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Friedreich’s ataxia (FRDA) is a human hereditary disease caused by
the presence of expanded (GAA)n repeats in the first intron of the
FXN gene [V. Campuzano et al., Science 271, 1423–1427 (1996)]. In
somatic tissues of FRDA patients, (GAA)n repeat tracts are highly
unstable, with contractions more common than expansions
[R. Sharma et al., Hum. Mol. Genet. 11, 2175–2187 (2002)]. Here we
describe an experimental system to characterize GAA repeat contrac-
tions in yeast and to conduct a genetic analysis of this process. We
found that large-scale contraction is a one-step process, resulting in a
median loss of ∼60 triplet repeats. Our genetic analysis revealed that
contractions occur during DNA replication, rather than by various DNA
repair pathways. Repeats contract in the course of lagging-strand syn-
thesis: The processivity subunit of DNA polymerase δ, Pol32, and the
catalytic domain of Rev1, a translesion polymerase, act together in the
same pathway to counteract contractions. Accumulation of single-
stranded DNA (ssDNA) in the lagging-strand template greatly increases
the probability that (GAA)n repeats contract, which in turn promotes
repeat instability in rfa1, rad27, and dna2mutants. Finally, by compar-
ing contraction rates for homopurine-homopyrimidine repeats differ-
ing in their mirror symmetry, we found that contractions depend on
a repeat’s triplex-forming ability. We propose that accumulation of
ssDNA in the lagging-strand template fosters the formation of a triplex
between the nascent and fold-back template strands of the repeat.
Occasional jumps of DNA polymerase through this triplex hurdle, re-
sult in repeat contractions in the nascent lagging strand.

repeat expansion diseases | repeat contractions | Friedreich’s ataxia |
DNA triplex | DNA replication

Friedreich’s ataxia (FRDA) is the most common hereditary
ataxia in humans. This autosomal recessive genetic disease is

caused by the presence of an expanded GAA repeat tract in the
first intron of the FXN gene, which encodes for frataxin, a pro-
tein required for proper mitochondrial function (1). Healthy
people usually have 8 to 34 GAA repeats, carriers have 35 to 70
repeats, and affected individuals have more than 70 repeats,
commonly hundreds of repeats (2–4).
The number of expanded GAA repeats negatively correlates

with disease onset and positively correlates with disease severity
(4–6). This is because expanded GAA repeats impede expression
of the FXN gene at the transcription level (1, 7–9), which ulti-
mately leads to mitochondrial dysfunction (10, 11). Expanded
GAA repeats are also known to stall replication fork progression
(7, 12–14) and induce mutagenesis in the surrounding DNA both in
patient cells (15) and model organisms (16–18). In a yeast experi-
mental system, they also promote chromosomal fragility (19), mi-
totic cross-overs (20), and complex genomic rearrangements (21).
Not surprisingly, therefore, long (GAA)n runs are very un-

stable in length and are prone to both expansions and contrac-
tions. Long tracts of GAA repeats are also particularly unstable
in somatic tissues (22), with contractions more common than
expansions (23, 24). It was hypothesized that the instability of
GAA repeats is due to their ability to form an intramolecular
DNA triplex, also known as H-DNA (25, 26). This triplex may

contain either one purine and two pyrimidine strands (YR*Y
triplex) or one pyrimidine and two purine strands (YR*R triplex)
(27). GAA repeats form both types of triplexes in supercoiled
DNA in vitro, but there are conflicting reports on which of them
is more stable under physiological conditions (26, 28–32).
Understanding the mechanism of GAA repeat contractions is

very important, as facilitating contractions might help reverse the
progression of this currently incurable disease. However, the
mechanisms of GAA repeat contractions are not yet understood.
Earlier studies in bacteria suggested that contractions of GAA
repeats were linked to RecA-mediated replication fork restart
(33) or double-strand break (DSB) repair via the single-strand
annealing (SSA) pathway (34). In mammalian systems, contrac-
tions were counteracted by mismatch repair (MMR) (35) and
promoted by base excision repair (BER) (36).
To distinguish between various possible mechanisms that could

lead to large-scale GAA repeat contractions, we developed an
experimental system to conduct quantitative genetic analysis of
this process in yeast, Saccharomyces cerevisiae. We found that re-
peat contractions predominantly occur during DNA replication,
likely in the course of lagging-strand synthesis. Contraction rates
of various homopurine-homopyrimidine repeats appear to relate
to their ability to form triplexes. We conclude that contractions
result from a triplex bypass during lagging-strand synthesis.

