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Abstract

Approximately 30 human hereditary diseases have been linked to large-scale
expansions of repetitive microsatellites, such as the (CAG)x trinucleotide repeat.
Discovering how these repeats are expanding is central to the understanding of the
disease progression in human pedigrees. While previous work with (GAA), repeats
has shed light on how these large-scale expansions are occurring, this work has yet
to be expanded to include (CAG)n. repeat expansions. In order to unravel this
mechanism, we used a budding yeast model system in which (CAG)140 repeats were
artificially integrated into two different cassettes to allow for recovery of large-scale
expansions. Upon creating the cassettes, we were able to knock out both the Srs2
and Tof1 proteins to see their effect on repeat expansions. Additionally, we
conducted a transposon mutagenesis screen to uncover genes involved in large-
scale repeat expansions. Our work with these mutant yeast strains has provided us
with evidence of the difference between (CAG), repeat expansions and other

trinucleotide repeats, supporting the balancing hypothesis of repeat expansions.



Introduction
Genetic disorders caused by microsatellite repeats

Interspersed throughout the human genome are DNA microsatellites, or
successive copies of identical DNA sequences up to five base pairs long. These
microsatellites are highly polymorphic amongst the population, meaning that if
there is a microsatellite present at a specific chromosomal locus, the exact length of
that microsatellite varies person to person. The microsatellite sequence can also be
any combination of nucleotides. While many of these repetitive elements have no
known function, some are located within genes and if the number of repeats exceeds
a specific threshold it can lead to a number of disastrous genetic disorders.

To date, about thirty human hereditary diseases have been linked to an
expanded microsatellite at a specific locus. This microsatellite can be located at a
variety of positions within the gene, such as the 5’ and 3’ untranslated regions, the
exon, or the intron.! Typically, individuals have short lengths of repetitive repeat
tracts, which is not associated with any disease. As the allele is passed down
through generations, as one might suspect from the polymorphic nature of
microsatellites, the length of this microsatellite can fluctuate. If a certain threshold
length is exceeded, however, the individual begins to exhibit disease symptoms
corresponding to a loss or gain of function of the gene containing the repeat.

Most of these repeat-related diseases also exhibit a phenomenon known as
genetic anticipation. In successive generations for a family afflicted by one of these
diseases, the age of onset usually decreases as the severity of the symptoms

increase.? Studies with monozygous twins have shown that these two



characteristics may in part be due to the length of the microsatellite, for example,
this length accounts for about 50% of the variation in the age of onset for
Huntington’s disease.3

Huntington’s disease (HD) is one example of a disease caused by an
expanded tract of (CAG)n repeats in exon 1 of the HTT gene; it is caused by a protein
gain of function. Due to the location of the repeats within the exon, the protein
product of this disease allele has an expanded polyglutamine tract.# This expanded
polyglutamine tract confers a gain of function for the huntingtin protein causing
numerous symptoms such as chorea, memory deficits, personality changes, and
depression that affect approximately 1 in 10,000 Caucasians.?

For HD, the normal allele is typically up to 34 (CAG) repeats. If the
microsatellite expands slightly beyond this length, the individual would be
considered a carrier for the disease. Once this length has been reached, the
microsatellite length has also been observed to be much more unstable, and thus it
is likely the length will increase further in the next generation. If the length exceeds
approximately 37 repeats, the previously mentioned disease symptoms begin to
appear in the individual. In HD, the repeat length can increase to about 120 repeat
units long.> While the microsatellite can expand past this length, the position of the
repeat within the exon is likely a strong negative selection against longer
polyglutamine tracts.

Another example of a genetic disorder caused by the expansion of a
microsatellite is myotonic dystrophy type 1 (DM1). This disorder is caused by the

reverse complement of (CAG), repeats, (CTG),, in the 3° UTR of the DMPK gene.



While normal alleles have a similar number of repeats as HD, the carrier allele is
typically seen to have a length between 37 and 50 repeats. The disease allele can
have as few as 50 repeats, or more than 10,000 repeat units.? 4

DM1 is also the result of a molecular gain of function for the disease allele,
but at the RNA level instead of the protein level. While the exact molecular
mechanism of this disease is not known, it is believed that RNA transcripts
accumulate in the nucleus, sequester muscleblind-like protein, and hinder the
regulation of alternative splicing.? 4 The consequences of this abnormality include
symptoms of myotonia, muscle degeneration, and central nervous dysfunction.>

From studying the molecular cause of these disorders, we can make several
observations that illuminate relevant questions to be answered. First, it is the length
of the microsatellite that separates a normal allele from a disease allele. This begs
the question, how does a shorter microsatellite expand to a longer length? Second,
we can see that small increases of microsatellite length can cause a change from the
normal allele length to first the carrier allele length and then to the disease allele
length. Can these small increases also account for the microsatellites expanding to
thousands of repeat units long? What are the mechanisms of these small and large-
scale increases? Understanding the mechanism underlying the instability of these
microsatellite sequences is paramount to the understanding of the disease

transmission and progression.



Secondary structures of microsatellite repeats

Research concerning the mechanisms of microsatellite expansions has often
implicated a role for secondary structures, since some microsatellite repeats can
form non-canonical DNA secondary structures. For example, repeat sequences, such
as (CAG)/(CTG) microsatellites can undergo base pairing to itself and form a hairpin
loop or a cruciform (Figure 1A).6 Another example of a secondary structure is H-
DNA or triplex DNA, which can occur with long tracts of homopurines, such as
(GAA)n repeats (Figure 1B). A third type of secondary structure is a G quartet, or
quadruplex structure that occurs with (CGG)n repeats (Figure 1C).” However, there
are also a number of repeats that do not form secondary structures, such as the

(ATTCT)n repeat which is a known DNA unwinding element.8
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Proposed mechanisms of repeat expansions

While studying how microsatellite length fluctuates, researchers have
proposed several causes of instability including replication, repair, and
transcription-based models. The focus of our work is on replication-based models,
and recently a balancing act of expansions hypothesis has been proposed that states
different expansion mechanisms may predominate in accordance to the
microsatellite length and sequence.® For shorter lengths, it is believed that primarily
smaller expansions may be occurring, but once a certain length has been exceeded,
the microsatellite can also undergo larger expansion events. The propensity for
small versus large expansions seems to also rely on the specific sequence of the
microsatellite, and the ability of different sequences to form stable hairpins.

As mentioned previously, both small-scale expansions and large-scale
expansions are relevant to disease progression. To recapitulate, small-scale
instabilities may be responsible for the steps that result in a normal allele becoming
a pre-mutation or disease allele (i.e. (CAG)30 expanding to (CAG)40in exon 1 of HTT).
Large-scale instabilities seem to predominate at longer allele lengths, and in human
pedigrees we can see large intergenerational increases (i.e. (CTG)100 to (CTG)300 in
the 5’ UTR of DPMK), which would suggest a mechanism that results in the addition
of more than 30 repeats in a single step. Several models, which explain how these
distinct steps may be occurring, are explained below.

The first model is the 5’ flap formation model in which the formation of a
hairpin during Okazaki fragment processing results in its expansion (Figure 2A).10

According to this model, during replication of the lagging strand, the 5’ flap of the



newly synthesized Okazaki fragment can fold into a stable hairpin loop. If this extra
loop of DNA is not recognized and removed by DNA machinery, it will persist into
the next round of replication where it will result in a small-scale expansion.®
Evidence for this model is supported by work with proteins involved in lagging
strand synthesis, such as the flap endonuclease Rad27 since deletion of this gene
results in increased rate of small-scale expansions for various microsatellite repeat
sequences.’
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Figure 2: Replication based models for small- and large-scale instabilities adapted from Dr. Kim.®
A) 5’ Flap formation model for small-scale instabilities. B) 3’ Replication slippage model also for
small-scale instabilities. C) Fork reversal model for large-scale instabilities. D) Template
switching model also for large-scale instabilities.



The second model explaining small-scale instabilities also involves the
formation of a hairpin loop, although instead of on the 5’ flap of an Okazaki
fragment, the hairpin in this case forms on the 3’ end of newly synthesized DNA
(Figure 2B). In this model, polymerase slippage results in the misalignment of the
nascent strand and the template strand DNA.111.9.11[n the next round of replication,
if this hairpin persists we will see an expansion corresponding to the size of that
hairpin. As seen previously with the 5’ flap formation model, this can then propagate
as an expansion in future rounds of replication.

