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1. Abstract
Spinocerebellar ataxia type 10 (SCA10) is an autosomal dominant disease characterized
by ataxia and, in some cases, epilepsy, which is caused by expansions of the (ATTCT)n repeat
within an intron of the ATX10 gene. The repeat can expand from 10-22 copies in normal
individuals up to 4,500 repeats in SCA10 patients. To understand the mechanisms responsible
for (ATTCT)n repeat instability, we set up a genetically controlled system to analyze its
expansions in Saccharomyces cerevisiae. By integrating (ATTCT)n repeats into an intron of the
selectable gene reporter, we found that they do expand in yeast resulting in the reporter’s
inactivation. This inactivation is due to the fact that the levels of both unspliced and spliced RNA
of the reporter were strongly decreased upon lengthening of the (ATTCT)n repeat in its intron.
The rates of expansions dramatically increased with the repeat lengths, mimicking the situation
in human pedigrees. We then performed preliminary genetic analysis, by disrupting several
genes involved in DNA metabolism. In the ∆tof1 strain, the rate of expansions increased 8-fold
suggesting that the Tof1 protein acts to prevent (ATTCT)n repeat expansions. In the ∆rad5
strain, no expansions were observed, implicating that the Rad5 protein is a crucial factor for
expansions. We speculate that expansions of (ATTCT)n repeats could occur upon template
switching during the replication of repetitive DNA.

2. Introduction
Expansion of simple DNA repeats leading to gene inactivation and, ultimately, cell death
is a cause of more than thirty hereditary diseases in humans, most of which are neurological and
neurodegenerative [1]. Two interesting features distinguish these diseases from almost every
other known disease in humans. First of all, in each case, just one repeat, positioned in a unique
gene, undergoes an expansion. In other words, expansion mutation occurs in cis rather than
resulting from a mutation in the replication, repair, and recombination machinery, as is true for
hereditary non-polyposis colon cancer (mismatch repair mutation) [2], ataxia-telangiectasia
mutated (intra-S checkpoint mutation) [3], or fanconi anemia (DNA repair mutation) [4].
Secondly, many of the repeat expansion diseases are characterized by genetic anticipation, which
is the increased probability of the disease’s severity and early onset of the disease as the mutant
allele passes through generations [5].
The exact mechanisms of repeat expansions in humans are unknown. Data from model
systems including bacteria, yeast, and mice implicated DNA replication, repair, and
recombination, as contributors to the repeat expansions [6]. For more than a decade, since the
expansion diseases were discovered, it was believed that they are caused by trinucleotide repeats.
It is clear now that tetra-, penta-, and dodecanucleotide repeats can also expand in human
pedigrees leading to hereditary diseases [1]. It was also believed that unusual secondary
structures formed by individual strands of expandable repeats, such as hairpins, G-quartets, or
triplexes, are central for the repeat expansions [7]. Recently, it has become clear that this is not
always true. A pentanucleotide repeat, (ATTCT)n, which can cause the disease spinocerebellar
ataxia type 10 (SCA10) upon expansion [8], does not form any intra-strand structures [9]. In fact,
it belongs to a group of sequences called DNA unwinding elements (DUEs), i.e. it has a high

2

propensity to unravel under the influence of negative DNA supercoiling. Based on the unwinding
property, it was proposed that repeat expansions may occur during uncontrollable initiation of
DNA replication of the repetitive sequence, the so-called onion skin model [10]. Another
example of an expandable repeat that cannot form known intra-strand structures is a repeat
(TGGAA)n, expansion of which is responsible for SCA31 [11]. Thus, the correlation between a
propensity to form unusual structures and repeat expansions for known trinucleotide repeats is
not always evident. We were interested, therefore, whether the mechanisms of repeat expansions
for the aforementioned group of repeats are principally the same as for other repeats.
In this paper, we concentrated on the mechanisms of expansions of the (ATTCT)n repeat
expansion responsible for SCA10. In the human genome, this repeat is positioned in the ninth
intron of the ataxin-10 (ATX10) gene [8]. Normal individuals have 10-22 copies and affected
individuals have 800 copies up to as many as 4,500 copies. The disease is autosomal dominant
and is primarily prevalent in Mexican and Brazilian families, but the two populations differ both
symptomatically and genetically when it comes to the disease. Mexican families are afflicted
with epilepsy in addition to the ataxia while Brazilian families are not [12, 13]. At the level of
the repeat structure, repeat expansions in the Mexican populations have non-interrupted
sequences while the Brazilian families have multiple interruptions throughout the repeat tract.
The biologic function of the ataxin-10 gene is unknown [14], but the protein expressed is found
in the brain largely, as well as the skeletal muscles, the heart, the liver, and the kidney [8]. The
SCA10 pathogenesis is not well known, but many models have been proposed, such as
haploinsufficiency of the SCA10 protein, RNA gain of function, and genomic disruption [14].
We decided to look at the genetic control of the (ATTCT)n repeat expansions using our
recently developed system to monitor large-scale expansions in yeast [15]. Specifically, non-
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interrupted ATTCT repeats, ranging from 46 repeats to 81 copies, were integrated into an intron
artificially introduced into the URA3 gene, which rendered the gene functional. Expansions of
the repeat beyond ~85 copies appear to block the reporter gene’s expression, resulting in the
selectable genotype, 5-FOAR. Using this system, we were able, for the first time, to detect
expansions of (ATTCT)n repeats in a genetically controlled experimental system. We found that
the rate of repeat expansions increases dramatically with the repeat’s length, which might
account for the genetic anticipation described previously. A small-scale genetic screen identified
several genes that affect repeat expansions. The Tof1 protein, a component of the replication fork
stabilizing complex [16, 17], prevents (ATTCT)n repeat expansions while the Rad5 protein,
responsible for template switching during post-replication repair [18], stimulates repeat
expansions. Finally, the Rad52 protein, a master component of homologous recombination in
yeast [19], has no role in the (ATTCT)n repeat expansions. We conclude, therefore, that repeat
expansions occur during DNA replication and/or post-replicative repair. Remarkably, our genetic
data are qualitatively similar to that obtained for a different repeat, (GAA)n, which is one of the
best known examples of structure-forming repeats. We believe, therefore, that it is not the
structure formation, but the repetitive nature, of these elements which predisposes them to
expansions during DNA synthesis. A model is proposed based on template switching within
repetitive DNA during DNA replication.
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3. Materials and Methods
Strains
Cloning was performed in Escherichia coli SURE2 competent cells (e14-(McrA-)
∆(mcrCB-hsdSMR-mrr)171 endA1 gyrA96 thi-1 supE44 relA1 lac recB recJ sbcC umuC::Tn5
Kanr uvrC [F’ proAB lacIqZ∆M15 Tn10 (Tetr) Amy Camr]. The Saccharomyces cerevisiae strain
used was CH1585 (MATa leu2 1 trp1 63 ura3-52 his3-200).

