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ABSTRACT CAG/CTG trinucleotide repeats are unstable sequences that are difficult to replicate, repair, and transcribe due to their
structure-forming nature. CAG repeats strongly position nucleosomes; however, little is known about the chromatin remodeling
needed to prevent repeat instability. In a Saccharomyces cerevisiae model system with CAG repeats carried on a YAC, we discovered that the
chromatin remodeler Isw1 is required to prevent CAG repeat expansions during transcription. CAG repeat expansions in the absence of Isw
were dependent on both transcription-coupled repair (TCR) and base-excision repair (BER). Furthermore, isw7A mutants are sensitive to
methyl methanesulfonate (MMS) and exhibit synergistic MMS sensitivity when combined with BER or TCR pathway mutants. We conclude
that CAG expansions in the isw7A mutant occur during a transcription-coupled excision repair process that involves both TCR and BER
pathways. We observed increased RNA polymerase Il (RNAPII) occupancy at the CAG repeat when transcription of the repeat was induced,
but RNAPII binding did not change in isw7A mutants, ruling out a role for Isw1 remodeling in RNAPII progression. However, nucleosome
occupancy over a transcribed CAG tract was altered in isw7A mutants. Based on the known role of Isw1 in the reestablishment of
nucleosomal spacing after transcription, we suggest that a defect in this function allows DNA structures to form within repetitive DNA tracts,
resulting in inappropriate excision repair and repeat-length changes. These results establish a new function for Isw1 in directly maintaining the
chromatin structure at the CAG repeat, thereby limiting expansions that can occur during transcription-coupled excision repair.
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2006; Jung and Bonini 2007; Lin and Wilson 2007). Factors
involved in transcription-coupled repair (TCR) of DNA and base-
excision repair (BER) play a role in transcription-associated
instability, providing a mechanism for the insertion of extra
repeat units (Parniewski et al. 1999; Lin et al. 2006; Jung and
Bonini 2007; Kovtun et al. 2007). A study using an SCA1 disease
mouse model found that TCR plays an important role in creating
expansions in neuronal cells that lead to disease progression
(Hubert et al. 2011). Additionally, the presence of R-loops,
stable DNA:RNA hybrids that form during transcription, can
promote CAG repeat instability (Lin et al. 2010; Reddy et al.
2011, 2014; Lin and Wilson 2012; Su and Freudenreich 2017).

The CAG repeat is a strong nucleosome-positioning ele-
ment (Wang and Griffith 1995; Godde and Wolffe 1996;
Volle and Delaney 2012). Several chromatin factors have
been shown to impact repeat stability, including the CTCF
protein, which organizes chromatin loop domains, a DNA
methyltransferase (Dnmt1l), which maintains CpG methyl-
ation, and histone deacetylase complexes (HDACs), which
condense chromatin structure through histone deacetylation
(Gorbunova et al. 2004; Jung and Bonini 2007; Libby et al.
2008; Debacker et al. 2012; Gannon et al. 2012). It was also
recently shown that both histone H4 tail acetylation and the
RSC chromatin remodeler are important in preventing CAG
expansions from occurring during sister chromatid recombi-
nation (House et al. 2014). These discoveries have led to the
proposal that the unusual chromatin structure associated
with expanded repeats may play a role in repeat expansions
(Dion and Wilson 2009). Chromatin-remodeling proteins are
necessary to slide nucleosomes to allow for access to the DNA
during transcription, replication, and repair. However, a role
for chromatin remodeling in protecting against repeat insta-
bility during transcription has not been investigated.

The ISWI chromatin-remodeling complexes have been shown
to remodel chromatin during transcription in both yeast and
mammalian cells (Petty and Pillus 2013). ISWI proteins contain
an ATPase domain that is necessary for its remodeling activity,
using energy from ATP hydrolysis to slide or reposition nu-
cleosomes (Tsukiyama et al. 1999). ISWI proteins contain a
HAND-SANT-SLIDE domain that makes multiple contacts with
linker DNA, and increases the affinity and specificity for nucle-
osomes (Mueller-Planitz et al. 2013). In yeast, the SANT domain
is necessary for Isw1l-remodeling activity but is not needed for
its repressive function (Pinskaya et al. 2009). Crystal structures
have revealed that a dinucleosome substrate is used for chro-
matin remodeling (Griine et al. 2003; Yamada et al. 2011). ISWI
binding to linker DNA relieves inhibition by the NegC domain of
ISWI that controls its ATPase activity in the presence of appro-
priate nucleosomal substrates (Clapier and Cairns 2012).

Inyeast, there are two additional known nucleosome-spacing
enzymes, Isw2 and Chd1. While Isw1 can either repress or
promote transcription depending on the proteins it interacts
with (Morillon et al. 2003; Vary et al. 2003), Isw2 mainly has a
repressive effect on transcription by positioning nucleosomes
that obstruct transcription (Goldmark et al. 2000; Whitehouse
et al. 2007). Chd1 acts with Isw1 to maintain genome-wide
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nucleosome organization (Gkikopoulos et al. 2011). By chroma-
tin immunoprecipitation (ChIP) sequencing, Iswl and Chdl
were found to be enriched at nucleosome-depleted regions,
suggesting that the remodelers act on DNA that has been tran-
siently unwrapped during transcription (Zentner et al. 2013). At
coding regions, Iswl and Chd1l prevent histone exchange dur-
ing transcription elongation (Smolle et al. 2012). In general,
Chd1 mostly acts in genes that have shorter nucleosome spacing
and Isw1 acts in genes with longer spacing (Ocampo et al.
2016). In the absence of both Isw1 and Chd1, nucleosome or-
ganization is grossly perturbed, especially within coding re-
gions, although some nucleosome locations such as favored
binding sequences are unaffected (Gkikopoulos et al. 2011).