With these models for (CAG). repeats, the length as well as the orientation of
the repeats with respect to the nearby replication origin dictate the instability the
microsatellite exhibits. 1?2 For example, a longer sequence length increases the
likelihood that a hairpin loop can form, and thus the more likely one of the
aforementioned models occurring.!3 Additionally, the orientation of the repeat
dictates which strand serves as the lagging strand template. If (CAG), repeats are on
the lagging strand template, the reverse complement (CTG)n repeats are on the
lagging daughter strand. As (CTG). forms the more stable hairpin, this arrangement
predicts that hairpins would more readily form on the lagging nascent strand, and
thus we would expansions to predominate. If the (CTG), tract was on the template,
however, we would expect the hairpins to form more readily there, and contractions
would predominate. This orientation dependency of expansions based on the
stability of the proposed hairpin loop was indeed seen, providing further support

for these DNA strand-specific models.1*



While these models do explain small-scale instabilities, they can only account
for increases of about the size of a hairpin. Although (CAG)/(CTG) repeats do form
hairpins readily, other microsatellites are less prone to these secondary structures.
For larger increases of repeat length, two theories are possible. Either multiple
hairpins are iteratively forming along the tract length, or a large-scale mechanism,
where at least 30 repeats are added in a single step, is occurring. Supporting the
second theory is the observation that repeats that do not form hairpins undergo
large-scale expansions, and that instability in spermatogonia has a primary
expansion step of about one Okazaki fragment, or approximately 165 nucleotides, in
males with DM1.1> From this and further research into proteins concerned with fork
stability, template switching, and fork reversal, several large-scale models of repeat
expansion have been proposed.! 16

The first of these large-scale expansion models is the fork reversal model
(Figure 2C). In this model, the progression of the replication fork is inhibited by a
barrier - such as a secondary structure - and the replication fork pauses. To bypass
this stall, the replication fork reverses and forms a chicken-foot structure, where the
3’ end of the leading strand folds back upon itself. Upon restarting replication, the
leading strand resynthesizes over previously synthesized DNA, and thus a large loop
of DNA is incorporated.l. 7.9

When research of large-scale (GAA)100 repeat expansions was conducted, it
was seen that fork stalling was orientation dependent, however the rates of
expansions were orientation independent. As the proposed fork reversal model

requires a stalled replication fork, a second model was generated to explain large-



scale repeat expansions - the template switching model.1¢ In this model, it was
proposed that during synthesis, the leading strand polymerase disassociates from
its template and switches to the newly formed Okazaki fragment. Upon finishing
synthesis off of the fragment, the polymerase switches back to its original template
and the replication fork progresses.? 16

While this model was generated based on work with (GAA)n repeats, further
work with (ATTCT)n repeats supported this mechanism. As (ATTCT). repeats do not
form stable intra- or interstrand DNA structures, these repeats lend themselves
perfectly to the template switching model which does not require the formation of
stable secondary structures. Investigation into proteins involved with this model,
such as Tof1 which is involved with fork stabilization, showed a similar effect with
(ATTCT)n repeats as (GAA), repeats.l” Thus, the mechanism proposed seems to

apply to a multitude of repeat sequences.

Identifying proteins involved in repeat expansions

In order to elucidate how expansions are occurring, a variety of proteins
have been studied. One of these, Toflp, was noted to universally oppose both small
and large-scale expansions based on work with (GAA), repeats and (ATTCT),
repeats.16.17 Tof1 functions with Mrc1 and Csm3 to form a replication pausing
complex which helps maintain fork stability. In the presence of replication stress, it
helps prevent the uncoupling of the helicase and polymerase activities.!® Due to its

involvement in replication fork pausing, it has been shown to limit the progression
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of the replisome at these sites of replication stress.1° In addition, Tof1 has been
shown to be required to progress through some protein mediated stalls.20

As one of several proteins that associates with the replication fork upon
stalling, Tof1 is attributed with the prevention of the collapse of the replication
fork.21 When tested, large-scale expansion rates of (GAA), repats and (ATTCT)n
repeats were elevated in yeast strains with Tof1 knocked out.® Thus, its role in
large-scale mechanisms is central. Knocking out Tof1, has also been shown to
increase small-scale (CAG)n repeat instabilities. However, its role in large-scale
(CAG)n expansions is currently unknown.

Although Tof1 seems to have a universal effect on repetitive microsatellites,
Srs2 is a protein that has a more selective effect through its interaction with PCNA
and polymerase 3.2 It has been shown to increase small-scale expansions of (CAG)x
repeats as well as (CGG)n repeats, both of which are hairpin forming microsatellites.
In contrast, it has no effect on (GAA). repeats which do not form stable hairpins.®
However, like Tof1, it is required for efficient fork progression due to its helicase
unwinding activities.?? While the role of Srs2 has thus far been delineated for small-

scale expansions, the possible effect on large-scale expansions has yet to be tested.

Goals of this project

While (CAG)n/(CTG)n repeats have been extensively studied in regards to
small scale instabilities, less is known about how large-scale expansions are
occurring. Thus, our goal is to modify and expand the current systems that have

been utilized to explore large-scale (GAA), repeat expansions in order to study
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(CAG)n repeats. After creating and optimizing this system to select for large-scale
expansions, we would then follow a similar genetic analysis to see if the mechanism

of large-scale expansions is similar for (CAG). repeats as well, starting specifically

with Toflp and Srs2p.
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Materials and Methods

Cloning (CAG)./(CTG). repeats into yeast

Cloning was performed by PCR amplifying a plasmid with the desired
number (either 89 or 140) of repeats using appropriate primers designed to contain
restriction sites (Table 1). The product of this PCR reaction was then run out on a
1% agarose gel, excised from the gel, and purified using the Genejet Gel Extraction
kit. The purified DNA was then digested with the applicable restriction enzymes,
and ligated into the pYes3 plasmid vector within the appropriate area of each of our
two cassettes. This engineered plasmid was transformed into z-sure competent cells
and plated on LB Amp selective media. The plasmid was then isolated from these
clones and tested for proper cloning by restriction digest, verified by sequencing,

and cut by restriction enzymes to prepare for yeast transformation.

Yeast transformation

A modified Gietz protocol by Anna Aksenova was utilized. Briefly, a colony of
~107 cells were grown on YPD before being diluted into fresh YPD liquid media to
an OD of 0.5 and grown for an additional four hours. The cells were made competent
by lithium acetate treatment. Following addition of the DNA to be transformed, the
cells were incubated at room temperature for 20 minutes followed by heat shock for
25 minutes. These cells were resuspended in sterile water, and plated onto selective
media. For the creation of our cassette, the selective media was SC-TRP, for our
transposon screen, the selective media was SC-LEU, and for our candidate gene

knockouts, the selective media was G418 or hygromycin.
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Positive DNA Control

Primer Sequence Purpose
ARS305se | CTCCGTTTTTAGCCCCCCGTG | Positive DNA Control
ql
ARS305se | GATTGAGGCCACAGCAAGACC | Positive DNA Control
q2 G
Cloning
Primer Sequence Purpose
JK109_CA | agctccatggGCCGCCAGTGTGAT | Amplify from plasmid containing
G_Ncol GGATAGC (CAG)g9 with and without additional
spacer
JK110_CA | agctgcggecgcGGCTTTTGCAAA | Amplify from plasmid containing
G_Notl AAGCTCTGCAGATC (CAG)gy without additional spacer
JK111_CA | agctgcggecgcGCCGCCAGTGTG | Amplify from plasmid containing
G_Notl ATGGATAGC (CTG)s9 without additional spacer
JK112_CA | agctccatggGGCTTTTGCAAAAA | Amplify from plasmid containing
G_Ncol GCTCTGCAGATC (CTG)s9 with and without additional
spacer
JK98_CAG | agctgcatgcGGCTTTTGCAAAAA | Amplify from plasmid containing
_Sphl GCTCTGCAGATC (CAG)g9 with additional spacer
JK93_CAG | agctgcatgcGCCGCCAGTGTGAT | Amplify from plasmid containing
_Sphl GGATAGC (CTG)s9 with additional spacer
JK97_CAG | agctctcgagGCCGCCAGTGTGAT | Amplify from plasmid containing
_Xhol GGATAGC (CAG)ss repeats without additional
spacer
JK98_CAG | agctgcatgcGGCTTTTGCAAAAA | Amplify from plasmid containing
_Sphl GCTCTGCAGATC (CAG)ss repeats without additional
spacer
Tof1_KO_f | ATGAGTATTAAGGATTTTTCA | Amplification of KanMX marker for
wd AATGAGATATGGTTCGTAAGT | Atofl
CGCCTCACATATGATAATACC
AGATCTGTTTAGCTTGCCTC
Tof1_KO_ | GTGAAGTAGTTCGTCACACTA | Amplification of KanMX marker for
rev TGCAACAAGATGTTAAAGCC Atof1
GGAATCTATAAAGTTGTTGAT
GAATTCGAGCTCGTTTTCGAC
JK76_tet_ | agctgcggeccgcGCTACTTGGAGC | Balanced (CAG)so intron length
Notl_fwd | CACTATCGAC
JK77_tet_ | agctgctagcGAAGGAGCTGACTG | Balanced (CAG)so intron length
Nhel rev | GGTTGAG
JK109_CA | agctccatggGCCGCCAGTGTGAT | (CAG)so repeats for CAN1 cassette
G_Ncol GGATAGC
JK110_CA | agctgcggccgcGGCTTTTGCAAA | (CAG)so repeats for CAN1 cassette

14




G_Notl

AAGCTCTGCAGATC

JK111_CA | agctgcggecgcGCCGCCAGTGTG | (CAG)140 repeats for CAN1 cassette

G_Notl ATGGATAGC

JK112_CA | agctccatggGGCTTTTGCAAAAA | (CAG)140 repeats for CAN1 cassette

G_Ncol GCTCTGCAGATC

JK161_tet | agctccatggcctaggGCTACTTGG | Balanced (CAG)140 spacer length, CAN1

bal_fwd AGCCACTATCGAC cassette

JK162_T5 | agctccatggtaccGGACGGGTGTG | Balanced (CAG)140 spacer length, CAN1

0 _rev GTCGCCATGAT cassette

JK163_T1 | agctccatggtaccTGTGGCGCCGG | Balanced (CAG)140 spacer length, CAN1

00 _rev TGATGCCGGCC cassette

JK164_T1 | agctccatggtaccCGATCTTCCCC | Balanced (CAG)140 spacer length, CAN1

50_rev ATCGGTGATGTC cassette

Checking for Integration

Primer Sequence Purpose

TrpS-F TCGATTTCTGACTGGGTTGGA | URA3 and CAN1 cassettes right flank
AG integration

