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Abstract

Large-scale expansion of (GAA)n repeats in the first intron of the FXN gene is responsible for the severe neurodegenerative disease,
Friedreich’s ataxia in humans. We have previously conducted an unbiased genetic screen for GAA repeat instability in a yeast experimental
system. The majority of genes that came from this screen encoded the components of DNA replication machinery, strongly implying that
replication irregularities are at the heart of GAA repeat expansions. This screen, however, also produced two unexpected hits: members of
the CST complex, CDC13 and TEN1 genes, which are required for telomere maintenance. To understand how the CST complex could af-
fect intra-chromosomal GAA repeats, we studied the well-characterized temperature-sensitive cdc13-1 mutation and its effects on GAA re-
peat instability in yeast. We found that in-line with the screen results, this mutation leads to �10-fold increase in the rate of large-scale
expansions of the (GAA)100 repeat at semi-permissive temperature. Unexpectedly, the hyper-expansion phenotype of the cdc13-1 mutant
largely depends on activation of the G2/M checkpoint, as deletions of individual genes RAD9, MEC1, RAD53, and EXO1 belonging to this
pathway rescued the increased GAA expansions. Furthermore, the hyper-expansion phenotype of the cdc13-1 mutant depended on the
subunit of DNA polymerase d, Pol32. We hypothesize, therefore, that increased repeat expansions in the cdc13-1 mutant happen during
post-replicative repair of nicks or small gaps within repetitive tracts during the G2 phase of the cell cycle upon activation of the G2/M
checkpoint.
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Introduction
DNA repeat-instability causes upwards of 40 neurodegenerative
diseases in humans. This repeat instability, namely expansion
and contraction of trinucleotide sequences, can occur within dif-
ferent domains of a carrier gene (Mirkin 2007; Khristich and
Mirkin 2020). The trinucleotide repeat GAA (and its corresponding
triplet on the opposite DNA strand—TTC) is present within
the intron of the Frataxin gene, FXN, and expansion beyond the
length of 35–100 repetitions, to over 500 repetitions, leads to the
onset of a neuromuscular disorder known as Friedreich’s ataxia
(Campuzano et al. 1996). GAA/TTC repeats are known to form a
triplex H-DNA (Mirkin 2006), which is an impediment for DNA po-
lymerization in vitro (Gacy et al. 1998) and in vivo (Krasilnikova
and Mirkin 2004b). In a yeast experimental system, GAA repeats
appear to expand and contract during the course of replication
(Shishkin et al. 2009; Shah et al. 2012; Tsutakawa et al. 2017;
Jedrychowska et al. 2019; Khristich et al. 2020). However, repeat in-
stability can also occur in non-dividing cells in FRDA patients
(Bourn et al. 2012), as well as in yeast quiescent cells (Neil et al.

2021) during DNA repair. The results from an unbiased genetic
screen for GAA repeat instability in yeast (Zhang et al. 2012) were
in agreement with these models. It gave, however, two unex-
pected hits: the CDC13 and TEN1 genes, which encode essential
components of the trimeric CST complex (Cdc13-Stn1-Ten1)
(Grandin et al. 2001). In the screen, the yTHC essential gene col-
lection was used wherein essential genes were placed under the
TET promoter and addition of doxycycline resulted in downregu-
lation of the gene. In conditions where expression should be
downregulated (TET-OFF), TET-CDC13 and TET-TEN1 strains led
to roughly an order of magnitude increase in the repeat expan-
sion rate.

The CST complex plays a major role in the end-protection of
the 30 G-rich telomeric overhang (Lin and Zakian 1996; Webb et al.
2013) and in the regulation of telomerase recruitment (Nugent
et al. 1996). Cdc13, the central DNA-binding protein in the com-
plex, binds to the single-stranded G-rich telomeric tail sequence-
specifically and recruits telomerase in early S-phase (Taggart
et al. 2002). At the end of S-phase, cyclin-mediated phosphoryla-
tion of Stn1, the second subunit in the complex, leads to Stn1
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binding to Cdc13, followed by recruitment of Ten1 and formation
of the end-protecting cap. Upon capping, telomerase can no longer
be recruited until the next S-phase (Liu et al. 2014). It is unknown
whether the CST complex has functions outside its roles at the
telomere in Saccharomyces cerevisiae. It was therefore of interest to
elucidate why proteins that associate with repetitive G2–3(TG)1–6

tracts at a telomere would have an effect on the instability of GAA/
TTC tracts located in the middle of the chromosome.

Several possibilities could be considered to explain elevated re-
peat instability in CST hypomorphs. In the study by Zhang et al.
(2012), we hypothesized that telomere uncapping in those strains
could sequester the fork-stabilizing complex (Tof1-Mrc1-Csm3) to
long single-stranded telomeric tails in CST hypomorphs, complicat-
ing replication through the GAA repeat (Krasilnikova and Mirkin
2004b; Shishkin et al. 2009). The CST complex has also been shown
to coordinate replication at telomeres by stimulating DNA polymer-
ase a priming activity in C-strand fill-in (Lue et al. 2014). More re-
cently, the human CST complex was implicated in the recruitment
of repair proteins to the replication fork, helping it progress through
hard-to-replicate regions (Chastain et al. 2016). Finally, it was con-
ceivable that the Rad9-dependent G2/M checkpoint, which is acti-
vated in Cdc13-deficient strains (Weinert and Hartwell 1993) could
be responsible for the elevated repeat instability.

To unravel the role of Cdc13 in GAA instability, we decided to
concentrate on the well-characterized Cdc13 mutant allele,
cdc13-1 (P371S). This proline to serine substitution occurs within
the second oligonucleotide-binding fold (OB2) of the protein,
which is very near to the nuclear localization signal and renders
yeast cells temperature-sensitive. At temperatures over 27�C,
this mutation leads to cell death. Recently, it was shown that the
cdc13-1 mutation leads to decreased levels of Cdc13 in the nu-
cleus at elevated temperatures (Mersaoui et al. 2018). The de-
creased levels of Cdc13 are still sufficient for telomerase
recruitment, resulting in the G-rich strand being extended by tel-
omerase in the cdc13-1 mutant. However, the level of Cdc13 is in-
sufficient for Cdc13 dimerization and binding of Ten1 and Stn1
proteins to form the telomeric cap (Mason et al. 2013), resulting in
aberrant resection of the telomeric C-strand by Exo1 and other
nucleases (Garvik et al. 1995; Zubko et al. 2004). Altogether, these
events lead to the hallmark of the cdc13-1 phenotype—the pres-
ence of long single-stranded telomeric G-rich overhangs (Garvik
et al. 1995; Nugent et al. 1996).