Here, we report the discovery that Isw1, a conserved chro-
matin remodeler that functions during transcription, is re-
quired to maintain CAG repeat stability in a yeast model
system. CAG repeat expansion frequency is significantly in-
creased when ISW1 is deleted, and this increase is dependent
on transcription through the repeat. Through genetic dissec-
tion of several DNA repair pathways, we found this increase
in expansions to be dependent on the TCR pathway as well as
the BER pathway. Multiple hypotheses were investigated to
better understand the reason for the increase in excision re-
pair-induced CAG expansions in the absence of Iswl. We
conclude that Isw1 functions downstream of RNA Polymer-
ase IT (RNAPII) to inhibit the formation of CAG repeat expan-
sions. We propose that a defect in nucleosome reassembly
and spacing after passage of RNAPII allows the formation
of DNA structures, which provoke excision repair and sub-
sequent repeat expansions.

Materials and Methods
Yeast strains and YACs

Gene deletions were created using one-step gene replacement
and gene disruptions were confirmed by PCR. The pMET25-
RNH]1 strain was created using the pYM-N35 plasmid (Janke
et al. 2004). The construction of the CAG-85 URA3-YAC (URA3-
YAC) was described previously (Callahan et al. 2003). The CAG-
85 ADE2-URA3-YAC was made by first subcloning ADE2 from
PRS402 into pHZ1 to construct pEP1. Then, 85 CAG repeats
were cloned into pEP1, and the desired YAC was obtained by
linearizing the plasmid and transforming into yeast containing
the URA3-YAC. The CAG-100 pGAL1 URA3-YAC was made by
subcloning the CAG repeat and CYC1 terminator sequence into
PYES2. The terminator sequence, CAG repeats, and pGALI were
subcloned into pVS20, and the desired YAC was obtained by
linearizing the final plasmid and transforming into yeast con-
taining a YAC truncated at the G4T4 sequence. The construction
of the Ttef1-CAG-70-Tcycl URA3-YAC (2T-YAC) has been de-
scribed previously (Su and Freudenreich 2017).

CAG repeat stability assay

Stability assays were performed on the YACs depicted in Figure
1A, Figure 2A, and Figure 4A, with primers newCAGfor/
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newCAGrev for the CAG-85 URA3-YAC (URA3-YAC) and pGALI
CAG-100 URA3-YAC, primers CAGfor60bp/CAGrev35bp for the
CAG-85 ADE2-URA3-YAC, and primers T720B/CTGrev2 for the
Ttef1-CAG-70-Tcycl URA3-YAC (2T-YAC), as previously de-
scribed (Sundararajan et al. 2010), with the following modifi-
cations for the CAG-100 pGALI URA3-YAC: the colony was
resuspended in YC-Leu + 2% raffinose and grown for one dou-
bling. The culture was then split into two tubes, washed twice
with sterile water, and resuspended in YC-Leu + 2% glucose
(not induced) or YC-Leu + 2% galactose (induced), then grown
for six to seven doublings and plated for single colonies on
YC-Leu-Ura plates. CAG repeat changes were assessed by ana-
lyzing PCR reactions on a high-resolution 2% Metaphor agarose
(Lonza) gel. All stability (expansion and contraction) data are in
Supplemental Material, Table S2 in File S1. Primer sequences
are available upon request.

MMS sensitivity assay

Yeast strains were grown to saturation, normalized to ODggq
of 1.0, then fivefold serial dilutions were made. Ten microli-
ters of each dilution was spotted on plates for growth control
(YC-Leu-Ura) and plates containing MMS (0.03-1%). Plates
were incubated at 30° for 3-7 days before images were
captured.

PGALT induction conditions

To induce pGAL1 for RT-PCR, ChIP, and micrococcal nuclease
(MNase assays), yeast cultures were grown in YC-Leu + 2%
raffinose to ODggo 1.0-1.6. Then, the culture was split into
two tubes, washed twice with sterile water, and resuspended
in YC-Leu + 2% glucose (not induced) or YC-Leu + 2%
galactose (induced). The cultures were then incubated at 30°
for 1 hr and cells were collected for experimental analysis.

Quantitative RT-PCR (qRT-PCR)

Total RNAwas isolated from yeast cell pellets using the Illustra
RNAspin mini kit (GE Healthcare), following the manufac-
turer’s directions. RT-PCR was performed using Superscript
First Strand Synthesis kit (Life Technologies) with 1 pg RNA,
following the manufacturer’s protocol, using random hexam-
ers for priming. RT-PCR samples were analyzed using quan-
titative PCR (qPCR) with SYBR green PCR mastermix
(Roche) on a 7300 real-time PCR system (Applied Biosys-
tems, Foster City, CA). qPCR reactions were run in duplicate.
Transcript levels were normalized to ACT1 or URA3 levels.
URA3 normalization was done in experiments with galactose
induction because ACT1 RNA levels change significantly in
these growth conditions, whereas URA3 levels do not. qQPCR
primer sequences are available upon request.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described (Pearson and
Moore 2014) with the following adjustments. Samples were
sonicated at 4° to shear the chromatin to within 250-500 bp
on a Bioruptor sonicator (Diagenode). Immunoprecipitation
was performed using 1 pg anti-RNAPII (CTD4HS8; Santa

Cruz). Protein G dynabeads (Life Technologies) were used
for immunoprecipitation. The dynabeads were prewashed in
FA lysis buffer containing 0.1% SDS, including blocking with
1 mg/ml BSA. Chromatin was incubated with antibody and
beads for 4 hr at 4°. Input and immunoprecipitated DNA
levels were quantified by qPCR using SYBR green PCR mas-
termix (Roche) on a 7300 real-time PCR system (Applied
Biosystems). qPCR reactions were run in duplicate. gPCR
primer sequences are available upon request.