36a-R TAGCATACGTGTAATGATAGA | URA3 and CAN1 cassettes right flank
CGATTTTC integration

A36b-F ACGTGTACAGTTCTCTTTACA | URA3 and CAN1 balanced cassette left
TCATC flank integration

Ahead-R | AGTGTGATGGATATCTGCAGA | URA3 cassette left flank integration
A

JK122_CA | TTTGCAAAAAGCTCTGCAGAT | CAN1 balanced cassette left flank

N1 rev integration

JK73_kan | actgaatccggtgagaatgg KanMX integration

MX rev

JK105_To | TTCTGAAGACCACAGCAACG KanMX integration

f1_fwd

JK72_kan | ttatgcctcttccgaccatc KanMX integration

MX fwd

JK106_To | GTGAGCTTGAGGACGATTCC KanMX integration

f1 _rev

NC17_Tof | ggctcctcaacgcaagatac KanMX right flank integration

1_fwd

NC18_Tof | CGTTCATAACGCTGGTTTTCA | KanMX right flank integration

1 rev CTG

NC15_kan | TGCAACTTTTCATGAATTGGA | KanMX left flank integration

MX rev GGGAG

NC16_kan | TGGGATGTATGGGCTAAATGT | KanMX left flank integration

MX fwd A
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Check (CAG)/(CTG) repeat length

Primer Sequence Purpose
JK82_CAG | GCCGCCAGTGTGATGGATAGC | Check (CAG)/(CTG) repeat length
140_fwd
JK83_CAG | GGCTTTTGCAAAAAGCTCTGC | Check (CAG)/(CTG) repeat length
140_rev AGATC
JK86_CAG | ACAGTACCGGAATGCCAAGCT | Check (CAG)/(CTG) repeat length
140_fwd | G
JK87_CAG | GCCATGATCGCGTAGTCGATA | Check (CAG)/(CTG) repeat length
140 rev G
JK15_URA | CTAAAGGCATTATCCGCCAAG | Check (CAG)/(CTG) repeat length
3_fwd
JK18_ACT | GGAGGTTATGGGAGAGTGAAA | Check (CAG)/(CTG) repeat length
_intron AATAG
JK153_CA | GTGATGGATAGCAGCAGCAG (CAG)140 repeat length in CAN1
N140_fwd cassette
JK156_CA | GGATCCACTAGTTCTAGAGCG | (CAG)140 repeatlength in CAN1
G140 rev | G cassette
JK171_CA | GCATGCGGCTTTTGCAAAAAG | (CAG)140 repeatlength in CAN1
G140 rev | CTC cassette
FlankL CCTTTGCCATTTATTGTCGC Check (CAG)/(CTG) repeat length
SeqF
CanF TGCTTCTCCTCTATGTCGGC Check (CAG)/(CTG) repeat length
SeqR

Sequencing
Primer Sequence Purpose
JK147_UR | ACAACATGGGTGGAGACAAAC | 5 URA3 gene for sequencing
A3_seql
JK148_UR | ATATCTGCAGAATTGGGACCG | 5 URA3 gene for sequencing
A3_seq2 TGC
JK149_UR | TCCCATAACCTCCTATATTGA | 3° URA3 gene for sequencing
A3_seq3 CTG
JK150_UR | ACTCACGTGCTCAATAGTCAC | 3' URA3 gene for sequencing
A3_seq4 C
JK127_CA | CTTCAGCGAAGCGATGATTT CAN1 gene amplification for
N1_seql sequencing
JK128_CA | CACGTGCTCAATAGTCACCAA | CAN1 gene amplification for
N1_seq2 T sequencing
JK129_CA | TGCAAAAACTGCATAACCAC CAN1 gene sequencing
N1_seq3
JK130_CA | TTCCTTTCTCCAGCATTTGG CAN1 gene sequencing
N1_seq4
JK131_CA | GTTTTGCCACATATCTTCAAC | CANI gene sequencing
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N1_seq5 G

JK132_CA | CCCTCCGAAGGAAGACTCTC CAN1 gene sequencing
N1_seqb6

JK133_CA | GACATACTCCAAGCTGCCTTT | CANI gene sequencing

N1_seq7 G

JK117_Ca | CAAGTAACACTCGCAGACATT | CANI gene sequencing
nlseq_fw | G

d

JK118_Ca | GGCGTCTTCTTTTGAATTTGT | CANI gene sequencing
nlseq_rev | C

InPCR1 TAAGTTGGGTAACGCCAGGGT | Transposon sequencing
TTTC

InPCR2 TTCCATGTTGCCACTCGCTTTA | Transposon sequencing
ATG

Table 1: Primers used throughout all experiments categorized by what general
purpose they were used for.
Expansion Assay

For the URA3 cassette, the yeast strains were pregrown on YPD media
supplemented with uracil. For the CAN1 cassette, yeast were first grown on one of
two sugar sources, glucose or galactose. Individual colonies were then resuspended
in sterile water and from this a dilution was plated on non-selective media to
ascertain the initial concentration of cells. These colonies were grown for three days
before counting. Also from the suspension in sterile water, an appropriate dilution
was plated on selective media - either 5-FOA or canavanine for our URA3 and CAN1
cassettes respectively - and colonies were counted on the third day for 5-FOA and
on the third, fourth and fifth day for canavanine. To distinguish between
background colonies and colonies actually resistant to the applicable drug, only
colonies that were deemed large enough to pick up with a pipette tip were included

in the count.
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Calculating rates of mutation

The method of mutant accumulation was used to calculate the rates of
mutations.?* The median rate of resistance or expansions and the 95% confidence
interval were then calculated as described previously.25 Our rates of expansion were
found using the number of expansions that occurred per plate. In the case that there
were too many resistant colonies on a plate to test each clone by PCR, at least 16 of
these colonies were examined to generate a ratio of how many colonies had
expansions versus those that did not have expansions. This ratio was then
multiplied by how many resistant colonies there were on that plate to ascertain how
many we would expect to have an expansion. Statistical analysis comparing medians
of the rates of the expansions and resistance were conducted using the Mann-

Whitney test and SPSS software.

Creation of knockout yeast strains

Primers specially designed to include at least 40 base pairs of additional
sequence homologous to the candidate gene were used to amplify the KanMX
selectable marker off of plasmid pFA6a, or the HygromycinR selectable marker off of
plasmid pAG32. The PCR product was then purified and transformed into yeast
following the above mentioned transformation protocol. Successful transformation

was confirmed by PCR.
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Checking repeat length

Confirmation of the repeat length was performed by single-colony PCR with
applicable primers. Each set of primers was tested for optimal annealing and
extension temperatures and times. The products of these PCRs were run out on a
1% agarose gel via gel electrophoresis using GeneRuler’s 1kb plus DNA ladder, NEB’s
100 bp ladder, or NEB’s 50 bp ladder to best determine the repeat length. The size of
the PCR band was determined via TotalLab Quant for 1D DNA gels. Length
distribution graphs were generated using SPSS software. The binning was adjusted
to a range of 10 repeats. The mutant and wildtype strains were also compared using

a Kernel plot density generated by Durwood Marshall.

Sequencing

Sequencing was performed by single colony DNA isolation, PCR, and then
purification using either the Genejet Gel Extraction Kit or via ExoSap treatment
according to the manufactures instructions. The purified product was then sent to
the University of Chicago with appropriate primers for sequencing. Sequencing from
the transposon screen was sent to EtonBio following purification via Genejet Gel

Extraction kit only.

Transposon screen
Transposon screening was conducted using cut and purified DNA pools
provided to us by Anna Aksenkova. These pools were generated by the method

outlined by Burns et al.2¢ Following the yeast transformation outlined above, we
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plated on SC-LEU. We then repatched transformants onto SC-LEU, replica plated
onto YPGal, before replica plating onto SC media and SC+GAL media with 60 pg/mL
canavanine added. The colonies deemed to have increased canvanine resistance
were then replated from SC media to SC+gal+canavanine media in order to confirm
this increased resistance. Additionally, isolates were tested via single colony PCR to

ensure a corresponding expansion.

Inverse PCR

To prepare genomic DNA from our transposon screen hits for sequencing,
the following steps were followed. First, yeast colonies were streaked onto complete
media YPD plates and allowed to grow at 302 for three days. These cells were then
suspended in 0.9M Sorbital, 0.1M EDTA buffer with a pH of 7.5, and lyticase and
incubated for 2 hours at 372C with frequent mixing by inversion. The Qiagen DNeasy
Blood and Tissue Kit was then used to isolate genomic DNA with the following
modifications. The initial step utilizing proteinase K was done in accordance to the
protocol for tissue samples.

The concentration and purity of the DNA was then measured via nanodrop.
This DNA was then digested with 10x FD clear buffer, Rsal-FD enzyme, and RNaseA
for three hours at 372C. The enzymes were then heat inactivated by incubating the
mixture at 802C for 20 minutes. An intramolecular ligation was then carried out
where 10% the digested DNA was mixed with 10x ligase buffer, water, and ligase
and incubated at room temperature for 12 to 16 hours. 5% of the ligated DNA was

then mixed with 10x PCR buffer from Fermentas, InPCR1 primer, InPCR2 primer,
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10puM dNTPS and Taq was added using the “hot start” method. To check for a

successful PCR, 5 pL of this reaction was run out on a 1% agarose gel and successful

reactions were purified using the GeneJet Spin Column and sent for sequencing.