Plasmids
Yeast studies were performed in the pYES2-intron plasmid (Invitrogen). In the pYES2
plasmid derivative (pYES2-Intron), an intron from the S. cerevisiae ACTI gene was inserted into
the StuI site of the pYES2 plasmid located within the URA3 gene [15].

Selectable Cassettes
In a pYES2 plasmid derivative (pYES2-Intron), a 308 bp-long intron from the S.
cerevisiae ACTI gene was inserted in the URA3 gene of the pYES2 plasmid. Repeats were
cloned into the unique MunI site in the intron of the pYES2-Intron plasmid. The repeatcontaining plasmids were linearized with two restriction enzymes cleaving at the 5’- and 3’- ends
of the chimeric URA3 gene and the excised cassettes were then transformed into the
Saccharomyces cerevisiae CH1585 (MATa leu2 1 trp1 63 ura3-52 his3-200) strain using URA+
selection (Fig. 1). URA+ strains carrying integrated cassettes with 46, 64, and 81 ATTCT repeat
tracts were obtained. We noted that a strain carrying 81 repeats within the URA3 gene grew
exceptionally slowly on the URA- media, thus, it was it barely URA+.
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Figure 1. Scheme of URA3 cassette.
Gene Disruption
Gene disrupted cassettes used were previously constructed [15] in which the genes were
disrupted by a kanMX cassette in another yeast strain. These cassettes were amplified using PCR
and primers flanking the entire cassette (Tab. 1). Upon yeast transformation, selection for the
cassette integration was carried out on YPD media with 220 µg/ml of geneticin. Proper
integration of the kanMX cassette was verified by PCR with the primers flanking the target genes
(Tab. 1).

Bacterial Transformation
Plasmid pYES2-intron was transformed into SURE2 competent cells using TransformAid
Bacterial Transformation Kit (Fermentas) and then plated on LB Agar/Ampicillin (100 µg/ml of
media) plates to select for ampicillin resistant cells that had successfully received the plasmid.

Yeast Transformation
Linear fragments of the URA3 gene containing the ACT1 intron with (ATTCT)n repeats
of various lengths were transformed into the S. cerevisiae cells. Cells were grown overnight in 4
ml of full media. Cell volume corresponding to 0.15 optical units/ml was transferred from the
overnight culture to 10 ml of full media. Cell pellets were collected by centrifugation and then
washed with 10 ml Tris-EDTA (TE) [pH=8]. After centrifugation, cell pellets were resuspended
in 500 µl of 0.1 M Lithium Acetate/TE solution and then incubated for one hour at 30°C. After
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incubation, 100 µl of cell cultures were mixed with transforming DNA, 4 µl (40 µg) of Herring
Sperm DNA, and an equal volume of 70% polyethylene glycol (PEG) and incubated at 30°C for
one hour. Next, these samples were heat shocked for 5 min. at 42°C. Immediately after the heat
shock, 1 ml of ice cold water was added and samples were centrifuged at 12,000 x g for 30
seconds. Upon yeast transformation, selection for the correct cassette integration was carried out
on selective media.

Isolation of Genomic DA for PCR analysis from Yeast
Cells were collected by centrifugation of 10 ml yeast culture grown in full media. 0.25 ml
of lysis buffer, 0.25 ml of phenol:chloroform:isoamyl alcohol, and 0.3 g of acid-washed glass
beads were added and then samples were vortexed for 4 minutes. 0.25 ml of 7x TE were added
and samples were centrifuged for 5 minutes. The aqueous layer was transferred to a fresh tube. 1
ml of 100% ethanol was added and samples were mixed by inversion. After two minutes of
centrifugation, pellets were resuspended in 0.4 ml of TE with 7.5 µg/ml of RNase A and then
incubated for 5 minutes at 37°C. After incubation, 10% of 3.0 M sodium acetate [pH=5.2] and
one volume of isopropanol were mixed with the DNA solution to be centrifuged for 2 minutes.
Pellets were air-dried and resuspended in 60 µl of TE. 2 µl of DNA solution were used for PCR
analysis.

PCR for Cloning (ATTCT)n Repeats
Individual colonies were picked from 5-FOA-containing plates and grown overnight in
0.8 ml of YPD. 20 µl of lysis buffer (2% Triton X-100, 1% sodium dodecyl sulfate, 100 mM
sodium chloride in TE (10 mM Tris-Cl [pH=8], 1 mM Na2EDTA) were added to cell pellet.
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After boiling for 7 min, 400 µl of sterile H2O were added and boiling was repeated for another 7
minutes. Samples were then centrifuged for 2 minutes at 11,000 g and the supernatant was used
for PCR. To efficiently amplify through (ATTCT)n repeats we used the following reaction
conditions: 12 µl sterile H2O, 5 µl of 5xTaq Buffer, 2 µl Primer (20 pmol), 2 µl Primer (20
pmol), 2 µl 2 mM dNTP mix, and 0.25 µl Taq Polymerase (goTaq Polymerase, Promega). 2 µl
of DNA from either bacterial or yeast DNA solution was added. Primers 7 and 8 were used (Tab.
1). The PCR program was: 94°C – 15 sec, 61°C – 40 sec, and 72°C – 90 sec for 30 cycles.

