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Nearly 50 hereditary diseases result from the inheritance of abnor-
mally long repetitive DNA microsatellites. While it was originally
believed that the size of inherited repeats is the key factor in
disease development, it has become clear that somatic instability of
these repeats throughout an individual’s lifetime strongly contrib-
utes to disease onset and progression. Importantly, somatic insta-
bility is commonly observed in terminally differentiated, postmitotic
cells, such as neurons. To unravel the mechanisms of repeat insta-
bility in nondividing cells, we created an experimental system to
analyze the mutability of Friedreich’s ataxia (GAA), repeats during
chronological aging of quiescent Saccharomyces cerevisiae. Unex-
pectedly, we found that the predominant repeat-mediated muta-
tion in nondividing cells is large-scale deletions encompassing parts,
or the entirety, of the repeat and adjacent regions. These deletions
are caused by breakage at the repeat mediated by mismatch repair
(MMR) complexes MutSp and MutLa and DNA endonuclease Rad1,
followed by end-resection by Exo1 and repair of the resulting
double-strand breaks (DSBs) via nonhomologous end joining. We
also observed repeat-mediated gene conversions as a result of
DSB repair via ectopic homologous recombination during chrono-
logical aging. Repeat expansions accrue during chronological aging
as well—particularly in the absence of MMR-induced DSBs. These
expansions depend on the processivity of DNA polymerase & while
being counteracted by Exo1 and MutSg, implicating nick repair. Al-
together, these findings show that the mechanisms and types of
(GAA), repeat instability differ dramatically between dividing and
nondividing cells, suggesting that distinct repeat-mediated muta-
tions in terminally differentiated somatic cells might influence
Friedreich’s ataxia pathogenesis.
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N early 50 human diseases have been linked to the inheritance
of abnormally long DNA microsatellites—repetitive stretches
of the genome where the repeating sequence motif is less than
nine base pairs (bp) long (1, 2). In one such disease, Friedreich’s
ataxia (FRDA), individuals inherit abnormally long (GAA), tri-
nucleotide repeats in the first intron of the human FXN gene (3).
FRDA follows an autosomal recessive inheritance pattern with
97% of patients possessing two expanded (GAA), alleles and the
other 3% inheriting one expanded allele and a second, mutated
copy of FXN. Disease-associated, expanded alleles contain 600 to
900 repeats on average (4). Patients with the disease display FXN
messenger RNA deficiency as a result of localized heterochro-
matic silencing, which leads to shortage of the mitochondrial
protein frataxin (3, 5).

Genetic anticipation is a characteristic hereditary pattern for
many repeat expansion diseases: With each generation the inherited
repeat increases in length, resulting in an earlier manifestation and
increased severity of disease. Despite the correlation between re-
peat length and age of onset, the question remains as to the pre-
vailing mechanism of disease onset and progression (6). One
proposal is that the timing of disease manifestation is determined by
the sequential accumulation of toxic repeat-associated molecules,
typically RNA or protein, over the course of an individual’s lifetime.
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For example, in the case of Huntington’s disease (HD), an in-frame
(CAG), repeat causes the buildup of disruptive polyglutamine
protein aggregates in the brain with age (7, 8). In FRDA, where the
causative repetitive element is noncoding, it has been hypothesized
that frataxin deficiency drives disease progression in a similar
fashion via accumulation of toxic iron due to the dysregulation of
iron homeostasis (9). An emerging alternative to the toxicity hy-
pothesis is that the primary driver of symptom onset and progres-
sion could be age-related, somatic expansions of the inherited
disease-size microsatellite. This model has been best supported in
studies of HD, where 1) genetic modifiers of disease in humans tend
to be mutations in DNA repair genes that influence somatic repeat
expansion rate (10-12), 2) mouse models show that altering somatic
expansion rates influences disease pathogenesis (13, 14), and 3)
patients with interrupted repeats but the same polyglutamine length
(i.e., CAA trinucleotides interspersed within a CAG microsatellite)
present with significantly later age of onset (10, 12).

In addition to genetic anticipation, repeat expansion diseases
tend to display prominent tissue specificity, with the majority
manifesting as neurodegenerative disease. In the case of FRDA,
despite the fact that frataxin is a ubiquitously expressed (5, 15) and
essential protein (16) disease-related pathophysiology is largely
limited to hypertrophic cardiomyopathy, degeneration of the
central and peripheral nervous system and, in some cases, diabetes
mellitus (17). In HD, where the mutant HTT gene is expressed
throughout the brain (18), it is primarily the striatal white matter
and caudate nucleus that degenerate over time (19). It has been
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posited, therefore, that somatic repeat expansions determine tis-
sue specificity. Supporting this idea, (GAA), repeats display
greater levels of length instability in FRDA-affected tissues, such
as the heart and spinal cord, in mice and humans (20-25). Simi-
larly, postmortem HD brains show that the largest somatic
(CAG),, expansions occur in the striatum (26, 27).

The molecular mechanisms governing the expansion of (GAA),
repeats have primarily been examined in dividing cells. In growing
yeast, their instability can result from faulty DNA replication (28,
29), postreplicative repair (30), and homologous recombination
(31, 32). In human cell cultures, (GAA), expansions correlate
directly with passage number and are dependent on DNA mis-
match repair (MMR) and transcription (33-36). Thus, in dividing
cells (GAA), expansions are attributed to inaccurate DNA syn-
thesis during replication or repair, which is in line with the findings
that (GAA), repeats stall DNA polymerization in vitro (37) and
replication fork progression in vivo (30, 38-40). However, given
the lack of active replication in human tissues most affected in
repeat expansion diseases, it is difficult to extend these observa-
tions to the process of pathogenic somatic expansions. We have
previously found that in stationary yeast cultures fragility mediated
by (GAA), repeats was increased in a time- and transcription-
dependent manner (41). The only study of (GAA), repeat ex-
pansions in nondividing neuronal tissues, which was done in a
transgenic mouse model of FRDA, demonstrated that the Pms2
protein—the primary endonuclease of the MMR pathway—
specifically suppresses large-scale expansions (42). This study also
found that the upstream mismatch recognition complex MutSa
plays a counteracting role by promoting somatic expansion.

We sought to characterize the nature and mechanism of
replication-independent mutation at (GAA), repeats by examin-
ing their mutability during chronological aging of homogeneous,
nondividing quiescent cultures of Saccharomyces cerevisiae using
our previously established genetic reporter for detecting repeat-
associated mutagenesis (28, 30). We found that the spectrum of
(GAA),-associated mutations changes dramatically in nondividing
cells as compared to dividing cells. In the course of their chro-
nological aging, we observe a 20-fold increase in the incidence of
repeat-mediated deletions with a median length of 500 bp. These
deletions result from imprecise nonhomologous end-joining
(NHEJ) repair of double-strand breaks (DSBs) at the repetitive
and/or nearby sequences. Formation of these DSBs requires the
MutSp mismatch recognition complex, the MutLa MMR endo-
nuclease and, possibly, the repair endonuclease Radl. In addition
to deletions, we observed gene conversion events between our
cassette and a mutant ura3-52 allele present in our strain. Like
deletions, gene conversion events depend on functional MutSg,
MutLa, and Radl protein complexes. In contrast to deletions,
however, they occur via homologous recombination guided by
Rad52 and Rad51 proteins. Finally, we observed an accumulation
of repeat expansion events during chronological aging, which were
particularly prominent in the absence of MutSp and the 5'-3'
exonuclease Exol. While replication-independent, these expan-
sions depend on the processivity of DNA polymerase 8, which
points to the role of nick or gap repair in the process. These
findings establish that the mechanisms and types of mutagenesis at
(GAA), repeats differ between dividing and nondividing cell
populations—suggesting that the cell-cycle status and DNA repair
environment of somatic cells might influence FRDA pathogenesis.