Yeast Strain

Genotype

YJK 118 UR_(CAG),,, A3

YJK 126 UR_(CAG),40_A3; Atof1

YJK 131 UASg,_(CAG)gy_Pg, CANI

YJK 136 UASg,_(CAG),4_Pgu_CANI

YJK 146 UAS;,_(CAG),4_Pgu_CANI_bal

YJK 159 UASG,_(CAG),40_P;,_CANI_bal; Asrs2:: HygR
YJK 160 UAS;,_(CAG),40_Pg_CANI_bal; Atof1:: HygR

Table 2: Yeast strains created and used for these experiments.
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Results

Describing the transcribed system to identify large-scale (CAG). expansions

Previously in the Mirkin lab, a system was developed where repetitive
microsatellites were placed in a transcribed location to study large-scale (GAA)x
expansions. Essentially, an exogenous URA3 gene was modified to include a portion
of the ACT1 intron, in which the repeats were then inserted (Figure 3). This
modified URA3 cassette is then integrated into a yeast strain that is Ura-. Utilizing
this system, the rates of large-scale (GAA), and (ATTCT), expansions have
successfully been measured, and the researchers were able to test the effect of
various proteins on these rates to help elucidate the mechanism of expansions.1¢
Here, we broadened this transcribed-location approach by modifying the URA3
cassette to contain (CAG)n repeats in order to likewise recover and measure large-

scale expansions.

A
ARS ‘ UR («ae, . A3 TRP1
306
B
ARS . ' UR (e, caq), A, . A3 TRP1
306

Figure 3: (A) Schematic of the URA3 cassette. The URA3 gene is split by the ACT1 intron,
which has an interrupting trinucleotide repeat. The CAG repeat orientation is in the sense
strand for transcription and the lagging strand template for DNA replication. (B) Schematic
of the URA3 cassette in which a large-scale expansion has occurred. Splicing can no longer
occur, and thus a dysfunctional Ura3 mRNA is produced.

22



This system selects for expansions in the following way: when the repeat
tract remains stable, the overall intron length is maintained. After transcription, the
RNA undergoes splicing and a functional Ura3 protein is produced, making the yeast
Ura+. This phenotype is selected against by plating on the drug 5-fluoroorotic acid
monohydrate (5-FOA). When the repeat tract does not remain stable and a large-
scale expansion occurs, the overall intron length is increased, as seen in Figure 1b.
Yeast are unable to splice introns exceeding ~1.1 kb, and thus the increased
expansion length prevents the intron from being spliced out.?” The unspliced intron
results in no URA3 expression, conferring a Ura- phenotype to the yeast. A Ura-
strain does grown on 5-FOA media, and thus this length-limited feature of yeast

splicing enables us to select for large-scale expansions.

Measuring the rates of 5-FOA resistance

Once we created yeast strains containing the URA3 cassette with the desired
number of repeats integrated within the aforementioned intron, our next step was
to conduct a full fluctuation assay for each strain to measure the rates of resistance
(i.e. URA3 being turned off) (Table 3). In comparing the rates of 5-FOA resistance for
our (CAG)n/(CTG)n strains to a control where a URA3 cassette with no repeats has
been integrated at the same chromosomal locus, we can see that there is an increase
in our repeat-containing strains. Additionally, there is an increase in the rate of 5-

FOAR when the initial starting number of (CAG), repeats is increased.
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Strain Total Intron

Length

No Repeat Control® N.A.
(CAG),5 unbalanced 713 bp
(CTG)gq unbalanced 722 bp
(CAG)gg balanced 1022 bp
(CTG)4, balanced 1019 bp
(CAG) 4 balanced 1044 bp

(GAA),g unbalanced?® ~600 bp
(GAA) oo unbalanced®®  ~700 bp
(GAA),s, unbalanced?® 975 bp

(GAA),g balanced?® 1040 bp

(GAA), o balanced?® 973 bp
(GAA),, balanced?® 854 bp

Rates of Expansion ¢ 10”7
(95% Confidence Interval)

N.A.
N.D.
N.D.
N.D.

N.D.

N.D.

1.2

(0.9-1.5)

13

(11-16)

1200

(900 — 1600)

45
120
1400

Rates of 5FOAR e 107

(95% Confidence

Interval)
.64
<1
<1

3.0
(23-7.2)

9.6
(7.2-19)

56
(23 - 160)

8.2
25.5

1400
N.A.

N.A.
N.A.

Table 3: Measured rates of 5-FOA resistance for the (CAG),*(CTG), repeats in the
URA3 cassette. Also shown are rates of expansions previously reported for (GAA),

repeats studied in the same cassette.

There is a potential problem stemming from the basis of our system: as our

selection depends on the intron length exceeding a certain intron threshold length,

strains with longer repeat tracts will be favored for exceeding that threshold. Thus,

the increase of resistance that we observed as the repeat tract increased could be

due to this initial difference in overall intron length, and not due to a length-

dependent increase of resistance. To account for this discrepancy between strains of

different repeat lengths, we cloned non-repetitive sequence from the tetracycline

resistance gene into the ACT1 intron of our cassettes with shorter repeat lengths.
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These modified strains with the equal initial intron length are labeled as “balanced”
in both our own work as well as in the work with (GAA), repeats.

If we compare our unbalanced strain to our balanced strain with an
equivalent number of repeats, we see that the balanced strains do have higher rates
of resistance. This same effect was also seen in the (GAA), system.?8 However, when
comparing balanced strains with different initial repeat lengths, we do still observe
a length-dependent increase of resistance. In other words, the longer the repeat, the
higher the rate of resistance to 5-FOA. This also mirrored what was previously
reported with (GAA), repeats. What was interesting to note was that while the link
between repeat length and rates of resistance held true for both sets of repeats, the
overall rates of resistance for (CAG)n, repeats were consistently lower than what was
reported with (GAA). repeats, especially comparing (CAG)140to (GAA)150.16- 28 This
led us to the initial observation that (CAG). repeats might be less prone to events
that confer drug-resistance than their (GAA), counterparts.

In order to measure the rates of large-scale expansion, we isolated DNA from
our 5-FOAR resistance colonies and performed single-colony PCR. To our dismay,
none of our isolated colonies had any large-scale expansions. For colonies to be
resistant to 5-FOA without an expanded intron length that prevents splicing, our
repeats must be conveying resistance in another manner. Instead of expansions, we
predicted that URA3 inactivation was occurring via one of two mechanisms: large-

scale deletions or a mutation in the open reading frame of the gene.
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Investigating the cause of URA3 inactivation by (CAG)140 repeats

When we performed single-colony PCR on 5-FOAR clones of our URA3
(CAG)140 strain, we saw one of two events: either the PCR product was missing or
the PCR product showed that the repeat length had not changed. The investigation
into the first event - the loss of the PCR product - will be discussed first. As long
tracts of (CAG)140 repeats have been previously reported as a hotspot for
chromosomal fragility, we predicted that chromosomal fragility in our system was
resulting in large deletions conferring a Ura- phenotype and overshadowing our
recovery of expansion events. To confirm this prediction, we used primers that
would amplify a region on chromosome III ~30 kb away from the cassette. From
this, we were able to observe that large deletions had occurred in many of our 5-
FOAR colonies that had a loss of PCR product.

To address this issue, we changed our selective media to select for a Ura-
Trp+ phenotype. As our URA3 cassette has TRP1 adjacent to the URA3 gene on
chromosome three, we could select against deletion events that would also span this
marker. Our rates of 5-FOAR for (CAG)140 repeats significantly decreased by a factor
of 5,t0 11.0¢10°7 from what had previously been observed (Mann-Whitney U,
p<.005). There was still a loss of PCR product in many cases despite this
modification for our 5-FOAR Trp+ clones. This showed that while our modification
did select against the largest of these deletion events, deletions that did not span
this region of the cassette could still occur.

The second event we observed in our 5-FOAR colonies was a PCR product

that had an unchanged repeat length. In addition to acting as a hotspot of
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chromosomal fragility, trinucleotide repeats have also been implicated as a source
of induced mutagenesis in the flanking chromosomal regions.?8 For the cases where
the repeat length remained unchanged, we suspected trinucleotide induced-
mutagenesis might be conferring 5-FOA resistance. In order to examine this, we
sequenced the URA3 gene for potential gene inactivating mutations. Of the 22 URA3
genes sequenced, 21 of them had mutations in the ORF that could putatively lead to
an Ura- phenotype. The one remaining colony had unclear sequencing results for the
3’ end of the gene, and was thus inconclusive. A representation of the distribution of
these mutations can be seen in Figure 4. Additionally, 15 of the 21 colonies sent for
sequencing had multiple mutations, further exhibiting the mutagenic effect (CAG)140

repeats are having on the neighboring chromosomal region.
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Figure 4: A map of mutations from the sequencing results of (CAG),,,strain, not drawn
to scale. Insertions are indicated by an up arrow with the inserted nucleotide(s) above.
Deletions are indicated by a down arrow. In the coding region, a nucleotide change that
results in an amino acid change is represented by the following: NC is a nonconservative
amino acid change; CON is a conservative amino acid change; SC is a semiconservative
amino acid change; Stop is a change to an early stop codon. 21 of 22 sequenced URA3
genes had a mutation that putatively could produce a Ura- phenotype.
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Investigating the role of Atof1 in the URA3 system

Up to this point, we had yet to observe large-scale (CAG), expansions in
yeast. We decided to test whether loss of TOF1 function would increase the rate of 5-
FOARin our (CAG)140 system and allow us to identify large-scale expansions. When
previously studied in the URA3 system, knocking out Tof1 resulted in a four-fold
increase of repeat instability for (GAA)100 repeats.1® Due to its involvement at
paused replication forks and as a noted universal inhibitor of repeat expansions, we
predicted that knocking out Tof1 might decrease the stability of the (CAG)140 repeats
allowing for the recovery of these elusive large-scale expansions. Thus, we expected
both an increase in the rate of resistance as well as the identification of expansions.