Results
An Experimental System to Study Large-Scale GAA Repeat Contractions
in Yeast. To measure the rate of large-scale contractions of GAA
repeats in yeast, we used a genetic cassette containing the (GAA)124
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repeat within an artificial intron of the URA3 gene located under
the control of the inducible Gal promoter (37). In this setting, the
(GAA)124 repeat tract constitutes a template for lagging-strand
synthesis and is in the sense strand for URA3 transcription, mim-
icking the position of the (GAA)n run in the human FXN gene (1).
Due to yeast’s inability to splice out long introns, cells containing
this cassette are Ura–. Contractions of more than 20 repeats enable
splicing, thus making cells Ura+ when galactose is present in the
media (Fig. 1A).
To confirm that we selected for repeat contractions, we am-

plified the repeat tract from randomly selected colonies that had
grown on the selective Ura– media for 4 d (Fig. 1C). Of 183 an-
alyzed colonies, 91% revealed a repeat tract that was significantly
shorter than the original. Thus, the Ura+ rate was practically in-
distinguishable from the bona fide repeat contraction rate (Fig.
1B), which also was true for the various mutants tested (SI Ap-
pendix, Fig. S2 and Table S1). Therefore, we used the Ura+ rate as
a proxy for the repeat contraction rate throughout this study.
The distribution of contracted repeat lengths revealed that the

median size of the repeat tract in a colony grown on the selective
media was 60 GAA repeats (Fig. 1D); that is, roughly half of the
repeat tract was lost. This loss could have resulted from a single
large-scale contraction event or from consecutive small-scale re-
peat contractions. To distinguish between these possibilities, we
measured the distribution of repeat sizes in yeast colonies that
were grown without any selective pressure. If large-scale con-
tractions result from consecutive small-scale events, one should
observe a single exponential distribution centered at the original
repeat tract length. Alternatively, if large-scale repeat contractions

occur independently from small-scale repeat contractions, one
would expect to see a disproportionally large number of colonies
with short repeats that did not originate from the exponential
distribution.
Experimentally, we observed a large number of small-scale repeat

contractions (one to three repeats) clustering around the initial
repeat tract size in colonies grown without selection. However,
there was a distinct additional cluster of repeat lengths around
70 GAA repeats, as well as 7 colonies carrying large repeat ex-
pansions (Fig. 1 D and E). The lower half of the distribution
corresponding to repeat contractions failed to fit an exponential
model (Kolmogorov–Smirnov test, P = 2.3·10−13), unless we only
included small-scale contractions (Kolmogorov–Smirnov test,
P = 0.067) categorized by k-means clustering analysis (Fig. 1 D
and E). We conclude that large-scale repeat contractions occur
independently from small-scale contractions.
We then compared the size distribution of large-scale repeat

contractions from colonies grown with and without selection.
The median size of contracted repeats was only slightly smaller
under selective conditions than without selection (60 vs. 70 repeats)
(Fig. 1B). Thus, selective pressure did not significantly affect the
scale of repeat contractions in our system. Overall, these data show
that long GAA repeats are prone to large-scale contractions in yeast
that seem to occur in one step.

Impaired Lagging-Strand Replication Facilitates GAA Repeat Contractions.
Impaired Okazaki fragment processing is known to destabilize re-
petitive DNA sequences (38–51). We looked at whether this was
true for our system by testing major yeast endonucleases implicated
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Fig. 1. An experimental system to study large-scale GAA repeat contractions in yeast. (A) Reporter cassette designed to select for large-scale (GAA)n repeat
contractions. The (GAA)124 repeat located within an intron of the artificially split URA3 gene precludes splicing, making cells Ura−. A loss of 27 or more repeats
restores splicing, allowing for detection of contraction events on media lacking uracil. (B) Fluctuation test results. Fluctuation test was performed as described
in Materials and Methods. FluCalc (63) software was used to calculate rates of mutational events. For the Ura+ rate, the total number of Ura+ colonies from
each selective plate was used. For GAA repeat contraction rate, the fraction of Ura+ colonies from each selective plate that had repeat contractions, as
confirmed by PCR, was used. (C) Typical PCR amplification data showing the lengths of (GAA)n repeat tracts from colonies grown on selective plates. (GAA)124
is a positive control obtained by amplifying the repeat from the plasmid with the (GAA)124 run. NC is a negative control with no template DNA for PCR. (D)
Distribution of repeat tract sizes. Plasmid control: Repeat tract amplified from a plasmid bearing the (GAA)124 run (n = 42). After selection: Repeat tract
amplified from colonies grown on plates lacking uracil (n = 144). No selection: Repeat tract amplified from colonies grown on YPD plates additionally
supplemented with uracil and adenine (n = 607). Different colors represent different types of events as categorized by k-means clustering analysis: Large-scale
contractions are in brown, small-scale contractions and expansions are in turquoise, large-scale contractions are in purple. (E) Histogram of repeat lengths in
colonies with contractions. The vertical bar denotes the border between small- and large-scale contractions as identified by k-means clustering analysis. The
purple line represents exponential distribution fit for the small-scale contractions (Kolmogorov–Smirnov test, P = 0.067).
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in the processing of single-stranded flaps during Okazaki fragment
maturation: Rad27, Exo1, and Dna2.
Rad27 is a 5′ to 3′ exonuclease and 5′ flap endonuclease,