MNase assay

The MNase assay procedure was adapted from a previous
study (Wu and Winston 1997). Yeast cell pellets were resus-
pended in sorbitol buffer (1.1 M sorbitol, 20 mM KPO,, pH 7,
and 0.5 mM CacCl,) with 10 mM DTT and incubated for
15 min while shaking at 30°. Cell pellets were resuspended
in 1 ml sorbitol buffer with zymolyase 100T (1 mg/ml) and
incubated at 30°. The cells were washed twice with 10 ml
sorbitol buffer and pelleted (1200 rpm for 6 min at 4°). The
pellet was then resuspended in buffer A (1 M sorbitol, 50 mM
NaCl, 10 mM Tris-HCl, pH 7.4, 5 mM MgCl,, 1 mM
B-mercaptoethanol, and 0.5 mM spermidine) with 1X pro-
tease inhibitor cocktail to a total volume of 1 ml. Aliquots of
200 pl of cell slurry were added to 200 .l of 37° prewarmed
buffer A with 0.15% Triton-X 100 and MNase (0, 0.25, 2.5,
7.5, and 15 units), incubated at 37° for 5 min, and stopped by
incubating for 15 min at 37° with 40 pl of Stop Buffer
(250 mM EDTA and 5% SDS). The DNA was isolated by add-
ing 160 pl 5M potassium acetate to the samples, incubating
on ice for 30 min, and pelleting debris (14,000 rpm for
15 min at 4°). The supernatant was added to an equal volume
of isopropanol to precipitate the DNA and collected by cen-
trifugation (14,000 rpm for 30 min at 4°). The DNA pellet
was resuspended in 500 pl 1X TE with 100 pg/ml RNase A
and incubated at 37° for 1 hr. The DNA was extracted twice
using an equal volume of chloroform and precipitated
overnight by adding 67 pl 7.5 M ammonium acetate and
500 pl isopropanol with 1 pl of glycogen. The resulting DNA
was washed twice with 70% ethanol and resuspended in
30 wl 1x TE.

The Southern probe was created by amplifying a 313-bp
region 14-bp upstream of the CAG repeat (primers #2045 and
#348). The probe was radioactively labeled with 32P using the
Random Primed DNA Labeling Kit (Roche), according to the
manufacturer’s directions. The labeled probe was added to
20 ml 65° Church’s buffer.

MNase-digested DNAwasrunona 1.5% agarose gel at 80V
for 6 hr, washed for 10 min in depurination solution (0.25 M
HCI), 30 min in denaturation solution (0.5 MNaOHand 1.5 M
NaCl), and 30 min in neutralization solution (1 M Tris pH 7.4
and 1.5 M NaCl), and then transferred to a nitrocellulose fiber
nylon membrane (Sigma [Sigma Chemical], St. Louis, MO).
The DNAwas cross-linked and then placed in prehybridization
buffer of 65° preheated Church’s Buffer for 15 min. Prehy-
bridization buffer was removed, and the probe was hybrid-
ized to the membrane in hybridization solution (Church’s
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Buffer with a 32P-labeled DNA probe) overnight at 65° in a
hybridization oven. The blots were washed in Blot Wash
1 (1X SSC and 0.1% SDS) at 65° twice for 15 min each.
The blots were exposed on film for 3 days at —80°. Pairs of
samples (wild-type oriswIA, = transcription induction) were
digested with the same batch of MNase, and growth condi-
tions, digestion times, and reagents were kept constant to
facilitate direct comparison.

Data availability

Yeast strains used in this study are listed in Table S1 in File S1.
Strains are available upon request. Raw instability data and
associated P-values are listed in Table S2 in File S1.

Results

The Isw1 chromatin-remodeling protein prevents CAG
repeat expansions

The CAG repeat is one of the strongest known nucleosome-
positioning elements (Wang and Griffith 1995; Godde and
Wolffe 1996; Volle and Delaney 2012), which potentially creates
a barrier to transcription and DNA repair. Therefore, we sought to
understand the contribution of chromatin remodeling to CAG
repeat stability. Utilizing a CAG-85 repeat on a YAC, we identified
the iswIA mutant in a screen for mutants with either increased
CAG repeat fragility or instability (Gellon et al. 2011). Upon
further testing, the most robust phenotype of strains lacking
Iswl was an increased frequency of CAG repeat expansions, de-
termined using a PCR assay that can detect both expansions and
contractions (Figure 1A). The CAG fragility rate and contraction
frequency were not significantly different from the wild-type
strain (data not shown and Table S1 in File S1). As a comparison,
we tested the related chromatin remodeler genes ISW2 and
CHDI. A deletion of CHDI exhibited significantly increased
CAG repeat expansions compared to wild-type, while isw2A
CAG repeat expansion frequency was unchanged (Figure 1B).
Because Isw1l and Chd1 act together to maintain genome-wide
nucleosome organization (Gkikopoulos et al. 2011), we tested a
double mutant. Although the deletion of both genes has additive
effects on genome-wide nucleosome placement (Gkikopoulos
et al. 2011), there was no further effect on repeat expansions
when both genes were deleted (Figure 1B). Highly favored
nucleosome-binding positions are less affected by the deletion
of both remodelers (Gkikopoulos et al. 2011), which could explain
this observation. Therefore, we focused on understanding the
role of Isw1 in protecting against CAG repeat expansions.
The Isw1 ATPase is found in two complexes: Iswla, along
with subunit Ioc3, and Iswlb, along with subunits Ioc2 and
Ioc4 (Tsukiyama et al. 1999; Vary et al. 2003). Iswla posi-
tions dinucleosomes in promoter proximal regions and re-
presses transcription initiation, whereas Iswlb positions
nucleosomes in coding regions and promotes transcriptional
elongation (Morillon et al. 2003, 2005). Isw1b also coordi-
nates elongation with transcriptional termination and pre-
mRNA processing (Morillon et al. 2003). We tested deletion
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Figure 1 Isw1 prevents CAG-85 repeat expansions. (A) A CAG-85 tract is
on the right arm of the URA3-YAC (YAC CF1), where the URA3 gene is
198 bp from CAG-85 and 4.2 kb from the telomere. Repeat length was
measured by PCR amplification using primers (black arrows) upstream and
downstream from the repeat, with an intact CAG-85 repeat resulting in a
414-bp product. The frequency of CAG-85 expansions was measured in
strains lacking (B) /ISWT or other genes encoding chromatin remodeling
proteins (ISW2 and CHD1), (C) genes encoding subunits of Isw1 complexes
Iswla (JOC3) or Isw1b (/OC2 and /OC4) individually or in combination with
deletion of another subunit, and (D) genes encoding proteins with known
functions of recruiting Isw1 to chromatin (SET7, SET2, and CBFT1). Expansion
frequencies were tested for significant deviation from wild-type (WT)
frequency using Fisher’s exact test, * P < 0.05 and ** P < 0.01.