Determining Rates of Expansions
Large colonies (~108 cells) grown for 75 hours on complete media (YPD) plates were
dissolved in 1 ml of sterile H2O. The cell suspension was serially diluted and plated on 5-FOA
media or YPD media and incubated for 72 hrs at 30°C. All 5-FOA resistant clones from three to
five plates were analyzed by PCR for each experiment to determine the number of expansions
and unchanged repeat lengths. The rate of each event (5-FOA colony formation, expansions, and
unchanged repeat lengths) was then calculated using the formula µ = f/ln(µ) where  was the
number of cells in an individual YPD-grown colony and f was the mutation frequency in this
colony [20]. Each experiment was repeated at least two times.

5-Fluoroorotic Acid Selection
5-FOA can be used to select for mutant cells that fail to utilize orotic acid as the source of
the pyrimidine ring. Cells that cannot produce uracil are 5-FOA resistant. Cells that can produce
uracil are 5-FOA sensitive because they convert 5-FOA to 5-fluorouracil, which is toxic to the
cells. 1 L of 5-FOA media contains: 6.7 g of yeast nitrogen base (0.67%), 2 g of drop out mix
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minus ura (0.2%), 20 g of dextrose (2%), 50 mg of uracil (50 µg/ml), 1 g of 5-FOA (0.1%), 20 g
of agar (2%), and H2O.

mRA Analysis
Total RNA was isolated using the RNeasy Kit (Qiagen) from 20 ml yeast culture grown
to mid-logarithm phase(O.D.= 1) in full media. The concentrations of the RNA samples were
measured and first strand cDNA was synthesized with the Superscript III Reverse Transcriptase
Kit (Invitrogen) from 1.6 µg of RNA. Experiments using random hexamer primers or an
oligo(dT) primer were performed. This cDNA strand was diluted 1:3 with sterile water and
approximately 2 µl were used for amplification with primers that would anneal to cDNA
corresponding to either ACT1 mRNA, spliced URA3 mRNA, 5’ or 3’ unspliced URA3 RNA. To
amplify the cDNA of the URA3 gene, primers 1 and 2 were used (Tab. 1). The forward primer
would anneal to the beginning of the coding area of the URA3 gene and the reverse primer would
only anneal to the cDNA received from the spliced URA3 mRNA. To amplify 5’ unspliced RNA,
one primer would anneal to the URA3 gene 5’ of the repeat tract and another primer would
anneal to the ACT1 intron 5’ of the repeat tract. Similar primers were designed to amplify 3’
unspliced RNA, but would anneal to the URA3 gene and ACT1 intron 3’ of the repeat tract
instead. All primers are listed in Table 1. PCR mix for cDNA amplification was as follows: 13.5
µl of H2O, 2.5 µl of 10× Taq Buffer with (NH4)2SO4 and 20 mM MgCl2, 2 µl of 2mM dNTP
mix (Fermentas), 20 pmoles of each primer (Invitrogen), 1.2-3 µl of cDNA and 1 unit of goTaq
polymerase (Promega). The following PCR cycling program was used: 94°C – 10 sec, 61°C – 20
sec, 72°C -30 sec for 28 cycles. No bands were detected in control samples without RT,
confirming the lack of contamination by genomic DNA
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Table 1. Primers
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Sequence
Primers for RT-PCR
5’ – ATCCTAGTCCTGTTGCTGCCAA – 3’
5’– AATTCTGCTAACATCAAAAGGCCTC – 3’
5’ –ATCCTAGTCCTGTTGCTGCCAA – 3’
5’ – TAGAATTGGGACCGTGCAATTCTTC – 3’
5’ – AATTGCTCGAGAGATTTCTCTTTTACC – 3’
5’ – GATCCTGTAGAGACCACATCATC – 3’
Primers to Check Repeat Length
5’ – CAAAGGAACCTAGAGGGTATGTTC – 3’
5’ – AATTCTGCTAACATCAAAAGGCTAA – 3’
Primers for Gene Disruption
5’ – TATATAGGCATCCCTACCGTTTG – 3’
5’ – ATATCGGTCGAATCCTCTTCTTG – 3’
5’ – CTGCAGAAGAGCAAGGCTTTGTAA – 3’
5’ – ACTAGTTTATTTCCACCTACACTTTCTG – 3’
5’ – CGTCTTCTCAATCACACTTACTC – 3’
5’ – GAAGCGTTTCAAGTAGGCTTG – 3’
Primers to Verify Gene Disruption
5’- TGGGATGTATGGGCTAAATGTA – 3’
5’- CGTCAATCGTATGTGAATGCTG – 3’
5’ – CGTTCATAACGCTGGTTTTCACTG – 3’
5’ – TGCAACTTTTCATGAATTGGAGGGAG – 3’
5’ – CTGCAGAAGAGCAAGGCTTTGTAA – 3’
5’ – ACTAGTTTATTTCCACCTACACTTTCTG – 3’
5’ – ACGTCGCTAAAGATGGTATGGTA – 3’
5’ – CTAGAGGATTTTGGAGTAATAAATAATGATG – 3’
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Notes
spliced URA3
spliced URA3
5'unspliced RNA
5'unspliced RNA
3'unspliced RNA
3'unspliced RNA

∆Tof1
∆Tof1
∆Rad5
∆Rad5
∆Rad52
∆Rad52
Located inside the KANMX4
Located inside the KANMX4
Pair to 15
Pair to 16
Pair to 15
Pair to 16
Pair to 15
Pair to 16