The presence of such telomeric overhangs triggers Rad9-
mediated G2/M checkpoint activation and cell-cycle arrest
(Garvik et al. 1995). Rad9 is recruited to telomeres upon the fol-
lowing cascade of events. First, Mec1 is partially activated upon
its recruitment to RPA-coated ssDNA (Zou and Elledge 2003).
Second, the “9-1-1” complex (Ddc1-Mec3-Rad17) is loaded to
single-double-strand DNA junctions by Rad24 (Majka et al. 2006).
Third, Dpb11 recruitment by Ddc1 leads to the full activation of
Mec1 and phosphorylation of Rad9 (Pfander and Diffley 2011).
Rad9 then recruits Rad53 (Navas et al. 1996). The DNA damage
checkpoint (DDC) culminates in Rad53 phosphorylation and
downstream signaling, and ultimately arrests the cell-cycle via
blocking the metaphase to anaphase transition. In addition, spe-
cific to the DDC in cells with uncapped telomeres, is the inhibi-
tion of mitotic exit (Valerio-Santiago et al. 2013; Matellán and
Monje-Casas 2020). Altogether this could provide additional time
for post-replicative repair of nicks and small gaps that may be
present at the GAA repeat locus.

Using our yeast experimental system for measuring genetic in-
stability caused by the (GAA)n repeat (Shishkin et al. 2009; Shah
et al. 2012), we found that the cdc13-1 mutation leads to an over 10-

fold increase in the rate of large-scale expansions of the (GAA)100

repeat at the semi-permissive temperature, which is in-line with
the earlier screen results (Zhang et al. 2012). This increase in
expansions is due to the activation of the Rad9-mediated check-
point pathway, since it is abolished by mutations in genes of this
pathway, including MEC1, EXO1, and RAD53. It also depends on the
Pol32 subunit of DNA polymerase d, suggesting that filling in
ssDNA gaps via DNA polymerization is necessary. We suggest,
therefore, that G2/M checkpoint activation in response to telomeric
uncapping in the cdc13-1 mutant is a key step in driving repeat ex-
pansion at GAA repeats during the G2 phase of the cell cycle,
where post-replicative repair of nicks or small gaps may incur fur-
ther instability.

Materials and methods
Yeast strains and plasmids
Strains used in this study were made in the CH1585 background,
isogenic to commonly used lab strain S288c, with the UR-GAA100-
A3 cassette integrated into chromosome III, of the genotype
MATa leu2-�1 trp1-�63 ura3-52 his3-200 bar1�::HIS3 ChrIII(75423-
75715)::UR--GAA100-A3-TRP1.

The cdc13-1 mutation (P371S) was made using CRISPR with the
bRA90 plasmid (gift from the Haber Lab), containing CAS9, a LEU
selection marker, and into which the appropriate guide RNA had
been cloned. The plasmid, along with an 80-mer containing the
cdc13-1 mutation as the repair template, was transformed into the
KS001 strain containing GAA repeats (Shah et al. 2012). Yeast cells
that had successfully taken up the plasmid were selected on media
lacking leucine and further screened for the desired repair using
the temperature-sensitive phenotype of cdc13-1 cells (Nugent et al.
1996). The cdc13-1 mutation was confirmed using Sanger sequenc-
ing and the plasmid expelled by growing on complete media,
streaking for singles and confirming loss of plasmid in desired
clones by observing no growth on media lacking leucine.

Deletion strains used for fluctuation test studies were made
using standard PCR and transformation procedures (Gietz and
Woods 2006) of either hphMX4 or natMX6 gene fragments.

The rad53-K227A mutation was constructed using CRISPR with
the pRCC-N plasmid, containing the CAS9 gene and NAT selec-
tion marker, amplified guide RNA to the target gene (GENEROSO
et al. 2016) and transformed along with the repair template into
wild-type and cdc13-1 strains. Transformants were screened for
increased sensitivity to 100 mM hydroxyurea and confirmed us-
ing Sanger Sequencing.

For fragility studies, the arm loss strain was made by integrat-
ing the UR-GAA100-A3 cassette into the non-essential arm of chro-
mosome V as in McGinty et al. (2017). The DDRA strain was made
by integrating the AD-URA3-GAA100-DE2 cassette into the endoge-
nous ADE2 location on chromosome XV (Polleys and
Freudenreich 2020).

Yeast media
Standard yeast media were used. For fluctuation tests used to
calculate GAA expansion rates, 5-fluoro-orotic acid (5-FOA) me-
dia was used with 1.75 g of 5-FOA per liter (1.75% 5-FOA) and
50 mg of uracil per liter (50 lg/ml final concentration) in synthetic
dextrose (SD) complete media. To calculate GAA contraction
rates, cells were selected on SD lacking uracil. For arm loss
experiments using 5-FOA þcanavanine media, 60 mg per liter of
L-canavanine was used in SD media lacking tryptophan. For di-
rect duplication and recombination fragility experiments, SD me-
dia lacking adenine and containing 5-FOA was used.
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Fluctuation tests
Wild-type and cdc13-1 strains containing the UR-GAA100-A3 cas-
sette were incubated for 48 h and 72 h, respectively at the semi-
permissive temperature of 27�C, or for 72 h for both strains at the
permissive temperature of 23�C. Strains were grown on complete
media supplemented with uracil (final concentration 50 mg/ml).
At least 12 individual colonies with a confirmed initial tract
length of GAA100 (i.e. non-expanded) for at least two independent
isolates of each strain, were serially diluted in sterile water such
that for wild-type, a 10-fold dilution, and for cdc13-1, a 100-fold
dilution of the resuspended colony was plated onto 5-FOA media.
For other mutants, strains were grown between 48 h and 96 h on
complete media supplemented with uracil at 27�C to achieve
similarly sized colonies to wild-type. Colonies were serially di-
luted to achieve appropriate density of cells on 5-FOA media. A
105-fold dilution was plated onto complete media as a measure
of total cell count. Yeast was grown at 23�C for 4 days and then
colonies were counted. Rate calculations were made as described
in (Radchenko et al. 2018). DNA from at least 96 colonies for each
strain was isolated and PCR using primers A2 and B2 was con-
ducted (see Supplementary Table S2) followed by gel electropho-
resis to confirm expansion events.