After constructing a Atof1 (CAG)140 strain, we conducted a full fluctuation
assay to measure the rates of expansions. Additionally, in order to observe any
possible effect on fragility, we tested this strain on two different types of media: our
original selective media for the Ura- phenotype, and a second media, which selected
for the Ura- Trp+ phenotype. Unfortunately, we still did not recover any large-scale
expansion events. Also, directly contradicting what we had expected, we saw a slight
but significant decrease in the rates of resistance compared to the wildtype when
selected for by just 5-FOA media. The rates of resistance when plated on the second
media selecting against large-scale deletions were identical to the rates of our WT
strain plated on this media (Figure 5). Overall, this data suggests that TofI may have

a different role with (CAG), repeats then it has with (GAA), repeats.
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Rates of Resistance for (CAG),,, in URA3 Cassette

1.00€-03

1.00€-04

1.00E-05

Rates of 5-FOAResistance

1.00E-06 ] - ] ‘ - I ‘ - I

1.00E-07

(CAG) 140 Atof1 (CAG), 49 (CAG) 140 Atof1 (CAG), 40
5-FOAR 5-FOAR 5-FOARTrp+ 5-FOARTrp+
Strain Rates of SFOAR ¢ 107

(95% Confidence Interval)

(CAG), 4 balanced 56
5-FOAR (23-160)

Atof1 (CAG), 4, balanced 36

5-FOAR (23-42)

(CAG), 4 balanced 11
5-FOARTrp* (6.7 -17)

Atof1 (CAG),,, balanced 11
5-FOAR Trp* (8.5 - 14.1)

Figure 5: Rates of resistance for Atof1 (CAG),,, yeast strains shown for two different selective
medias. The 5-FOA media selects for URA3 inactivation only, while 5-FOA Trp- also selects
against large-scale deletions that extend past the Trpl marker in our cassette. The Atof1 strain
on 5-FOA media had significantly lower rates of resistance than the wildtype on that media
(Mann-Whitney, U, p<.005). There was no significant difference between the Atof1 on 5-FOA
Trp- media and the wildtype strain on that media. Both rates of resistance for the 5-FOA Trp-
media were significantly lower than the rates of resistance for their counterparts on just 5-FOA
media (Mann-Whitney U, p<.005).
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Describing the non-transcribed system to identify large-scale (CAG), expansions

The second system we utilized to recover large-scale (CAG)140 repeat
expansions has the repeats located in a non-transcribed region and is based around
the well-characterized Gali-10 promoter (Figure 6). To understand how selection for
large-scale expansions occurs in this system, we must first review how transcription
occurs here. The presence of galactose induces the transcription activatior Gal4p to
recruit the mediator complex, and triggers a Gal4 dependent disruption of the
upstream nucleosomes. The mediator proteins allow for an interaction between
Gal4, which binds to the upstream activator sequence (UAS), and RNA Polymerase
I, which is recruited to the TATA box. The nucleosome disruption alters the
chromatin structure allowing for the TATA box to be exposed - a step critical for
transcription initiation.2? When this transcription activation occurs over a distance

in yeast, there is looping out of the intervening chromatin, but the distance at which

A
O luasg, TATA| CAN1>  TRPI
B
,;11022‘ >y ASGHU (CAG), || (CAG), || (cAG) || T ATA CAN1 TRP1

Figure 6: (A) Schematic of the CAN1 cassette. Here the trinucleotide repeats are shown between
the UAS;, ;, and the TATA box. The trinucleotide repeat is in the orientation to serve as the
lagging strand template during DNA replication. (B) Schematic of the CAN1 cassette in which an
expansion has occurred, this event prevents transcription activation of the selectable marker,
CAN1.
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transcription activation can occur is constrained. As the distance between these
promoter elements increases, the yeast loses the ability to activate normal
transcription. The exact maximal distance between the UAS and the TATA box varies
depending on the chromatin structure of the region.3°

We took advantage of this length dependent constraint of gene activation to
create a new selectable system for large-scale (CAG), expansions. In our system,
(CAG)n repeats have been placed between the Gali.10 UAS and the TATA box. The
starting repeat length along with additional sequence from the tetracycline
resistance gene comprises what we call the spacer length. The starting spacer length
allows for transcription activation to occur, and thus CAN1 is transcribed. CAN1
encodes for an arginine permease, and allows for uptake of arginine’s toxic analog
canavanine, thus the starting yeast are sensitive to canavanine.3! When an
expansion occurs, the spacer length increases past that which allows for
transcription activation to occur. As transcription activation can no longer occur,
CANT1 is not transcribed and these yeast are resistant to canavanine. Thus, we can
select for large-scale expansions by selecting for resistance to canavanine. The rate

of resistance to canavanine is sometimes used as a proxy for the rate of expansions.

Glucose versus galactose as a carbon source and its effect on (CAG)140 repeat
expansions

Once the CAN1 cassette yeast strains were constructed with (CAG)140 repeats
integrated within the spacer length, we conducted a full fluctuation assay. As before,

we calculated rates of resistance to our selective media, canavanine. We then
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performed single-colony PCR on these resistant colonies and for the first time, we
observed large-scale expansion events (Figure 7). From this, we were also able to

calculate rates of large-scale expansion for (CAG)nrepeats.

1,000
900
800

700
600
500

Figure 7: A representative gel image showing large-scale expansions of (CAG),,, repeats.
The horizontal line across the gel represents the initial starting length. Arrows point to
four independent expansion events.

Paramount to the measured rate of large-scale expansions is the carbon
source that the yeast are grown on prior to conducting the full fluctuation test. This
is especially important for the CAN1 system because when yeast are pregrown on
glucose, the system is turned “off” before selection is applied. When the yeast are
pregrown on galactose, the system is turned “on”. While we have not fully explored
the implication of these two different settings, we have seen significant differences
in our calculated rates. Both the rate of resistance and the rate of expansions are
significantly higher when pregrown on galactose compared to when pregrown on

glucose (Figure 8).
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Rates of Resistance for (CAG),,, in CAN1 Cassette
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Strain Rates of Expansion e 10 Rates of Can® ¢ 10
(95% Confidence Interval) (95% Confidence Interval)
No Repeat Control N.A. 0.95
Glucose (0.58-1.18)
No Repeat Control N.A. 8.51
Galactose (7.16-11.9)
(CAG) 4o Trial 1 2.36 13.6
Glucose (1.65-3.34) (9.87-19.5)
(CAG) 4o Trial 2 N.D. 21.5
Glucose (11.5-24.3)
(CAG) 4o Trial 1 45.7 73.4
Galactose (169 - 74.1) (35.5-126)
(CAG) 4o Trial 2 58.1 95.2
Galactose (14.4-91.9) (45.0-215)
(CAG) 4 Trial 3 N.D. 79.6
Galactose (69.1-92.6)
(CAG)MO* 14.3 35.7
Galactose (9.92-42.0) (10.8 - 57.4)

|

Figure 8: Comparing the rates of glucose versus galactose as a carbon source for large scale
expansions. Each of the galactose trials had significantly higher rates of resistance than the
glucose trials (Mann-Whitney, p<.0005), and had significantly higher rates of expansion as well
(Mann-Whitney, p<.001). Also shown is one trial with yeast selected for on a higher canavanine
concentration of 200 pug/mL. The rate of expansions and rate of resistance were significantly
lower than all of the trials that had been also been pregrown on galactose but selected for by a
canavanine concentration of 60 pg/mL (Kruskal Wallis, p<.005).
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Investigating the gene inactivation associated with (CAG)140 repeats in the CAN1
system

Regardless of the carbon source, the system produced a high degree of small
background colonies, which made it difficult to select actual canavanine resistant
colonies. To distinguish between the two, we established a size-based criteria: if the
colony was large enough to pick up with a pipette tip we deemed that it was truly
canavanine resistant. Indeed, when we allowed the colonies to grow an additional
day and tested the background colonies for repeat expansions, we did not see a
single expansion. Despite this difficulty in differentiation, rates of canavanine
resistance and expansions were calculated for the medium and large-sized colonies,
and single-colony PCR of these resistant colonies did allow for the recovery of large-
scale expansions

Despite our confidence in ruling out the majority of background noise from
our system based on the size distinction above, we still isolated a number of
canavanine resistance colonies that did not have a corresponding change of repeat
length. To see if this resistance was arising from a mutation in the CAN1 ORF
resulting from trinucleotide repeat induced mutagenesis similar to what we had
seen with the URA3 cassette, we sent 18 colonies for sequencing. Contrary to what
we had seen before, only 2 of the 18 had mutations - only one of which could
putatively cause an inactive CAN1 transcript (data not shown). This does not rule
out (CAG)arepeats inducing mutagenesis in the nearby region, as mutations arising
in the UAS or the TATA box could also be disrupting transcription activation and

this region was not sequenced.
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Aside from a possible mutation in the CAN1 ORF or in the Gali.10 promoter, it
is also possible that the presence of the (CAG)140 repeats alone inactivate CAN1
expression to some extent. If these pseudo-resistance colonies were included in our
counts, they could be falsely influencing our rates of drug resistance. In order to
decrease the rate of background noise, we increased the concentration of
canavanine on our plates from 60pg/mL to 200 pg/mL. We saw fewer background
colonies, so this allowed us to minimize the sampling error inherent to the system
by distinguishing between canavanine resistant and background noise based solely
on size. Rates of large-scale expansions and resistance were calculated with this
higher concentration (Figure 8), and both were significantly lower than what we
had observed on the lower canavanine concentration also pregrown on galactose

(Mann-Whitney, p<.05).

