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R-loop-induced CAG repeat fragility and instability
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CAG/CTG repeats are structure-forming repetitive DNA sequences,
and expansion beyond a threshold of ~35 CAG repeats is the cause
of several human diseases. Expanded CAG repeats are prone to
breakage, and repair of the breaks can cause repeat contractions
and expansions. In this study, we found that cotranscriptional
R-loops formed at a CAG-70 repeat inserted into a yeast chromosome.
R-loops were further elevated upon deletion of yeast RNaseH genes
and caused repeat fragility. A significant increase in CAG repeat
contractions was also observed, consistent with previous human cell
studies. Deletion of yeast cytosine deaminase Fcy1 significantly de-
creased the rate of CAG repeat fragility and contractions in the
rnh14rnh2014 background, indicating that Fcy1-mediated deamina-
tion is one cause of breakage and contractions in the presence of
R-loops. Furthermore, base excision repair (BER) is responsible for
causing CAG repeat contractions downstream of Fcy1, but not fra-
gility. The Rad1/XPF and Rad2/XPG nucleases were also important in
protecting against contractions, but through BER rather than nucle-
otide excision repair. Surprisingly, the MutLy (Mlh1/MIh3) endonu-
clease caused R-loop-dependent CAG fragility, defining an alternative
function for this complex. These findings provide evidence that
breakage at expanded CAG repeats occurs due to R-loop forma-
tion and reveal two mechanisms for CAG repeat instability: one
mediated by cytosine deamination of DNA engaged in R-loops and
the other by MutLy cleavage. Since disease-causing CAG repeats occur
in transcribed regions, our results suggest that R-loop-mediated
fragility is a mechanism that could cause DNA damage and repeat-
length changes in human cells.
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n R-loop is a transcription-associated extended RNA:DNA

hybrid structure with an exposed tract of single-stranded
DNA. The RNA:DNA hybrid within an R-loop can be longer
than the transient RNA:DNA hybrid that forms in the ~8-nt
transcription bubble or the ~11-nt RNA primer region of an
Okazaki fragment (1). Genome-wide studies have shown that
R-loops exist frequently throughout genomes in many organisms,
from yeast to humans (2-5). The single-stranded DNA (ssDNA)
displaced by an R-loop is prone to DNA breaks, which can have
positive or negative biological functions. During class-switch re-
combination (CSR), stable R-loops form on the G-rich transcrip-
tion template in the Sp region of the human immunoglobulin locus
(Ig locus). This process exposes cytosine on the displaced strand,
which is deaminated to uracil by activation-induced deaminase
(AID) (6). Uracil DNA glycosylase (Ungl)-dependent base exci-
sion repair (BER) then creates single-stranded breaks (SSBs)
by removal of uracil, followed by APE1- and APE2-dependent
cleavage of abasic sites (7-9). These SSBs can be converted to
double-strand breaks (DSBs) when close to each other on opposite
strands, and religation of these DSBs achieves CSR. Mismatch
repair (MMR) was reported to be required for efficient CSR to
occur (10). AID can also cause off-target effects to create DSBs
outside of the Ig locus (11). In addition to AID, there are also
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other cytosine deaminases, such as the APOBEC family, which can
cause DNA damage (12).

Despite their prevalence and physiological functions, R-loops
can be detrimental to cells due to increased R-loop-associated
DNA damage and genome instability (13-15). In human cells,
transcription-coupled nucleotide excision repair (TC-NER) nu-
cleases XPG and XPF have been shown to process R-loops into
DSBs (16). Accumulation of unscheduled and deleterious R-loops
is found in cells defective in RNA-processing factors, RNA:DNA
helicases, and mutants defective in RNA biogenesis (17-19).
RNaseH family proteins are important in controlling R-loop levels
as they directly degrade the RNA moiety in a RNA:DNA hybrid, a
mechanism that is highly conserved from bacteria to humans (20).
Budding yeast, Saccharomyces cerevisiae, has two RNaseH pro-
teins: RNaseH1 and RNaseH2, which have distinct but also
overlapping functions. A double deletion of RNHI1 and RNH201
genes causes a global increase in R-loop levels (2, 5, 19).

R-loops have been shown to form in vivo and in vitro upon
transcription through a CAG/CTG (CAG) repeat region, with
the level of R-loop formation increasing with CAG tract length
(21-23). R-loop formation destabilizes expanded CAG repeats,
as depletion of RNaseH stimulates repeat contractions in a hu-
man cell line (21). Both CAG and CTG single strands can form
intramolecular hairpin structures, which could act to stabilize R-loops
and also mediate repeat contractions. Convergent transcription
through a CAG/CTG tract further destabilizes the repeat, and
high levels are toxic to human cells (22, 24). Interestingly, all
known expandable CAG repeats are located within transcribed
regions in either the coding or noncoding regions of genes (25).