For the contraction assay, wild-type and cdc13-1 strains were
grown at the indicated temperature to obtain single colonies (as
for the expansion assay) and then plated onto either media lack-
ing uracil (SD-Ura) or complete media, for a total cell count.
Yeast was grown for 6 days at 23�C. Rate calculations were done
as described above. Rates were considered to be significantly dif-
ferent if 95% confidence intervals for the rate values did not over-
lap between two samples (Foster 2006).

For the arm loss assay, wild-type colonies were grown on com-
plete media for 3 days and cdc13-1 colonies were grown on com-
plete media for 5 days at 27�C. Both wild-type and cdc13-1 strains
were grown for 4 days at 23�C. Colonies were plated undiluted
onto 5-FOAþ canavanine, and diluted 105-fold and plated on
complete media. CAN1 encodes an arginine permease and cana-
vanine encodes a toxic arginine analog—loss of CAN1 prevents
uptake of this toxic analog and allows cells to survive on media
containing canavanine. Yeast was grown at 23�C for 6 days and
colonies were then counted. Rate calculations were done as de-
scribed above.

For the DDRA assay, wild-type colonies were grown on com-
plete media for 5 days and cdc13-1 colonies were grown on com-
plete media for 6 days at 27�C. Both wild-type and cdc13-1 strains
were grown for 5 days at 23�C. Colonies were plated at a 102-fold
dilution onto 5-FOA -Ade, and diluted 105-fold and plated on
complete media. Yeast was grown at 23�C for 5 days and colonies
were counted. Rate calculations were done as described above.
Rates were considered to be significantly different if 95% confi-
dence intervals for the rate values did not overlap between two
samples (Foster 2006).

Rad53 phosphorylation western blots
Strains were grown in YPD to log phase (OD600 ¼ 0.6) and subse-
quently synchronized in G1/S by adding 3 lM a-factor (Zymo
Research) for 90 min and released into the cell cycle with 50 lg/
ml Pronase E (537088-10KU, Sigma Aldrich). Protein extraction (5
OD) was conducted at the indicated time-points after release as
previously described (Foiani et al. 1994). Total protein extracts
were normalized using a Non-Interfering Protein AssayTM Kit
(Millipore), separated on a 10% gel, transferred to a PVDF mem-
brane, and probed with an anti-Rad53 antibody (Abcam

ab166859, 1:1000). Rad53 phosphorylation is observed as band re-
tardation.

Telomeric G-overhang assay
To determine the amount of ssDNA present at the telomere, telo-
meric G-overhang assays were done as previously described
(Bertuch and Lundblad 2003). Briefly, cells were grown to on
OD600 of 1.0 in YPD at the permissive temperature (23�C), split
and grown at either the permissive (23�C) or restrictive (30�C)
temperature for an additional 4 h. Genomic DNA was isolated us-
ing phenol: chloroform and quantified using a Qubit (Thermo
Fisher; Qubit dsDNA BR Assay kit #Q32853). DNA was normalized
to 4 lG of DNA per sample. Following overnight XhoI digestion,
the DNA was precipitated and resuspended in 12 ll of NEB buffer
2.1 (New England Biolabs, Buffer 2.1 #B7202S; 50 mM NaCl, 10 mM
Tris-HCl, 10 mM MgCl2, 100 mg/ml BSA pH 7.9). The oligo 50 CCC
ACC ACA CAC ACC CAC CAC ACA CAC CCA CCA CAC 30 was 50

dATP c32p-end-labeled using T4 polynucleotide kinase (New
England Biolabs, T4 PNK #M0201S). Labeled probe was added to
DNA samples and hybridized for 10 min at 37�C followed by 1 h
on ice. The samples were loaded into a 0.75% agarose gel and
electrophoresed at 45 V for 16 h. The gel was dried and imaged us-
ing a phosphorimager (GE Amersham Typhoon). Following detec-
tion of the single-strand telomeric signal, the gel was denatured,
neutralized, and rehybridized with the same oligonucleotide
probe in order to detect the total amount of telomeric DNA.
Quantification of G-overhangs was done using ImageQuant,
where the signal in the native gel was measured and divided by
the total signal in the denatured gel of each indicated sample.