4. Results
4. 1 Strategy to analyze (ATTCT)n•(AGAAT)n repeats in yeast
As a starting point for the analysis of (ATTCT)n•(AGAAT)n repeats, we used a plasmid
carrying a DNA fragment from a patient with SCA10, which was kindly provided by Dr. Tetsuo
Ashizawa. Containing more than 500 ATTCT repeats, this plasmid was transformed into E. coli
SURE2 cells. After isolating the plasmids from the cells, a restriction digest was performed
showing that the repeats had contracted from >500 repeats to 100-300 repeats. The plasmids with
repeat lengths of approximately 130 and 220 ATTCT repeats were chosen, isolated through
PCR, and ligated into the MunI site of the pYES2-Intron plasmid.
After having repeat tracts of the plasmids containing 130 or 220 ATTCT repeats
sequenced, multiple interruptions throughout the repeats were found providing only 41 ATTCT
repeats as the longest uninterrupted run of repeats (Fig. 2).
ATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTA
TTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTAT
TCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATT
CTATTCTATTCTATTCTATTCTATTTTCTATTCTATATTCTATTCTATATTCTATTCTATTT
TCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATAT
TCTATTCTATTCTATTCTATTCTATTCTATATTCTATTCTATTCTATTCTATTCTATTCTAT
TCTATTCTATTCTATTCTATTCTATATTCTATTCTATTCTATATTCTATTCTATTCTATTCT
ATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATATTCTATTCTATATT
CTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATATT
CTATTCTATATTCTATTCTATATTCTATTCTATATTCTATTCTATTCTATTCTATATTCTAT
TCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATTCTATATTCTATTCTAT
ATTCTATTCTATATTCTATTCTATATTCTATTCTATATTCTATTCTATTCTATTCTATTCTA
Figure 2. Sample sequence of the repeat area from the pYES2-Intron plasmid. Shown is a sample sequence of
what was originally thought to be uninterrupted (ATTCT)130 repeats, but the sequence showed multiple interruptions
(shown in pink) throughout the repeat length, providing only 41 uninterrupted ATTCT repeats (shown in blue).
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In order to obtain a perfect uninterrupted repeat from our plasmid with multiple
interruptions, we used our previously developed approach [21], for which PCR primers were
designed that carried the restriction site for the enzyme BsgI, which would cut 14 of 16
nucleotides from its recognition point at their 5’ ends (Fig. 3A). After digesting a PCR product, a
(ATTCT)41 fragment with AA and TT 3’ overhangs was generated. This overhang structure
allows a self-ligation of the two (ATTCT)41 fragments in a head-to-tail orientation only. Using
this approach, we were able to generate uninterrupted (ATTCT)82 repeat. With one repeat cut off
during the blunt end ligation into the pYES2-Intron plasmid, a (ATTCT)81 fragment was cloned
and then transformed to integrate into the yeast chromosome as well (Fig. 3B-3C).
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Figure 3. Cloning (ATTCT)n•(AGAAT)n repeats into the URA3 yeast gene. (A) Scheme of obtaining
longer (ATTCT)n repeats. (B) Homologous recombination between the URA3 gene and the URA3 gene fragment cut
out of the pYES2-Intron plasmid containing (ATTCT)n•(AGAAT)n repeats. The green arrows show where the
primers annealed to for verification that the linear fragment had been correctly integrated. (C) Confirmation that the
(ATTCT)n•(AGAAT)n repeats were successfully integrated into the chromosome. Expected PCR product was
~500bp. 100bp-plus ladder used and shown.

In addition, the whole pYES2-Intron plasmid carrying 81 repeats was transformed into
the ura3-52 strain. We selected several URA+ clones and analyzed the length of the repeats in 30
of them using PCR. This allowed us to find plasmids carrying shorter uninterrupted (ATTCT)n
repeats, such as (ATTCT)46. Uninterrupted (ATTCT)64 repeats were obtained similarly by
transforming a pYES-2 Intron plasmid carrying (ATTCT)81 repeats in E. coli SURE2 cells and
analyzing individual bacterial clones for repeat contractions. For (ATTCT)46 and (ATTCT)64
repeats, the same cloning and transformation process mentioned previously were performed in
order to integrate them into a yeast chromosome within a URA3 intron.

4. 2 A yeast system to study repeat expansions
The system used to study (ATTCT)n repeat expansions utilizes the length dependency of
an intron in S. cerevisiae. It was previously shown that when the ACT1 intron exceeds 1.1 kb –
1.3 kb, RNA splicing is blocked [15, 22]. By inserting the repeats in this intron within the
chimeric URA3 gene, large-scale expansions could be observed upon selection for URA3 gene
inactivation. 46, 64, and 81 uninterrupted ATTCT repeats, which correspond to 628, 718, and
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803 bp long introns, were positioned in this construct. These strains were plated on the selective
media, containing 5-FOA, which would only allow the growth of URA- clones. We reasoned that
repeat-containing URA+ clones could become URA- (5-FOAR) if one of two events happened:
(1) if the repeat expands to a point where the intron containing the repeat exceeds 1.1 kb, i.e.
becomes too large to be properly spliced, or (2) if the expanded repeat is somehow blocking or
inactivating expression of the URA3 gene.
In reality, when 5-FOAR clones were analyzed by PCR, two types of events were
observed: unchanged repeat lengths and expansions (Fig. 4). In this study, we concentrated
largely on repeat expansions. When the strains containing 81 ATTCT repeats were plated on
URA- media, the cells would grow very slowly and when the strains were plated on 5-FOA
media, a lawn of small colonies would grow very slowly as well. It was, therefore, concluded
that 81 ATTCT repeats inactivated the URA3 gene enough to make further gene inactivation
selection impossible. Seeing that the intron length containing 81 ATTCT repeats, approximately
803 bp, is well short of 1,100 bp, the repeat must somehow block or inactivate expression of the
URA3 gene.