Results

An Assay for Assessing (GAA)qgp-Associated Mutations in Quiescent
Yeast. The primary objective of this study was to determine the
spectrum and mechanisms of repeat-mediated mutations in
nondividing cells. We used strains of S. cerevisiae bearing our
previously established cassette on chromosome III, which allows
for the selection of cells that have undergone various (GAA)-
a-associated mutation events (Fig. 1A4). This cassette consists of a
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forward selection yeast URA3 gene that has been artificially split
by an intron containing 100 (GAA), repeats. When the repeats
expand, it pushes the intron length beyond the yeast splicing
threshold of ~1 kb. This disrupts splicing of URA3 transcripts
and renders cells resistant to the drug 5-fluoroorotic acid (5-
FOA). Notably, any mutation that results in URA3 loss of
function within our cassette makes cells 5-FOA-resistant. This
allows for selection of any deleterious mutations, not just ex-
pansion events, by plating on media containing 5-FOA.

We detected mutations using this construct in a nondividing
cell population by taking advantage of the fact that yeast enter
quiescence when they are starved of an essential nutrient. Quiescent
(Q) cells are nonproliferative cells that are arrested in “G,” and will
only divide upon exposure to the original growth-limiting nutrient.
They have longer chronological lifespans than nonquiescent cells
and can be aged chronologically without dividing via maintenance in
media that lacks the nutrient they were initially starved of (43, 44).
We married our ability to select for (GAA);go-mediated mutations
and isolate Q cells using Percoll density gradients by taking strains
bearing our URA3 cassette and culturing them in media where
phosphate was the growth-limiting nutrient. We assessed mutation
frequencies by plating an aliquot of each culture on media con-
taining 5-FOA (to select for cells that contained repeat-mediated
mutations) and complete media (yeast extract peptone dextrose,
YPD) (to determine total cell count) at various time points during
logarithmic growth and quiescence (Fig. 1B). A major advantage of
this approach is that it allows us to track two distinct modes of
cellular aging across individual cultures: replicative aging (T, to
QDO0) and chronological aging (QDO0 to QD12).

Because much of the previous work with quiescent yeast was
conducted in prototrophic strains (without nutrient requirements),
we wanted to confirm that the Q cells we isolated from Percoll
density gradients using our experimental auxotrophic strains were
quiescent. We found that Q cell populations exhibited greater than
85% viability after 6 d of chronological aging for nearly all genotypes
examined in our assay (SI Appendix, Fig. S14). This level of viability
is typical of quiescent yeast (45). Using a custom soft lithography-
generated microfluidics chamber, we did not observe a single cell
division in the 734 Q cells we tracked in media lacking phosphate
over the course of 24 h (SI Appendix, Fig. S1B and Movies S1 and
S2). We also found that over 85% of the Q cells we isolated using
density gradients were unbudded daughter cells lacking bud scars,
which is in line with previous studies (SI Appendix, Fig. S1C) (45).

(GAA),0 Repeats Increase the Frequency of 5-FOA-Resistant Mutations in
Quiescent Cells. We first assessed whether (GAA), repeats enhance
mutagenesis in quiescent cell populations by conducting our assay in
strains bearing our cassette with (GAA) o repeats (Fig. 14) and a
control cassette with no repeats but an intron of identical length. As
expected, we found that the frequency of 5-FOA-resistant muta-
tions was over an order of magnitude greater in the (GAA);¢ strain
than the no-repeat control at all time points (Fig. 1C). The increase
in 5-FOA resistance frequency during the chronological aging
portion of the assay for the no-repeat control (2.7-fold) was sig-
nificantly less than the (GAA) o strain (4.4-fold) (Fig. 1C).

Large Deletions Are the Predominant Mutation Type Observed at
(GAA)100 Repeats during Chronological Aging. As previously men-
tioned, any mutation that inactivates URA3 in our construct will
render cells resistant to 5-FOA. We characterized the various
events that made cells 5-FOA-resistant in our assay by con-
ducting a series of PCRs aimed at detecting three different
mutation types: repeat expansions, large deletions, and gene
conversion events. Expansions and deletions were detected as
length changes in the PCR amplicons of the repetitive sequence
(Fig. 14, expF/expR) or the entire cassette (Fig. 14, delF/delR),
respectively. Gene conversion events were detected by amplifi-
cation of a repair junction that occurs when our UR-GAA ;pp-A3
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Fig. 1. An assay for assessing (GAA)qgo-associated mutations in quiescent yeast.
(A) A total of 100 (GAA), repeats were cloned into an artificially split URA3
gene such that expansion events abrogate splicing and result in resistance to
5-FOA. ARS306: autonomously replicating sequence on Chr Ill. TRP1: auxotro-
phic marker for selection of strains bearing the construct. delF/R: primers to
detect large-scale deletion events. expF/R: primers to detect expansion events.
(B) Assay to determine mutation frequency in nondividing quiescent cells. Cells
are grown in phosphate-limited synthetic media for 40 h, at which point mu-
tation frequency is assessed by serial dilution and plating on 5-FOA-containing
and complete media (LOG). After 64 h, when cells are fully starved of phos-
phate, they are run through a Percoll gradient to isolate Q cells that are
resuspended in media devoid of phosphate (QDO0). Aliquots of Q cells are then
assessed for mutation frequency at the various time points indicated using
notation QDX, where X represents the chronological day starting from QDO. (C)
The 5-FOA resistance frequency in strains bearing the cassette from A or an
identical cassette with no (GAA), repeats and an intron of similar length. Error
bars represent 95% confidence intervals. P < 0.01, two-way ANOVA with Tukey
honestly significant difference for (GAA);qo compared to **LOG or "'QDO.

construct recombines with the endogenous ura3-52 allele present
on chromosome V in our strain. The ectopic ura3-52 donor se-
quence contains the wild-type (WT) URA3 sequence disrupted
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by a retroviral TY-1 element and, thus, bears significant ho-
mology to our cassette. Any recombination event in which the
region on chromosome III upstream of our construct is joined
specifically with the TY-1 element within ura3-52 on chromo-
some V results in a PCR product using primers recF (unique to
chromosome III) and recR (unique to chromosome V) (Fig. 24).
Our previous whole-genome characterization using long-read
sequencing of 22 5-FOA-resistant strains with repeat-
associated gross chromosomal rearrangements (46) identified
16 as noncross-over gene conversions. They involved URA3 ho-
mologies on the centromere-distal end of the repair event and
homologies between the ura3-52 TY element and one of two TY
elements located roughly 8 kb downstream of our cassette on the
centromere-proximal end (as illustrated in Fig. 24) (46).