of Isw1 subunit members individually and in combination to
identify which Isw1 function is involved in suppressing CAG
repeat expansions. This analysis supported a greater role for
the Iswlb complex in the prevention of expansions, since
deletion of IOC2 and IOC4 resulted in a significant increase
in CAG repeat expansions. However, the effect on expansions
upon deletion of the accessory complex members was not as
profound as deletion of the gene encoding the Isw1l ATPase
(Figure 1C), suggesting either that Iswl may also function
independently of Ioc2 and Ioc4 in preventing repeat expan-
sions or that their deletion does not completely abolish ISWI
activity. There is some previous evidence that Isw1 can func-
tion independently of the accessory complex members in its
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Figure 2 Expansions occurring in the absence of ISW1 are dependent on
transcription through the repeat tract. (A) Three YAC constructs were
tested for repeat instability: the CAG-85 URA3-YAC (URA3-YAC) (top);
the CAG-85 ADE2-URA3- YAC, where the URA3 gene has been moved
far away (2.8 kb) from CAG-85 (middle); and the Ttef1-CAG-70-Tcycl
URA3 YAC (2T-YAC), where transcription terminators (Ttef1, Tcyc1) flank
the CAG repeat (bottom). Locations of PCR amplicons next to the CAG
repeat and URA3 used in quantitative RT-PCR (qRT-PCR) are indicated. (B)
gRT-PCR of wild-type (WT) and isw1A strains containing the URA3-YAC,
and WT containing the ADE2-URA3-YAC in noninducing (+Ura) and in-
ducing (—Ura) conditions. CAG transcript level is normalized to the level
of ACTT transcript and is presented as percent of ACT1 transcript level.
gRT-PCR data are from two independent experiments; error bars indicate
the SD. (C) The frequency of CAG repeat expansions was measured in WT
and isw1A strains containing the CAG-85 URA3-YAC (URA3-YACQ), CAG-
85 ADE2-URA3-YAC, and Ttef1-CAG-70-Tcycl URA3-YAC (2T-YAQ).
Expansion frequencies were tested for significant deviation from WT using
Fisher's exact test, ** P < 0.01.

role in transcriptional silencing of rDNA (Mueller and Bryk
2007).

Next, we wanted to understand the contribution of known
pathways that recruit Isw1 to chromatin in its role in preventing
CAG repeat expansions. At some genes, Isw1 is recruited to chro-
matin by specific chromatin marks, such as methylation of histone
H3 lysine 4 (H3K4) and histone H3 lysine 36 (H3K36) (Santos-
Rosa et al. 2003; Maltby et al. 2012; Smolle et al. 2012). Setl is a
histone methyltransferase (HMT) that methylates H3K4, and
Set2 is a HMT that trimethylates H3K36 and mediates Isw1b
occupancy over certain coding regions, although not all Iswl
functions are Setl- or Set2-dependent (Smolle et al. 2012).
Cbfl is a DNA-binding protein that has been shown to recruit
Isw1 to chromatin, an interaction required for chromatin remod-

A 10 B 101
84
= =
g 2
g g
i i
“‘i«"\b ,\ubéwavé,@bgﬁ&u"&@&@&mb
€ @ @ @ @ @ @ @ F
NI\ S
NI NN <
e @ @ @ a‘?‘ &
& ¢
I NER pathway [l GGR sub-pathway &

[JTCR sub-pathway HR pathway

Figure 3 Expansions in isw7A are dependent on NER, but are independent
of HR and R-loops. The frequency of CAG-85 expansions was measured
in WT and iswlA strains (A) lacking genes involved in the NER
pathway (RAD14), the TCR subpathway (RAD26), the GGR subpathway
(RAD16), or the HR pathway (RAD52), and (B) isw1A strains containing
PMET25-RNH1, to overexpress RNHT and degrade R-loops, with pMET25
not induced or induced by growth in media containing or lacking methionine.
Expansion frequencies were tested for significant deviation from WT using
Fisher's exact test; * P < 0.05 and ** P < 0.01. Expansion frequencies for
double mutants were tested for significant deviation from isw1A using Fisher's
exact test; M P < 0.01. GGR, global genomic repair; HR, homologous
recombination; NER, nucleotide-excision repair; TCR, transcription-coupled
repair; WT, wild-type.

eling at the promoter-proximal Cbfl-binding motif CACGTG
(Kent et al. 2004). We tested these genes for their contribution
to CAG repeat instability and found that none of the gene dele-
tions resulted in significantly increased CAG repeat expansions
(Figure 1D), suggesting that Isw1’s function in preventing CAG
repeat expansions is independent of recruitment by Cbf1 or his-
tone methylation by Set1 or Set2.