Measuring the expansion step in the CAN1 system

Upon optimizing this system with the repeats in a non-transcribed location,
we were able to recover a large number of large-scale expansions. We organized this
data by the number of (CAG) repeats added to our (CAG)140 strain. Smaller scale
instabilities of both expansions and contractions in nature were also observed,
which is in line with the high degree of instability seen for repetitive sequences,
especially of this length. The length distributions are reported for pre-growth on
glucose, on galactose, and for selection on a higher concentration of canavanine
(Figure 9). For pregrowth on glucose, the first distinct peak aside from the small-

scale instabilities is between 70 and 90 repeats. For pregrowth on galactose, on both
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the higher and lower concentrations of canavanine, we see an initial peak between

40 and 60 repeats.

A. Expansions of (CAG) Repeats

Pregrown on Glucose

Concentration of Canavanine: 60 pg/mL

B. Expansions of (CAG) Repeats

Pregrown on Galactose

Concentration of Canavanine: 60 pg/mL
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Concentration of Canavanine: 200 pg/mL track of (CAG)14O_ (A) Repeat |engths for
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201 ] containing media. Data is collected from two
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Data is collected from three trials, N = 469.
(C) Repeat lengths for wildtype colonies that
grew on a higher concentration selective
media after being grown on galactose
containing media. Data is collected from one
trial, N = 104.

Measuring the effect of Atof1 in the CAN1 system

While the role of Tof1p had been investigated in the previously described

URA3 system where the repeats were placed in a transcribed region, we wanted to

see if the absence of repeat transcription would affect the role of Tof1p on (CAG)x
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mediated drug resistance in the non-transcribed system. Previously we had seen
that knocking out Tof1p decreased drug resistance possibly due to its role in
preventing chromosome fragility. In addition to re-examining the role of Tof1 on
drug resistance, we could now also measure the effect Tof1p would have on large-
scale repeat expansions. For (GAA)100 repeats, knocking out Toflp resulted in a
four-fold increase in the rate of large-scale expansions, so we would expect both an
increase in large-scale expansions as well as possibly a corresponding increase in
the rate of canavanine resistance without the influence of transcription-based
fragility in the CAN1 system.

Contrary to these expectations, we saw no significant change for the rates of
drug resistance or for the rates of large-scale expansions when we tested our strains
on our lower canavanine concentration (Figure 10). When we increased the
concentration of canavanine to minimize the influence of background colonies, we
did have a significant decrease in both our rates of expansion as well as our rates of
resistance compared to our wildtype on this media. However, the effect was less
than two-fold. These decreased rates are in accordance with what was seen in the
URA3 cassette for (CAG)140 repeats, but contradicts what was seen for (GAA)100
repeats.

In addition to examining the role of Toflp on the rate of large-scale
expansions, we also examined the distribution of length repeats of these large-scale
expansions. This was done to see if Tof1p might be having an effect on the size of
expansions as compared to the wildtype and be involved with expansions in that

way (Figure 11). Thus, as previously, we organized this data by the number of (CAG)
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Figure 10: Measuring the rates of repeat expansion and canavanine resistance for Atof1 strain, also shown is
data presented previously for our wildtype strain. There was no significant difference in the rates of
canavanine resistance when grown previously on glucose, or galactose while selecting on lower
concentrations of canavanine (Mann-Whitney U, p>.5). The rates of expansion and resistance of the Atof1
strain were significantly lower then the wildtype when selected for on higher concentration of canavanine
(Mann-Whitney, p<.0005 for expansions, p<.10 for resistance).

38



repeats added to our (CAG)140 strain. The length distributions are reported for just
pregrowth on galactose at the two different canavanine concentrations, as we did
not look for expansions for the strains pregrown on glucose. Due to the low number
of recovered expansions, it is difficult to confidently identify peaks distinct from the
small-scale instabilities. For the lower canavanine concentration, however, there
seems to be a peak between 30 and 40 repeats, and a second peak between 50 and
60 repeats. For the higher concentration, there is a peak between 70 and 80 repeats.

Overall, the distribution is much more shifted towards contractions.

A Expansions of (CAG) Repeats in Atofl B Expansions of (CAG) Repeats in Atof1
Pregrown on Galactose Pregrown on Galactose
Concentration of Canavanine: 60 pg/mL Concentration of Canavanine: 200 pg/mL
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Figure 11: Length distributions based off the number of (CAG), repeats added to a starting track
of (CAG),,, for a Atof1 strain. Repeat lengths for colonies that grew on selective media after
being grown on galactose containing media on either A) a lower canavanine concentration, data
collected from one trial, N =99 or B) a higher canavanine concentration, data collected from
one trial, N = 53.

Investigating the role of Asrs2 in the Canl system
In addition to our investigation of Tof1lp, we also wanted to observe the

effect that Srs2p would have on large-scale expansion recovery. As mentioned
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earlier, Srs2 is a helicase that specifically increases the small-scale instability of
(CAG)n repeats, while having no effect on (GAA)n, repeats. We were curious if the
effect on small-scale instability would be reflected by an increased rate of large-
scale expansions in a sequence specific manner. Thus, following construction of our
Asrs2 (CAG)140 strain, we performed full fluctuation tests for pregrowth on glucose
and galactose, as well as testing our galactose pregrown strains on two
concentrations of canavanine.

The rates of expansions and canavanine resistance were measured, as seen in
Figure 12. There was no significant difference for our rates of canavanine resistance
when pregrown on glucose, and we chose not to pursue measuring large-scale
expansions for this strain. When we measured the rates of canavanine resistance,
we saw a significant decrease for our wildtype strain when selected for on a higher
concentration. There was, however, no significant difference between the rates of
large-scale expansion when comparing the 4srs2 strain with the wildtype on the
corresponding canavanine concentration.

We were curious if Srs2 might be an effect on the size of the primary step of
expansions, as it seems to be unrelated to the rate of large-scale expansions. Thus,
we built a distribution of the changes to repeat length, as can be seen in Figure 13.
We organized this data by the number of (CAG) repeats added to our (CAG)140 strain.
Smaller scale instabilities of both expansions and contractions were also observed.
For our growth on lower concentration of canavanine, we can see a slight peak at

about 30 to 40 repeats, as well as a second peak at about 60 to 70 repeats. For
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Rates for Asrs2 (CAG),,, in the CAN1 system
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Figure 12: Measuring the rates of repeat expansion and canavanine resistance for Asrs2 strain,
also shown is data presented previously for our wildtype strain. There was no significant
difference in the rates of canavanine resistance or expansions when grown previously on
glucose or galactose (Mann-Whitney, p>.5). There was an increased rate of resistance when
plated on a higher concentration of canavanine (Mann-Whitney, p<.05), but there was no
significant difference in the rate of expansion.
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growth on higher concentration of canavanine, we can see a peak of about 40 to 50

repeats as well as a second peak at about 70 to 80 repeat units.

A Expansions of (CAG) Repeats in Asrs2 B Expansions of (CAG) Repeats in Asrs2
Pregrown on Galactose Pregrown on Galactose
Concentration of Canavanine: 60 pg/mL Concentration of Canavanine: 200 pg/mL
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Figure 13: Length distributions based off the number of (CAG), repeats added to a starting track
of (CAG),,, for a Asrs2 strain. Repeat lengths for colonies that grew on selective media after
being grown on galactose containing media. (A) Data is collected from one trial plated on a
lower concentration of canavanine, N = 360. (B) Data is collected from one trial plated on a
higher concentration of canavanine, N = 251.

Overall Expansion Steps Based on Kernel Plots

One of the questions that we have been asking throughout the analysis of the
length distribution of our (CAG)n repeat expansions is whether or not our mutant
strains are having an effect on the size of the primary step of expansion. To answer
this question, we built Kernal Density plots comparing our wildtype and mutant
strains using just data from our large-scale expansions, which we deemed to be an

addition of more than 20 repeats. While we would have preferred to only compare
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Figure 14: Kernal Density plots to compare our wildtype and mutant strains. A) Based off of
length-distribution data generated from our strains selected for by a lower canavanine
concentration. B) Based off of length-distribution data generated from our strains selected
for by a higher canavanine concentration.

our strains that were selected for on a higher concentration of canavanine, we had
too few large-scale expansions in our Atof1 (CAG)140 strain on that media. Thus, we
show instead our two mutant strains at the lower concentration, as well as our Asrs2
(CAG)140 strain and our wildtype strain at the higher concentration of canavanine
(Figure 14). What we can see is that our two mutant strains are not significantly
different, nor is there a difference between our 4srs2 (CAG)140 strain and our
wildtype strain. Thus, we infer that Atof1 (CAG)140 would also not be significantly
different from our wildtype strain at this higher concentration, and that neither
mutant is having any effect on the size of the expansion step.