The type of mutation that made cells 5-FOA-resistant in our
assay shifted dramatically during chronological aging. In loga-
rithmically dividing cells, 80% of 5-FOA-resistant colonies har-
bored expansion events, with only a single deletion observed out of
the 285 colonies analyzed (Fig. 2B). When cells entered quies-
cence, the proportion of 5-FOA resistance due to repeat expan-
sion dropped to 53%. This corresponded with an increase in large
deletions to 9% and gene conversions to 22% (Fig. 2B). After 6
and 12 d of chronological aging, the percentage of expansions fell
to 26% and 23%, respectively, whereas the percentage of dele-
tions was 42% at both time points (Fig. 2B). Altogether, these
three mutation types account for roughly 85% of 5-FOA-resistant
clones. The remaining events could not be classified using our
PCR approach. This shift in mutational spectrum during chro-
nological aging was reflected in the change in overall frequency for
each mutation type. There was a substantial increase in median
deletion (18-fold) frequency during the chronological aging por-
tion of the assay between QDO and QD6 (Fig. 2C). Over this same
time period there was a more modest, but significant, increase in
median gene conversion (2.8-fold) and expansion frequency (1.8-
fold) (Fig. 2C). When the assay was carried out to QD12, we did
not see a statistically significant increase in expansion, deletion or
gene conversion frequency when compared with QD6 (Fig. 2C).
This dramatic accumulation of deletions during chronological
aging is in-line with our earlier observations of increased (GAA),
repeat fragility in stationary yeast cultures with time (41).

Repeat-Mediated DSBs Require Functional MutSg and the Endonuclease
Activity of MutLa. Numerous previous studies have implicated
MMR proteins as key instigators of mutagenesis at disease-
associated microsatellites. Specifically, the expansion of (GAA),
and (CAG),, repeats is dependent on MMR in mice and human
cell lines (reviewed in ref. 47). In yeast, we have shown that
chromosomal fragility at (GAA), repeats can occur in both G1
(48) and S phase of the cell cycle (49), and it is dependent upon
the MutSp complex (49)—a heterodimer of Msh2 and Msh3 that
recognizes long (>2 nucleotides [nt]) insertion deletion loops in
DNA (47, 50). In contrast, the MutSa complex, a heterodimer of
Msh2 and Msh6 that preferentially binds to DNA base mis-
matches and short (<2 nt) insertion deletion loops (50), had less of
an effect on fragility (49).

We hypothesized that the inciting event for the ectopic gene
conversion and large deletion events we observed in our assay
would be recognition of the (GAA);q repeat by MutSp. To as-
sess the impact of gene knockout on repeat-associated mutation
during chronological aging, we estimated the change in deletion
frequency (Adelfreq) and gene conversion frequency (Arecfreq)
between QDO and QD6 using the Bayesian analysis described in
Materials and Methods and SI Appendix. We found that knockout
of MSH3 and to a lesser degree MSH6 reduced the change in
deletion frequency between QD0 and QD6 (Adelfreq) compared
to WT (Fig. 34). For gene conversions, only MSH3 knockout led
to a substantial decrease in the change in recombination fre-
quency between QDO and QD6 (Fig. 3B). We also confirmed
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Fig. 2. The predominant (GAA),-mediated mutation in quiescence is large-
scale deletions, but all mutation types increase throughout quiescence. (A)
Schematic of previous long-read sequencing assessment of gene conversion
events (46). Recombination occurs via homology between our artificial
URA3-containing construct on Chr Il (black) and the ura3-52 allele on Chr vV
(blue). Yellow arrows represent paralogous Ty-1 retrotransposable elements.
RecF/R: primers to detect gene conversion events. (B) Percentage of
5-FOA-resistant colonies demonstrating each of the mutation types inter-
rogated during logarithmic growth and quiescence. Error bars represent
95% confidence intervals calculated via the Wilson method. (C) Bars repre-
sent median mutation frequency across time points during chronological
aging. Error bars represent 95% credible intervals from our model for esti-
mating mutation frequency distributions via Bayesian logistic regression.

that Msh3 protein is present in quiescent cells via Western blot
since gene expression is altered during quiescence (SI Appendix,
Fig. S4C). Taken together, this suggests that DSB formation at
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(GAA), repeats during chronological aging requires recognition
by the MutSp complex and, to a much lesser extent, MutSa.
During postreplication MMR, the activity of MutLa endonu-
clease, composed of Mlhl and Pms1 subunits, is latent and ac-
tivated by a nick in the nascent strand. MutLa has also been
shown to nick mismatch-free supercoiled DNA, suggesting that its
nuclease activity can be activated by single-strandedness or non-B
DNA structures present as a result of supercoiling (51). (GAA),
repeats are capable of forming a non-B DNA structure, H-DNA,
when a portion of the repeat folds back to form a stable triplex
with the neighboring repetitive duplex, leaving a segment of un-
paired single-stranded DNA. MutLa was previously implicated in
chromosomal fragility at (GAA), repeats, and the importance of
its endonuclease activity was confirmed by using an endonuclease-
deficient pmsi-E707K mutant. We hypothesized that MutLoa can
incise the single-stranded portion of H-DNA formed by super-
coiled (GAA), repeats, leading to a DSB. Knockout of members
of the MutLa complex, MLHI and PMS]I, led to a dramatic re-
duction in Adelfreq and Arecfreq (Fig. 3 A and B). Furthermore,
endonuclease-deficient pms/-E707K mutants had a similar re-
duction in Adelfreq and Arecfreq (Fig. 3 4 and B), confirming the
necessity of MutLa’s endonuclease activity in DSB formation.

Deletions during Chronological Aging Require Exo1. Exol is a 5'-3’
exonuclease and flap endonuclease that functions in numerous DNA
repair pathways including MMR, DSB repair, recombination,
Okazaki fragment maturation, and telomere maintenance (52). In
vitro MMR reconstitution experiments have revealed an Exol-
dependent pathway where multiple nicks in the mismatch-
containing strand by MutLa allow for Exol loading and subsequent
5’-to-3’ resection of the mismatch-containing strand for over 800 bp
away from the incised mismatch (53). Given this role of Exol in
DNA resection during MMR, we predicted that it may be necessary
for the MutLa-mediated large-scale deletion events we observed. In
agreement with this hypothesis, knockout of EXOI strongly reduced
the accumulation of deletion events between QDO and QD6 (see
Fig. 54). Knockout of EXOI also decreased the accumulation of
gene conversion events during chronological aging, albeit the differ-
ence was smaller and not statistically significant (see Fig. 5B).