Isw1 prevents CAG repeat expansions from arising
during transcription

The Isw1 chromatin-remodeling protein has a well-characterized
role in transcription; therefore, we wanted to determine
whether CAG repeat expansions in isw1A cells were depen-
dent on transcription. The YAC used in our initial CAG
repeat instability analysis contains a URA3 gene < 200 bp
from the CAG repeat, with the direction of URA3 transcription
toward the CAG repeat (Figure 2A). qRT-PCR analysis of the
URA3-YAC showed high levels of transcription of a sequence
proximal to the CAG repeat (Figure 2B). The level of CAG
repeat transcription was similar to the level of URA3 tran-
script and was increased when URA3 expression was
induced by eliminating uracil from the media cells were
grown in, indicating that the CAG repeat transcript was likely
due to readthrough transcription from URA3 (Figure 2B).
Notably, transcript levels did not change in iswIA cells com-
pared to wild-type in strains containing the URA3-YAC
(Figure 2B). To test the role of transcription, two additional YACs
were utilized: the CAG-85 ADE2-URA3-YAC, where the URA3
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marker gene is located 2.8 kb from the CAG repeat with a
convergently oriented ADE2 gene between URA3 and the
CAG repeat, and a Ttef1-CAG-70-Tcycl URA3-YAC (2T-YAC),
in which the CAG repeat is flanked by transcriptional termina-
tor sequences (Figure 2A). There is minimal transcription of
the CAG repeat on either the ADE2-URA3-YAC (60-80% re-
duction; Figure 2B) or the 2T-YAC (~70% reduction; Su and
Freudenreich 2017). Tellingly, no increase in CAG repeat ex-
pansions was observed in isw1A strains containing either of the
constructs, with minimal transcription through the CAG repeat
(Figure 2C). These results indicate that Isw1 plays an impor-
tant role during transcription to prevent repeat instability.

TCR is the source of Isw1-dependent CAG
repeat expansions

Since CAG repeat expansions occurring in the absence of Isw1
are transcription-dependent and CAG repeat expansions
have previously been shown to arise during DNA TCR
(Parniewski et al. 1999; Jung and Bonini 2007; Lin and
Wilson 2007; Concannon and Lahue 2014), we tested whether
these expansions in isw1A cells occur during TCR. We tested
a general component of the nucleotide-excision repair (NER)
pathway, RAD14 (human XPA), as well as proteins involved
in the two subpathways of NER: RAD16 in the global genomic
repair (GGR) subpathway, and RAD26 (hCSB) in the TCR
subpathway. For comparison, we also tested a component of
the homologous recombination (HR) pathway, RAD52, as
HR has been shown to cause CAG repeat expansions during
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Figure 4 High levels of transcription of the repeat re-
duce the requirement for Isw1 in repeat maintenance.
(A) Inducible YAC construct CAG-100 pGALT URA3-
YAC contains the pGALT promoter next to the CAG
repeat and a transcription terminator (Tcycl) after
URA3 to terminate URA3 transcription. Locations of
PCR amplicons next to the CAG repeat and URA3 used
in quantitative RT-PCR (qRT-PCR) are indicated. (B)
gRT-PCR analysis of CAG transcript level in wild-type
(WT) and iswTA strains in noninducing (glucose) and
inducing (galactose) conditions. CAG transcript level is
normalized to the level of URA3 transcript and is pre-
sented as percent of URA3 transcript level. (C) The
frequency of CAG-100 expansions was measured in
WT and iswTA strains in noninducing (glucose) and
inducing (galactose) conditions. (D) RNA polymerase
Il (RNAPII) occupancy next to the CAG repeat and
within URA3 on the YAC was measured by RNAPII
chromatin immunoprecipitation, followed by quantita-
tive PCR in WT and isw1A strains in noninducing (glu-
cose) and inducing (galactose) conditions. RNAPII
immunoprecipitated is shown as % immunoprecipi-
tated (IPYINPUT; the average of three experiments
with SEM is shown.

. WT
B iswid

Galactose

repair of DNA damage or stalled replication forks (Polleys et al.
2017). This analysis revealed that isw1A-dependent expansions
are suppressed by deletion of RAD14 and RAD26, indicating that
expansions occurring in the absence of Isw1 are TCR-dependent
(Figure 3A). In contrast, no reduction in isw1A-dependent ex-
pansions was observed in the absence of RAD16 or RAD52,;
therefore, GGR and HR pathways are not involved.

R-loops have been previously implicated in CAG repeat
instability (Lin et al. 2010; Reddy et al. 2011, 2014; Lin and
Wilson 2012; Su and Freudenreich 2017) and, interestingly,
recent research has revealed a novel function for Isw1 as an
mRNA ribonucleoparticle export surveillance factor, which
tethers transcripts that are not ready for export from the
nucleus (Babour et al. 2016). R-loops form during transcrip-
tion and therefore could explain why CAG repeat expansions
are increased in iswIA strains if R-loops were increased in
this background. We tested whether degrading R-loops by
overexpressing RNHI, the gene that encodes RNase 'H,
would affect CAG repeat stability. RNH1 overexpression was
confirmed by RT-PCR in our strains (Figure S1 in File S1). RNase
H induction did not suppress the expansion frequency in the
iswlA strain (Figure 3B), implying that R-loops are not contrib-
uting to the expansions occurring in the absence of Isw1. Note
that the isw1A phenotype, increased CAG repeat expansions, is
different from the phenotypes we recently characterized in con-
ditions of increased R-loops at an expanded CAG tract, which
were repeat fragility and contractions that were dependent
on cytosine deamination (Su and Freudenreich 2017).
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RNAPII binding to the CAG repeat increases upon
induced CAG repeat transcription, but is not the main
cause of isw1A-dependent expansions

One possible model to explain CAG repeat expansions in
iswIA strains is that RNAPII stalls at the CAG repeat due to
its movement being blocked by a nucleosome that is ordinar-
ily moved by Isw1 chromatin remodeling. RNAPII stalling is
hypothesized to trigger TCR (Brueckner et al. 2007). CAG
repeat hairpins could form during TCR, leading to CAG re-
peat expansions (Usdin et al. 2015). To test whether CAG
repeat transcription results in RNAPII stalling at the CAG re-
peat to cause expansions in isw1A strains, we designed a new
YAC construct with inducible transcription of the CAG repeat.
We inserted a transcriptional terminator sequence after the
URA3 gene to decrease URA3 readthrough transcription and
an inducible promoter, pGAL1, so we could turn transcription
of the CAG repeat on and off (Figure 4A). RT-PCR analysis
of this construct in noninducing (glucose) and inducing
(galactose) conditions showed that this system works as
expected, since high levels of transcript were detected at the
CAG locus when the pGALI promoter was induced (22-fold
over noninducing conditions; Figure 4B). In glucose conditions
when transcription was suppressed, isw1A-dependent expan-
sions were low, consistent with the data shown in Figure 2.
When CAG repeat transcription was induced, CAG repeat ex-
pansions were increased in iswlA; however, the increase ob-
served was not significant and not as high as observed for
URA3 readthrough transcription levels (Figure 4C). These data
suggest that very high levels of transcription may actually re-
duce the need for Isw1 to maintain stability at the CAG tract.