Significance

R-loops form when transcribed RNA remains bound to its DNA
template to form a stable RNA:DNA hybrid. Stable R-loops at a
CAG/CTG repeat tract, a sequence that can expand to cause hu-
man disease, cause DNA breaks as well as repeat instability. We
found that R-loop-induced deamination of cytosines followed by
base excision repair is responsible for causing CAG repeat breaks
and contractions. Intriguingly, R-loop-dependent double-strand
breaks were caused by the MutL gamma endonuclease, which
is known to recognize structured DNA and cause nicks, defining a
new mechanism for how R-loops can generate DNA breaks. Our
results have implications for human repeat expansion diseases
and provide a paradigm for how RNA:DNA hybrids can cause
genome instability at structure-forming DNA sequences.
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Fig. 1. CAG fragility and instability are increased in strains deleted for RNase H1 and RNase H2 in a manner dependent on transcription and R-loop for-
mation. Assay system for (A) CAG fragility and (B) instability; P1 and P2 indicate site-specific primers used for PCR amplification of CAG repeats for sizing. The
arrows in B indicate size of the CAG-70 repeat PCR product; C, contraction; E, expansion; M, marker. Two typical pictures from rnh14rnh2014 deletion strains
are shown. (C) Rate of FOAR x 107° in indicated strains; *P < 0.05 compared with wild type; average + SEM of at least three experiments is shown (S/ Ap-
pendix, Tables S1-S3). The 2 terminator (2T)-YAC contains transcription terminators flanking the CAG tract (S/ Appendix, Fig. S2A). (D) CAG-70 expansion and
contraction frequencies. *P < 0.05 compared with wild type of same tract length; AP < 0.05 compared with same mutant with URA3-YAC by Fisher’s exact test
(SI Appendix, Table S4). (E) Predicted R-loops due to transcription of either CAG or CTG strand. Purines are depicted in green/aqua, pyrimidines in red/pink,
and rUTP in blue. Mismatches in the hairpins are depicted as conflicting/nonpaired bases. (F) DRIP in wild-type and rnh1Arnh2014 strains. YAC structures and
gPCR primer locations are in S/ Appendix, Fig. S2A. Each bar represents the mean + SEM of at least two experiments from two biological replicates; *P < 0.05,
compared with wild type for the same locus, #P < 0.05, compared with URA3 or G,4T, flanking loci of the same strain, AP < 0.05, 2T-YAC compared with URA3-
YAC for the same strain background, all by t test. The MMR1 locus IP/input was similar and low in R-loop signal in both wild-type and rnh14rnh201A strains, as
in ref. 2.
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Thus, mechanisms causing R-loop-induced repeat instability could
be highly relevant for understanding CAG repeat expansions, which
are the cause of numerous human neurological and neuromus-
cular disorders, including Huntington’s disease, myotonic dys-
trophy, and multiple types of spinocerebellar ataxia. At most
loci, expansion above a threshold of ~35 CAG repeats causes the
repeat to become highly unstable, and expansions above a length
of ~30-60 repeats (depending on the locus) cause disease (25).

In addition to instability (contractions and expansions), ex-
panded CAG tracts are fragile sites that break in a length-
dependent manner (25-28). Mutants defective in DNA break
repair or the checkpoint response exhibit increased CAG repeat
fragility rates and also elevated instability levels. Some contrac-
tions and expansions were shown to be dependent on DSB
repair pathways, including both end-joining and homologous re-
combination (HR) pathways (29); for review, see ref. 30. However,
the initial cause of the breaks at expanded CAG tracts is not
known. Additionally, it is not known whether R-loop-associated
CAG instability is mostly due to R-loop processing without in-
duction of DSBs, for example, through excision repair, or whether
R-loop-induced DNA breakage and repair events contribute.

To elucidate these important questions, we used a highly sensitive
yeast artificial chromosome (YAC)-based system that carries a
CAG-70 repeat tract to investigate CAG repeat breakage (fragility)
and instability in conditions of increased R-loops. We observed a
dramatic increase of CAG-70 repeat breakage when R-loops are
present and identified an endogenous yeast cytosine deaminase,
Fcyl, as being partially responsible for R-loop-induced CAG repeat
fragility. Fcyl-mediated deamination followed by Ungl-dependent
BER is a primary pathway resulting in repeat contractions in con-
ditions of increased R-loops. Furthermore, the MutLy complex
(Mlh1/MIh3), a dual-function nuclease complex involved in both
meiotic recombination and MMR, also causes both repeat fragility
and contractions when R-loops are present. Rad52-mediated repair
is important in healing the breaks to reduce chromosome end loss.
Altogether, our study reveals that CAG repeat breakage occurs
when R-loops accumulate and that cytosine deamination followed
by BER and MutLy cleavage are two repair pathways that control
R-loop-induced repeat fragility and instability.

Results

Transcription-Coupled R-Loop Formation Causes Fragility and Instability
of Expanded CAG Repeats. To investigate if in vivo CAG repeat
breakage and instability occur when R-loop levels are elevated,
fragility and instability of an expanded (CAG);, repeat were
tested in rnhlrnh201 double-deletion strains, using two previously
established assays (27) (Fig. 1 4 and B). CAG fragility was tested
by measuring the rate of loss of a URA3 marker gene adjacent to
the repeat tract on YAC CF1 by plating cells on media containing
5-fluoro-orotic acid (5-FOA); recovery of the broken chromosome
is facilitated by the presence of a (G4T4),5 telomere seed proxi-
mal to the repeat tract lgFig. 14). DNA isolated from a subset of
5-FOA-resistant (FOA™) colonies was analyzed by PCR and/or
Southern blot to confirm the fraction that exhibited YAC end loss
(27) (SI Appendix, Table S5). Using this assay, the CAG-70 repeat
increases the rate of fragility by approximately threefold over a no-
tract control (CAG-0). In the rnh1mh201 deletion background, an
eightfold increase in the rate of FOAR was observed compared
with wild-type strains containing a CAG-70 repeat (Fig. 1C and SI
Appendix, Table S1). The CAG-0 control showed a sixfold increase
of FOAR in the mhlmh201 mutants compared with wild type,
indicating that the effect is not specific to the CAG tract, as
expected from previous YAC end loss data (19) (Fig. 1C and SI
Appendix, Table S2). PCR analysis confirmed that the increase of
FOA resistance is not due to mutation of the URA3 marker gene,
with 100% end loss events for the CAG-70 YAC in FOA® colo-
nies from both wild-type and mhlrmh201 strains (SI Appendix,
Table S5), therefore justifying the correlation of the rate of FOA®
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as an indicator of chromosome fragility. Single deletion of either
mhl or rnh201 results in a much milder two- to threefold increase
in CAG repeat fragility (SI Appendix, Fig. S1 and Table S1), in-
dicating that RNase H1 and H2 can partially compensate for each
other at CAG repeats to reduce fragility and suggesting that
R-loops are the cause of the fragility since R-loop processing is
a redundant activity.

