form after 

minisatellite tract alterations have occurred, which knock the ADE2 gene back into the correct 

reading frame.  
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Figure 4. Bleb formation. When adenine in the media is depleted, red ADE - cells enter 

stationary phase. Changes in the number of repeat units can occur during stationary phase and 

knock the ADE2 gene back into the correct reading frame, producing a white sector or 

papillation on the colony.  
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Table 1. Yeast strains used in this study 

Strain Relevant Genotype Construction Details 

   

105F4 ∆tof1::KANMX from SGD deletion set consortium 

110G11 ∆dpb3::KANMX from SGD deletion set consortium 

137D6 ∆dpb4::KANMX from SGD deletion set consortium 

DTK1056 DTK271 ∆rad50::KANMX Checked by PCR 

DTK1057 DTK904 ∆rad50::KANMX Checked by PCR 

DTK1074 DTK271 ∆rad51::KAN Checked by PCR 

DTK1076 DTK904 ∆rad51::KAN Checked by PCR 

DTK1088 DTK271 ∆end3::KANMX Checked by PCR 

DTK1170 ade2-min3, rad53-1 DTK271xDTK1793, isolated spore 

DTK1170 ade2-min3 rad53-1   a from 3rd back cross 

DTK1188 ade2-h7.5 DTK260 with pKK055, FOAR isolate 

DTK1191 ade2-min3 ∆zrt1::leu2 ∆rad52::URA3 from DNY101 x DTK904 back crossed 
3x (isolated) 

DTK1199 ade2-min3 ∆rad27 from 1012x271 (isolated spore) 

DTK1200 ade2-h7.5, zrt1::KAN DTK1188 with zrt1::KANα 

DTK1225 ade2-h7.5, rad27::KAN DTK1188 with rad27::KANα 

DTK1256 ade2-h7.5, rad53-1 DTK1170xDTK1188, isolated spore 

DTK1266 ade2-h7.5, end3:KAN DTK1188 with end3::KANα 

DTK1279 ade2-min3, pkc1-4 DTK271xYKH27, isolated spore 

DTK1373 ade2-h7.5 end3::KAN DTK1188 with end3::KANа 

DTK1374 ade2-h7.5 rad53-1 DTK1170xDTK1188, isolated spore 

DTK1375 ade2-h7.5 pkc1-4 DTK1188xDTK1279, isolated spore 

DTK1533b DTK1188 ∆mrc1::KAN PCR checked: KAN internal & mrc1 
internal primers 

DTK1534 DTK1188 ∆dpb4::KANMX PCR checked: KAN internal and dpb4 
internal primers 

DTK1538 DTK1188 ∆dpb3::KANMX PCR checked: KAN internal and dpb3 
internal primers 

DTK1543 DTK1188 ∆csm3::KANMX PCR checked: KAN internal and csm3 
internal primers 

DTK1560 DTK1188 ∆tof1::KANMX PCR checked: KAN internal and tof1 
internal primers 

DTK1624a DC2256 + ade2-h7.5 – URA3 (query) checked by PCR and sequencing 

DTK260 Leu2::HisG EAS28 with pNKY85**reference in 
text, ref Alani, 1987 

DTK264 ade2-min3 DTK260 with pDTK123 

DTK271 ade2-min3, MATα DTK264 with pGal-HO (Herskowitz 
and Jensen, 1991) 

DTK878 DTK271 ∆zrt1::KAN  

DTK904 DTK284 ∆zrt1::lue2  
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EAS28 Wild-type MATa his7-2 trp1-289 ura3-52 (Sia et 
al. 2001) 

SCD 153 Haploid, Mat α for SGA analysis, from Wright lab 

SCD175 ∆mrc1::KANMX from SGD deletion set consortium 

SCD176 ∆csm3::KANMX from SGD deletion set consortium 

SCD187 ∆dpb3::KANMX    haploid from SGD deletion set consortium 

SCD188 ∆dpb4::KANMX    haploid from SGD deletion set consortium 

YKH27 pkc1-4 (Huang and Symington, 1995) 
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Table 2. PCR primers used in this study 