Analysis of replication intermediates by 2D N/N
gel-electrophoresis
100 GAA repeats were cloned between BamHI and XbaI of pYES6
plasmid. Yeast cells were transformed with the constructed plas-
mid by lithium acetate method (Gietz and Woods 2006) and
selecting on YPD containing blasticidin (50 lg/ml). Cells were
grown at 23�C (cdc13-1) or 30�C (wild-type) in YPD with blasticidin
until OD600 ¼ 1.5. The length of repetitive tracts was confirmed,
before and after the cell culture, by yeast colony PCR as described
in Radchenko et al. (2018) with primers flanking the inserts, and
amplicons were resolved on 1.5% agarose gels. Replication inter-
mediates were isolated according to the “QIAGEN genomic DNA
Handbook,” using genomic-tip 100/G columns. DNA was digested
by NdeI and PsiI (New England Biolabs) for 7 h at 37�C. First-
dimension gels (0.4% agarose in TBE 1�) were run at 1 V/cm for
22 h at room temperature, while second-dimension gels (1% aga-
rose in TBE 1�) were run at 5 V/cm for 9 h at 4�C in the presence
of ethidium bromide (0.3 lg/ml). Gels were washed 15 min in
0.25 N HCl before an overnight transfer to a charged nylon mem-
brane (Hybond-XL, GE Healthcare) in 0.4 N NaOH. Hybridization
was performed overnight with a 413 bp randomly primed probe,
corresponding to the Gal promoter region of pYES6 plasmid.
Membranes were washed twice with washing solution I (SSC 2�,
1% SDS) pre-heated at 65�C and twice with washing solution II
(SSC 0.1�, 0.1% SDS) pre-heated at 42�C. Membranes were ex-
posed on IR-sensitive screens for 2-5 days and detection was per-
formed on a Pharos FX PhosphorImager (Bio-Rad). Densitograms
were done with ImageJ (NIH) and quantification analysis was
done as described in (Krasilnikova and Mirkin 2004a). Statistical
analysis was performed with GraphPad Prism software. Mean
percentage of replication fork slowing values was compared by
unpaired t-test.
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Results
GAA expansions and contractions of an
expanded GAA tract are increased in the cdc13-1
mutant
Previously, a screen to detect genes important in preventing fra-
gility and expansion of an expanded GAA trinucleotide repeat
(Zhang et al. 2012) identified the essential genes CDC13 and
TEN1—which encode proteins that form the telomeric cap in S.
cerevisiae, known as the CST complex (Cdc13-Stn1-Ten1).
Specifically, a TET-OFF version of CDC13 showed a 14-fold in-
crease in GAA expansion rate over the wild-type in the downre-
gulated state, suggesting that reduced levels of Cdc13 were
responsible. We confirmed and added to this finding by showing
that GAA expansion rate increases in a doxycycline dose-
dependent manner in a strain carrying the TET-CDC13 allele
(Supplementary Figure S1). Even in the absence of doxycycline,
there is a slight (2-fold) increase in repeat expansions, which
could be due to leaky downregulation or out-of-register expres-
sion of the TET-CDC13 allele.

We then concentrated on the effect of the well-studied tem-
perature-sensitive cdc13-1 (P371S) mutation on GAA repeat
expansions. This mutant was chosen due to its decreased level of
Cdc13 in the nucleus (Mersaoui et al. 2018), similarly to the hypo-
morphic TET-CDC13 strain. As a result of decreased levels in the
nucleus in the cdc13-1 strain, the mutant Cdc13 protein is still
able to recruit telomerase but is unable to dimerize and recruit
Stn1 and Ten1 and form the telomere-capping complex CST
(Mason et al. 2013).

Our expansion cassette contains a URA3 gene, artificially split
by an intron carrying 100 GAA repeats, which is placed into chro-
mosome III adjacent to the early-firing origin ARS306 (Shishkin
et al. 2009) (Figure 1A), which is �80 kb away from the nearest
telomere. Due to the inability of yeast to splice introns over one
kilobase in length (Yu and Gabriel 1999), the expansion events
adding more than 10 repeats preclude URA3 splicing, making
yeast resistant to 5-fluoroorotic acid (5-FOA). We have previously
found that, on average, �50 repeats are added at a single step
(Shah et al. 2012).

The cdc13-1 strain containing the UR-GAA100-A3 cassette was
grown either at the permissive temperature of 23�C or the semi-
permissive temperature of 27�C on non-selective media and then
individual colonies were plated on selective media containing 5-
FOA. Repeat expansions among 5-FOA-resistant clones were con-
firmed via single-colony PCR and the rate of expansions was cal-
culated using FluCalc—a webtool using a maximum-likelihood
estimator algorithm (Radchenko et al. 2018). The cdc13-1 strain
showed an 18-fold increase in GAA expansion events over the
wild-type at the semi-permissive temperature of 27�C (Figure 1B).
No difference in expansion rates between the mutant and the
wild type was observed at the permissive temperature of 23�C.

Our experimental system can also be tuned to study GAA re-
peat contractions (Khristich et al. 2020). To this end, we use a cas-
sette bearing 150 GAA repeats in the URA3 intron, which renders
the cell URA—. Large-scale (�60 repeats) contractions restore
URA3 splicing making cells URAþ. The cdc13-1 mutation resulted
in a 7-fold increase in the contraction rate at the semi-permissive
temperature, while no difference from wild-type at the permis-
sive temperature was observed (Figure 1C). Taken together, at the
semi-permissive temperature, the cdc13-1 mutant increases GAA
repeat instability.

Effects of the cdc13-1 mutation on GAA repeat
instability are not due to increased fork stalling at
the repeat
A priori, increases in repeat expansions and contractions could be
attributed to general defects in replication in the cdc13-1 mutant.
For example, several studies in humans suggest that CTC1, the
ortholog of yeast Cdc13, has a role in DNA replication outside of
telomeres (Miyake et al. 2009; Chastain et al. 2016). In addition, in
the original genetic screen paper (Zhang et al. 2012), we hypothe-
sized that telomere uncapping in CST hypomorphs could lead to
sequestering the fork-stabilizing complex (Tof1-Mrc1-Csm3) to
long single-stranded telomeric tails, leading to problematic

Figure 1 Cdc13 counteracts GAA repeat expansions and prevents
contractions. (A) Diagram of large-scale expansions or contractions of
(GAA)n repeats in yeast (see text for details). (B) The cdc13-1 mutation
increases expansion rate of a GAA100 repeat at the semi-permissive
temperature. Wild-type and cdc13-1 strains containing 100 repeats (UR-
GAA100-A3) were grown on complete media followed by plating on 5-FOA
media. Bars represent 95% confidence intervals; number of experiments
(n) �2. (C) The cdc13-1 mutation increases contraction rate of the GAA150

repeat at the semi-permissive temperature. Wild-type and cdc13-1
strains containing 150 repeats (UR-GAA150-A3) were grown on complete
media as for the expansion assay, followed by plating on media lacking
uracil. Bars represent 95% confidence intervals; n� 2. ARS, autonomous
replicating sequence; TRP1, tryptophan biosynthesis gene.
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replication fork progression through the GAA repeat and replica-
tion fork stalling (Krasilnikova and Mirkin 2004b; Shishkin et al.
2009). Elevated fork stalling at the repeat could then cause an in-
crease in repeat expansions and contractions, as was previously
shown by us and others (Pelletier et al. 2003; Krasilnikova and
Mirkin 2004b; Kerrest et al. 2009; Voineagu et al. 2009b; Gadgil
et al. 2017; Gellon et al. 2019).