Large Deletions Show Unique Sequence Patterns. We sequenced
PCR amplicons from 22 different deletion events observed at the
QDO or QD6 time points in WT cells and found that 16 (72%) of
them contained short microhomologies (1 to 8 nt) that aligned to
either side of the deletion (Fig. 44). Most (15/16) of these micro-
homologies were not long enough to implicate the single-strand
annealing or microhomology-mediated end-joining (MMELJ) (54-56)
pathways of DSB repair. Also, there was no difference in the length of
deletion events between QDO and QD6 (Fig. 4B). We identified three
distinct classes of deletion events based on sequencing. Ten out of 22
events (45%) were classified as Class I. These events included the
entire repetitive sequence and some portion of the adjacent regions
(Fig. 44). Nine out of 22 (41%) deletions were Class II events. In
these deletions, only a fraction of the repetitive sequence is lost as well
as a portion of the 5" upstream flanking sequence. All but one of these
events contained some iteration of GAA microhomology at the de-
letion junction. The 5" end of 5 Class II deletions was within 10 bp of a
30-bp-long sequence containing 87% purine content in the coding
strand (Fig. 44). In a different experimental system, similar purine rich
sequences have been shown to interact with long (GAA), repeats at a
distance via intramolecular triplex loop formation (40). We also
identified three deletions (14%) that were completely outside of the
repetitive sequence (Class III). The 3’ end of all three events fell
within a purine-rich sequence (Fig. 44).

Large Deletions Require NHEJ. It is well-established that the pri-
mary mechanism of DSB repair in G1 of the cell cycle is NHEJ
(reviewed in ref. 57). Indeed, we found an increase in the
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Fig. 3. Repeat-mediated DSBs require MutSp and the endonuclease activity
of MutLa. MMR is required for large-scale deletions (A) and gene conver-
sions (B) during chronological aging. Bars represent the median change in
deletion frequency (Adel freq) (red) or gene conversion frequency (Arec
freq) (blue) between QDO and QD6. Error bars represent 95% credible in-
tervals of the calculated distributions. Biological significance was defined as
no overlap between the WT and mutant 95% credible intervals. Dashed lines
indicate WT 95% credible interval.

expression of Yku70 protein in quiescent as compared to loga-
rithmically dividing cells via Western blot (SI Appendix, Fig.
S4C). In yeast, NHEJ is known to utilize very short micro-
homologies for healing breaks (58). Therefore, we suspected that
inaccurate NHEJ was the repair pathway causing large deletions
at (GAA), repeats in Q cells. To examine this, we knocked out
the highly conserved NHEJ genes YKU70, YKUS80, and LIFI and
measured the frequency of mutation at (GAA); o repeats. De-
letion frequency was reduced dramatically in all three strains that
lacked NHEJ (Fig. 54), confirming NHEJ as the main mecha-
nism of DSB repair leading to deletion formation during
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quiescence and essentially ruling out MMEJ. This conclusion is
in line with a recent study of Topl-mediated deletion formation
in quiescent yeast strains (59).

Gene Conversion Events Require Rad51 and Rad52 but Not Pol32.
There are two pathways of HR that might result in a noncross-
over gene conversion event like those we have observed between
our cassette and the endogenous ura3-52 allele. The first path-
way, break-induced replication (BIR), typically resolves one-
ended DSBs that result from collapsed replication forks (60).
In BIR, strand invasion is followed by conservative migrating
D-loop synthesis all the way to the end of the donor chromo-
some. One-ended BIR can lead to chromosomal translocations
(61) and has been previously implicated in the expansion of
(GAA), and (CAG), repeats in dividing yeast (32, 62). In some
instances of BIR, template switching can lead to noncross-over
gene conversions like those we observed in our assay (63). The
second possible mechanism of gene conversion includes two
classical forms of HR: synthesis-dependent strand annealing
(SDSA) and double Holliday junction (dHJ) repair (64). Both
pathways utilize homologous regions flanking either side of a DSB
to direct repair. In dHJ, synthesis proceeds simultaneously from
both ends of the break with synapsis resulting in the formation of a
dHJ. In SDSA, typically only one end invades the donor and then
anneals to homology on the opposite side of the break after syn-
thesis and dissociation. In our case, the flanking homologies for
these two classical HR pathways are the 5’ portion of the URA3
gene and the Ty elements downstream (Fig. 24).

To address the pathway of HR responsible for gene conversion
in our assay, we knocked out the recombination genes RADS51 and
RADS52, which are necessary for all three of the aforementioned
forms of HR. We also knocked out the POL32 gene, which encodes
a small subunit of DNA polymerase & that is absolutely required for
BIR but is dispensable for SDSA or DSBR. We found that deletion
of RADS51 and RADS52, but not POL32, suppressed Arecfreq and
led to reduction in gene conversion frequency to below the limit of
detection of our assay at QD0 and QD6 (Fig. 5B and SI Appendix,
Fig. S3B). Given that HR is typically employed during recombina-
tion between sister chromatids in S and G2 in mitotic cells, we
confirmed the possibility of ectopic gene conversion in Q cells by
detecting the presence of the Rad52 protein via Western blot (S
Appendix, Fig. S4C). Altogether, these data identify SDSA or dHJ
as the likely pathway of gene conversion events at (GAA);q repeats
in dividing and quiescent cells.

NHEJ and HR Repair Pathways Operate Independently of Each Other.
Given the divergence of DSB repair events that occur at
(GAA) g repeats in our assay (HR vs. NHEJ), we were curious
as to how eliminating one repair pathway influenced the fre-
quency of the competing mutation type. Deletion of the NHEJ
genes YKU70, YKUS0, and LIFI had little effect on Arecfreq (S/
Appendix, Fig. S4). Similarly, rad51A and rad52A had little effect
on Adelfreq (SI Appendix, Fig. S4 A and B). Thus, it appears that
repair pathway choice at (GAA)g-mediated DSBs is not
influenced by the presence or absence of the competing repair
pathway. Instead, these events seem to proceed independently of
one another—suggesting that there is no molecular switch gov-
erning pathway choice.

Mre11 Subunit of the MRX Complex, but Not Its Nuclease Activity, Is
Required for Deletion and Gene Conversion Events during Quiescence.
Extensive end resection of DSBs formed at (GAA) oo repeats
must occur to account for the large size of repeat-mediated de-
letions we observed during quiescence. Similarly, for HR to
progress, extensive 5’ end resection must take place to allow for
formation of Rad51 nucleoprotein filaments. In budding yeast,
this end resection is initiated by MRX, a heterotrimer of Mrell,
Xrs2, and Rad50. Short incision of the 5’ strand at DSBs by the

PNAS | 5of 12
https://doi.org/10.1073/pnas.2013080118

GENETICS


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013080118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013080118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013080118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013080118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013080118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013080118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013080118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013080118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013080118/-/DCSupplemental
https://doi.org/10.1073/pnas.2013080118

A4| UR | ©rw

TTTA

H
QW
w

2000- —_—
j—250p n=46 n=152
& 1500- Y

QDO 8
________ [}
1000
QD6 5
2 500
< |
o
—Class Il 0
—Class Ill QDo QDB
Age
(GAA)100

Fig. 4. Three classes of repeat-mediated deletions whose size stays consistent throughout quiescence. (A) Scale representation of deletions from QDO (above
dashed line) and QD6 (below dashed line) ascertained via Sanger sequencing of delF/R PCR amplicons. Deleted genetic material is represented as solid black
(Class 1), blue (Class 1), and red (Class Ill) lines aligned to the schematic of our UR-GAA,-A3 cassette (described in Fig. 1A). Sequences associated with each line
represent microhomologies that can align to either side of the deleted sequence. Vertical bars represent (GAA)4¢o repeats (gray) or regions >15 bp with >80%
purine (yellow) or pyrimidine (green) content in the coding strand. (B) Violin plot of deletion lengths measured in bp at QD0 and QD6 as determined by
agarose gel electrophoresis of delF/R PCR amplicons. Bold lines indicate median. Dashed lines delineate quartiles. n.s. indicates P > 0.05, Mann-Whitney U test.