Figure 4. Analysis of 5-FOA colonies. Two events were observed: (1) unchanged repeat lengths and (2)
expansions. Picture shown is an example of 5-FOAR clones from (ATTCT)64 analyzed by PCR. 64 ATTCT repeats
correspond to 412 bp long PCR product. 100bp-plus ladder used and shown.
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4. 3 Rates of expansions and length distributions of expanded repeats
As previously mentioned, two events were observed: unchanged repeat lengths and
expansions. To find the rate of expansions, single colonies grown on full media for 75 hours
were selected and serial dilutions were performed so that approximately 20-60 colonies would
grow on a single 5-FOA plate. Cells were also plated on full media for normalization. The single
colonies that were selected were analyzed by PCR to check the repeat length (Fig. 5).

Figure 5. Analysis of repeat integrity. PCR was performed on the single colonies taken for 5-FOA experiments to
check the repeat length. Expected PCR product for (ATTCT)46 and (ATTCT)64 was 322 bp and 412 bp, respectively.
Repeat lengths were stable for all colonies. 100bp-plus ladder used and shown.

From each experiment, approximately 2 to 6 5-FOA plates were selected and every 5FOAR clone was analyzed by PCR to analyze the repeat length and determine which event had
occurred: expansion or unchanged repeat length. Using this information, the rates of expansions
were calculated for (ATTCT)46 and (ATTCT)64 using the method of mutant accumulation
developed by John Drake [20] (Tab. 2). The average rate of expansions increases eight-fold with
an increase in repeat length from 46 to 64 repeats. This difference in average expansion rate
between (ATTCT)46 repeats and (ATTCT)64 repeats is highly statistically significant (p<0.0001)
as shown in Figure 6. Using the expansion lengths obtained from the experiments with
(ATTCT)64 repeats, a distribution of the expansion lengths was calculated (Fig. 7). The range of
15

expansion lengths was from 81-132 ATTCT repeats. As we can see from the distribution, the
selection cutoff is right around 80-85 repeats, which is consistent with our data regarding yeast
clones containing (ATTCT)81 repeats, which showed partial 5-FOA resistance even without
further expansion. It also becomes apparent that the distribution is a relative normal distribution
with the mean and median expansion length being 104 and 102 repeats, respectively. Seeing that
100-105 ATTCT repeats is well above the selection cutoff of 85 repeats, this increase in repeat
length corresponds to a preferential expansion increment that is approximately 1.5-times of the
repeat’s initial length.
Table 2.
(ATTCT)46
(ATTCT)64

Average Rate + Standard Deviation x 10-7
5-FOA Colony Formation Expansions Unchanged Repeat Lengths
4.0 + 2.0
0.47 + 0.15
3.9 + 1.9
13 + 9.0
3.7 + 2.6
8.9 + 6.3

# PCRs
120
340

Figure 6. Length dependence of (ATTCT)n repeat expansions. The difference in mean rate of expansions
between (ATTCT)46 and (ATTCT)64 is statistically significant, as indicated by the *** (p<0.0001).
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Figure 7. Distribution of (ATTCT)64 repeats expansion lengths. Range was from 81-132 repeats. Mean
expansion length was 104 repeats. Median expansion length was 102 repeats.

4. 4 Sequencing unchanged repeat lengths
We initially believed that the 5-FOA clones with unchanged repeat lengths had mutations
in the body of the URA3 gene making it dysfunctional and 5-FOAR. The URA3 gene, ACT1
intron, and promoter for 16 clones with lengths unchanged from the starting (ATTCT)64 repeat
were amplified by PCR and sequenced. Out of the 16 clones sequenced, only two contained
mutations in the coding part of the URA3 gene (Fig. 8A-8B). One clone had a point mutation in
the 3’-part of the URA3 gene downstream the repeat tract, in which a serine residue (amino acid
residue 154) was replaced with a leucine residue (Fig. 8B). Another clone had a point mutation
in the 5’-part of the URA3 gene upstream of the repeat, in which a leucine residue was replaced
by a stop codon (Fig. 8B). Surprisingly, therefore, only 12% of the clones with unchanged repeat
lengths carried mutations in the coding part of the URA3 gene. Upon sequencing the ACT1 intron
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in which the repeats are inserted, only one out of the 16 clones contained a mutation. This clone
had 50 repeats opposed to the expected 64 and it appeared that a stretch of repetitive DNA and
the intron upstream of the repeats was deleted and replaced by part of the URA3 gene. Lastly, the
promoter upstream of the URA3 gene was also sequenced for the 16 clones selected and each
promoter was identical to the wild type sequence. It is possible that since (ATTCT)64 repeats
already significantly inhibit URA3 gene expression, a fraction of repeat-bearing cells can survive
on the 5-FOA media, imitating mutational events. Future studies are needed to distinguish
between these possibilities.

Wildtype
Clone 1
Clone 2

1 MSK…SGLKQ…ELSCK…QQN* 269
1 MSK…SGLKQ...ELLCK…QQN* 269
1 MSK…SG* 133

Figure 8. Sequencing Clones with Unchanged Repeat Lengths. A. Scheme for DNA sequencing. Two pairs of
primers were used to amplify the URA3 gene upstream (green pair of primers) and downstream (purple pair of
primers) the repeat tract. DNA amplified was used for DNA sequencing. B. Amino acid sequences indicating the
amino acid changes due to point mutations. Clone 1 had a point mutation in which a serine residue was replaced by
a leucine residue at amino acid residue 154. Clone 2 had a point mutation, which resulted in a premature stop codon
in place of a leucine residue at amino acid residue 133.