To further understand the impact of highly induced tran-
scription, RNAPII occupancy was analyzed by ChIP. The ChIP
results showed increased RNAPII stalling at the CAG repeat
when transcription was induced in galactose; however, no
difference in RNAPII binding was seen when wild-type and
iswIA strains were compared (Figure 4D). These results
show that Isw1 does not influence levels of RNAPII stalling
within a CAG tract, and indicate that expansions in the ab-
sence of the Isw1 remodeler are unlikely to be due to exces-
sive stalling of RNAPII.

BER also contributes to CAG expansions that arise in the
absence of Isw1

There is evidence that suggests cross talk between the TCR
and BER pathways. For example, the TCR pathway repairs
DNA damage typically repaired by the BER pathway in the
absence of transcription (Kim and Jinks-Robertson 2010).
Since CAG repeat expansions arising in the absence of Isw1
did not correlate with levels of RNAPII stalling, we decided to
test whether they could also occur during other repair path-
ways, such as BER. Interestingly, expansions in iswlA were
significantly decreased when the apurinic/apyrimidinic (AP)
endonuclease APN1 or the DNA glycosylases OGGI, NTGI,
and NTG2 were deleted (Figure 5A). Thus, the BER pathway
contributes significantly to CAG expansions in the absence of
Iswl, to the same or even a greater extent than TCR. To
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Figure 5 CAG expansions in the absence of ISWT are dependent on
both base-excision repair (BER) and nucleotide-excision repair (NER).
The frequency of CAG-85 expansions was measured in wild-type (WT)
and iswTA strains (A) lacking genes involved in the BER pathway (APNT,
OGGT1, NTG1, and NTG2), and (B) double-mutant combinations of genes
in the BER and NER pathways. Expansion frequencies were tested for
significant deviation from WT using Fisher’s exact test; * P < 0.05 and
** P < 0.01. Expansion frequencies for double and triple mutants were
tested for significant deviation from isw1A using Fisher’s exact test;
AP <0.05and A P <0.01.

better understand whether these two pathways were acting
independently or together, expansion frequency was tested in
a triple mutant, iswIA apnlA rad26A (Figure 5B). CAG re-
peat expansions were suppressed to the same level in the
triple mutant as in each double mutant, suggesting that the
two pathways are working together to create the expansions
observed in the absence of Isw1.

Deletion of ISW1 results in MMS sensitivity that is
synergistic with NER and BER mutants

A previous study showed that deletion of ISW1I resulted in
slight MMS sensitivity (Chen et al. 2010). MMS alkylates
DNA bases, leading to damage that can be repaired by the
BER or TCR pathways. We confirmed that deletion of the
Iswl ATPase results in MMS sensitivity in our background
by comparing growth of wild-type and isw1A strains on plates
containing MMS (Figure 6A and Figure S2 in File S1). Further
phenotypic analysis of double mutants showed an increase in
MMS sensitivity when both Isw1 and either the NER or BER
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pathway is disrupted (Figure 6B and Figure S2 in File S1).
Lastly, MMS sensitivity was further increased in iswIA cells
lacking both TCR and BER genes, to a greater extent than
elimination of the TCR and BER pathways in the presence of
Iswl (e.g., compare iswlA apnlA rad26A to apnlA rad26A
Figure 6C, or isw1A ogglA rad26A to ogglA rad26A, Figure
S2 in File S1). These findings show that the role of Isw1 in
DNA repair is not limited to CAG/CTG repeat hairpins, but is
important during repair of lesions caused by MMS. Further-
more, the additive or synergistic sensitivities indicate that
Isw1 is not involved in BER or TCR per se, but that these
pathways are acting in parallel. For example, the absence
of Iswl could create a chromatin environment that is more
susceptible to MMS damage or CAG hairpin formation, which
would then be acted upon by BER or TCR pathways.

Transcription reduces nucleosome occupancy over a
CAG tract, and absence of Isw1 alters the
nucleosome array

Since our data did not support a direct role for Isw1 in the TCR
or BER pathways, we investigated whether Isw1’s role in
preventing expansions is through its chromatin-remodeling
activity during transcription. For example, Iswl may be re-
quired to slide nucleosomes at the CAG repeat during tran-
scription to prevent expansions. To test this model, we
measured nucleosome positioning by indirect end-labeling
of MNase-digested DNA at the CAG-100-pGALI-URA3 YAC
in wild-type and iswlA strains, in the presence or absence
of induced transcription. A Southern blot probe was designed
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0.1%
0,
.05 Figure 6 Deletion of ISWT results in a synergistic in-
crease in MMS sensitivity with nucleotide-excision re-
0.05% pair (NER) and base-excision repair (BER) mutants. The
W97 indicated strains were plated on growth control plates
(YC-Leu-Ura) or MMS plates to test the MMS sensitiv-
ity of (A) wild-type (WT) and isw7A strains on plates
0.05% containing 0.1% MMS after 7 days of growth; (B)
isw1A combined with deletion of NER, transcription-
coupled repair (TCR), or BER genes on plates contain-
0.03% ing 0.03 or 0.05% MMS after 3 days of growth; and

(C) iswTA combined with deletion of both NER and
BER genes on plates containing 0.05% MMS after
3 days of growth.