Location Reference Number Sequence 

zrt1-259F 12872777 ATCAGATGTGCTCAGGTATC 

zrt1+1290R 12872778 ACACCAGCGTAAAAGTTG 

zrt1-137F 12966370 TACGCACGGCATTAGCTC 

zrt1+1508R 12966371 ACTCGTAGATGGCACGGTC 

rad50-97F 20619256 GCGGCTTTCAAGCTTTGATCT 

rad50+4044R 20619257 TGGCTAAGCAACAGAAGCGT 

rad27-125F 23094593 GCGTCCCATCGCGCAAATGAAG 

rad27+1284R 23094594 TCCACGTTCAAGTTCCCAGAAA 

rad51-60F 26876476 GCAGTAGGGTTGCGAGGTATATGA 

rad51+1357R 26876477 GCAGTAGGGTTGCGAGGTATATGA 

end3-50F 28278222 GAGTTAGTGGGTATTGGAAAGGC 

end3+1156R 28278223 CCACACCGTTACTGGATAGA 

hras7.5b F 42875439 AAAAGATCTCCCTGCGGTTGGGGGAGAGC 

hras7.5b R 42875440 AAAAGATCTGAAGCTGGTCACTCGGAGGCTG 

ade2-86F 43901571 GGTGCGTAAAATCGTTGGATCTC 

ade2+224R 43901572 GCTCAATCTCAATCGTTAGCAC 
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Figure 5. HRAS1 – 7.5 repeat minisatellite. In the human HRAS1 minisatellite there are 4 main 

repeat types, with each repeat unit being 28 base pairs in length. These repeats are different 

from one another at two positions, the +14 and +22, containing either a G or C. Type 1 repeats 

consist of a G at +14 and a C at +22, while Type 2 repeats have 2 Gs. Type 3 repeats have a C at 

+14 and a G at +22, and Type 4 repeats have two Cs. Rare alleles of the HRAS1 minisatellite are 

associated with various cancers. We constructed the ade2-h7.5 strain, consisting of the above 

7.5 repeat units of the HRAS1 minisatellite.  
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Figure 6. Construction of the ade2-h7.5 strain. 7.5 repeats of the HRAS1 minisatellite were 

inserted into the ADE2 gene of S. cerevisiae. As in our ade2-min3 strain, insertion of the HRAS1 

minisatellite repeats knocked the ADE2 gene out of the correct reading frame, causing ade2-

h7.5 cells to be unable to synthesize adenine.  
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Figure 7. SGA Analysis. To identify genes required to maintain minisatellite stability in yeast 

during stationary phase, we are conducting a modified version of the Synthetic Genetic Array 

(SGA) analysis. We are mating our ade2-h7.5 query strain to each strain in the Yeast Deletion 

Strain Set. Several rounds of media selection is conducted in order to isolate MATa strains 

bearing both the deletion mutation and the ade2-h7.5 allele. Each mutant is assessed to 

determine the presence of a blebbing phenotype. All blebbing strains are streaked onto YPD for 

isolation of single colonies for more accurate assessment of blebbing.  
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Figure 8. Pictures of ade2-h7.5  blebbing mutants. Loss of ZRT1, RAD27, RAD53, MRC1, CSM3, 

TOF1, DPB3, but not END3, PKC1 or DPB4, destabilizes the ade2-h7.5 minisatellite tract. All 

strains were grown for 7 days, according to the blebbing quantification protocol. DTK1188 is the 

parental ade2-h7.5 strain, and its blebbing levels were quantitated to serve as the baseline 

control. Mean blebs per colony and 95% confidence interval for each blebbing strain were 

determined as described in Materials and Methods. 
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Figure 9. Average number of blebs/colony. Loss of ZRT1, RAD27, or RAD53 destabilizes the 

ade2-h7.5 minisatellite tract. Loss of PKC1 or END3 had no effect. The ade2-h7.5 wild-type 

strain had a level of blebbing of 0.7 blebs/colony with a 95% confidence interval of 0.2. The 

ade2-h7.5 ∆zrt1 mutant produced 4.8 blebs/colony ± 0.3. Loss of RAD27 resulted in 5.0 ±0.6 

blebs/colony, and loss of RAD53 resulted in 6.4 ±0.4 blebs/colony. Deletion of PKC1 or END3 

had no destabilizing effect, with blebbing levels of 0.9 ± 0.2 and 0.3 ± 0.1, respectively. 
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Figure 10. Average number of blebs/colony. Loss of MRC1, CSM3, TOF1, or DPB3 destabilizes 

the ade2-h7.5 minisatellite tract. Loss of DPB4 had no effect. The ade2-h7.5 wild-type strain 

had a level of blebbing of 2.0 blebs/colony with a 95% confidence interval of 0.3. The ade2-h7.5 

∆mrc1 mutant produced 8.6 blebs/colony ± 0.6. Loss of CSM3 resulted in 11.7 ±0.7 

blebs/colony, loss of TOF1 resulted in 10.9 ±0.4 blebs/colony, and loss of DPB3 yielded 4.0 ± 0.4 

blebs/colony. Deletion of DPB4 had no destabilizing effect, with a blebbing level of 2.2 ± 0.3 

blebs/colony. 