RNase H deletion also significantly increased CAG contractions
3.5-fold over wild-type (Fig. 1D and SI Appendix, Table S4), as has
been observed in human cells (21). Because we analyzed instability
by PCR without any selection (Fig. 1B), we were also able to monitor
repeat expansion frequency changes in our assay, which were not
evaluated in the human cell system. We observed a 2.8-fold increase
in CAG-70 expansions in the mhlmh201 mutants compared with
wild type (P = 0.07). We note that for contractions, deletion of
RNase H1 or H2 alone also increased the observed frequency (S/
Appendix, Fig. S1B). Since RNaseH1 preferentially targets long
RNA:DNA hybrids (20), this supports a role for R-loops in causing
contractions. RNase H2 targets both multiple contiguous ribonu-
cleotide monophosphates (rNMPs) and single tNMPs, so the con-
tractions occurring in this mutant could be due to either increased
R-loops or increased INMPs in DNA (31). In conclusion, deletion of
RNase H1 and H2 causes an increase in both fragility and instability
of an expanded CAG tract, with elevated contractions as the more
prominent instability phenotype.

To determine whether the CAG repeat phenotypes were de-
pendent on transcription, a YAC with two different terminators
flanking the CAG repeats was constructed, oriented to block
transcription initiating from either direction outside of the repeats
(SI Appendix, Fig. S24; 2T YAC). In the parent YAC without
terminators, the main transcript detected was rCUG (Fig. 1E
and SI Appendix, Fig. S2B). Addition of two terminators de-
creases these read-through transcripts from the URA3 gene (rCUG)
by >70% (SI Appendix, Fig. S2B). Significant levels of rCAG tran-
script were detected only when a single bidirectional terminator
between URA3 and the CAG tract was added, which is pre-
sumably due to stabilization of a cryptic transcript. This cryptic
transcript was reduced by 40% upon addition of the second
terminator, indicating that some cryptic transcription may ini-
tiate from within the repeat (SI Appendix, Fig. S2B). CAG fragility
was significantly reduced by 54%, and contractions were reduced
to wild-type levels on the 2T YAC in the mhlmh201 strain, in-
dicating that the main source of fragility and instability in this
background was dependent on transcription through the repeat
tract (Fig. 1 C and D and SI Appendix, Tables S1, S3, and S4).

To establish if cotranscriptional R-loops were formed at the
CAG repeats and if R-loop formation relates to repeat fragility,
we performed a DNA:RNA immunoprecipitation using primers
flanking or on either side of the CAG tract. We found that CAG
repeats accumulated significantly more DNA:RNA hybrids than
the adjacent URA3 gene or (G4T4);3 tract and that the level of
hybrids at the CAG tract was further elevated in the rmhlmh201
background (Fig. 1F). Addition of terminators flanking the CAG
repeat significantly decreased the level of RNA:DNA hybrids at
the CAG tract in both the wild-type and rnhlrmh201 strains (Fig.
1F). We conclude that transcription through the CAG tract
promotes R-loop formation and that depletion of RNase H en-
zymes results in a further increase in R-loop formation at the
CAG repeats. Taken together, our results indicate that the in-
crease in CAG-70 repeat fragility in the rnhlmh201 strains is
most likely due to cotranscriptional R-loop accumulation.

A Yeast Endogenous Cytosine Deaminase, Fcy1, Mediates R-Loop-Induced
CAG Repeat Fragility and Contractions. Ectopic expression of human
AID was shown to generate transcription-associated and R-loop—
induced site-specific recombination mutations and DSBs in yeast
(32-34). We questioned whether an endogenous cytosine deami-
nation mechanism could be mediating CAG repeat fragility and
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instability detected in the rmhlmh201 mutants. To investigate
this question, the FCYI gene was deleted in the wild-type and
mhlmh201 strains. FCY1 encodes a yeast cytosine deaminase, which
exhibits in vitro biochemical activity to deaminate cytosine to uracil
(35). Interestingly, deletion of Fcyl suppressed the rate of CAG-
70 fragility in the rmh1mh201 background by 56% compared with
the level of rmhlmh201 (Fig. 24 and SI Appendix, Table S1).
CAG-70 repeat contractions in rmhlmh20] mutants were also
significantly decreased by deletion of Fcyl: the mhlmh201fcyl
triple mutant showed complete suppression of contractions to the
wild-type or fcyl single-mutation level (Fig. 2B). However, the
expansion frequency in rnhlrnh201 cells was not affected by
feyl deletion.