To test whether the cdc13-1 mutation causes replication
defects, we compared replication fork stalling in the wild-type
and cdc13-1 strains at the GAA repeat using 2-dimensional (2-D)
neutral/neutral gel-electrophoresis of replication intermedi-
ates—an approach that is well established from our earlier
studies of repeat-mediated fork stalling (Krasilnikova and
Mirkin 2004a). A high copy-number plasmid containing a 2 lm-
plasmid replication origin, a blasticidin selection marker, and
the (GAA)100 repeat was transformed into both the wild-type
and the cdc13-1 mutant strains (Figure 2A), which allowed us to
analyze a large amount of replication intermediates. While the
epigenetic context of the repeat may differ between this plas-
mid and our cassette on chromosome III, we have previously
demonstrated that there is no difference, in either the strength

or the orientation dependence of the repeat-mediated fork
stalling, between the multicopy plasmid and chromosome III
(Shishkin et al. 2009).

Yeast cultures were grown at either the permissive (23�C) or
the semi-permissive (27�C) temperature followed by the isolation
of replication intermediates, their separation by 2-D gel electro-
phoresis and Southern blot hybridization to visualize plasmid
replication. In this approach, the appearance and intensity of the
bulge on the otherwise smooth replication arc reflects the
appearance and the strength of the replication fork stalling.
Figure 2 shows repeat-mediated fork stalling in the wild-type and
cdc13-1 strains at both temperatures. Quantification of the
strength of the replication fork stalling—the radioactivity in the
bulge normalized to the smooth replication arc (Krasilnikova and
Mirkin 2004a)— shows that the cdc13-1 mutation does not cause
an increase in fork stalling at the repeat at the semi-permissive
temperature. If anything, it slightly (1.5�) decreases it (Figure 2, C
and D), but this decrease is not statistically significant. We con-
clude, therefore, that the observed increase in repeat instability
in the cdc13-1 mutant is not caused by an increase in impaired
replication through the GAA repeat.

Figure 2 The cdc13-1 mutant displays no significant effect on fork stalling at GAA repeats. (A) A high-copy 2 lm plasmid containing a blasticidin marker
for selection in yeast and a probe site near the (GAA)100 repeat tract was transformed into both wild-type and cdc13-1 strains. (B) Restriction sites PsiI and
XmaI allow for repeats to be placed about one third of the distance from start of probed fragment (3647 bp in length). (C) cdc13-1 does not show increased
fork stalling at GAA repeats. Wild-type and cdc13-1 strains were grown at either 23�C or 27�C to OD600 ¼ 1.5 and replication intermediates isolated.
Analysis of replication intermediates using 2D gel electrophoresis was conducted as described in Methods. (D) Quantification of fork-slowing. Mean
percentage of replication fork slowing values was compared by unpaired t-test (n ¼ 2). BSD, blasticidin resistance gene; n.s., non-significant.

E. Spivakovsky-Gonzalez et al. | 5



The cdc13-1 mutation does not have a bona-fide
effect on GAA fragility
The TET-CDC13 allele was initially identified in a screen for GAA fra-
gility resulting in chromosome V arm loss (Zhang et al. 2012). We,
thus, conducted a similar experiment by introducing the UR-GAA100-
A3 cassette (described above) into the non-essential arm of chromo-
some V (McGinty et al. 2017) in the cdc13-1 strain. The cassette was
placed centromere-proximal to the CAN1 gene, so that the breakage
at the GAA tract and consequent arm loss would make survivors re-
sistant to both 5-FOA and canavanine (Figure 3A). The rate of these
events at the permissive and non-permissive temperatures was
then calculated using FluCalc. Similarly, to the observations from
the screen, the cdc13-1 mutant showed a 50-fold increase in GAA-
mediated arm loss as compared to the wild-type at the semi-
permissive temperature (Figure 3B). Importantly, however, the rate
of arm loss is a composite of two variables: the rate of breakage at
the repeat and the efficiency of telomere addition to the broken
chromosome, and both processes could be affected by the cdc13-1
mutation. As replication fork progression through the GAA repeats
is similar to wild-type (Figure 2), it is unlikely that the cdc13-1 mutant
(directly or indirectly) complicates DNA replication through the re-
peat resulting in breakage. However, the increased arm loss in the
cdc13-1 mutant could be explained by more efficient telomere addi-
tion owing to the telomere-capping deficiency (Nugent et al. 1996),
which we found would not answer whether more breaks are hap-
pening at the GAA tract in the cdc13-1 mutant.

To answer this question, we instead decided to use an alterna-
tive fragility assay that does not involve telomere addition called
the direct duplication and recombination assay (DDRA)
(Freudenreich et al. 1998; Polleys and Freudenreich 2020). In this
assay, the endogenous ADE2 gene is broken into two halves with
overlapping regions of 968 bp of homology, which are separated
by the functional URA3 gene and the repeat of interest (in our
case the (GAA)100 repeat). Yeast containing this construct are
ADE- and URAþ (Figure 3C). Breakage at the repeat tract, fol-
lowed by end-resection and single-strand annealing of the ADE2
homologies, leads to the appearance of ADEþ and 5-FOA-resis-
tant clones (Figure 3C). The rate of those events is a proxy for
repeat-mediated fragility. Using this assay, we found no increase
in the rate of fragility in the cdc13-1 mutant at the semi-
permissive temperature (Figure 3D).

An apparent increase in repeat-mediated chromosome arm
loss in Figure 3B could be due to the lack of capping and profound
telomere elongation in the cdc13-1 mutant, which might facilitate
de-novo telomere addition. The same reasoning can be used to
explain the elevated repeat-mediated arm-loss in TET-CDC13 and
TET-TEN1 hypomorphs observed in Zhang et al. (2012). As the
DDRA assay does not require de novo telomere addition, it is a bet-
ter measure of repeat associated fragility in the cdc13-1 mutant.
Taken together, these data imply that the cdc13-1 mutation does
not cause an increase in bona-fide chromosomal fragility at the
GAA repeat.