 



42 
 

 

 

 

 

 

 

 

 

 

 

Figure 11. ade2-h7.5 minisatellite tract alterations in white Ade+ bleb isolates of the parental 

ade2-h7.5 strain. The ade2-h7.5 minisatellite tract was amplified by PCR and sequenced in 25 

independent white bleb isolates from the parental ade2-h7.5 strain. Both deletion and 

expansion of the minisatellite tract occurred. The following types and numbers of alleles were 

formed: 1 allele containing a gain of 2 repeats and 1 allele containing a gain of 1 repeat. 20 bleb 

isolates revealed a loss of 1 repeat, with 5 different allele types formed. Three bleb isolates 

revealed a loss of 4 repeats, with 3 different allele types formed. 
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Figure 12. ade2-h7.5 minisatellite tract alterations in white Ade+ bleb isolates of 

the ade2-h7.5 ∆zrt1 strain. The ade2-h7.5 minisatellite tract was amplified by PCR 

and sequenced in 27 independent white bleb isolates from the ade2-h7.5 ∆zrt1 

strain. Both deletion and expansion of the minisatellite tract occurred. 2 allelic 

variations containing a gain of 2 repeats were formed, and 2 alleles containing a 

loss of 4 repeats were formed. 23 bleb isolates showed a loss of 1 repeat, with 4 

allelic variations formed. 
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Figure 13. ade2-h7.5 minisatellite tract alterations in white Ade+ bleb isolates of the ade2-

h7.5 ∆mrc1 strain. The ade2-h7.5 minisatellite tract was amplified by PCR and sequenced in 26 

independent white bleb isolates from the ade2-h7.5 ∆mrc1 strain. Both contraction and 

expansion of the minisatellite tract occurred. Two allelic variations each containing a gain of 2 

repeats were formed; 1 allele of each type was formed. A total of 20 alleles contained a loss of 

1 repeat, with 5 allelic variations being formed. 3 alleles contained the same loss of 4 repeats, 

and 1 allele displayed loss of the entire minisatellite tract. 
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Figure 14. ade2-h7.5 minisatellite tract alterations in white Ade+ bleb isolates of the ade2-

h7.5 ∆tof1 strain. The ade2-h7.5 minisatellite tract was amplified by PCR and sequenced in 25 

independent white bleb isolates from the ade2-h7.5 ∆tof1 strain. Both contraction and 

expansion of the minisatellite tract occurred. 1 allele containing a gain of 2 repeats was formed. 

Five allelic variations containing a loss of 1 repeat were formed; a total of 22 alleles were seen 

to have lost 1 repeat. 2 allelic variations containing a loss of 4 repeats were formed; 2 total 

alleles were seen in this class. 
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Figure 15. ade2-h7.5 minisatellite tract alterations in white Ade+ bleb isolates of the ade2-

h7.5 ∆dpb3 strain. The ade2-h7.5 minisatellite tract was amplified by PCR and sequenced in 25 

independent white bleb isolates from the ade2-h7.5 ∆dpb3 strain. Both contraction and 

expansion of the minisatellite tract occurred. The following types and numbers of alleles were 

formed: 1 allele containing a gain of 2 repeats and 3 alleles containing a loss of 1 single G 

nucleotide. The loss of the G was seen in the second, third, and seventh repeat units of the 

minisatellite tract. This single nucleotide deletion was enough to knock the ADE2 gene back into 

the correct reading frame, but the altered ade2-h7.5 ∆dpb3 minisatellite contains the same 

order of repeat units as the original ade2-h7.5 minisatellite. 14 bleb isolates revealed a loss of 1 

repeat, with 3 allelic variations being formed. 7 bleb isolates revealed a loss of 4 repeats, with 2 

allelic variations being formed. 
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Figure 16. ade2-h7.5 minisatellite tract alterations in white Ade+ bleb isolates of the ade2-

h7.5 ∆rad27 strain. The ade2-h7.5 minisatellite tract was amplified by PCR and sequenced in 18 

independent white bleb isolates from the ade2-h7.5 ∆rad27 strain. Both expansion and 

contraction of the minisatellite tract occurred. 7 allelic variations containing a loss of 1 repeat 

occurred, with 14 of the 18 bleb isolates containing a loss of 1 repeat. 2 bleb isolates contained 