To obtain evidence that the Fcyl effect was direct, chromatin
immunoprecipitation (ChIP) of Myc-tagged Fcyl was per-
formed. Fcyl binding to the CAG tract was enriched compared
with flanking DNA, with an additional twofold increase in the
mhlmh201 strain (Fig. 2C), similar to the increase of R-loop
levels shown by DNA:RNA immunoprecipitation (DRIP) in
Fig. 1F. In addition, detection of the tagged Fcyl-myc by im-
munofluorescence showed increased nuclear accumulation in
the rnh1mh201 strain (SI Appendix, Fig. S3). The enriched level
of Fcyl-Myc protein at the CAG-70 repeat in both wild-type
and mhlrmh20] mutants supports the conclusion that Fcyl
could be causing deamination at the CAG repeats when
R-loops are present. Although an fcyl deletion does not cause a
growth defect (36), we tested whether the suppression of fra-
gility and contractions could be due to an indirect effect of
lowering transcription levels through the CAG repeat in the
rnhlrmh201 background; however, no difference from the
mhlmh201 strain was observed (SI Appendix, Fig. S2C) Note,
however, that transcript levels were somewhat decreased in the
mhlmh201 strain compared with wild type, perhaps due to the

presence of persistent R-loops. As a comparison, we also exam-
ined the role of yeast cytidine deaminase, Cdd1, which functions in
the pyrimidine salvage pathway (37), in repeat fragility and in-
stability in rnhlrmh201 mutants. As expected for an RNA-specific
enzyme, no significant decrease in either CAG-70 repeat fra-
gility or contractions was detected in the rnhlrmh201cddl strains
(SI Appendix, Tables S1 and S4). In conclusion, we identified
that R-loop-induced CAG-70 repeat fragility is partially de-
pendent on yeast Fcyl cytosine deaminase and that Fcyl also
mediates CAG repeat contractions when R-loops are pre-
sent. We conclude that Fcyl could deaminate cytosine in
the CTG (or CAG) strand when ssDNA is exposed by R-loop
formation.

Ung1-Dependent BER Contributes to R-Loop-Induced CAG Repeat
Contractions. Since cytosine deamination was identified as a
mediator of R-loop-induced repeat fragility and contractions, we
wondered if the presence of uracil in DNA triggers excision by
Ungl, which can remove uracil from ssDNA or double-stranded
DNA to generate an abasic site, a substrate for BER (38). Sur-
prisingly, deletion of the UNGI gene in the mhlrmh201 back-
ground did not decrease CAG repeat fragility (Fig. 34), which is
different from the fragility decrease in the rmhlrmh20Ifcyl mu-
tants. We further examined the role of BER by deletion of
the yeast Apnl endonuclease, which cleaves abasic sites to
cause nicks in the DNA (39). Again, deletion of APNI in the
rmh1rmh201 background did not decrease R-loop—induced CAG-
70 fragility (Fig. 34). Moreover, the rhlmh20lunglapnl qua-
druple mutation strains showed a similar level of fragility,
compared with either the rnh1rmh201 double or each of the triple
mutation strains (Fig. 34). The rhlrmh201unglfcyl strain is not
viable on 5-FOA synthetic media and therefore could not be
tested. Altogether, the lack of suppression of the mhlmh201
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CAG fragility phenotype by deletion of BER pathway members
indicates that BER is not causing R-loop-dependent CAG
repeat fragility.