From the Kernel plots, we are also able to find more evidence in regards to
the primary step of repeat expansions. This can be done by looking at where the
largest increases in the proportion of (CAG), repeats added are. In Figure 14A, we
can see that both the AtofI and the 4srs2 show a large increase at about 25 repeats,
which we would still classify as small-scale expansions, and a second large increase

at about 55 to 60 repeats. In Figure 14B, we see a large increase in the proportions
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of (CAG)nat about 40 repeats. From this, we can conclude that the primary step of

large-scale (CAG)n expansions is between 40 and 60 repeats.

Predicting the rate of instability from small-scale expansion

In order to differentiate between large and small-scale expansions, we
developed a model with the help of Ryan McGinty to predict how much of an effect
small-scale instabilities might have. Essentially, we assumed that a small-scale
expansion step of 20 repeats could be added at a rate of 1%. This assumption is
based off of previous work with a variety of (CAG)n repeat lengths which have
shown the median small-scale step to vary between 10 and 30 repeats.? 28 We
expected that each additional step would also have a 1% chance of occurring. For
example, adding 40 repeats would occur 1% of 1% of the time, or.01% of the time,
and so on. We thus found what our theoretical rate of expansion for each repeat
addition would be if the expansions were due to small-scale instabilities. We
expressed the uncertainty of this frequency of expansions by also calculating what
we would expect if this expansion only occurred 0.5% of the time and if it occurred
2% of the time, and expressed this uncertainty as error bars. We also had measured
what percent of our experimentally found lengths were observed that had
expansions of up to 20 repeats, between 20 and 40 repeats, and so on. The percent
of our experimentally found lengths was multiplied by our calculated rates of
expansions, to show what the rate of expansion actually was for that specific repeat

addition (Figure 15).
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Predicted vs Obserseved Rates of Expansion
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Figure 15: Observed rates of expansion compared to predicted rates if the instability was
due to small-scale expansions alone.

Unbiased screen to identify proteins affecting repeat expansions

In order to identify proteins that might have an effect on (CAG)140 large-scale
expansions, we took an unbiased genetic approach by conducting a Leu2 transposon
screen, as described briefly in the methods. The screen creates gene knockouts via
homologous recombination after transforming a yeast genomic library mutagenized
with a minitransposon into our wildtype yeast strain containing the CAN1 (CAG)140
cassette. Our first step was to plate our yeast onto SC-LEU media to select for
transformants, we then re-plated onto SC-LEU for verification of the Leu+
phenotype. Following this, we replica plated onto complete media containing
galactose. As we had seen an increase of rates of resistance and rates of expansion
for pregrowth on galactose compared to glucose, we thought that this step would

help us identify any proteins involved in large expansions. Finally, we plated our
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clones both onto complete media and selective media in order to identify
transformants that had an increased resistance to canavanine.

From this method, we were able to find a number of clones that had

increased resistance to canavanine, or hits from our screen. Of the 6,000 clones that

we generated, 36 of them were initially deemed as hits. We then tested these hits for

repeat expansions, and found that 18 of these hits also had repeat expansions. We
then performed inverse PCR on these hits with expanded (CAG). repeat tracts to
identify what gene the transposon has disrupted. We can see the results of these

sequencing results in Table 4. The known function of these proteins and their

possible implications for repeat expansions will be discussed below.

Proteins Identified by Transposon Screen

Spol2 Mtc6

Repl Qdrl

Prd1 Cdsl

Spfl Yrfl-6
tk(UUU)D Rdn37-2
Mrps28

Table 4: Proteins identified as hits from transposon screen as having a potential effect
on large-scale repeat expansions. Not included are hits that corresponded to the Canl

gene.
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Discussion
Large-scale expansions studied and measured in yeast

In this study, we were able to characterize the behavior of (CAG)x
trinucleotide repeats in two different systems. In the first system, the repeats were
placed in a transcribed cassette, and while we were not able to recover large-scale
expansions, we did find preliminary evidence supporting the hypothesis that not all
repeats behave the same way. In comparison to (GAA), repeats of comparable
length, we saw decreased rates of 5-FOAR. When we continued our work using a
cassette with the repeats in a non-transcribed location, we were able to recover and
quantify the rate of these large-scale (CAG)n. repeat expansions. These rates were
significantly lower than their (GAA)» counterparts. For example, in the CAN1
system, the rate of (CAG)9o large-scale expansions pregrown on either glucose or
galactose was ~110-7 while the rates of (GAA)100 large-scale expansions for glucose
and galactose were 1106 and 1.5¢10-> respectively (unpublished).

Most importantly, for the first time a system has been developed allowing for
the study of large-scale (CAG). repeat expansions. Utilizing this system, we are able
to compare the behavior of (CAG)n repeats to the behavior of other microsatellites,
such as (GAA), and (ATTCT)x repeats. From these comparisons, we can see how the
specific sequence may determine what type of expansion mechanism is most
prominent for a repeat tract. By this I allude to the propensity of certain repeats,
such as (CAG)x repeats to preferentially undergo small-scale instabilities while
(GAA)n repeats essentially never show small-scale instabilities.? On the other hand,

(GAA)n repeats are more prone to large-scale expansions while we’ve shown here
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that (CAG). repeats experience a significantly lower rate of these events. In
conclusion, we have found evidence supporting the hypothesis that the specific
sequence of a repetitive microsatellite has an effect on the mechanism of instability

it preferentially undergoes.

Investigating the nuances of the URA3 system

One of the difficulties of studying a long tract of (CAG), repeats is that the
repeats can be affecting both chromosomal fragility and repeat instability.
Previously it has been noted that both expansions and fragility increase as the
length of the initial repeat increases, leading to the conclusion that the mechanism
underlying these two events are linked.3? In the URA3 system, we predict that
potential expansion events are being overshadowed by a high frequency of large-
scale deletion events. Indeed, multiple labs have shown that for a variety of
microsatellites - including (CAG)n, (GAA)n, and (ATTCT)n repeats - long
uninterrupted tracts are shown to act as hot spots of chromosomal fragility in a
length-dependent mamnner.1”

It has also been shown that collisions between transcription and replication
machinery can further cause genomic instabilities especially as fragile sites.33 34 [n
the URA3 cassette, we have both a long-repeat tract and potential transcription-
replication collisions which could be exacerbating the potential for chromosomal
fragility. Thus, as a deletion of the nearby region would inactivate URA3 and allow

for selection of our media, we believe that selection for DNA breakage is more
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common than the selection for potential expansion events in this system due to the

combined effect of transcription and chromosomal fragility.

Investigating the nuances of the CAN1 system

Our second system, while successful in the recovery of large-scale
expansions, also had many colonies that were resistant to canavanine with no
change of the repeat length. When these colonies were sent for sequencing, we saw
that it was almost never a mutation in the CAN1 gene that was conferring resistance.
For these colonies where we had an unchanged PCR product length, and no
mutations in the CAN1 gene, we hypothesized that an intrinsic nature of the repeats
were allowing for the growth of these clones.

One theory for how (CAG)140 repeats turn off CAN1 expression involves their
potential effect on the local chromatin structure. In human patients with DM1, it was
observed that the long tracts of (CTG). sequences were associated with
heterochromatin.35 Further work examining the strength of different nucleotide
repeats showed that the dinucleotide CA is a very strong nucleosome positioning
elements, and thus (CAG)nrepeats are likewise thought to be strong factors. In
addition, a continuous signal, such as a long tract of a repeated nucleosome
positioning factor, is shown to have an increased effect as a positioning signal.3¢
Based on these observations, we suspect that our (CAG)140 repeats could be
changing the local chromatin structure in this manner.

Our system relies on the activation of transcription over a certain spacer

length. When Dobi and Winston tested the galactose promoter with different spacer
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lengths, they saw that a spacer length of 574 bp significantly decreased
transcription of their reporter gene, while a length of 690 bp completely cut off
transcription activation. They also noted, however, that the permissibility of
transcription activation at a distance relied on chromatin structure.3” Our cassette
has an initial spacer length of 823 bp, which already exceeds the threshold found by
Dobi and Winston for their system, further raising the possibility of a change of
chromatin structure (CAG), repeats are causing which allows for this initial longer
spacer length.

How might having a change of chromatin structure, which allows for a longer
spacer length, give rise to background colonies? When galactose induction occurs
for the endogenous Gali.10 promoter, the normal nucleosome positioning is
disrupted to expose the TATA box, as well as the DNA region where initial melting
for transcription occurs. By changing the chromatin structure in our cassette, these
nucleosome transactions would conceivably be different from those at the
endogenous promoter and could be thus changing the expression of CAN1. In
conclusion, our repeats seem to be affecting our system in an unknown manner,
which allows us to observe these small canavanine resistant clones, however, our
system is also succeeding in allowing us to pick up expansion events.

Throughout our measurements, we saw a significant increase in our rates for
pregrowth on galactose versus glucose. We predict that the observed difference
might stem from the more open chromatin structure of this system when under
galactose control. When we add galactose to the system, the promoter is now

nucleosome free and other nucleosome transactions in this chromosomal region are
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also occurring. A group recently speculated that an open chromatin structure may
be influencing the stability of (GAA), repeats in mammalian cells.38 Thus, if galactose
causes a more open chromatin state, this helps explain the increased instability we
observe versus when our yeast are pregrown on glucose.