a loss of 4 repeats, each forming a different allele. 1 bleb isolate contained a gain of 2 repeats. 1 

bleb isolate contained a loss of 1 C in the second repeat unit. This single nucleotide deletion 

was enough to knock the ADE2 gene back into the correct reading frame. 
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Figure 17. ade2-h7.5 minisatellite tract alterations in white Ade+ bleb isolates of the ade2-

h7.5 ∆csm3 strain. The ade2-h7.5 minisatellite tract was amplified by PCR and sequenced in 25 

independent white bleb isolates from the ade2-h7.5 ∆csm3  strain. Contraction of the 

minisatellite tract occurred. 18 total alleles contained a loss of 1 repeat, with there being 4 

allelic variations that each lost one repeat. 2 allelic variations containing a loss of 4 repeats 

were formed; a total of 7 alleles were seen in these two variations.  
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Figure 18. ade2-h7.5 minisatellite tract alterations in white Ade+ bleb isolates of the ade2-

h7.5 ∆dpb4 strain. The ade2-h7.5 minisatellite tract was amplified by PCR and sequenced in 25 

independent white bleb isolates from the ade2-h7.5 ∆dpb4 strain. Contraction of the 

minisatellite tract occurred. 5 allelic variations contained a loss of 1 repeat, totaling 22 bleb 

isolates that lost 1 repeat. 3 alleles containing a loss of 4 repeats were formed. 
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Figure 19. ade2-h7.5 minisatellite tract alterations in white Ade+ bleb isolates of the ade2-

h7.5 rad53-1 strain. The ade2-h7.5 minisatellite tract was amplified by PCR and sequenced in 21 

independent white bleb isolates from the ade2-h7.5 rad53-1 strain. Contraction of the 

minisatellite tract occurred. The following types and numbers of alleles were formed: 1 allele 

containing a loss of 4 repeats and 5 allelic variations containing a loss of 1 repeat. A total of 21 

alleles containing the loss of 1 repeat were formed. 
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 Figure 20. ade2-h7.5 ∆zrt1 recombination mutants. Recombination mutants of RAD50, RAD51, 

and RAD52 were constructed in the ade2-h7.5 background, and standard blebbing 

quantification was performed. The ade2-h7.5 ∆zrt1 strain showed significantly higher blebbing 

than the ade2-h7.5 in each of the recombination mutants. Blebbing in both the ade2-h7.5 ∆zrt1 

and ade2-h7.5 strains was significantly reduced when recombination factors were knocked out.  
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  Mean blebs/colony                          

+/- 95% Confidence Interval 

Strain
1
 Genotype WT ∆zrt1 

DTK1188/DTK1200 Parental 0.7 +/- 0.15 4.79 +/- 0.35 

DTK1400/DTK1406 ∆rad50  0.26 +/- 0.08 1.08 +/- 0.21 

DTK1401/DTK1428 ∆rad51  0.38 +/- 0.1 1.84 +/- 0.23 

DTK1427/DTK1403 ∆rad52  0.21 +/- 0.09 2.47 +/- 0.29 

DTK1426/DTK1407 ∆rad50 ∆rad52  0.14 +/- 0.06 0.94 +/- 0.2 

NA/DTK1438 ∆rad50 ∆rad51 ∆rad52  NA 0.27 +/- 0.09 

 

Table 3. Recombination mutants. Recombination mutants of RAD50, RAD51, and RAD52 were 

constructed in the ade2-h7.5 background, and standard blebbing quantification was performed. 

Deletion of any of the three recombination mutants results in a dramatic decrease in blebbing, 

indicating that both the wild-type ade2-h7.5 and the ade2-h7.5 ∆zrt1 strain alterations are 

dependent upon all three recombination factors. Deletion of Rad50p and Rad51p resulted in 

the largest blebbing decrease among the single mutants in the ade2-h7.5 ∆zrt1 strain. The 

largest overall decrease in blebbing was seen when both Rad50p and Rad52p were deleted in 

the ade2-h7.5 ∆zrt1 strain, indicating that minisatellite alterations in this strain rely mostly on 

Rad50p rather than Rad51p. Minisatellite alterations in the wild-type ade2-h7.5 strain depend 

mostly on Rad50p and Rad52p, as seen by the decrease in blebbing for both single mutants and 

the largest overall decrease in blebbing seen in the Rad50p Rad52p double mutant. 