We next tested whether the BER pathway was involved in
R-loop-induced CAG-70 repeat instability. Deletion of ungl or
apnl in the rnh1rnh201 background decreases the contraction
frequency to the wild-type level, as does the rmhlrmh201un-
glapnl quadruple mutant (Fig. 3B). Importantly, the contrac-
tion frequency for the rmhlrnh20lunglfcyl strain decreased
to the same level as in either the deamination-defective or
BER-defective backgrounds (Fig. 3B). These data support the
conclusion that Fcyl-mediated deamination followed by Ungl-
dependent BER leads to CAG repeat contractions. This path-
way could lead to contractions by exonuclease processing of
Apnl-generated nicks, followed by fill-in synthesis of the gap
across from a template hairpin (Fig. 6). To test this model, the
effect of deleting Exol, one of the exonucleases that could
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create the gap, was determined. Consistent with previous find-
ings (29), deletion of Exol on its own greatly elevates CAG
repeat fragility and contractions due to its important function in
DNA damage repair (SI Appendix, Fig. S4 and Table S4). The
mhlrmh20lexol mutants showed an additive increase in fragil-
ity, compared with the exol single and mhlmh201 double mu-
tants (SI Appendix, Fig. S44), indicating that Exol does not play a
role in causing or preventing R-loop-induced CAG fragility.
However, the rahlrmh201exol triple mutants exhibited a signif-
icant decrease in CAG repeat contraction frequency compared
with the rnhlrnh201 mutants, and the rnhirnh201unglexol
quadruple mutants also had a decreased level of contractions
compared with the level expected for additive pathways (SI
Appendix, Fig. S4B). These data lend support to the conclusion
that R-loop-induced CAG repeat contractions are caused by
BER-dependent processing of deaminated cytosines followed
by exonuclease-dependent gap formation.
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Fig. 3. R-loop-induced CAG repeat contractions, but not fragility, are caused by Ung1-dependent BER, together with Apn1, Rad1, and Rad2 nucleases.
(A and Q) Fragility analysis analyzed as in Fig. 2A; *P < 0.05 compared with wild type and AP < 0.05 compared with rnh1Arnh2014 of same tract length by
t test. Average + SEM of at least three experiments is shown (see also S/ Appendix, Table S1). (B and D) CAG-70 contraction frequencies analyzed as in Fig. 2B;
*P < 0.05 compared with wild type and AP < 0.05 compared with rnh1Arnh201A by Fisher’s exact test (see also S/ Appendix, Table S4).
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Transcription-Coupled NER Does Not Cause R-Loop-Induced CAG
Fragility or Contractions, Although Rad1/XPF and Rad2/XPG Nucleases
May Play a Role in the BER-Mediated Contraction Pathway. In a hu-
man cell line, transcription-induced CAG repeat contractions are
dependent on CSB, XPA, and XPG (40, 41). To investigate if
CAG repeat fragility induced by cotranscriptional R-loop forma-
tion is dependent on nucleotide excision repair, yeast NER factors
Rad14 (homolog of human XPA), Rad26 (hCSB), and the endo-
nucleases Radl (hXPF) and Rad2 (hXPG) were deleted in the
mh1mh201 background. A double deletion of both radl and rad2 in
the mhimh201 deletion background slightly decreased CAG fra-
gility by 23%, although this decrease was not significant or observed
in either of the rmhlmh201radl or mhlmh201rad2 triple mutants
(Fig. 3C and SI Appendix, Table S1). Deletion of Rad14 or Rad26
in the mhlmh201 strains resulted in an additive or no increase
in fragility compared with single mutant levels (Fig. 3C). Taken
together, these data suggest that nuclease activity of Radl and
Rad2 together may cause a small portion of R-loop—induced CAG
repeat breakage, but this role is likely independent of TC-NER.
Interestingly, depletion of either Radl or Rad2 significantly
decreased CAG repeat contractions in the rmhlmh201 back-
ground to the same level as the BER mutants; however, this was
not the case for deletion of Rad14 or Rad26 (Fig. 3D and SI
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Appendix, Table S4). To test whether these nucleases could be
acting in the BER pathway, we determined contraction fre-
quencies in mutants missing Apnl and either Radl or Rad2 in
the rmhlrmh201 background. Indeed, the level of suppression
indicates that Radl, Rad2, and Apnl are working in the same
pathway to cause CAG contractions (Fig. 3D and SI Appendix,
Table S4). This suggests that Radl and Rad2 nuclease activity
contribute to R-loop—induced CAG repeat contractions through
the BER rather than the TC-NER pathway. Based on their
functions, we speculate that Radl and Rad2 assist Exol in the
generation of gaps, which are necessary for contractions (Fig. 6).

MutLy Directly Causes CAG Repeat Fragility and Instability Through
Its Nuclease Cleavage Activity. Since BER and NER nucleases
were not responsible for the R-loop—dependent CAG fragility,
we tested the MMR pathway nucleases. We hypothesized that
there were two potential R-loop-dependent sources of mis-
matches that could be recognized by MMR: in CAG or CTG
hairpins formed due to R-loops or G-U mismatches that occur
due to cytosine deamination. Deletion of any one of the MMR
components (msh2, pmsl, mihl, or mlh3) caused a two- to three-
fold increase in the rate of FOAR (Fig. 44 and SI Appendix, Table
S1). FOAR rates adjusted to only reflect end loss slightly decreased
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Fig. 4. The MIh1/MIh3 (MutlLy) complex causes
R-loop-induced CAG repeat fragility and contractions.
(A) Fragility analysis analyzed as in Fig. 2A; *P <
0.05 compared with wild type and AP < 0.05 com-
pared with rnh1Arnh2014A of same tract length by
t test. Average + SEM of at least three experiments is
shown (see also SI Appendix, Table S1). (B) CAG-
70 contraction frequencies analyzed as in Fig. 2B;
*P < 0.05 compared with wild type and P <
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0.05 compared with rnh1Arnh201A by Fisher’s exact
test (see also S/ Appendix, Table S4).
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this increase to 1.5- to 2.5-fold (S Appendix, Fig. S5). Surprisingly,
deletion of either component of MutLy, Mlhl, or MIh3 in the
mhlmh20] background significantly decreased R-loop-induced
fragility, whereas deletion of canonical MMR components Msh2 or
Pmsl had no effect (Fig. 44). This decrease is similar to the re-
duction of fragility in the mhimh20Ifcyl deletion strain. Further-
more, an endonuclease-dead mutation in Mlh3 [mlh3-D523N (42,
43)] also decreased fragility to the same level (Fig. 44). We conclude
that MIh3 nuclease activity is responsible for creating CAG repeat
breaks when R-loops are present, and that MutLy may recognize the
CAG repeat or R-loop independent of a MutS complex. A similar
pattern was observed for CAG contractions, with an msh2 or pmsI
deletion showing no decrease compared with mhlmh201, but with
milh3A or mlh3-D523N showing a suppression of R-loop-mediated
contractions (Fig. 4B). Deletion of Mlhl did not suppress contrac-
tions, but this could be because it functions both in the MutLa
complex (Mlh1/Pmsl1), which is recruited by the MutS complex, and
in the MutLy complex. Since absence of MutS (msh2A) increases
contractions, this phenotype could mask a suppression of contrac-
tions in the mlhIA strain. We note that CAG repeat instability was
affected by mish2 and pmsl single-deletion mutations as has been
observed in other systems: msh2A significantly increased CAG-
70 contractions and expansions, and pmsIA significantly elevated
expansions (Fig. 4B and SI Appendix, Table S4).