which cuts short flaps that are not bound by replication protein A
(RPA) (52, 53). We found that knockout of RAD27 gene leads to
a drastic increase in the contraction rate of GAA repeats (Fig.
2A). To distinguish which enzymatic function of Rad27 coun-
teracts contractions, we chose to test three rad27 missense mu-
tants with different phenotypes. A phosphate steering mutant,
rad27-4A, is defective in both endo- and exonuclease activity of
the protein (47). Mutations rad27-G67S and rad27-G240D both
lead to a severe exonuclease defect but differ in the extent of
endonuclease deficiency, with rad27-G240D being more pro-
foundly impaired (54). We found that all of these mutants
exhibited a markedly increased GAA repeat contraction rate (Fig.
2A). Taken together, these data show that there is no single ac-
tivity of Rad27 that ensures the stable maintenance of GAA re-
peats, which is consistent with previously reported data (55).
Interestingly, the deletion of EXO1, encoding a 5′ to 3′ exo-
nuclease and 5′-flap endonuclease (56) that can compensate for
Rad27 (57), did not alter the repeat contraction rate (Fig. 2A).
To test whether the role of the flap-endonuclease in GAA

repeat stability is because of Okazaki fragment maturation or
general replication integrity, we tested the interaction of Rad27
with a component of the replication-pausing complex, Tof1. By
itself, the tof1Δ mutation leads to a modest (2.5-fold) increase in
the GAA repeat contraction rate and it is not synergistic with

rad27-4A or rad27-G240D mutations (SI Appendix, Fig. S4), which
means that Rad27 and Tof1 function in the same or overlapping
genetic pathways to prevent GAA repeat contractions.
Another Okazaki fragment-processing nuclease, Dna2, has single-

stranded DNA (ssDNA) endonuclease, DNA-helicase, and ATPase
activities. The nuclease domain is essential, and Dna2 is the only
known nuclease that can cut long flaps during Okazaki fragment
maturation (52, 58). We measured the GAA repeat contraction
rate in the dna2-H547A (dna2-24) mutant, which has severely
reduced endonuclease activity but unaltered ATPase or helicase
activities (59). This mutant demonstrated a sevenfold increase in
the repeat contraction rate, comparable with that in rad27mutants
(Fig. 2A).
We therefore hypothesized that the elevated level of repeat

contractions in rad27 and dna2 mutants could be explained by the
accumulation of unprotected ssDNA during DNA replication. To
test this possibility, we measured the GAA repeat contraction rate
in the mutants of RPA, the main eukaryotic ssDNA binding
protein. We tested the effect of two well-characterized mutations
in the RFA1 gene, which encodes for the main RPA subunit: rfa1-
S351P (rfa1-t6) and rfa1-K45E (rfa1-t11). A temperature-sensitive
mutation rfa1-S351P is in the protein’s DNA binding subdomain,
so mutant yeast fail to complete replication at a restrictive tem-
perature. Mutation rfa1-K45E (rfa1-t11) is in the N-terminal sub-
domain involved in RPA interactions with other proteins (60, 61);
it has little, if any, growth defect, but is UV- and methyl methane
sulfonate-sensitive (62).

BA C

FED

Fig. 2. The effect of mutations in DNA replication genes on the GAA repeat contraction rate. Contraction rates were assessed via fluctuation test. Note that
the scale differs between separate graphs. Bars represent 95% confidence intervals. Numbers in bars show fold-change relative to WT (wild type), if sig-
nificant. (A) Mutations in Okazaki fragment maturation factors. (B) Mutations in the RPA subunit Rfa1. *Estimated minimum value is plotted. (C) Effect of
RPA overexpression in rad27 mutants. (D) Pol α mutations. (E) Pol δ mutations. (F) TLS polymerases.
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The repeat contraction rate increased in both rfa1 mutants.
However, the effect of the rfa1-S351P mutation was much more
striking than the effect of the rfa1-K45E mutation. Whereas the
latter showed a fourfold increase in the contraction rate, the
repeat completely contracted in every colony that contained
the rfa1-S351P mutation even at a permissive (23 to 26 °C)
temperature. In other words, independent rfa1-S351P clones
were unable to retain a full-length repeat for more than a few
cell divisions. Our conjectural estimate using FluCalc (63) sug-
gested that, to explain these results, the rfa1-S351P mutation
should increase the contraction rate at least 100-fold (Fig. 2B).
To further confirm that accumulation of unprotected ssDNA

is the cause of repeat instability in Okazaki fragment maturation
mutants, we introduced a multicopy plasmid containing all three
RFA genes into rad27Δ and rad27-G240D mutants and verified
RPA overexpression in the resultant strains by qRT-PCR (SI
Appendix, Fig. S6). In accord with our hypothesis, RPA over-
expression strongly decreased the repeat contraction rate in both
rad27 mutants (Fig. 2C).
What remained uncertain, however, was whether GAA repeat

contractions happen during the leading- or lagging-strand synthesis.
We therefore decided to test the role of lagging-strand polymerases,
Pol α and Pol δ, in GAA repeat contractions.
Pol α is an essential subunit of the polymerase α-primase com-

plex, which synthesizes RNA–DNA primers for each Okazaki
fragment (64). We integrated our contraction cassette into two
DNA polymerase α-mutants that are characterized by low effi-
ciency and fidelity and are prone to bypass DNA lesions (16, 65–
67). The contraction rate was elevated in both of these mutants
as compared to the WT strain, particularly strongly (12×) in the
pol1-Y869A mutant (Fig. 2D).
For Pol δ, we analyzed an exonuclease dead mutant pol3-