4. 5 Genetic analysis of (ATTCT)n•(AGAAT)n repeat expansions
To gain insight into the mechanisms of (ATTCT)n repeat expansions, the analysis of the
effect of various gene mutants involved in DNA metabolism, such as DNA replication,
recombination and repair was started. The rate of expansions for the (ATTCT)64 wild-type strain
were compared to those in the individual mutants. So far, we concentrated on three mutants:
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∆tof1, ∆rad5, and ∆rad52. This is because we had previously gained insight into the
mechanisms of (GAA)n repeat expansions using these mutants [15].
The knockout strains used had a kanamycin gene disrupting the TOF1, RAD5, and
RAD52 gene (Fig. 9A). The scheme of knockout cloning is shown in Figure 9-A using TOF1
gene disruption as the example. DNA from this ∆tof1, ∆rad5, and ∆rad52 S. cerevisiae strain
was isolated. Using PCR, the disrupted genes were isolated, amplified, and transformed into the
wild type yeast strain carrying a URA3 cassette with (ATTCT)64 repeats. Transformants were
plated on media containing geneticin so that only cells that had successful homologous
recombination were kanamycin-resistant and could, therefore, grow. Through PCR, the
integration of the disrupted genes was confirmed (Fig. 9B). In addition, PCR was used to analyze
the repeat integrity of the transformants (Fig. 9C).

19

Figure 9. TOF1 gene disruption. A. Scheme by which genes are knocked down. Red indicates regions of
homology. The KanR gene is amplified via PCR using primers with 5’ extensions that share homology with the
regions of chromosomal DNA to either side of the TOF1 gene. This cassette is integrated into the chromosomal
DNA through homologous recombination, creating the ∆tof1 strain. Proper integration is verified by PCR using two
sets of primers represented by the green and orange arrows. B. Two sets of primers shown in A were used to confirm
that the disrupted TOF1 gene was integrated into the wildtype (ATTCT)64 strain. Expected PCR product was 541 bp
for one set of primers and 430 bp for another set of primers. Ladders used: 100bp-plus (left) and 1kb (right). All four
clones analyzed had proper integration. C. The repeat length of the transformants was analyzed. Expected PCR
product was 412 bp corresponding to 64 ATTCT repeats with flanking regions.

To find the rate of the (ATTCT)64 repeat expansions in these knockout strains, the same
rate experiments previously described to find the rates of expansions for the wildtype strains
were performed. To recap, approximately 10 single colonies grown on full media for 75 hours
were selected. After serial dilutions, cells were allowed to grow on the selective media, 5-FOA,
and full media for normalization. From each experiment, approximately 2 to 6 5-FOA plates
were selected and every 5-FOAR clone was analyzed by PCR to visualize expansion events (Fig.
10). The average rates of repeat expansions from three independent experiments (8 to 12
independent clones each) are presented in Table 3. One can see that in the ∆tof1 strain, the
average rate of expansions was 3.1E-06, which is 8-fold higher than that of the wild type (Fig.
11). This difference in average rate of expansions is highly statistically significant (p<0.0001).

Figure 10. PCR analysis of 5-FOA clones from a single ∆tof1 clone.
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The results in ∆rad5 knockout strain were remarkably different. Strikingly, no
expansions were observed in the ∆rad5 strain at all, indicating that the Rad5 protein is key player
in promoting repeat expansions. The difference in the rate of expansions between the wildtype
and ∆rad5 strain is highly statistically significant (p<0.0001).
The rate of expansions in ∆rad52 knockout strain did not differ much significantly from
the wild type strain implying that the RAD52 gene has little, if any, effect on (ATTCT)64 repeat
expansions. It should be noted that only a few expansions were detected making it difficult to
obtain a true rate of expansions.

WT

Average Rate of Expansions + Standard
Deviation for (ATTCT)64 x 10-6
0.37 + 0.26

∆tof1
∆rad5
∆rad52

3.1 + 2.7
ND (<10-7)
0.15 + 0.06

Table 3.