To determine whether MutLy causes R-loop-induced CAG
repeat fragility and contractions downstream of cytosine deam-
ination, rmhilrmh201mlh3fcyl or mhirnh20Imlh3apnl quadruple
mutants were tested. Although both mutants showed a reduction in
fragility and instability, neither reduction was significant (Fig. 4).
Therefore, MutLy-induced events are dependent on R-loop for-
mation, but not necessarily on cytosine deamination. One caveat is
that these quadruple mutants were fairly sick, so it is possible that a
general increase in chromosome instability masked a decrease in
the CAG fragility and contractions to the mhlmh201fcyl levels.
Also, the mhlmh20Imih3apnl fragility level is significantly de-
creased compared with rmhlrnh201apnl, suggesting that Mlh3
functions upstream of Apnl. Taken together, our data are most
consistent with MutLy acting on structures at the CAG/CTG tract
independently of MMR but partially dependent on cytosine de-
amination, presumably to cause nicks on both strands since either
contractions or fragility can result from MutLy nuclease action.

R-Loop-Induced Breaks at the CAG Repeats Are Healed by a Rad52-
Dependent Process. To investigate which repair mechanisms are
responsible for healing the R-loop-induced CAG repeat breaks, we
tested the role of the two major DSB repair pathways, HR and
nonhomologous end-joining (NHEJ). As previously published, de-
pletion of HR proteins Rad51 and Rad52 significantly increased
CAG repeat fragility, with a lesser role for NHEJ Ligase IV cofactor
Lifl (Fig. 5) (29, 44). Deletion of rad51 or lif] in the mhlmh201
background did not affect the level of R-loop-induced CAG repeat
fragility (Fig. 5), indicating that neither Rad51-dependent HR nor
NHE] is a primary pathway to repair R-loop-induced repeat fra-
gility. Since deletion of Rad51 on its own increased fragility, and the
mhlmh201rad51 did not show a further additive increase, Rad51-
dependent HR may be involved in repair of some R-loop-induced
CAG repeat DSBs. However, deletion of Rad52 in the mhlmh201
background synergistically increased CAG repeat fragility compared
with the mhlmh20] mutants (Fig. 5). These data indicate that the
majority of R-loop-induced CAG repeat breaks are repaired
through a Rad52-mediated repair event not requiring Rad51. One
possibility is single-strand annealing repair, which is Rad51-
independent but mediated by Rad52 (45, 46). CAG repeat con-
tractions in the mhlmh201 background were not affected by
deleting Lifl, Rad51, or Rad52 (SI Appendix, Fig. S6). Therefore,
most R-loop-induced CAG repeat contractions do not arise from
NHEJ or HR repair, consistent with our data that cytosine de-
amination followed by BER is the primary pathway involved.
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Discussion

In this study, we show that cotranscriptional R-loop formation
causes breakage of an expanded CAG repeat tract. The increased
R-loop-associated CAG fragility has a strong correlation with
repeat instability with increased contractions as the prominent
phenotype. Occurrence of DNA breaks at CAG R-loops is highly
dependent on a newly identified Fcyl cytosine deamination
pathway and the MutLy complex and only mildly dependent on
the NER nucleases Radl and Rad2. However, MutLy nuclease
activity, Fcyl-instigated Ungl/Apnl-dependent BER, and Radl/
Rad2-dependent processing were all shown to generate R-loop—
induced repeat contractions. Since all nuclease pathways tested
were involved in contractions, our results suggest that nicks, gaps,
or breaks can all lead to repeat contractions. However, DSBs are
rarer, and only deamination and MutLy nuclease action were
shown to be efficient in causing breaks. These results suggest that
only pathways that act on both strands were efficient at causing
double-strand breaks that lead to chromosome end loss.
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Fig. 5. Rad52-mediated events repair R-loop-induced CAG breaks. Fragility
analysis analyzed as in Fig. 2A; *P < 0.05 compared with wild type and AP <
0.05 compared with rnh1Arnh201A of same tract length by t test. Average +
SEM of at least three experiments is shown (see also S/ Appendix, Table S1).
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R-loop-induced DNA breaks at the G-C rich Sp regions
during class-switch recombination are caused by both BER and
MMR, but not by TC-NER (reviewed in ref. 6). In contrast,
R-loops formed in the absence of RNA/DNA helicases Aquarius
or Senataxin were processed into DSBs by TC-NER nucleases
(16). Thus, it appears that different R-loops, caused by different
means or at different sequences, may be processed into DSBs in
multiple ways. Similar to our findings, RnaseH1 + H2 double
knockdown increased CAG contractions in a selectable mam-
malian cell culture system (24). In this same system but without
RnaseH knockdown, transcription through CAG repeats was
shown to induce contractions through MMR (MutSp) and TC-
NER but did not require the human BER nuclease APEX1
(yeast homolog of Apnl) (40, 41). In contrast, the contractions
in our system were primarily mediated through BER. Thus,
the pathways that cause contractions in the presence of stable
R-loops may be different from those operating under conditions
of high transcription, which could actually displace R-loops.