D520V, which reduces its proofreading activity (68–70), and
pol32Δ, a knockout of the Pol δ processivity subunit (71). The
pol3-D520V mutation did not affect the repeat contraction rate.
In contrast, deletion of the POL32 gene led to a 3.3-fold increase
in the contraction rate (Fig. 2E). We therefore concluded that
processivity, rather than fidelity of Pol δ, ensures proper repli-
cation and stability of GAA repeats.
Taken together, our data strongly argue that ssDNA interme-

diates, formed during lagging-strand synthesis, are at the heart of
GAA repeat contractions.

Catalytic Activity of Rev1 Prevents GAA Repeat Contractions. Does
translesion DNA synthesis (TLS) contribute to GAA repeat
replication and stability? TLS may promote GAA repeat con-
tractions by hurdling lagging-strand synthesis through a DNA
secondary structure, in which case one would expect a decrease
in repeat contractions in TLS-deficient mutants. Alternatively,
translesion polymerases might support lagging-strand synthesis
across the repeat, which would lead to an increased contraction
rate in TLS-deficient mutants.
There are three TLS polymerases in S. cerevisiae: Pol ζ (REV3),

Pol η (RAD30), and Rev1 (72). We found that neither Pol ζ nor
Pol η, either alone or in combination, play a substantial role in
GAA repeat contractions (Fig. 2F). In contrast, a REV1 knockout
showed an increased contraction rate, which was epistatic and
similar in scale to the pol32Δmutant (Fig. 2F). These data indicate
that Rev1 somehow prevents contractions during lagging-strand
synthesis. Rev1 is a deoxycytidyl transferase capable of inserting
a C opposite to a G or a lesion on the template (73). We hy-
pothesized that this activity of Rev1 promotes lagging-strand
synthesis through the (GAA)n run, thus preventing repeat con-
tractions. Supporting this idea, we demonstrated that the catalytic
dead mutant rev1-CD (74) elevated the rate of repeat contractions
similarly to that in rev1Δ (Fig. 2F).

DNA Repair Pathways Do Not Play a Major Role in GAA Repeat
Contractions. DNA repair has previously been implicated in GAA
repeat contractions (34–36). We therefore wondered if any of the
DNA repair or DNA damage tolerance (DDT) pathways can act
downstream or in parallel with DNA replication in the process of
repeat contraction. Since expanded GAA repeats are fragile and
prone to DSB formation (19, 75, 76), it is foreseeable that repair
of a DSB within the repeat by homologous recombination (HR) or
nonhomologous end-joining (NHEJ) might promote repeat con-
tractions. We, thus, measured the contraction rate in the knock-
outs of a set of HR genes—namelyMUS81, MRE11, SRS2, SGS2,
RAD51, RAD52, and RAD59—as well as a NHEJ gene, YKU70.
The contraction rate was not significantly different from the WT
in the majority of these mutants. Only knockouts of RAD52 and
RAD59 genes, responsible for the SSA pathway in yeast (77), as
well as YKU70, showed mildly increased rates over the WT (Fig. 3
and SI Appendix, Fig. S5). This means that DSB repair does not
contribute to GAA repeat contractions. If anything, the SSA and
NHEJ pathways might mildly protect against them.
DDT pathways were previously implicated in the instability of

hard-to-replicate DNA repeats, such as GAA (46), ATTCT (78),
and CAG (79). Therefore, we tested several DDT master regu-
lator genes in our system. Knockout of RAD18 had no effect on
the contraction rate, which was surprising given the effect of
Rev1. At the same time, the rad6Δ and rad5Δ strains exhibited a
slightly increased contraction rate (Fig. 3 and SI Appendix, Fig.
S5), suggesting that template switching might counteract GAA
repeat contractions, albeit mildly.
We also tested the role of BER, which might induce GAA

repeat contractions in human cells (36), as well as nucleotide
excision repair (NER), which affects the instability of CAG re-
peats in a variety of model systems (80–83). These pathways do
not seem to promote contractions in our system, as the contraction
rate was not changed upon treating yeast with H2O2 (SI Appendix,
Fig. S3). Similarly, knocking out major BER and NER players did
not affect the contraction rate, with a single exception of the rad2Δ
strain, which showed a very modest increase (Fig. 3).
Finally, substantial literature implicates MMR in GAA repeat

instability. Various MMR proteins were shown to accumulate in
the FXN locus (35, 84), promote GAA repeat expansions (84–87)
and fragility (19), as well as protect against GAA repeat con-
tractions (35). Of all MMR genes studied in our system, only three
genes showed a significant change in the contraction rate. MSH2
and MSH3 knockouts exhibited a small (twofold) decrease, while
MLH3 knockout showed a slight increase (Fig. 3). Thus, MutSβ