# PCRs
340
232
230
229

Figure 11. Average expansion rates of (ATTCT)64 wildtype, ∆tof1 knockout, ∆rad5, and ∆rad52 knockout. The
difference in mean rate of expansion between wildtype and ∆tof1 and wildtype and ∆rad5 is statistically significan
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4. 6 Effects of (ATTCT)n•(AGAAT)n repeats on the reporter gene expression in yeast
It is evident that the expansions lengths that can grow on the selective media are well
within the threshold length of 1.1kb, the length that leads to interrupted splicing of the actin
intron. One may wonder, therefore, how relatively short repeats cause the URA3 gene
inactivation. This question stimulated us to look at the effect of the (ATTCT)n•(AGAAT)n
repeats on the URA3 expression, specifically at the transcription level.
By analyzing the levels of mRNA expressed by the split URA3 gene using Reverse
Transcriptase-PCR, we found that longer (ATTCT)n repeats indeed have drasticallly smaller
amounts of URA3 mRNA (Fig. 12B). The samples analyzed contained repeat lengths varying
from zero ATTCT repeats (the control) to 81 ATTCT repeats. The absolute amounts of URA3
mRNA in different strains were normalized to ACT1 mRNA (Fig. 12D). One can see that even
the shortest repeat studied, (ATTCT)46, decreases the amount of URA3 mRNA by ten-fold
compared to the strain with zero repeats in the URA3 intron. As the number of repeats increased,
there were lesser and lesser amounts of URA3 mRNA. With the longest repeat, (ATTCT)81, only
about 2% of the amount of the control mRNA was detected. This near complete lack of
expression of the URA3 gene carrying around 81 repeats explains the ability of yeast clones
carrying 81 repeats to grow on both URA- media and 5-FOA media.
Further RT-PCR experiments were performed examining the levels of URA3 unspliced
RNA, specifically the regions situated 5’ and 3’ of the repeat tract. We found that the levels of 3’
unspliced URA3 RNA decreased dramatically as the repeat lengths increased (Fig. 12C), but not
as significantly as the spliced mRNA levels (Fig. 12D). This points out that not only the level of
transcription past the repeat is drastically decreased, but also that the presence of the repeat in the
intron negatively affects splicing. The levels of unspliced URA3 RNA 5’ of the repeat were also
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slightly less than the control RNA (30-60%), but for all repeat lengths, the amount of 5’
unspliced RNA was still much higher than the amount of 3’ unspliced RNA (Fig 12D).
Furthermore, there was no pattern correlating repeat lengths and amounts of 5’ unspliced RNA.
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Figure 12. R<A Analysis. A. Scheme of primer pairs for RNA analysis. B. RT-PCR amplification of spliced URA3
mRNA for clones containing 0, 46, 64, and 81 ATTCT repeats. Actin used for normalization. C. RT-PCR
amplification of 5’ unspliced URA3 RNA and 3’ unspliced URA3 RNA. D. Quantitative graph demonstrating
relative amounts of URA3 RNA. E. RT-PCR using primers to amplify 5’ unspliced URA3 RNA and 3’ unspliced
URA3 RNA for only polyadenylated transcripts.
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The question of what was happening during transcription through the URA3 gene
containing (ATTCT)n repeats remained. We believed that three situations could be occurring: (1)
transcription stalls at the repetitive sequence per se, (2) a protein bound to the repeat tract blocks
transcription, or (3) the (AUUCU)n runs in the transcript could trick a polyadenylation system
resulting in premature transcript cleavage. To distinguish the first two possibilities from the
third, we changed our protocol for RT-PCR. Instead of using random hexamer primers to convert
the RNA to cDNA during reverse transcription, we used a poly-(T) primer. Using a poly-(T)
primer would amplify only cDNA that corresponded to polyadenylated RNA transcripts. PCR
was performed on these polyadenylated transcripts using the same primers used in the first set of
experiments to amplify cDNA corresponding to 5’ unspliced URA3 RNA and 3’ unspliced URA3
RNA (Fig. 12A). Upon analysis of the 5’ unspliced RNA, we saw equal amounts of PCR product
independent of repeat length (Fig. 12E). When we looked at the amounts of 3’ unspliced RNA,
the cassettes containing repeats had very low signal compared to the control RNA (Fig. 12E).
We can, therefore, conclude that the repetitive tract was signaling polyadenylation, which
resulted in premature transcription termination. Evidently, the (ATTCT)n repeat tract mimics a
polyadenylation signal sequence resulting premature polyadenylation allowing for more
truncated transcripts, which in turn, produce less amounts of full RNA transcripts and even
smaller amounts of spliced mRNA.