In this study, we identified Fcyl-mediated cytosine deamina-
tion as a cause of CAG repeat fragility and repeat contractions
upon R-loop induction. Previous biochemical studies showed
that Fcyl deaminates deoxynucleotides (47, 48), but a function
on chromosomal DNA had not been characterized. Our results
revealed Fcyl binding to the CAG repeat by ChIP and chro-
mosome breaks dependent on both the presence of R-loops at
the CAG tract and Fcyl, suggesting that this deaminase acts
directly upon chromosomal DNA. Human cells also have many
deaminases that could act in a similar fashion at expanded CAG
repeats and other sequences prone to forming stable R-loops.

Our genetic assay for CAG fragility detects only those DSB
events that result in YAC end loss and thus is an underestimate of
the level of DSBs that likely occur in the region. Nonetheless, it is
likely that DSBs are rare in comparison with the level of nicks and
gaps, given the high percentage of CAG contractions observed in
the mhlmh201 background (15%). Thus, the majority of de-
aminated cytosines are likely processed by Ungl-dependent BER
and Apnl into nicks and gaps. The formation of R-loops would
create an exposed single strand, providing a preferred substrate
for Fcyl to deaminate the exposed cytosines and explaining the
complete suppression of contractions in the fcylA background.
R-loop displacement could increase the likelihood of hairpin for-
mation on the template strand, resulting in contractions during the
fill-in step (Fig. 6). However, we cannot rule out that excess ri-
bonucleotides in the DNA provide another source of nicks that
contribute to some contractions in the RNase H-deficient back-
grounds. We speculate that, in addition to Exol, Rad1/XPF and
Rad2/XPG may work at the gap-processing step of BER since they
operate in the same pathway as Ung1/Apnl, but not NER- or TC-
NER-specific factors, to create contractions. Radl has a 5’ flap
endonuclease activity that could process a displaced strand, and
Rad2 exhibits 5’-3" exonuclease activity (similar to Exol) and can
complement Rad27 (hFEN1) during BER (49, 50).

Directional RT-PCR data indicated that most R-loops form on
the top strand (rCUG) of the CAG repeat tested, which would
result in clustering of deaminated cytosines and the resulting nicks
on the bottom strand, which can explain how BER mostly causes
contractions and not fragility (Fig. 6). This finding suggests that
one of the most common types of R-loop-mediated damage is
strand-specific nicking, rather than DSBs. However, this model
does not account for why deletion of Fcyl but not BER pathway
members suppressed fragility. Since we also detected a low level of
cryptic transcript on the bottom strand, it is likely that sometimes
the top strand is in a single-stranded state, allowing cytosine de-
amination on both strands. One possibility is that other pathways in
addition to BER process some of the uracils resulting from cyto-
sine deamination to cause nicks on both strands that lead to
breaks. One candidate is Topl, which has been shown to cleave
ribonucleotides in DNA to cause breaks (51, 52). Another possi-
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bility is that the U-G mismatches created by deamination attract the
MMR pathway and/or MutLy, which could cleave in a nonstrand-
specific manner to create DSBs (Fig. 6). This type of nondirected
cleavage has been shown to occur at hairpin loops in an in vitro assay
(53). We also note that deletion of Fcyl does not completely sup-
press R-loop-induced CAG fragility. There could be other mecha-
nisms responsible for these remaining breaks such as ribonucleotide
incorporation because of lack of RNase H2 in the mhlmh201 mu-
tants (54, 55) or transcription-replication collisions (56, 57).

MutLy nicking contributes to about 50% of R-loop-induced
CAG repeat breakage. This is another important finding from
our study. A portion of the MutLy-induced CAG repeat fragility
may be due to MMR recognition and excision of dU:dG mis-
matches because mhlmh20Imih3 (or -mihl) fcyl quadruple mu-
tants slightly decreased R-loop-induced fragility, although not to
the same level of mhlmh20Imih3 (or —mlhl) triple mutants, sug-
gesting that MutLy is partially epistatic to Fcyl in causing repeat
fragility. This model predicts recognition by a MutS complex, and
we did not observe a decrease in fragility in the mhlmh20Imsh2
strain background. However, msh2 deletion on its own causes a
significant increase in CAG repeat fragility and instability, indicating
an important role in maintaining repeat stability under normal
conditions without the presence of R-loops. Thus, we may not have
been able to detect the predicted reduction in the rate of FOAR,

However, a second possibility is that MutLy functions primarily
independently of the Msh2-MMR machinery. MutLo (Mlh1-Pms1)
is the primary endonuclease complex functioning in the MMR
pathway, and MutLy (Mlh1-MIh3) plays only a minor role (58, 59).
In contrast, MutLy has a major role in meiotic recombination
during Holiday junction (HJ) resolution (60). Indeed, in vitro
studies showed that MutLy can bind to HJs and other heteroduplex
structures independently of Msh2, although loading of the Msh2/
Msh3 complex enhanced MutLy nicking of supercoiled DNA (43,
61). R-loops can promote secondary structure formation on the
nontemplate strand of CAG repeats, and once the R-loop is dis-
placed, the excess unpaired DNA on the template strand folds into
a hairpin to form a slipped-stranded structure (Fig. 6) (22). MutLy
could bind to these hairpin junctions, which are similar to HJs.
Based on its inherent endonuclease activity in supercoiled DNA,
MutLy could create nicks at the hairpin junctions that are open and
accessible; nicks on both strands could be converted into a DSB
(Fig. 6). Alternatively, recent results show that the MutLy endo-
nuclease activity can be directed by a nick to cleave the opposite
strand in a concerted mechanism to create a DSB (62). This
mechanism could account for the partial dependence on Fcyl and
Apnl, that is, an initial nick created by processing of a deaminated
cytosine could direct Mlh1-MIh3 cleavage to the opposite strand to
create a DSB. This same concerted mechanism can also occur
without a preexisting nick, so another possibility is that recruitment
to the DNA structure initiates MutLy nondirectional cleavage in
the vicinity (62). Our data have potentially significant implications
for the Huntington’s disease (HD) process because MutLy was
reported to be important in driving somatic CAG repeat instability
in a HD mouse model (63). In addition, MutLy action could be a
general mechanism for causing R-loop—dependent breaks at other
structure-forming DNA sequences.