Figure 3 The cdc13-1 mutation has no bona-fide effect on GAA repeat fragility. (A) Experimental system to study chromosomal arm loss caused by the
GAA100 repeat (see text for details). Breakage at the GAA repeats will lead to the loss of URA3 and CAN1 genes, followed by repair through de-novo
telomere addition, allowing growth on 5-FOA þ canavanine media. (B) The cdc13-1 mutation leads to an increase in arm loss at the semi-permissive
temperature. Bars represent 95% confidence intervals; number of experiments (n) �2. (C) Experimental system to study fragility via a direct duplication
and recombination assay (DDRA) (see text for details). Breakage at the GAA100 repeat tract will lead to resection, loss of URA3, and recombination to
restore ADE2, and hence growth on 5-FOA -Ade. (D) The cdc13-1 mutation leads to no effect on fragility of GAA repeats at the semi-permissive
temperature. Bars represent 95% confidence intervals; n �2. CAN1, canavanine resistance gene; CEN V, centromere chromosome V; TEL, telomere; TRP1,
tryptophan biosynthesis gene; URA3, uracil biosynthesis gene.
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Rad9-mediated checkpoint activation by single-
stranded telomeric overhangs is responsible for
increased GAA expansion rate in the cdc13-1
mutant
The cdc13-1 mutation is known to induce a potent DDC response
due to the presence of uncapped telomeres (Garvik et al. 1995).
This culminates in Rad53-phosphoryation and, ultimately, in cell
cycle arrest (Lydall and Weinert 1995). It is well established that
checkpoint activation in the cdc13-1 mutant occurs during the
G2/M transition and is dependent on Rad9 (Weinert and Hartwell
1993). Western blotting using antibodies to Rad53 on protein
lysates from a-factor arrested and released cells confirmed the
phosphorylation of the Rad53 protein, as visible by its mobility
shift during the G2/M transition (120 min post-release) in the
cdc13-1 mutant. This was not observed in the wild-type strain
(Figure 4A, top panel). Furthermore, this shift was completely ab-
lated in the cdc13-1 rad9D double mutant (Figure 4B).

In our experimental setting, we determine repeat expansion
rates after multiple cell divisions. Thus, to better correlate the
checkpoint activation phenotype with the expansion rates in the
cdc13-1 mutant, we also conducted an experiment in which the
cdc13-1 strain was grown at the semi-permissive temperature for
multiple generations (8þ) before determining the Rad53 phos-
phorylation status. In this setting, we also observed the Rad53
phosphorylation only during the G2/M transition (120 min post-
release) (Figure 4a, bottom panel). These data confirm that only
the G2/M checkpoint is activated in the cdc13-1 mutant even
when it grows for multiple generations at the semi-permissive
temperature (Figure 4A).

Rad9 activates the DDC in the cdc13-1 mutant in response to the
presence of long stretches of single-stranded DNA resulting from
the uncontrolled end-resection of uncapped telomeres by the Exo1
nuclease (Garvik et al. 1995; Zubko et al. 2004). We confirm that our
cdc13-1 mutant has longer telomeres even at the permissive
temperature (Supplementary Figure S4A, denatured gel;

Supplementary Figure S5), as well as long single-stranded telo-
meric overhangs at the restrictive temperature (Supplementary
Figure S4A, native gel; Grandin and Charbonneau 2007). Deleting
RAD9 in the wild-type background had no effect on telomere
length or G-tail overhangs (Supplementary Figure S4), while the
cdc13-1 rad9D double mutant showed elongated telomeres, but
slightly less single-stranded overhangs (Supplementary Figure S4)
(Zubko et al. 2004).

Next, we evaluated the effect of RAD9 deletion on the rate of
repeat expansions in the cdc13-1 mutant. We confirmed that, as
previously shown, RAD9 deletion increases the viability of cdc13-1
strains (Supplementary Figure S3; Weinert and Hartwell 1993;
Zubko et al. 2004). While rad9D single mutants had no effect on
GAA expansions, deleting RAD9 reduced GAA expansions in the
cdc13-1 mutant 3-fold at the semi-permissive temperature (Figure
4C).

Rad9-mediated activation of the checkpoint occurs when large
tracts of single-stranded DNA (ssDNA) become exposed due to
exonuclease-mediated resection of the 50-end of the telomere
(Lydall and Weinert 1995). One of the major nucleases responsi-
ble for telomere end-resection is Exo1 (Maringele and Lydall 2002;
Ngo and Lydall 2010). Consistent with the possibility that check-
point activation due to long tracts of ssDNA at the telomere is re-
sponsible for the increased GAA expansions, we observed that
deletion of EXO1 completely rescued GAA expansions in the
cdc13-1 mutant at the semi-permissive temperature, while the
exo1 deletion alone had no effect on instability (Figure 4C).

Mec1 is a PIKK family kinase that senses the RPA-coated sin-
gle-stranded DNA through its binding partner Ddc2 and phos-
phorylates the Dpb11 protein, which allows Rad9 recruitment to
DNA (Pfander and Diffley 2011). Given that Mec1 is required for
both sensing single-stranded DNA and promoting Rad53 phos-
phorylation for full checkpoint activation, we tested the effect of
MEC1 deletion on GAA repeat expansions. If checkpoint activa-
tion is responsible for elevated GAA expansions in the cdc13-1

Figure 4 Rad9-mediated Checkpoint activation in G2/M is responsible for increased GAA expansion rate in the cdc13-1 mutant. (A and B) The cdc13-1
strain shows Rad9-mediated checkpoint activation in G2/M. Strains were grown in YPD at 23�C or 27�C. To log phase, synchronized in G1/S, and released
into the cell cycle at 27�C. Protein extracts for each time-point were probed with anti-Rad53 antibody. Rad53 phosphorylation is observed as band
retardation. (C) Checkpoint genes partially rescue the GAA hyper-expansion phenotype in the cdc13-1 mutant at 27�C. Bars represent 95% confidence
intervals; number of experiments (n) �2.
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mutant, removing the principal sensor kinase, should reverse
this effect. Indeed, that is what we saw: deletion of MEC1, in the
sml1D background to preserve viability (Zhao et al. 1998), de-
creased the GAA expansion rate 3-fold, similarly to a RAD9 dele-
tion. Note that in the wild-type background, MEC1 deletion
actually increases repeat expansions 2-fold (Figure 4C). Finally, a
kinase-deficient allele of Rad53, rad53-K227 (Fay et al. 1997), also
led to a rescue in GAA expansions in the cdc13-1 mutant at the
semi-permissive temperature (Figure 4C).