0.05%

to detect the status of nucleosomes at the CAG repeat (Figure
7A). As predicted, the CAG repeat is a robust nucleosome-
positioning element in wild-type cells, with an array of up to
six spaced nucleosomes visible (Figure 7B, arrows). Tran-
scription through the repeat reduced the association of
nucleosomes at the CAG repeat, as there was a shift to shorter
nucleosome arrays; only three are clearly present in galactose
compared to five to six in glucose, indicating a more open
chromatin structure (Figure 7B, left panel).

In addition to the notable change upon induction of tran-
scription, there was a difference in the MNase sensitivity of
chromatin at the CAG tract when comparing wild-type and
iswlA mutants, with a shorter nucleosome array apparent in
iswIA cells. For example, three positioned nucleosomes are
clearly present at the highest MNase concentration in wild-
type cells grown in galactose, while the di- and trinucleosome
units are barely visible in the iswIA + galactose condition
(Figure 7B). Wild-type cells also showed a longer nucleo-
some array in the absence of induced transcription compared
to iswlA, though this difference was subtler (six vs. five nu-
cleosomes at the highest MNase concentration). The greater
MNase sensitivity of the iswIA strain was confirmed in a
second induction experiment (data not shown), as well as
on the original CAG-85-URA3-YAC used for most of the in-
stability experiments, where a much lower level of transcrip-
tion through the repeat originated from the URA3 gene
(Figure S3 in File S1). These results indicate that the chro-
matin structure of the transcribed CAG repeat is more open in
the iswIA mutant compared to the wild-type strain.
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Isw1 acts with histone H3/H4 acetylation to prevent
CAG repeat expansions

Isw1 interacts physically with histone H3 and H4 (Pinskaya
et al. 2009; Smolle et al. 2012), and a modification of histone
H4, H4K16 acetylation, disrupts Isw1 chromatin remodeling
(Corona et al. 2002; Shogren-Knaak et al. 2006). Isw1 ex-
hibits genetic interaction with the NuA4 complex, containing
the histone acetyltransferase (HAT) Esal, to downregulate
the expression of stress-induced genes (Lindstrom et al.
2006). Iswl also interacts genetically with the HATs Sas3
and Gen5, with Isw1 inactivation rescuing gcn5A sas3A syn-
thetic lethality (Lafon et al. 2012). Therefore, we tested
whether Isw1 might be working with either H3 or H4 histone
acetylation to influence CAG instability. The CAG repeat ex-
pansions in iswIA remain increased in the absence of the H3
HAT, Sas3, and in the H4/H2A HAT mutant esal-1851 (Fig-
ure 7C). However, the double mutant of iswlA with either
sas3A or the esal mutation exhibited a less than additive
expansion frequency. Therefore, Isw1 may be functioning to-
gether with histone acetylation to control nucleosome state
in a manner that prevents CAG repeat instability.

&

isw1A
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MNase i A |

Figure 7 Transcription reduces nucleosome occupancy
over a CAG tract and iswTA alters the nucleosome ar-
ray. (A) CAG-100 pGALT URA3-YAC construct showing
location of the probe used in a Southern blot, 14-bp
upstream of the CAG repeat (red). (B) Micrococcal nu-
clease (MNase) assay of wild-type (WT) and isw7A
strains grown in noninducing (glucose) or inducing
(galactose) conditions. The wedge indicates increas-
ing MNase levels from 0 to 15 units; the 0-unit lane is
missing in the WT galactose condition. The arrows
indicate MNase-protected regions; an array of three
to six distinguishable positioned nucleosomes is visi-
ble. Less-digested or less-positioned arrays appear as
smears. (C) The frequency of CAG-85 expansions was
measured in WT and iswTA strains with deletion of
SAS3 or a catalytic mutation of ESAT histone acetyl-
transferase (HAT) genes. Expansion frequencies were
tested for significant deviation from WT using Fisher's
exact test; ** P < 0.01.

Discussion

In this analysis, we have identified a function for budding yeast
Isw1 in maintaining genomic stability, specifically in prevent-
ing the expansion of CAG repeats during transcription. CAG
trinucleotide repeats are prone to both expansions and con-
tractions, and the bias to expand in affected human cells is
not well understood. However, the known expansion-prone
CAG loci in humans are transcribed, and both BER and TCR
pathways have been shown to cause repeat expansions
in vitro and in mouse models (Kovtun et al. 2007; Hubert
et al. 2011; Liu and Wilson 2012). Since chromatin remodel-
ing must occur for DNA transactions, we hypothesized that
this process would be an important component of facilitating
transcription through CAG tracts. The fact that CAG/CTG
repeats are one of the strongest known nucleosome-positioning
elements may present an additional barrier to DNA trans-
actions, and thus repeat stability may have a strong
dependency on proper nucleosome remodeling and position-
ing. Since the ISWI complexes are highly conserved, we
predict that they will also be important in preventing
trinucleotide repeat expansions in human cells. Expansions
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are relatively rare in yeast compared to what is observed for
repeats of equivalent length at human disease loci, yet we still
observed a sixfold increase in CAG-85 expansion frequency in
iswIA cells compared to wild-type. This suggests that altered
chromatin structure during transcription could be a major
factor in promoting disease-causing CAG expansions at hu-
man disease loci.