Fig. 3. The effect of mutations in various DNA repair genes on GAA repeat
contraction rate. Contraction rates were assessed via fluctuation test. Bars
represent 95% confidence intervals. Dotted black lines represent significant
difference threshold. WT stands for the wild type.
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promotes GAA repeat contractions in our system, and Mlh3
counteracts them, albeit role of either is mild. Taken together, our
data argue that the bulk of GAA repeat contractions happen
during DNA replication, while the contribution from DNA repair
or DNA damage avoidance pathways is at best modest.

Lagging-Strand Replication Facilitates GAA Repeat Contractions in
the Inverted Repeat Orientation. Could the repeat become more
stable when the cassette is flipped, placing the (TTC)n run onto
the lagging-strand template, given that there is no fork stalling in
this orientation (46)? We tested this idea by measuring the re-
peat contraction rates when our cassette was flipped relative to
the ARS306 origin of replication (Fig. 4A). The transcription level
of the URA3 reporter appeared to be indistinguishable between
the two cassette orientations (SI Appendix, Fig. S9). Contrary to
our expectations, the repeat contraction rate in the inverted cas-
sette turned out to be nearly identical to that in the direct cassette
(Fig. 4 B and C and SI Appendix, Fig. S7); furthermore, the mean
number of deleted repeats was similar between the two orienta-
tions (SI Appendix, Fig. S8).
Since the inverted cassette faces replication going from the

ARS306 head-on, we were wondering whether transcription–
replication collisions contribute to repeat contractions in this ori-
entation. However, galactose induction of transcription did not
change the repeat contraction rate in the inverted orientation (SI
Appendix, Fig. S7) any more than it did in the direct orientation
(37). Therefore, the high rate of contractions in the inverted cas-
sette orientation is not caused by transcription–replication colli-
sions. Nor is it caused by a DSB formation, as the rate of repeat
contractions in the rad52Δ and yku70Δ mutants did not decrease
compared to the WT rate for the inverted cassette, just like in the
direct cassette (Fig. 4C).
We then looked at the effect of genes involved in lagging-

strand DNA synthesis that were major players in repeat stability
for the direct cassette. Both the pol1-Y869A and pol32Δ muta-
tions led to a similar increase in the contraction rate in the
inverted cassette as they did in the direct cassette (Fig. 4 B and
C). We believe, therefore, that in the inverted cassette, repeats
likely contract during lagging-strand synthesis along the (TTC)n

template. One notable difference between the two cassettes,
however, is the role of Rev1: Its knockout has no effect on repeat
contraction in the inverted cassette (Fig. 4C). This further sug-
gests that contractions happen during lagging-strand synthesis,
since the presence of the (TTC)n run in the lagging-strand tem-
plate makes a templated insertion of C by Rev1 impossible. We
concluded that impaired lagging-strand replication boosts GAA
repeat contractions independent of the repeat orientation relative
to the replication direction.

Triplex Formation Facilitates GAA Repeat Contractions. Because
GAA repeats can form triplex H-DNA in vitro (26, 30–32), we
hypothesized that this structure could be involved in large-scale
repeat contractions in yeast, as was previously proposed for bac-
terial plasmids (25). To test this idea, we took advantage of the fact
that H-DNA can only be formed by homopurine-homopyrimidine
sequences that are mirror repeats. We, thus, constructed a new
cassette bearing a (GAGAAGAAA)41GAG repeat tract. Similar to
the (GAA)124 run, it is a 372-bp-long homopurine-homopyrimidine
repeat with a 33% GC content, but it lacks mirror symmetry re-
quired for H-DNA formation (Fig. 5 B and C). We reasoned that if
H-DNA promotes repeat contractions, we should see fewer con-
tractions of the GAGAAGAAA repeat compared to the GAA
repeat. Indeed, the rates of GAGAAGAAA repeat contractions
were more than an order-of-magnitude less than that of the GAA
repeat in either orientation of the cassette (Fig. 5A).
Furthermore, we tested another pair of homopurine-homopyrimidine

repeats that had identical lengths and CG contents (40%),
but differed in their mirror symmetry: (GAGAA)74GA and
(GAGAAGGAAA)37GA (Fig. 5 D and E). The mirror GAGAA
repeat appeared to have practically the same contraction rate as
the GAA repeat in both cassette orientations. In contrast, the
GAGAAGGAAA repeat, which lacks mirror symmetry, showed a
dramatically decreased rate of contraction, similarly to what we
observed for the GAGAAGAAA repeat (Fig. 5A).
Finally, we measured the contraction rate of the (GAAGGA)64

repeat, which was previously found in a patient with mild and late-
onset FRDA. It is not a mirror repeat (Fig. 5F), and its inability to
form a triplex was previously confirmed in vitro (28). Consistent