In sum, we conclude that the elevated rate of GAA repeat
expansions observed in the cdc13-1 mutant primarily, albeit not
exclusively, results from G2/M checkpoint activation. Additional
support for this conclusion, comes from the fact that we do not
see an increase in repeat expansions in the cdc13-2 (E252K) mu-
tant (Supplementary Figure S2). This mutant impairs telomerase
recruitment, but not telomere capping and/or Rad9-mediated G2-
M checkpoint activation (Lendvay et al. 1996; Nugent et al. 1996;
Chandra et al. 2001; Grandin et al. 2005).

The hyper-expansion phenotype in the cdc13-1
mutant depends on Pol32, the processivity
subunit of DNA Polymerase d

Our data indicate that repeat expansions observed in the cdc13-1
mutant result primarily from the activation of the Rad9-
mediated G2/M checkpoint pathway. The DDC in cells with
eroded telomeres is known to inhibit mitotic exit (Valerio-
Santiago et al. 2013) as well as to induce a metaphase to anaphase
transition arrest in S. cerevisiae (Gardner and Burke 2000).
Altogether, this should provide enough time to repair any nicks
or gaps left over from replication. We hypothesized, therefore,
that repair of nicks or short gaps left within GAA tracts post-
replicatively could result in the accumulation of extra expan-
sions upon G2/M checkpoint activation.

We have recently demonstrated that nick-repair is responsible
for large-scale expansions of GAA repeats in non-dividing yeast
cells (Neil et al. 2021). This mechanism requires intact, processive
DNA polymerase d (Pol d) containing the Pol32 subunit. We were
wondering, therefore, if a similar mechanism could account for
GAA expansions in the G2 phase of the cell cycle in the cdc13-1
mutant. In order to test the role of Pol d, we deleted the POL32
gene, encoding the processivity subunit of Pol d needed to synthe-
size long tracts of DNA (Gerik et al. 1998; Johansson et al. 2004),
and thus, required for efficient nick- or gap-repair. Pol32 may
also be contributing to the post-replicative repair of gaps or nicks
at GAA repeats as an essential subunit of TLS polymerase Pol f

(Makarova et al. 2012), though our preliminary data indicate that
this is a less likely scenario in our case. The loss of Pol32 did not
have any effect on GAA repeat expansions in the wild-type back-
ground, similarly to what we saw earlier for dividing yeast (Neil
et al. 2018). In contrast, in the cdc13-1 mutant background, it
resulted in a rescue of the hyper-expansion phenotype, which
was qualitatively (3-fold) similar to the effect of Rad9 checkpoint
gene knockouts (Figure 5A).

We then characterized the telomere structure in the cdc13-1
pol32D double mutant. We observed an increased, albeit non-
significantly, amount of ssDNA at the telomere (Figure 5B), and a
partial rescue of the overall telomere length (Supplementary
Figure S5) in the cdc13-1 pol32D double mutant. Hypothetically,
the presence of extra ssDNA could lead to additional activation of
the Rad9-mediated checkpoint, i.e., more expansions, yet, the
lack of Pol32 rescues the hyperexpansion phenotype of the cdc13-
1 mutant (Figure 5A). We conclude, therefore, that Pol32-

mediated rescue in GAA expansion rate is not due to the changes
in the telomere structure of the cdc13-1 pol32D mutant.

Pol d plays a role in several DNA repair pathways. Most nota-
bly, its processivity subunit Pol32 was implicated in break-
induced replication (BIR) during G2 phase (Kramara et al. 2017).
The latter process requires strand invasion into the sister chro-
matid, which depends on either Rad52 or Rad51 proteins. We,
thus, tested the GAA100 expansion rate in cdc13-1 mutants lacking
homologous-recombination proteins Rad51 and Rad52. It
appeared that the lack of these proteins did not have any effect
on elevated GAA expansions in the cdc13-1 mutant (Figure 5A).
Besides BIR, we also found that deletion of the RAD5 gene in the
cdc13-1 mutant did not change its hyper-expansion phenotype
(Figure 5A) which effectively rules out the role of post-replicative
gap repair via template switching.

We conclude, therefore, that processive DNA polymerase d

synthesis through the repeat, initiated at nicks and/or small
gaps, is at the heart of GAA repeat expansions upon G2/M check-
point activation in the cdc13-1 mutant (Figure 6).

Discussion
We and others have previously found that GAA repeat expan-
sions in yeast occur primarily during DNA replication (Shishkin
et al. 2009; Shah et al. 2012; Tsutakawa et al. 2017; Jedrychowska
et al. 2019). In this study, we found that expansions can further
accumulate upon G2/M checkpoint activation in the cdc13-1 mu-
tant (Figure 1B). Previously, expanded CAG repeat tracts were
shown to cause checkpoint activation and decreased cell viability
(Voineagu et al. 2009a; Sundararajan and Freudenreich 2011), and
CAG repeat expansions preferentially occurred in cells experienc-
ing checkpoint-mediated growth delays (Sundararajan and
Freudenreich 2011). Consistent with these results, we show that
GAA repeat instability is increased as a result of G2/M checkpoint
activation, and that expansions are caused by Pol32-mediated
DNA synthesis.