25

5. Discussion
By studying the rate of expansions of (ATTCT)n repeat expansions, we found that they
have a length dependent propensity to expand. Specifically, there is an almost eight-fold increase
in the average rate of expansions between 46 and 64 ATTCT repeats. This observation
fortunately mimics the nature of (ATTCT)n repeats in human beings and is in accord with
disease progression in human pedigrees [14]. In addition, this result is in line with the previous
data on (GAA)n repeat expansions in the same yeast experimental system [15]. Note, however,
that in humans, the (ATTCT)n repeat can easily expand up to as high as 4500 ATTCT repeats
[8]. In comparison, we observe a smaller scale range of expansions of these repeats in our yeast
system. This is due to the fact that relatively short (>81) repeats already cause URA3 gene
inactivation, precluding further selection.
Through mRNA analysis, it is shown that as the repeat length increases, there are
decreasing levels of URA3 mRNA. Even at the shortest construct built, 46 ATTCT repeats, only
10% of the control URA3 mRNA is detected. Furthermore, we’ve shown that the URA3 gene is
partially inactivated by the incorporation of 81 ATTCT repeats, the longest repeat length cloned
into our cassette. Upon further analysis of the amounts of RNA transcript, 3’ unspliced URA3
RNA decreased dramatically as the repeat length increased. These dropping amounts were not as
extreme to what was seen with the URA3 mRNA levels. Contrastingly, the amount of 5’
unspliced URA3 RNA only modestly decreased compared to the full spliced transcript.
Regardless of repeat length within the intron, less 5’ unspliced URA3 RNA was detected than the
control with no repeats. Furthermore, no significant differences between the levels of 5’
unspliced URA3 RNA were found for clones containing 46, 64, and 81 ATTCT repeats.
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To narrow down what was exactly happening during transcription, three scenarios were
possible: (1) transcription stalls at the repeat tract and cannot continue, (2) a protein is binding to
the (ATTCT)n repeat tract stalling transcription, and (3) the (ATTCT)n repeat tract somehow
tricks a polyadenylation signal sequence resulting in premature transcription termination.
Separate experiments that analyzed only polyadenylated RNA transcripts via RT-PCR revealed
that there were equal amounts of 5’ unspliced URA3 RNA independent of repeat length. This
suggests that the repeat is indeed signaling polyadenylation resulting in truncated RNA
transcripts, which explains the drastic decrease in the amount of 3’-unspliced URA3 RNA and
spliced mRNA.
It is somewhat puzzling how (AUUCU)n runs trigger polyadenylation. In yeast, the RNA
polyadenylation signals are not as highly conserved as those in higher eukaryotes [23]. They are
composed of a UA-rich efficiency element, an A-rich positioning element, and a site of
polyadenylation [24]. The UA-rich efficiency element activates the positioning element, which
directs cleavage of the RNA transcript approximately 10-30 nucleotides downstream it’s
sequence [23]. The positioning elements are fairly A-rich sequences, with common motifs such
as: AAUAAA, AAAAAA, and UUAAGAAC [25, 26]. Experiments are underway to unravel
this puzzle. The SCA10 pathogenesis remains unknown, but two possibilities proposed have
been an RNA gain-of-function and a SCA10 loss-of-function [14]. Our data point to a second
opportunity for studies involving transcription of the ataxin-10 gene and measurement of the
RNA levels in humans, yet been performed, should clarify this matter.
Using the selectable cassette of the URA3 gene, clones that could grow on the selective
media were analyzed and two events were observed for the (ATTCT)n strain: (1) repeat
expansions, and (2) unchanged repeat lengths. Upon sequencing of the unchanged repeat lengths,
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we surprisingly found that only 12% of those sequenced clones had mutations in the coding part
of the URA3 gene. These two clones had point mutations in the URA3 gene that could have a
dramatic effect on protein folding: (1) a polar residue was replaced by a nonpolar, hydrophobic
residue and (2) a nonpolar residue was replaced by a stop codon, introducing a premature stop
codon into the part of the URA3 gene upstream of the repeat. In addition, only one out of the
remaining clones had a mutation in the ACT1 intron and none had mutations in the promoter.
The questions arises then: how do clones carrying 64 ATTCT repeats that do not have a
mutation in the URA3 gene nor an expansion in repeat length still grow on the selective media
and are considered 5-FOAR? One possibility is that they contain mutations during other parts of
the pathway utilizing uracil. It is not very likely, in our opinion, as it would mean that the
ATTCT repeat somehow increases mutation rates in trans. Another possibility comes from our
previous observations that the levels of URA3 mRNA for the cassettes with 46 and 81 ATTCT
repeats were less than 10% and 1%, respectively, of the control, repeat-free URA3 cassette. It is,
therefore, foreseeable that the level of URA3 gene expression for the (ATTCT)64 cassette is
already sufficiently low enough (~3% of the control level) to allow a fraction of cells to form
colonies on the 5-FOA selective media.
Genetic analysis of (ATTCT)n repeat expansions revealed that the knockout of the TOF1
gene leads to an 8-fold increase in the rate of (ATTCT)64 repeat expansions compared to that in
the wild type strain. This elevated rate of repeat expansions found in the ∆tof1 mutant is similar
to previous observations on the expansions of other repeats obtained in our own and other
laboratories. Upon the inactivation of the TOF1 gene, there was a 6-fold increase in the rate of
expansions for (GAA)100 repeats [15]. Similarly, there was a 7-fold increase in (CAG)13 repeat
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expansions repeats in the ∆tof1 strain [27]. The function of the Tof1 protein could, therefore,
universally prevent expansions of various repeats.
Strikingly, the disruption of the RAD5 gene in the (ATTCT)64 strain led to the complete
elimination of repeat expansions. This is far more dramatic than the previous observation, of
only a 4-fold decrease in the rate of (GAA)100 repeat expansions upon RAD5 gene inactivation
[15]. The decrease in repeat expansions suggests that the Rad5 protein is intimately involved in
the promotion or stimulation of repeat expansions.
When the homologous recombination protein, Rad52, was disrupted, there were little, if
any, changes in the rate of expansions. It should be noted that only very few expansions were
detected. Since the rate of expansions did not change significantly for the ∆rad52 mutant, it is
likely that the Rad52 protein does not affect repeat expansions.
Tof1 is a so-called fork-stabilizing protein, which in a complex with Csm3 and Mrc1
proteins, preclude fork dissociation, when it encounters DNA lesions or other stall sites [28].
Rad5, in contrast, facilitates template switching, which allows the replication fork to reform in
order to bypass DNA lesions and other impediments [29]. Thus, one potential model for repeat
expansions that could explain our results for (ATTCT)n repeats could include the template
switching mechanism (Fig. 13). Upon replication of the repeat tract, the nascent leading strand
switches from its template to the nascent lagging strand. For repetitive DNA, one part of the
leading strand template is identical to multiple parts of the nascent leading strand. Upon reaching
the end of the Okazaki fragment, the polymerase would have to switch back to the leading strand
template in order for the fork to progress. DNA synthesis along the leading strand template will
then resume resulting in an expanded number of repeats on the nascent leading strand. The extra
repetitive DNA synthesized would remain in an open, single stranded DNA state. When the
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TOF1 gene is inactivated, the replication fork becomes less stable allowing the template switch
to occur. As the Rad5 protein is essential for the template switching, its inactivation will halt
repeat expansions.
As discussed in the Introduction, the (ATTCT)n repeat differs from other expandable
repeats in that it does not form stable secondary structures, such as hairpins, cruciforms, and
triplexes [1], but it is a so-called DNA unwinding element [9]. The conceptual beauty of the
template switching model described above is that it does not require a repeat to form stable,
intramolecular secondary structures. As such, it can be uniquely applicable to various DNA
repeats, notwithstanding which intramolecular structure, if any, they tend to adopt. It can
particularly favor the (ATTCT)n repeat expansions, as template-switching would be undoubtedly
facilitated by the ease of DNA-unwinding.

Figure 13. Proposed model of (ATTCT)n repeat expansions. Complementary strands of the repeat are marked red
and green. Blue hexameric ring represents the replicative DNA helicase; star corresponds to the Tof1/Csm3/Mrc1
fork stabilizing complex; grey rectangle depicts the Rad5 template switching protein; yellow ovals show DNA
polymerases.
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In summary, while only a preliminary genetic analysis of (ATTCT)n repeat expansions
was conducted, it makes it explicitly clear that the (ATTCT)n repeat expansions behave similarly
to other structure-forming triplet repeats. We speculate, therefore, that it is the repetitive nature
of expandable DNA sequences rather than their structure-forming potential that predisposes them
for genetic instability. Overall, the results shown here have given us a starting point in studying
the mechanism responsible for (ATTCT)n repeat expansions. Further experiments necessary to
understanding the mechanistic models that bring about SCA10 (ATTCT)n repeat expansions are
under way.
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