Mrel1 endonuclease is particularly important for resecting DSB
ends bound by proteins or blocked by DNA hairpins (65). MRX
also recruits important end resection machinery in a nuclease-
independent fashion to so-called clean DSBs (66). We sought to
examine the role of Mrell at (GAA),g-mediated DSBs in
quiescent cells by assessing mutation frequencies in mrellA
strains and mrell-D56N mutants. mrell-D56N mutants lack
both endonuclease and exonuclease activity, while leaving MRX
complex formation intact (67, 68).

We found a significant reduction in Adelfreq in mrellA strains,
consistent with the essential role of Mrell in NHEJ in S. cerevisiae
(Fig. 54) (69). In contrast, the mrelI-D56N mutant showed no
significant change in Adelfreq compared to WT, which is consis-
tent with previous studies demonstrating that Mrell nuclease
activity is not required for NHEJ (Fig. 54) (70).

In terms of gene conversion, mrellA displayed the same fre-
quency of recombination as the WT at QDO (SI Appendix, Fig.
S3B). However, at QD®6, the frequency of gene conversion did not
increase for mrellA (SI Appendix, Fig. S3B). This led to a signif-
icant reduction in Arecfreq for mrel 1A (Fig. 5B), which contrasted
from our findings in rad51A and rad52A strains where we were
unable to detect gene conversion events at all at both time points
(SI Appendix, Fig. S3B). These data suggest that Mrel1 is specif-
ically required for HR triggered by a repeat-induced DSB during
chronological aging in Q cells but not in actively dividing cells.
When we assessed recombination frequency in quiescent cells in
the mrel1-D56N mutant we found that there was no significant
difference compared to WT, indicating that the role of Mrell in
quiescence was independent of its nuclease activity. It was, how-
ever, dependent on the Exol (Fig. 5B). This is consistent with
previous work demonstrating no defect in HR in mrell-D56N
mutants when DSBs contained “clean ends” generated by site-
specific HO endonuclease within Ty elements (66). Taken to-
gether, it appears that repeat-associated DSBs generated during
quiescence require MRX-mediated recruitment of HR factors for
repair whereas those generated during logarithmic growth do not.

Deletions and Gene Conversions Require Rad1. Radl is a flap en-
donuclease that recognizes branched DNA structures. It removes
nonhomologous flaps during the alternative end-joining pathway
MME]J and HR in S. cerevisiae (71). It also plays an essential role
in nucleotide excision repair. It is not required, however, for Ku-
mediated end joining (54). Radl was recently shown to be nec-
essary for chromosomal fragility at an H-DNA forming sequence
in yeast (72). Since (GAA), repeats can form H-DNA, we
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hypothesized that Radl may be involved in DSB formation at a
repeat that subsequently leads to gene conversions and deletions.
Knockout of RADI led to a substantial reduction in Adelfreq and
Arecfreq in our assay (Fig. 5). These reductions were on par with
those observed in MMR mutants. Given that Radl is not re-
quired for NHEJ, the reduction in deletion events in radlA
strains indicate it may contribute to DSB formation as opposed
to break repair. In other words, Radl and the MMR machinery
seem to overlap in generating DSBs at (GAA), repeats.

Replication-independent (GAA),qo Expansion Is Suppressed by Exo1
and MutSp/MutLa Complex. While deletions were reduced during
quiescence in the exolA strain, repeat expansions increased signif-
icantly in the absence of Exol throughout chronological aging
(Fig. 64), indicating that Exol suppresses expansions. Similarly, we
found that the change in expansion frequency between QDO and
QD6 (Aexpfreq) was substantially elevated when compared to WT
in msh3A strains despite the dramatic reduction in large deletions
and gene conversion events in those strains (Fig. 64). There was no
difference between repeat expansion rate per cell division between
WT and msh3A strains during logarithmic growth, proving that
Msh3 specifically suppresses expansions during quiescence (SI Ap-
pendix, Fig. S54). We also found that expansion events in msh3A
strains were significantly longer at QD6 compared to WT (Fig. 6C).
The effect of msh3A on Aexpfreq was recapitulated in pmsiA
strains (Fig. 64), indicating the expansion suppression effect of
MutSp is somewhat dependent on incision by MutLa. Surprisingly,
however, mihiA caused no change in Aexpfreq.

Replication-Independent Repeat Expansions Require Processive DNA
Polymerase 5. Given the requirement for DNA synthesis to gen-
erate new (GAA), repeats in the absence of replication, we set
out to identify the DNA polymerase responsible for these events.
It has been previously shown that repair synthesis during G1 in
yeast is dependent on Pol32, which can act as a subunit of both
the DNA polymerase & (73) and ¢ (74) holoenzymes that per-
form lagging strand and translesion synthesis, respectively. An
msh3 pol32A double mutant showed a dramatic reduction in
Aexpfreq compared to msh3A, confirming that Pol32-dependent
repair synthesis is responsible for generating long expanded re-
peats in msh3A cells during quiescence. Since Pol32 is also in-
volved in DNA synthesis during some forms of HR (discussed
above), we tested whether Rad52 was necessary for expansions
during quiescence. An msh3A rad52A double mutant displayed
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Fig. 5. Genetic controls of deletion and recombination formation during

quiescence. NHEJ and Exo1 are required for large-scale deletions (A) and HR
is required gene conversions (B) during chronological aging. Bars represent
the median change in deletion frequency (Adel freq) (red) or gene conver-
sion frequency (Arec freq) (blue) between QDO and QD6. Error bars repre-
sent 95% credible intervals of the estimated distributions. Biological
significance was defined as no overlap between the WT and mutant 95%
credible intervals. Dashed lines indicate WT 95% credible interval.

the same pattern of expansion frequency as the msh3A mutant
alone during quiescence, discounting this possibility (Fig. 6B).
We next set out to identify whether the Pol32 binding partners
Pol3 or Rev3, the catalytic subunits of DNA polymerase & and g,
respectively, were responsible for replication-independent repeat
synthesis. An msh3A rev3A double mutant showed Aexpfreq
similar to msh34, demonstrating no role for DNA polymerase
in expansions (Fig. 6B). To test the role of DNA polymerase J,
we generated a pol3-Y708A mutant that drastically decreases its
processivity (75). Repeat expansion frequency in an msh3A pol3-
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Y7084 double mutant showed a significant elevation in repeat
expansion frequency at QDO (SI Appendix, Fig. S5C), consistent
with what we observed previously during replicative aging (28).
However, there was a decrease in Aexpfreq of msh3A pol3-
Y7084 compared to msh3A during chronological aging, arguing
that Pold processivity is important for expansions specifically in
quiescence. In addition, both the pol3-Y7084 and pol32A muta-
tions reversed the longer expansion length phenotype observed
at QD6 in msh3A strains—confirming that DNA polymerase 6
drives replication-independent expansions and its processivity is
necessary for generating long expansions (Fig. 6C).