The original observation of the increased repeat expansions in
the CST hypomorphs came from an unbiased yeast genetic
screen (Zhang et al. 2012). It was hypothesized that long tracts of
single-stranded DNA at uncapped telomeres, resulting from a de-
ficient CST complex, may titrate the replication stabilizing com-
plex, including the Tof1 protein, additionally complicating fork
progression through long GAA repeats. This hypothesis does not
seem to agree with our data, as we see no increase (in fact a slight
decrease) in the replication fork stalling at GAA repeats in the
cdc13-1 mutant.

In accord with the original study, we observed a strong in-
crease of GAA-mediated chromosome arm-loss in the cdc13-1
mutant (Figure 3, A and B). However, a different method of mea-
suring fragility, the DDRA assay, showed no effect of the cdc13-1
mutation on GAA-mediated fragility (Figure 3, C and D). Since the
rate of arm loss depends on the efficiency of breakage and the ef-
ficiency of telomere addition to the broken chromosome, we con-
clude that an increase in repeat-mediated chromosome arm loss
is likely due to the lack of capping causing profound telomere
elongation in the cdc13-1 mutant and facilitating de novo telomere
addition. The fact that the cdc13-1 mutation does not complicate
replication fork progression through the repeat (Figure 2, C and
D) or cause increased fragility (Figure 3D) strongly argues that ad-
ditional repeat expansions in this mutant accumulate outside of
S-phase. We do not believe, therefore, that Cdc13 directly contrib-
utes to the replication of GAA repeats in our system.
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Figure 5 Expansions observed in cdc13-1 are mediated by loss of Pol32, the processivity subunit of Pol d, while deletion of POL32 worsens telomere ssDNA
phenotype. (A) Deletion of POL32 partially rescues GAA hyper-expansion phenotype in the cdc13-1 mutant at 27�C. Homologous recombination and
template-switch-mediated repair do not play a role in GAA expansions in the cdc13-1 mutant. Bars represent 95% confidence intervals; number of
experiments (n) �2. (B) Deletion of POL32 slightly increases the increased single-stranded telomeric G-overhangs at 30�C in the cdc13-1 mutant. Native:
The cdc13-1 pol32D strain shows increased single-stranded telomeric G-tails at 30�C. Denatured: The cdc13-1 pol32D strain shows partial rescue of the
cdc13-1 elongated telomere phenotype. Strains were grown to OD600¼1 and then cultured at either 23�C or 30�C for 4 h before DNA isolation. Telomeric
G-overhangs were detected as described in Methods using a 50 dATP c32p-end-labeled oligo. (C) Quantification of ssDNA relative to dsDNA telomeric
DNA in the cdc13-1 pol32D double mutant shows slightly increased ssDNA compared to the cdc13-1 single mutant (n¼ 2).

Figure 6 Model for GAA repeat expansions in the cdc13-1 mutant following Rad9-mediated checkpoint activation. Nicks or gaps left over from GAA
replication may result in repair by “slippage-prone” Pol d following proper flap removal, which adds extra GAA repeats and results in an expansion event
visible in the next cell-division. Alternatively, expansions may result from flap equilibration and ligation if repetitive flaps are not properly removed.
GAA repeats in red; URA3 gene in blue; and telomeric ends in orange.
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In agreement with earlier observations by others (Weinert and
Hartwell 1993; Lydall and Weinert 1995), we demonstrated that
the G2/M checkpoint is activated in the cdc13-1 mutant after a
single cell-cycle at the semi-permissive temperature (Figure 4A,
top panel). It was foreseeable, however, that following just one
cell cycle, we could have missed the intra-S checkpoint activation
caused by persistent DNA damage in the cdc13-1 mutant.
Following Rad53 phosphorylation after multiple generations at
the semi-permissive temperature, we found recurrent activation
of the G2/M checkpoint and still no activation of the intra-S
checkpoint (Figure 4a, bottom panel). These results cumulatively
indicate that only the G2/M chekpoint is on in the cdc13-1 mutant.
In addition, deleting genes involved in the G2/M checkpoint, in-
cluding EXO1, RAD9, MEC1, and RAD53 in the cdc13-1 genetic
background rescued the increased GAA expansion rate in the
cdc13-1 mutant (Figure 4C). We conclude that the majority of ex-
tra GAA expansions in the cdc13-1 mutant originate during the G2
phase of the cell cycle upon G2/M checkpoint activation.

What could be the mechanisms of post-replicative repeat
expansions? We showed that they do not occur via post-
replicative template-switching, or any type of homologous re-
combination. At the same time, they depend on Pol32 (Figure 5A).
All these data combined suggest that repair of nicks and/or small
gaps involving Pol32-mediated DNA synthesis is at the heart of
GAA repeat expansions upon G2/M checkpoint activation in the
cdc13-1 mutant (Figure 6). This idea is additionally supported by
the data that deletion of Exo1 nuclease led to strongest rescue of
the hyper-expansion phenotype caused by the cdc13-1 mutation
(Figure 4C), which could be attributed to its role in both chekpoint
activation and postreplicative gap repair (Garcı́a-Rodrı́guez et al.
2018). Expansions can then arise by two processes. First, DNA po-
lymerase d is notoriously slippery (Stith et al. 2008; Kim et al. 2017;
Kramara et al. 2017; Neil et al. 2021), which may result in the accu-
mulation of slip-outs in the repaired DNA strand (Figure 6, left
pathway). Second, Pol d-mediated strand displacement can pro-
duce 50 flaps (Stith et al. 2008), and the product of the repair syn-
thesis can be ligated to the unprocessed repetitive flap, resulting
in expansions (Liu et al. 2004) (Figure 6, right pathway).
Expansions could also result from the combination of both sce-
narios.

This study shows that trinucleotide instability is exacerbated
in cells with uncapped telomeres that undergo checkpoint activa-
tion. It may serve as a further proof that instability at trinucleo-
tide repeats is exacerbated during conditions of arrested
replication, perhaps as a corollary to other studies that show that
profound instability effects can accrue in non-dividing cells (Neil
et al. 2021).

Data availability
All data, yeast strains and plasmids underlying this article will be
shared on request to the corresponding author. Table S1 contains
a list of the strains used. Table S2 contains a list of the primers
used. Supplemental Material provided at figshare: https://doi.org/
10.25386/genetics.15062436.
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