A B C

Fig. 4. Comparison of genetic controls of GAA repeat contractions between the inverted and direct cassettes. (A) Similarities and differences between direct
and inverted cassettes. In both cassettes, the (GAA)n tract is in the sense strand of transcription. In the direct cassette, the (GAA)124 tract serves as the lagging-
strand template during DNA replication. In the inverted orientation, the (GAA)121 tract serves as the leading-strand template during DNA replication and
there is a possibility for head-on transcription-replication collisions. (B) The effect of pol1-Y869A mutation on GAA repeat contraction rate in strains with
direct versus inverted cassettes. Bars represent 95% confidence intervals. Numbers in bars show fold-change relative to corresponding WT (wild type). (C)
Genetic control of GAA repeat contraction rate in strains with direct versus inverted cassettes. Bars represent 95% confidence intervals. Numbers in bars show
fold-change relative to corresponding WT, if significant.
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with our hypothesis, it was markedly more stable than the GAA
repeat (Fig. 5A). We conclude, therefore, that triplex-forming ability
is responsible for GAA repeat contractions.
We were so far unable to identify proteins that unravel tri-

plexes during DNA replication and as such help to maintain the
integrity of GAA repeats. Deletion of either STM1 or CHL1
genes, whose products were reported to bind or unwind DNA
triplexes in vitro (88, 89), did not affect the rate of GAA repeat
contractions in our system (SI Appendix, Fig. S10). Further
studies are needed to find proteins promoting triplex bypass
during DNA replication.

Discussion
FRDA is a severe degenerative disease caused by massive ex-
pansions of GAA repeats in the first intron of the FXN gene.
Importantly, biopsies of FRDA patients show high heterogeneity
of repeat sizes: In some tissues, up to 70% of an expanded (GAA)n
repeat tract can be lost during somatic cell division, while in other
tissues there is a bias toward expansions (22–24). Since repeat size is
a primary factor in disease progression, understanding the mecha-
nisms of repeat contractions is of principle importance and, in the
long run, could potentially benefit FRDA patients. To identify these
mechanisms, we created a new experimental system to quantita-
tively measure the rate and scale of expanded GAA repeat con-
tractions in yeast, S. cerevisiae.
Remarkably, our system allowed us to detect large-scale con-

tractions of the starting (GAA)124 repeat, where the cells lose
roughly half of the repeat tract (Fig. 1D). How can a gene lose 60
trinucleotide repeats? One possibility could be a sequential ac-
cumulation of small-scale contractions. Such a pattern was ob-
served for GAA repeat expansions in human induced pluripotent
stem cells (84). Alternatively, a large-scale contraction could occur
in one step. As we wanted to distinguish between these two possi-
bilities, we analyzed how GAA repeats contract in our system when
no selection was applied. Although the vast majority of events were
small-scale contractions, in the direct cassette there was a statisti-
cally distinct cluster of large-scale contractions similar in scale to
large-scale contractions observed under selective pressure (Fig. 1 D
and E). We believe that large-scale contractions occur in one-step
events during yeast growth in nonselective media in this orientation.
The interpretation of the contraction distribution data for the
inverted cassette is less obvious (SI Appendix, Fig. S1). While we saw
an accumulation of large-scale contractions without any selection,
similar to the direct cassette, statistically speaking the distribution of
contractions in the inverted cassette can be modeled by a single
exponential distribution. Thus, in this orientation we cannot for-
mally reject the null hypothesis that large-scale contractions could
arise from consequent small-scale events. We are skeptical that this
is the case, however, given that: 1) The subset containing only small
scale contractions is better modeled by an exponential distribution
than all contractions (SI Appendix, Fig. S1), 2) the scale of large-
scale contractions is virtually identical between the two cassette
orientations, and 3) the genetic controls of repeat contractions are
the same for both cassettes (see below).
What molecular mechanisms could account for large-scale

repeat contractions? Although the precise mechanisms of GAA
repeat contraction in eukaryotes were not established before,
previous studies suggested a role for DNA repair (34–36, 87).
We have tested numerous DNA repair pathways, such as NER,
BER, and MMR, as well as DSB repair pathways, namely SSA,

A

B

C

D

E

F

Fig. 5. Effect of a repeat mirror symmetry on its contraction rate. (A)
Contraction rates of various homopurine-homopyrimidine repeats in both
orientations relative to the replication direction. Bars represent 95% confi-
dence intervals. Numbers on bars show fold-change relative to the (GAA)124
in corresponding orientation. (B) A triplex formed by (GAA)n repeat. (C)