Replication-Independent (GAA), Expansions Occur in Multiple Steps.
The (GAA), expansion length required to inactivate the URA3
gene in our genetic reporter is roughly 30 bp. This makes the
scale of expansion that the (GAA)( tract must undergo in order
to confer 5-FOA resistance longer than the expansion events that
are typically evaluated at expandable microsatellite sequences,
which tend to be 3 to 12 bp in length (6). We have previously
demonstrated that these “large-scale” expansions occur in a single
step—often due to faulty replication. We wondered if the same was
true for (GAA), expansion events during chronological aging. We
hypothesized that the median size of (GAA), expansions would be
consistent across quiescent time points if expansions occurred in a
single step. If, however, expansions were the result of multiple
smaller events, we expected to see an increase in expansion length
as cells aged chronologically. The length of expansion events in
msh3A increased consistently from QDO to QD12, with a statisti-
cally significant increase between multiple time points with non-
overlapping confidence intervals (SI Appendix, Fig. S5D). This
points to the fact that in the absence of MutSp (GAA), expansion
events accumulate in steps as cells age chronologically.

Discussion

We have previously identified several pathways that contribute
to (GAA), length instability in dividing cells (28, 30, 31, 32, 41).
In this study, we found that the mechanisms of repeat instability
in nondividing cells are distinct from those in actively dividing
cells. In particular, DSBs at the (GAA), repeat and its flanking
sequences appear to be the principal driver of repeat-mediated
instability in quiescent yeast. Preferential repair of these DSBs
via NHEJ causes large deletions that are prevalent in nondi-
viding cells. In addition, ectopic gene conversion via HR of the
same DSBs contributes to repeat-mediated genome instability,
albeit to a lesser extent. Given the paucity of deletions and gene
conversions in logarithmically dividing cell populations (Fig. 2B),
we conclude that these events are specific to nondividing cells.
We have also identified a replication-independent mechanism of
(GAA), expansion in quiescent cells that is counteracted by
Msh3 and Exol. This mechanism requires DNA polymerase &
for repair synthesis and results in progressively longer expansions
during chronological aging. Taken together, our data point to a
model of (GAA), repeat instability in quiescent cells whereby
multiple DNA repair pathways act to influence the specific
outcomes. This closely reflects data from transgenic mouse
models for HD, myotonic dystrophy, and FRDA that have shown
that the absence of repair proteins shapes the modes of somatic
repeat instability in a tissue specific fashion (42, 76-78).

Our finding that DSB formation at (GAA), repeats can lead
to large-scale deletions of neighboring genetic material suggests
that somatic mutations beyond simple changes in repeat length
might influence FRDA onset and progression. Since all studies
that have examined somatic mutagenesis in FRDA patients and
mice have relied on PCR to detect repeat length changes, large-
scale deletions involving repeat-adjacent genetic material could
not have been detected. Considering that, at least in yeast, these
deletions are most prevalent in nondividing cells, their occur-
rence in postmitotic neurons might explain tissue specificity in
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FRDA. Indeed, there is evidence to suggest that MMR is active
in neural tissues and that adult neurons accumulate large dele-
tions via NHEJ (79, 80). Furthermore, patient neural tissue
samples show elevated levels of somatic (GAA), contractions
when compared to other areas of the body (20), which indicates
that deletions may be the primary somatic mutation in those
regions. It is also worth noting that FRDA is somewhat unique
among the repeat expansion diseases in that it is autosomal-
recessive, which means deletions are more likely to contribute
to disease onset. This contrasts with autosomal-dominant disor-
ders where somatic deletions would potentially mitigate disease
processes that are the result of repeat-associated gain of function
(e.g., HD). Supporting this reasoning, FRDA patients who are
compound FXN heterozygotes possessing repeat expansion in one
allele and exonic deletions in another allele have earlier disease
onset compared to patients with expanded repeats in both FXN
alleles (81, 82). As more FRDA patients” DNA is sequenced using
long-read technologies, it will be interesting to see if deletions or
rearrangements occur at or around the repeats in affected tissues.
In fact, long-read sequencing of patient lymphoblasts with another
repeat expansion disease, familial adult myoclonic epilepsy, found
repeat-associated microrearrangements in cells with the largest
somatic expansions that are similar to the mutations we observe
during chronological aging (83).

Mechanistically, our data indicate that the instability of
(GAA), repeats during quiescence is dependent on the type of
DNA damage that occurs at the repeats and how that damage is
repaired. In the case of gene conversions and deletions, the
formation of a DSB is required. These DSBs are dependent on
Msh3, Mlh1, and Pms1 as demonstrated by their requirement for
deletions and gene conversion events in quiescent cells (Fig. 3).
Radl appears to contribute to DSB formation as well given
similar findings in radIA strains (Fig. 5). Taken together, we
conclude that H-DNA formation at (GAA), repeats is a sub-
strate for recognition by MutSp and subsequent cleavage by the
MutLa complex. Similarly, Radl appears capable of cleaving
H-DNA, resulting in either DSB formation or the generation of
a nick that would trigger the latent endonuclease activity of

80of 12 | PNAS
https://doi.org/10.1073/pnas.2013080118

MutLa at the repeats. This agrees with our previous data
showing cleavage of H-DNA formed by long (GAA), repeats by
MutLa in dividing yeast (49). It is also in line with studies
showing that Radl knockout significantly reduces the frequency
of chromosomal fragility at a triplex-forming mirror repeat in
yeast (72) and that the human Radl ortholog XPF has been
shown to incise single-stranded DNA (ssDNA) adjacent to
Hoogsteen triads (72).

We also found that Exol plays a role in resecting DNA during
deletion events based on the dramatic reduction in deletions
during quiescence observed in exolA strains. One plausible sce-
nario of resection in Class I and Class II deletions is that nicks in
both strands of an H-DNA—-forming (GAA);o repeat are in-
troduced at a distance by MutLa and/or Radl, which activates
convergent exonucleolytic degradation by Exol to produce a DSB.
These DSBs are then repaired by the NHEJ machinery, which is
recruited to them by the MRX complex (Fig. 7). As for Class III
events, the binding of MutSp to regions flanking (as opposed to
within) abnormally long (GAA), repeats is not unprecedented—it
has been previously shown downstream of the repetitive sequence
in human induced pluripotent stems cells and mouse tissues—and
could serve as the inciting event (84, 85).