Materials and Methods

Yeast Strains. Yeast strains used in this work are listed in S/ Appendix, Table
S7. Gene deletions were created by one-step gene replacement with
KANMX6, TRP1, HIS3MX6 (64), or natNT2 (65). PCR was used to confirm the
successful replacement of a gene by confirming the presence of the select-
able marker and the absence of the gene at the targeted locus. Strains with
mlh3-D523N and MLH3-WT genes were obtained from Dr. E. Alani and
made as in ref. 42. Transformants were confirmed by PCR and sequencing.
Fcy1-Myc was tagged with one Myc at its endogenous locus and verified by
PCR and Western blot analysis. Strains containing terminator YACs were
constructed by integrating plasmids pVS20-CAG70-Tcyc1-URA3 and pVS20-
Ttef1-CAG70-Tcyc1-URA3 into a truncated YAC (strain CFY 1690). The
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R-loop at CAG repeat
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Fig. 6. Model for how cytosine deamination, base excision repair, and MIh1-MIh3 cleavage cooperate to cause R-loop-induced CAG repeat fragility and con-
tractions. Transcription through the CAG repeat promotes the formation of R-loops, and this is exacerbated in the rnh14rnh201A mutants. Formation of R-loops
can promote hairpin formation on the nontemplate strand. Cytosine DNA on the exposed ssDNA is deaminated by Fcy1. Ung1 incises the uracil before or after
R-loops are displaced by incoming transcription, leaving abasic sites. Due to hairpin formation at the repeats, slipped-stranded structures can form after the R-loop
is displaced. Apn1 cleaves abasic sites and creates DNA nicks, which can be further processed into single-stranded gaps by Exo1, Rad2, and Rad1. Fill-in synthesis
can create a shorter tract of repeats by skipping the template hairpin, resulting in a CAG contraction (Right). The R-loop or slipped-stranded structure may also be
directly recognized and cleaved by MutLy to cause R-loop-dependent fragility (Left). In addition, some MutLy-dependent events occur after action by Fcy1 and
Apn1 (arrow from right pathway). For example, dU:dG mismatches could be cleaved by the MIh1/MIh3 (MutLy) nuclease, predicted to act on both strands to
create a DSB, or nicks created by BER action at dUTPs may direct MutLy-dependent nicking on the opposite strand. Rad52-dependent DNA repair is crucial to heal

the breaks and reduce YAC end loss.

successful clones were confirmed by PCR, Southern blot, and sequenc-
ing. CAG tract length was verified in all strains using colony PCR as de-
scribed below.

Analysis of CAG Repeat Fragility and Instability. The CAG tract was amplified
from yeast colonies using primers listed in S/ Appendix, Table S6, and Taq po-
lymerase as described in ref. 29. Product sizes were analyzed by gel electro-
phoresis and Adobe lllustrator. The repeat size prominent in each individual
colony was determined; any less intense bands representing instability occurring
during colony growth were not counted. A total of 100-200 daughter colonies
were sized from at least two transformants in at least three independent assays.
To assay fragility, colonies growing on FOA-Leu and YC-Leu were counted, and
the rate of 5-FOA resistance was calculated using the MSS-Maximum Likelihood
Estimator Method with the online web tool Fluctuation AnaLysis CalculatOR (66).

Chromatin and DNA:RNA Immunoprecipitation. ChIP of Myc-tagged proteins

was done using anti-Myc antibody 9E10 in unsynchronized yeast cells as in ref.
44, except formaldehyde (1%) cross-linking was for 20 min at room temperature.

E8400 | www.pnas.org/cgi/doi/10.1073/pnas.1711283114

gPCR amplification reactions were run in duplicate (primers, SI Appendix, Table
S6), and at least two biological replicates were done for each condition. The DRIP
procedure was performed in a similar manner except 4 ug of $9.6 antibody
(Kerafast) was used to coat 40 uL of Protein G Dynabeads (Invitrogen), and cross-
link reversal was done in the presence of RNase H and RNase A.

Analysis of Directional CAG Repeat Transcription by RT-PCR. Yeast strains were
grown to five to six divisions to ODggo 0.7-1 before lysis. Total cell lysis and
RNA extraction were carried out using the RNAspin Mini kit (GE Healthcare).
RT-PCR was done with the SuperScript First-Strand Synthesis System RT-PCR
kit (Invitrogen). Locus-specific primers (S/ Appendix, Table S6) were used for
the first-strand synthesis of transcripts. gPCR was done as in ref. 44.
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