(GAGAAGAAA)n repeat can only form a triplex that contains multiple mis-
matches, indicated by asterisks. (D) A triplex formed by (GAGAA)n repeat. (E)
(GAGAAGGAAA)n repeat can only form a triplex that contains multiple
mismatches, indicated by asterisks. (F) (GAAGGA)n repeat can only form a
triplex that contains multiple mismatches, indicated by asterisks.
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HR, and NHEJ. Our data show that these DNA repair pathways
do not play a major role in GAA repeat contractions in yeast.
It was also previously suggested that GAA repeat contractions

might occur while a replication fork transverses the repeat. One
study in bacteria suggested that slippage of the two repetitive strands
during DNA replication could result in GAA repeat contractions
(90). Another bacterial study suggested that formation of the
YR*Y triplex in the course of leading or lagging-strand synthesis
results, respectively, in repeat contractions or expansions (25). Our
data demonstrate that large-scale contractions of the GAA repeat
occur during DNA replication in eukaryotic cells.
The following arguments indicate that repeat contractions hap-

pen during lagging-strand synthesis regardless of repeat orientation.
First, knocking out Pol32, a processivity subunit of the lagging-
strand DNA polymerase δ, leads to an increase in repeat contrac-
tions (Fig. 2E). Second, the repeat contraction rate is elevated in
mutants of DNA polymerase α, the main role of which is in lagging-
strand synthesis. Third, the repeat contraction rate skyrockets in the
temperature-sensitive rfa1-S351P mutant, which is defective for
ssDNA-binding (Fig. 2B). Finally, the second strongest repeat
contraction phenotype was observed when we mutated Rad27, a
key enzyme involved in Okazaki fragment maturation (Fig. 2A).
While we cannot rule out that contractions can also occur during
leading-strand synthesis, overall our data argue that the bulk of
contractions happen during lagging-strand synthesis.
It was long known that the yeast Rad27 flap-endonuclease pro-

tein protects various DNA repetitive sequences from instability
(38–51). The original model postulated that a long flap that forms
in the absence of Rad27 cleavage gets incorporated into the newly
synthesized Okazaki fragment, resulting in a repeat expansion
(91). This model cannot explain, however, how the persistence of
long flaps in rad27 mutants could lead to repeat contractions, as
observed by us and others (38, 40, 41, 43–45, 48–51). Our current
data show no direct correlation between flap-endonuclease activity
and the repeat contraction rate in various rad27 mutants. For
example, the rad27-G240D mutant, severely defective in flap
cleavage activity in vitro, has a smaller GAA repeat contraction
rate than the more moderate rad27-G67Smutant (Fig. 2A). Along
the same line, Dna2 is involved in processing very long Okazaki
flaps by a mechanism that is distinct from the Rad27 pathway. Yet

the dna2-H547A mutation elevates contraction rate similarly to
rad27 mutations.
To account for these discrepancies, we wondered whether the

failure of Rad27 or Dna2 to cleave Okazaki fragment flaps does
not promote repeat contractions directly. Instead, we hypothe-
sized that elevated contraction rates in rad27 and dna2 mutants
could be due to the depletion of RPA. RPA could be titrated out
by the ssDNA gaps (45, 92) or long flaps (93) observed in rad27Δ
mutants. Indeed, overexpression of the bacterial ssDNA-binding
protein was shown to rescue the viability of cells depleted of both
Rad27 and Dna2 (94). To directly test our hypothesis, we over-
expressed all three subunits of yeast RPA in various rad27 mu-
tants. In accord with our expectations, RPA overexpression
reversed the high contraction phenotype observed in those mu-
tants (Fig. 2C). We suggest, therefore, that in the absence of fully
functional Rad27 or Dna2, RPA is titrated out from the (GAA)n
repeat, impeding lagging-strand DNA synthesis and resulting in
repeat contractions.
How could the accumulation of ssDNA lead to GAA repeat

contractions? Since this repeat can form a triplex, we assumed
that triplex formation between the lagging-strand template and
the nascent lagging strand could be involved (95, 96). The
strength of such a triplex would depend on the size of the single-
stranded portion of the lagging-strand template. Since triplex
formation is known to impede DNA polymerization (95–97), we
hypothesized that Pol δ could occasionally jump through the
triplex hurdle, which would result in repeat contraction after the
next round of replication (Fig. 6).
To check this hypothesis, we compared the contraction rate

within two pairs of homopurine-homopyrimidine repeats with
identical lengths and CG contents. In each pair, however, only
one repeat entertains mirror symmetry (i.e., can form a stable
intramolecular triplex) (98). Since another repeat lacks mirror
symmetry, it cannot form a stable intramolecular triplex due to
the presence of multiple mismatched triads (Fig. 5 C–F). In ac-
cord with our hypothesis, repeats with mirror symmetry were
more than an order of magnitude more prone for contractions
than those without mirror symmetry (Fig. 5A). We also measured
the contraction rate in the GAAGGA repeat, which was dis-
covered in a patient with mild, late-onset FRDA. This repeat