Notably, we identified areas of high purine content within
15 bp of at least one repair junction in 20 out of 22 deletions
sequenced (Fig. 44). These data may point to an alternative
deletion scenario: DSB formation triggered by the formation of
sticky DNA between the (GAA);q repeat and nearby purine-
rich regions. Sticky DNA was originally identified in bacterial
plasmids as a complex triplex formed by a pair of long, distant
(GAA), repeats (86, 87). In this structure, a purine-rich DNA
strand from one repeat forms a stable triplex with a distant
(GAA), duplex. Based on the chemistry and topology of this
structure it is also called distant H-DNA or tethered loop (88).
Of a particular interest to us was an observation that tethered
loops were shown to form between a long (GAA), repeat and
short nearby purine-rich motif(s) during episomal replication in
mammalian cells (40). We speculate that an increase in the
frequency and distance of intrachromosomal DNA interactions,
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which has been observed in quiescent cells (89), might promote
similar sticky DNA formation at our cassette. This would explain
the order of magnitude increase in the frequency of deletion
events we see at (GAA)oy between QDO and QD6 (Fig. 2C).
The formation of sticky DNA causes significant unwinding of the
duplex neighboring the region that donates a strand to the triplex
(40), generating ssDNA-double-stranded DNA junctions that
are preferred substrates for MutSp (90). In particular, Class II
deletion junctions tended to contain some iteration of GAA
microhomology; the upstream junction of most of these deletions
(five out of nine) clustered within or around a 30-bp-long se-
quence that contained 87% purines in the coding strand. If sticky
DNA formed between a purine-rich hotspot and the (GAA) 00
repeat is cleaved by MutLa, two DSBs at the base of an intra-
molecular triplex loop can join together, generating deletions
that look similar to Class II events. Future biochemical experi-
ments will distinguish between these different scenarios and the
sequence of events leading to deletion formation.

If/when (GAA), repeats are not converted into DSBs during
quiescence, repeat expansions become their preferred mode of
instability. This is clear from our data for msh3A mutant strain,
which shows a greater increase in (GAA), expansion frequency
and length during chronological aging than the WT strain
(Fig. 6 A and B). This increase was recapitulated in pmsIA but
did not carry over into mlhilA strains. Our data are consistent
with findings in a FRDA mouse model, where deletion of the
MMR endonuclease PMS2 (ortholog of yeast PMS1) promotes

both intergenerational and somatic (GAA), expansion but not
contraction (42, 85). They contrast, however, with data showing
that MSH2 and/or MSH3 are required for expansions that ac-
cumulate with passage number in human cell lines (35, 36, 84), as
well as experiments showing MSH2 and MSHG6 are necessary for
(GAA), somatic length instability in mouse cerebellum (42). The
exact reasons for these differences in the effects of MMR en-
zymes on repeat instability between yeast and mammalian ex-
perimental systems are not yet clear. It should be noted that
PMS2 knockout mice display a shift in somatic expansion size
toward longer events—a pattern that was recapitulated in msh3A
quiescent yeast specifically after chronological aging in our assay
(Fig. 6C) (42). These events are also similar in length to those
observed in the pancreas and heart of FRDA patients (>450 bp),
which have some of the lowest levels of MSH3 RNA expression
of any tissue according to data from The Human Protein Atlas
(15) and show a predominance of (GAA), expansions over
contractions (20).

We suggest a unique mode of (GAA), expansion that is sup-
pressed by MutSp and is specific to nondividing cells. Since Exol
nuclease strongly suppresses repeat expansions as well, we con-
clude that these events are initiated by single-stranded breaks
within the repetitive sequence that are left unresected. However,
we could not yet identify a single specific nuclease responsible
for these breaks (Fig. 64 and SI Appendix, Fig. S5B). Several
recent studies implied that human MutLy (MLH1-MLH3) het-
erodimer is an endonuclease that promotes expansions of several
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(Pol3) in a Pol32-dependent manner followed by the ligation and equilibration of the repetitive flap. Error-prone repair can then expand the opposite strand
to complete the repeat expansion. Multiple iterations of this repeat expansion process throughout chronological aging can lead to progressively longer
repeats. Note that this expansion process can be reversed if MMR machinery converts an equilibrated flap(s) into a DSB, generating deletions or gene
conversions.
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repeats, including FRDA (GAA), repeats (91-95). In our sys-
tem, however, Mlh3 knockout did not affect repeat expansions in
quiescent cells (S Appendix, Fig. SSB). Given the shear length of
single-stranded segments in H-DNA, it is quite feasible that
multiple nuclear endonucleases or endogenous damage sources
could be involved.

Whatever the origin of the nick, our data show that the ex-
pansion process requires processive DNA polymerase 8, since
Aexpfreq and expansion length decreases in msh3A pol3-Y708A
and msh3A pol32A mutants. Pol32 has been implicated in G1-
specific nucleotide excision repair and interstrand cross-link re-
pair in yeast (96, 97), implying that it may be a crucial DNA
polymerase subunit for repair synthesis during the G1 phase.
Furthermore, it is required for displacement synthesis by Pol &
(98). We propose, therefore, that Pol & repair synthesis would
displace a repetitive flap, subsequent ligation of which would
expand the repeat in the repaired strand (Fig. 7). A nick op-
posite to an equilibrated flap would convert it into a template
for error-prone repair (99), resulting in repeat expansions in
both DNA strands (Fig. 7). Repeated cycles of this process
could result in long expansion events that accumulate during
chronological aging. This process would be counteracted by the
MMR machinery, which can recognize and cleave an equili-
brated flap, ultimately leading to deletion formation or repeat
contraction (Fig. 7).

In summary, we have analyzed the spectrum of (GAA)-
a-associated mutations that arise in homogeneous cultures of
quiescent yeast that have been aged chronologically. We iden-
tified large scale deletions that result from imprecise NHEJ of
nuclease-mediated DSBs as the predominant mutation type in
nondividing cells. To a lesser extent, these DSBs are repaired by
HR leading to ectopic gene conversions. In cells lacking Msh3,
unusually long, replication-independent expansions occur that
depend on the processivity of DNA polymerase §. Taken as a
whole, these data demonstrate that the type of instability medi-
ated by expanded (GAA), repeats depends greatly on the spe-
cific repair systems active in an individual tissue and at a given
stage of the cell cycle. This puts forward a framework for somatic
mutagenesis at (GAA), repeats in patients with FRDA and
stipulates that large-scale deletions at (GAA), repeats in post-
mitotic cells may contribute to tissue specificity, disease onset
and progression.

Materials and Methods

Yeast Strains. All yeast strains used in this study were derived from the parent
strain CH1585 (MATa, leu2-A1, trp1-A63, ura3-52) (30) and are listed in S/
Appendix, Table S1. Knockouts were made using direct gene replacement
and confirmed via PCR using pairs of internal and external primers against
the targeted gene (S/ Appendix, Table S2). Point mutations (mre17-D56N,
pol3-Y708A and pms1-E707K) were made using CRISPR-Cas9 and primers
listed in S/ Appendix, Table S2 as previously described (100). The construction
of our genetic cassette for measuring (GAA),-associated mutagenesis was
described in depth previously (28).