1 WT strain number/∆zrt1 strain number 
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Candidate Genes 

ACA1  ART5  CLN2  ELG1  GET4  IAH1  MAD2  NIF3  PHD1  REV1  SAS5  SRX1  TVP18  YCT1  

ACF4  ASK10  CMK1  EMP70  GFD2  IDH2  MAK10  NKP1  PIR3  RHR2  SBE2  SSB1  UBC7  YFH7  

ADE6  ASP1  COA4  ENT4  GID7  IRC14  MEI5  NNK1  PLB2  RME1  SCS7  SSH4  UBI4  YGK3  

ADY4  ATF2  CPT1  ENV9  GLT1  ISW1  MET22  NPP2  PMP2  RML2  SEG1  SSP2  UBP12  YGR071C  

AFI1  ATG21  CRC1  EPS1  GOS1  IXR1  MIC17  NTA1  PMS1  RNH203  SFP1  STB5  UFO1  YGR207C  

AGP3  ATO3  CSI1  ERM6  GTO3  IZH2  MKC7  OMS1  PMU1  RNY1  SIA1  TDH3  URA7  YHM2  

AGX1  ATP5  CSM3  ERV25  HBT1  KAP114  MKR1  ORF  PNS1  RPB9  SKI8  THI4  UTR2  YIA6  

AIM18  AVT3  CTF8  EXG2  HIR1  KCC4  MMS4  ORF  POA1  RPG1  SKN7  THI72  VBA4  YKL222C  

AIM19  BAT2  CUE2  FAA4  HIR2  KES1  MPA43  ORF  PPT1  RPL22a  SLK19  THI73  VMA21  YKU80  

AIM32  BDH2  CWP1  FAR1  HIR3  KIN4  MPC54  OSW5  PPZ2  RPL22B  SLX1  TIM21  VPS54  YLH47  

AIM33  BEM4  CYC7  FIN1  HIS3  KTI12  MPM1  OYE2  PRM4  RPL7B  SMF3  TIR1  VPS61  YPK3  

ALR2  BIT61  DAL1  FRE6  HNT3  KTR2  MRC1  PAN2  PSD2  RPL8B  SNF6  TIR3  VTC1  YPT35  

ALT2  BNA2  DAL7  FSH2  HOG1  LCB4  MRM1  PAR32  PSR2  RRD1  SOL3  TPC1  WSC4  YRM1  

APM2  BNR1  DET1  FUS2  HOR2  LCB5  MRP51  PCL7  PTK2  RRM3  SPC2  TPK3  WSS1  YRR1  

APM4  BUB3  DGR2  GAC1  HOR7  LEU3  MRPL22  PCP1  PXA1  RSB1  SPE1  TPO2  WTM1  YSP1  

APS1  BUD2  DLD1  GCN20  HOT13  LEU9  MSB1  PDC5  QCR10  RSM22  SPO12  TRE1  XDJ1  ZRT1  

APT1  BUD28  DRS2  GCY1  HTB2  LIF1  MSI1  PDC6  QCR9  RVS167  SPO22  TRP4  XKS1  ZRT2  

ARG4  CAJ1  ECM2  GDP2  HUA1  LIP5  MSN5  PDR12  RAD14  SAC3  SPS22  TRP5  YAP1801  
 ARG80  CAR1  EDC3  GEA1  HUB1  LSM12  NDE1  PET130  RAD5  SAP155  SRL4  TRR2  YAP5  

 ARN2  CBR1  EFT2  GET2  HXT1  LSP1  NFI1  PFA4  RBS1  SAS2  SRN2  TUM1  YAT2  

 

Table 4. Candidate genes identified from ade2-h7.5 SGA analysis. From the first of three round 

of the ade2-h7.5 SGA analysis, we have identified 277 candidate genes as playing a role in 

stabilizing the HRAS1-7.5 minisatellite during stationary phase. Several genes that we have 

previously studied as regulators of minisatellite stability were identified in this screen including 

MRC1, CSM3, and ZRT1.  
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Table 5. Identification of functional groups from the ade2-h7.5  SGA analysis. 13 biological GO 

terms were identified as being overrepresented in our query of 258 genes from our preliminary 

SGA analysis results. Of these GO terms, three were especially significant: cell cycle 

checkpoints, heavy metal ion transport, and DNA repair. The cell cycle checkpoint genes 

identified in our SGA analysis include MRC1 and CSM3, two genes we previously identified as 

having a stabilizing role on HRAS1-7.5 minisatellite stability in stationary phase. Thirteen DNA 

repair genes were identified. As expected, ZRT1 was pulled out as a candidate gene. Previous 

work in our lab has characterized the role of ZRT1 and zinc homeostasis in stabilizing 

minisatellites during stationary phase (Kelly et al., 2007). 
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