Rev1 Pol32

Pol32

Pol 

A

B

Fig. 6. Model of GAA repeat contraction in direct (A) and inverted (B) cassettes. Homopurine (GAA)n strand shown in red; polypyrimidine (TTC)n strand
shown in blue. Flanking DNA sequences shown in black. When Pol δ progresses along the single-stranded (GAA)n or (TTC)n run, the template DNA strand may
transiently fold back to form a dynamic triplex structure with the nascent strand. This can lead to Pol δ’s dissociation, particularly in the absence of its
processivity subunit, Pol32. Lagging-strand synthesis may resume after the nascent strand partially unwinds and reanneals to the downstream part of the
repeat, ultimately resulting in contraction. In the direct cassette, Rev1 may counteract contractions by periodically switching with Pol δ, allowing it to
transverse through this dynamic triplex.
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does not have mirror symmetry, inhibit reporter gene expression,
form triplex in vitro, or exhibit instability during intergenera-
tional transmissions (28, 99) or in Escherichia coli (100). Similar
to other asymmetrical repeats, the rate of GAAGGA repeat
contractions was much lower than that of the GAA repeat in our
system (Fig. 5A). We conclude that the triplex-forming ability of
the GAA repeat is at the heart of its instability.
Our working model for GAA repeat contraction is shown in

Fig. 6. We propose that an ssDNA stretch in the lagging-strand
template in front of the DNA polymerase δ forms a triplex com-
posed of a nascent and a fold-back template strand corresponding
to the repeat. Importantly, the GAA repeat was previously shown
to form both YR*Y and YR*R triplexes in superhelical DNA,
albeit their relative stability remained in dispute (25, 26, 31, 32).
These observations are consistent with our data on the lack of
orientation-dependency of the GAA repeat contraction rate. Ei-
ther a YR*Y or a YR*R triplex could be formed depending on
which repetitive run (GAA)n or (TTC)n is in the lagging-strand
template. This finding is different from what was previously pro-
posed for the GAA repeat instability in E. coli, in which the type of
triplex formed within the repetitive run defined whether the re-
peat would contract or expand (25). Nonetheless, since either
triplex can impede DNA polymerization (95–97), we suggest that
triplex formation promotes Pol δ dissociation from its template.
Occasional unwinding of the nascent strand (either spontaneously
or driven by a yet-to-be-identified DNA helicase) and its reannealing
to the downstream repetitive sequence can resume the lagging-
strand synthesis resulting in a much shorter repeat. In agreement
with this model, we observed that Pol32, a processivity subunit of
Pol δ, prevents Pol δ dissociation from the template, counteracting
repeat contraction (Fig. 2E).
Our data also provide some unforeseen insight into the role of

Rev1 in the replication of structure-forming DNA repeats. It has
long been debated whether the catalytic activity of Rev1 plays a
significant biological role. On the one hand, Rev1 plays a struc-
tural role in recruiting Pol ζ to conduct TLS (101–103). On the
other hand, the catalytic subunit of Rev1 is evolutionarily con-
served (73). Furthermore, it is Rev1, but not Pol ζ or, that ensures

efficient replication across G-quadruplexes (104) and counteracts
CTG repeat instability (105). Our data demonstrate that catalyt-
ically active Rev1 stabilizes the GAA repeat when the (GAA)n run
is in the lagging-strand template, but not in the opposite orien-
tation (Figs. 2F and 4C). We hypothesize that it could insert a C
opposite a G when Pol δ gets jammed on the repetitive template,
thus allowing it to resume lagging-strand synthesis. Interestingly, it
seems like the catalytic activity of Rev1 in this scenario is not
regulated by the ubiquitination of proliferating cell nuclear anti-
gen as evidenced by unchanged contraction rates in the rad18Δ
mutant (Fig. 3). Obviously, this cannot happen when the (TTC)n
run is in the lagging-strand template, which would explain the null
effect of knocking out REV1 in the inverted cassette (Fig. 4C).

Materials and Methods
Fluctuation Tests. Individual colonies of several independent clones of each
genotype grown on YPDUA were dissolved in 200 μL of sterile water, serially
diluted, and plated on YPD and Gal+Ura− media. The cells from the first
dilution were pelleted, and then their DNA was extracted and subjected to
PCR to amplify the repeat tract. Colonies in which the repeat tract size was
different from the starting number of repeats were excluded from the
analysis. After the colonies grew and were counted, the contraction rate was
estimated using FluCalc software (63). We considered the rates of (GAA)124
repeat contraction to be significantly different if the 95% confidence in-
tervals for the rate values did not overlap between two samples.

Additional information regarding cassette cloning, yeast strain construc-
tion, spot tests, measuring of repeat distribution sizes, and qRT-PCR can be
found in the SI Appendix.

Data Availability. The authors declare that all data supporting the findings of
this study are available within the paper and SI Appendix. All plasmids and
yeast strains constructed in this study will be available from the corre-
sponding author upon request.
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