Quiescent Cell Mutation Frequency Assay. Six 1.2-mL phosphate-limited cul-
tures (media recipes in S/ Appendix, Table S3, based off of ref. 101) were
inoculated with less than 10 cells per well in a 24-well plate. The cell count of
inoculates was determined by both hemocytometer and colony-forming
units (CFUs) on complete media (YPD). Cultures were grown at 30 °C with
rotation for 40 h, at which point aliquots were taken from each culture and
serially diluted at 10x intervals for the “LOG"” time point. One hundred
microliters of 10x dilute samples were plated on synthetic complete media
supplemented with 0.95% 5-FOA (Toronto Research Chemicals Inc.) to detect
cells that contained repeat-associated mutations, while 50 pL of 10,000x
dilute samples were plated on YPD to determine total cell count of the
sample. After an additional 24 h (64 total), cultures were pelleted in
Eppendorf tubes, washed once with water, and resuspended in 75 pL of
sterile suspension buffer (50 mM Tris-HCl, pH 7.9). The suspension was mildly
sonicated for 90 s and then applied to the top of a preformed 1.3 mL Percoll
(Cytiva) gradient in a 1.5-mL microcentrifuge tube. Gradients consisted of
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9:1 Percoll:1.5 M Nacl spun for 15 min at 19,250 rcf in a fixed-angle micro-
centrifuge (45). Cells were run through the gradient for 1 h at 400 x g on a
swinging bucket centrifuge at 4 °C. Cells from the bottom 150 pL of the
gradient were kept, washed twice in water, and resuspended in 1 mL of
synthetic complete media with no phosphate in a 1.5-mL microcentrifuge
tube (S/ Appendix, Table S3). Aliquots were taken again after resuspension in
the no-phosphate media and plated as described to determine mutation fre-
quencies for QDO (dilutions were identical to the LOG time point). Cells were
then aged chronologically at 30 °C with nutation for up to 12 d and sampled as
indicated to obtain mutation frequencies. For all time points and genotypes,
colonies were counted on 5-FOA and YPD after 3 d of growth at 30 °C.

Mutation Type and Frequency Determination. For each genotype at each time
point, genomic DNA from at least 48 5-FOA-resistant colonies was isolated
and analyzed. The number of colonies examined per culture correlated with
the number of colonies on that 5-FOA plate as compared to others from the
same time point and genotype (i.e., more colonies were sampled from plates
with a higher colony count). In some cases, single cultures had clearly ac-
cumulated point mutations during the replicative aging portion of the assay
and were excluded from subsequent mutation analysis. Expansions were
defined as an addition of 10 or more repeats (30 bp) as determined via 1.5%
agarose gel electrophoresis of expF/R PCR amplicons (S/ Appendix, Table S2),
as this was the shortest expansion size that could be clearly resolved via gel
electrophoresis. Expansion length was determined using Image Lab 6.0
(Bio-Rad). Those samples that showed no product or no change in repeat
length in the expansion PCR were subsequently evaluated for deletion
events using primers delF and delR (Fig. 1A). Deletions were defined as
length reductions of >200 bp on 1% agarose gel (>9% of the 2,319-bp PCR
product). Note that the closest essential genes upstream and downstream
are roughly 10 kb and 60 kb away from our cassette, respectively, limiting
viable deletions to this 70-kb window. Samples that showed no product in
the deletion PCR were assessed for recombination events using primers recF
and recR (Fig. 2A). The presence of a PCR product in this case was evidence of
recombination, since the forward and reverse primers are specific to chro-
mosomes Il and V, respectively. Microhomologies at deletion junctions were
identified via Sanger sequencing of the deletion PCR product.

For the LOG time point, mutation rates were calculated as previously
described using our FluCalc website (32). For chronological aging time points
QDO and QD6, we sampled six independent cultures for each genotype and
used Bayesian logistic regression to infer a joint probability distribution for
the theoretical values of the following parameters for the WT and mutant
strains: 1) the frequency of 5-FOA resistance and 2) the frequency of each
specific mutational event (expansion, recombination or deletion) among
resistant cells. The model treats the number of 5-FOA-resistant cells and the
number of colonies sampled from 5-FOA plates with the given mutation
type as independent binomial data. Markov chain Monte Carlo simulation
was used to generate a sample of 4,000 values for each of the four pa-
rameters from a distribution consistent with our experimental mutation
frequencies. These simulated values were then used to generate a sample of
mutation frequencies at each time point, by multiplying 1 and 2, and to
estimate a change in mutation frequency during chronological aging
(Amutationfreq) by subtracting the mutation frequencies at QDO from those
at QD6. The end result of 4,000 estimates of Amutationfreq represents a
data-driven distribution that allows probabilistic statements about the the-
oretical value of Amutationfreq. (102).

The first advantage of the Bayesian approach is that it allowed us to es-
timate the mutation frequencies even in cases where no mutations of a given
type were observed, which we found in many mutant genotypes. A second
benefit of the model is that it allowed us to incorporate the constraint that
the mutation frequency and resistance frequency must increase over time, even
if on a small scale. This constraint assumes that the viability of mutants and
nonmutants is equal during chronological aging, which we confirmed by
assessing viability in Ura* and Ura~ strains (SI Appendix, Fig. S1D). Incorpo-
rating such an assumption improves inference of frequencies at a given
timepoint by making use of information from neighboring time points. Details
of the statistical model and how it was fit are provided in S/ Appendix.

Assessments of Quiescence. Microfluidic channels were fabricated based on
soft-lithography techniques (103). In short, a casting mold was prepared
by spin coating SU-8 2075 (MicroChem Corp.) onto a silicon wafer. The
chambers were patterned through photolithography using a mylar photo-
mask (Advance Reproductions Corp.). Next, a silicon elastomer, poly-
dimethylsiloxane (PDMS; Dow Corning), was prepared using a 10:1 ratio (wt/
wt) of polymer to cross-linker. PDMS channels were cured in an oven at 65 °C
for 1 h, and subsequently the PDMS channels were plasma-bonded to a
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standard glass microscope slide (25 mm x 75 mm x 1 mm; cleaned with
ethanol) (104). The PDMS channels consisted of two circular 2-mm-diameter x
3-mm-length openings leading to a central chamber that is 3.5 mm in diameter x
100 pm in depth (total volume ~20 pL). Four PDMS channels were cast per mi-
croscope slide. Chambers were first sterilized with 70% ethanol then rinsed with
sterile deionized H,O. QD1 yeast samples were pelleted, resuspended in desired
media, and injected into the central chamber. Capillaries from both ends of the
channel were then removed and sealed with wax to prevent evaporation. Cells
were recorded for 24 h at room temperature on a Nikon Ti-E microscope with a
Zyla sSCMOS camera (Andor Technology) utilizing phase-contrast microscopy with
a 10x, 0.3 numerical aperture objective. Videos were captured using NIS Ele-
ments Advanced Research 4.3 and were processed using Image). Three separate
cultures were analyzed. Cells were considered “divided” if they underwent a
single division in the 24-h time period.

For bud scar analysis, QDO cells were pelleted and resuspended in a 10%
calcofluor white (Sigma) solution for 5 min. They were rinsed once in water
and whole cells were imaged as Z-stacks with 0.25 uM slices on a Zeiss Axio
Imager.M1 microscope using DAPI filter set 49. Z-stacks were processed using
extended depth of focus on default settings with Zeiss Zen software. Bud
scar scoring was conducted using the cell counter tool in Imagel. Viability
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