Since galactose disrupts the chromatin of this promoter, we could imagine
that when our system is induced, the nucleosomes have been shifted. Thus, the
repeats are not tightly wound around the nucleosome, and more exposed to
possible DNA damage. Since having a more open chromatin structure may facilitate
more availability to DNA damage, utilizing the control of this system under two
different carbon sources may allow us to examine the effects of proteins involved
with repair mechanisms. If a particular protein has an effect on repeat expansions
when pregrown on galactose but not when pregrown on glucose, we would predict
that the protein is involved with a repair based mechanism that is only actively used
under the induced conditions. Thus, in addition to replication-based models of
repeat expansions, the CAN1 system might be useful in exploring repair-based

models.

Examining the effect of Srs2 on (CAG)140 repeats

Prior research with the Srs2p helicase has shown that its activity is
specifically geared to hairpin forming sequences, such as (CAG)n. repeats. As one
might predict from this role, knocking out this protein had no effect on (GAA). large-
scale expansions. Considering the sequence specificity of Srs2p, we hypothesized

that either Srs2p is involved only in preventing small-scale instabilities, or that its
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role in large-scale instabilities would also be sequence specific. From our results, we
have shown that a Asrs2 strain had no significant effect in rates of large-scale
expansions as compared to our wildtype strain. Thus, we have found evidence to the
effect that the role of Srs2p is confined only to small-scale instabilities.

Examining a Asrs2 has also allowed us to differentiate between the theory
that the large increase of repeat lengths are just an accumulation of several
successive small-scale expansions, and the theory that the large steps we see
actually stem from large-scale expansions. If the former was the case, knocking out
Srs2p would result in an increase of small-scale instabilities that would trickle down
and have an effect on the rate of “large-scale” expansions. This would be
accompanied by a change in the distribution of lengths added. On the contrary, we
see neither an effect on the rate of expansions nor on the distribution of lengths
added. Thus, we conclude that large-scale expansions of (CAG). repeats are
independent of the Srs2p helicase, and thus independent from small-scale
expansion events.

The rate of canavanine resistance for our 4Asrs2 strain did increase, however,
in comparison to the rate of canavanine resistance of our wildtype strain. This could
be stemming from two different sources. First, in the knockout strain we would
predict that small-scale instabilities would be promoted, and thus small increases
that were under the threshold for inclusion into our rates of large-scale expansions
may have put the spacer length over that which allows transcription activation to
occur. Second, for (CGG)x repeats, knocking out Srs2 significantly increased the rates

of fragility.1® While we did not quantify the rates of fragility in our CAN1 system to
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confirm a comparable effect with (CAG), repeats, if this role with fragility was
similar we could expect that our rate of deletions was increasing and thus could be

increasing our rates of canavanine resistance.

Examining the effect of Tof1p on (CAG)140 repeats

Toflp seems to have a hand in two repeat-associated events: fragility and
expansions. These two events, are often linked and thus the question arises whether
there is one underlying mechanism. Both (GAA)» and (ATTCT), repeat expansions
were elevated when TOF1 was knocked out, due to its role in the template switching
mechanism. Repeat mediated fragility of (ATTCT)n repeats was decreased by 3x,
suggesting that fragility for (ATTCT)x is occurring independently of the template
switching pathway.1® On the other hand, Freudenreich and Lahiri showed that
knocking out the MRC1 component of the fork stabilizing Csm3-Mrc1-Tofl complex
increased fragility of (CAG), repeats.3?

For (CAG). repeats in our system, we see that knocking out the TOF1
component of the complex slightly decreased repeat-mediated fragility in our URA3
system if we allowed for large-scale deletions, otherwise it had no effect.
Additionally, in our CAN1 system we saw slightly decreased rates of expansions.
Since Mrc1 and Tof1 work together for fork stabilization, it is interesting to note the
different effect they are having with (CAG), Thus we conclude that TOF1 is normally
functioning in a novel way with (CAG). repeats, and that the mechanism of both
fragility and expansions is independent of TOF1’s role in the fork-stabilizing

complex.
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Measuring the expansion step for (CAG)140 repeats

In the various figures presented above displaying the length distributions of
our repeats, we have been able to identify primary as well as secondary events of
large-scale expansions. Our two mutant strains showed similar steps of expansion to
each other at a lower concentration, and our 4srs2 and WT showed similar steps for
the higher concentration of canavanine. This leads us to conclude that these
proteins are having no effect on the size of the expansions, which remains to be
between 40 and 60 repeats across all three strains.

When the primary step of expansion was measured for (GAA), repeats, it was
reported to be ~60 repeats. Thus, our expansion step is approximately that which
was seen in (GAA), repeats, and what we would have expected if the same
mechanism was the cause of large-scale (CAG)n expansions. In conclusion, we
believe that the similar size of our expansion step is evidence that (CAG). repeats
could be expanding via a similar mechanism to the replication based models shown
for (GAA), and (ATTCT). repeats, although with subtle differences due to the lack of
involvement of Tof1p in (CAG)140 repeat expansions.

One possibility that remains to be examined is the possibility that large-scale
expansions aren’t actually occurring, but instead the longer repeat tracts are just an
accumulation of small-scale expansions. We have shown two lines of evidence that
contradict this possibility. First, in Figure 13, we show what rate of expansions we
would expect if the larger additions of repeat lengths were just an accumulation of
smaller events and compared it to what we experimentally saw. The rates of our

observed repeat expansions are significantly higher than what is predicted by small-
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scale instabilities. In addition, the Srs2 helicase has been shown to increase small-
scale instabilities of (CAG)n repeats - if the large-steps were merely an accumulation
of small-scale instabilities we would expect an increase of large-scale expansion
rates and a broader distribution of repeats added. We did not see any effect on
large-scale expansions, and thus we conclude that the mechanisms for large-scale

and small-scale expansions are distinct.

Possible role of the proteins implicated in large-scale expansions from the transposon
screen

From our transposon screen, we recovered a number of genes that when
knocked out, showed preliminary results that large-scale expansions and
canavanine resistance were increased. Some of the knocked out genes were
expected, such as the hits that corresponded to the CAN1 gene and a multidrug
resistance gene, QDR1.4% Others seem unrelated to either large-scale expansions or
canavaine resistance, such as PRD1, which is involved with mitochondrial protein
degradation,*! and €DS1, which is involved with phospholipid synthesis.*? SPF1,
which is a P-type ATPase involved with the endoplasmic reticulum, also probably
does not have a role with repeat expansions.*® Another gene that has an
unconfirmed role for repeat expansions is REP1. Past research with Rep1 has shown
evidence for its role in coupling plasmid segregation with chromosomal segregation.
Additionally it is a negative regulator of plasmid gene expression, functions that

seem unrelated to repeat expansions.** The remaining hits from the screen, SPO12,
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MTC6 and YRF1-6 may have a more promising although so far undetermined role in
repeat expansions.

SPO12 is a protein that is essential for the function of the FEAR network. It is
regulated by Cdc14 and helps the cell exit from mitosis. There also may be some role
in suppressing the function of Cdc14 until anaphase.*> While neither Spo12 or
Cdc14 have been related to trinucleotide repeats previously, it has been noted that
there is an increase of homologous recombination events in cdc14 mutant strains.1”
Thus, it is possible that through an interaction with Cdc14, knocking out Spo12 is
having an indirect effect on homologous recombination and thus repair-based
repeat expansions.

While Mtcé6 is a protein of unknown function, it is of special interest to us
due to the fact that it is synthetically sick with cdc13-1. Cdc13 typically binds to
telomeres to recruit telomerase and cap the chromosome ends. Telomeres that are
uncapped are recognized as sites of damage.*¢ In addition, Cdc13 has previously
shown up in screens looking to identify proteins involved with repeat expansions of
(GAA)n repeats. This cdc13 strain showed an increase in (GAA)x fragility due to a
possible sequestration of replication pausing complex to uncapped telomeres.*’

The last protein of interest is Yrf1-6. This gene encodes for a Y-element
helicase, which while never before being implicated to repeat expansions, could be a
promising result.#8 While the Srs2 helicase specific for unwinding (CAG), hairpins
had no effect on large-scale expansions, there may still be a role for other helicases

in a large-scale mechanism of (CAG), repeats.
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In order to see if any of these proteins are actually involved in large-scale
expansions, our plan is to how knock out each of these genes in our (CAG)140 strain.
We would then perform a full fluctuation assay for each mutant and measure the
rate of large-scale expansions, as well as the length distribution of these repeats. By
comparing these results to our wildtype rates, we would be able to confirm that

these proteins are in fact involved with large-scale expansions.

Concluding remarks

For the first time, a system has been developed in which large-scale
expansions of (CAG)n repeats can be studied. We have show evidence that these
repeats preferentially undergo small-scale instabilities instead of large-scale
instabilities, especially when compared to a second, well-characterized,
trinucleotide repeat - (GAA),.. We have also found preliminary evidence that the
mechanism of large-scale expansions for these repeats may be distinct from that of
(GAA)n repeats, due to the slightly decreased rates of expansions in our AtofI strain.
We did observe a similar primary expansion step for large-scale expansions,
however, so we do think that there could be similarities between these mechanisms.
From our work with AsrsZ, and the difference between our observed and predicted
rates of expansion if the additions had been just an accumulation of multiple small-
scale expansions, we are confident in our assessment that these repeats are in fact
undergoing large-scale expansions. Finally, we have developed and implemented
system to screen the yeast genome for genes that may be involved in large-scale

expansions, which can be utilized in the future to further characterize these large-
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scale expansions. Thus, while there remains a lot to understand about how large-
scale expansions of (CAG)n repeats are occurring, we have taken the first steps of

understanding this process.
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