Both TCR and BER excision repair pathways contribute
to CAG expansions in the absence of ISWI

Our data show that the expansions that occur in the absence of
Iswl are dependent on proteins in both the TCR and BER
pathways. One possibility we considered was that Isw1 acts
during TCR or BER to facilitate proper repair. ISWI complexes
have previously been implicated in DNA repair (Nakanishi
et al. 2007; Chen et al. 2010; Erdel et al. 2010; Lans et al.
2010). In our system, the isw1A single mutant is sensitive to
MMS, which could be consistent with a role for Isw1 in DNA
repair. However, our MMS data indicate that Isw1 is acting in
a separate pathway from both TCR and BER, as isw1A strains
exhibit additive or synergistic MMS sensitivity when com-
bined with mutants in the TCR or BER pathways. This is
consistent with our CAG repeat expansion data that demon-
strates differing roles for Iswl and TCR or BER components;
while expansions are increased in the absence of Isw1, sta-
bility is unaffected in TCR and BER single mutants. Thus, our
results support the notion that TCR and BER are the cause of
expansions in the absence of Isw1, which argues that Isw1 is
not directly working in either pathway. Based on these obser-
vations, we favor the model that Isw1 is not directly function-
ing to facilitate the TCR or BER pathways, but rather in the
absence of Isw1, DNA secondary structures form at the CAG
repeat that are targets for either the TCR or BER pathways
(Figure 8). There is extensive evidence from both in vitro and
in vivo experiments in various model systems (bacteria, yeast,
flies, and mice) that CAG expansions can occur during both
TCR and BER pathways; see Liu and Wilson (2012), Usdin
et al. (2015), Zhao and Usdin (2015), and Polyzos and
McMurray (2017) for review. Expansions can occur during
the gap-filling stage either by strand slippage or by incorpo-
ration of a hairpin that forms on the displaced flap, which
renders the flap resistant to FEN1 processing (Figure 8).
MutS complexes may have a role in stabilizing the looped-
out structures to favor incorporation of a repeat expansion
(Lai et al. 2016; Schmidt and Pearson 2016).

An interesting observation was that deletion of TCR compo-
nents (Rad26 or Rad14), BER glycosylases (Oggl and Ntgl/
Ntg2), or the downstream BER AP endonuclease Apn1, all sup-
pressed the CAG expansions in iswlA cells. One possibility is
that all of the isw1A-dependent CAG repeat expansions are gen-
erated through the BER pathway, since Rad26/hCSB has been
shown to function in BER (Tuo et al. 2001; Stevnsner et al.
2008). The involvement of all steps of BER in the expansion
pathway, from recognition (Oggl and Ntg1/2) to nick genera-
tion (Apnl), is a compelling argument for the importance of
BER in generating the CAG expansions. Both OGG1 and NEIL1
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glycosylases have been shown to be required for CAG expan-
sions in mouse models (Kovtun et al. 2007; Mollersen et al.
2012; Budworth et al. 2015; Cilli et al. 2016). However, to our
knowledge, Rad14/hXPA has not been characterized as having
arole in BER; thus, suppression of CAG repeat expansions in the
iswlA rad14A double mutant argues that the TCR pathway may
be involved separately from the BER pathway. Also, mutants in
both BER and TCR genes showed additive MMS sensitivity with
each other and with isw1A, consistent with separate pathways.
Our results show that components of both pathways are impor-
tant for preventing CAG expansions (Figure 5B), though we
were unable to detect an additive effect in this assay since de-
letion of APN1 alone already reduced CAG expansions to the
wild-type level. DNA lesions, such as abasic sites that are typi-
cally repaired by BER, are removed by TCR when they are lo-
cated in the transcribed strand (Kim and Jinks-Robertson 2010),
indicating that the two pathways could be working together.
The exact connection between TCR and BER during transcrip-
tion of repetitive DNA remains to be elucidated.

Isw1 may promote CAG repeat stability by
reestablishing chromatin structure after transcription

Isw1 is acting to prevent CAG expansions at least partially in
the context of the Iswlb complex (Figure 1C), suggesting
that Isw1’s role during transcriptional elongation is relevant
to CAG repeat maintenance. Since the ISWI complexes are
important in the transcription of many genes, we considered
whether the effect on CAG repeat expansions was direct or
indirect. The suppression of expansions in the double mu-
tants is not consistent with an indirect effect of iswiA, for
example by downregulation of TCR gene transcription, since
deletion of the TCR gene should then have no, or minimal,
effect. In addition, isw1A microarray data indicates no signif-
icant decrease in transcript levels of relevant NER or BER
genes (Pinskaya et al. 2009). Also, the effect on nucleosome
occupancy at the CAG repeat during transcription observed in
iswl mutants (Figure 7B), and detection of Isw1 binding to
the CAG tract by ChIP (data not shown), support a direct role
for Isw1 in preventing CAG repeat expansions.

One possible model for the increased CAG repeat expan-
sions in isw1A strains was that there would be an increase in
RNAPII stalling at the CAG tract; however, our data indicate
that RNAPII does not require Isw1 chromatin remodeling to
progress through the repeat. Iswl promotes nucleosome
reassembly and spacing after transit by RNA polymerase dur-
ing transcriptional elongation, resulting in reestablishment of
proper chromatin structure behind the elongation complex
(Morillon et al. 2003; Gkikopoulos et al. 2011; Zentner et al.
2013). Thus, our result actually fits with the known role of
ISWI in reestablishing the chromatin structure after tran-
scription, and suggests that in its absence, a defect in nucle-
osome remodeling behind RNA polymerase, rather than
ahead of the transcription bubble, is likely more relevant.
Iswl and Chdl chromatin-remodeling activity also collabo-
rate to remodel nucleosomes after replication, which allows
for rapid chromatin organization after DNA synthesis (Yadav


http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000001596/overview
http://www.yeastgenome.org/locus/S000003796/overview
http://www.yeastgenome.org/locus/S000004814/overview
http://www.yeastgenome.org/locus/S000004525/overview
http://www.yeastgenome.org/locus/S000000013/overview
http://www.yeastgenome.org/locus/S000005403/overview
http://www.yeastgenome.org/locus/S000001597/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000003796/overview
http://www.yeastgenome.org/locus/S000004525/overview
http://www.yeastgenome.org/locus/S000000013/overview
http://www.yeastgenome.org/locus/S000001597/overview
http://www.yeastgenome.org/locus/S000004525/overview
http://www.yeastgenome.org/locus/S000004814/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000004814/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000001597/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000449/overview
http://www.yeastgenome.org/locus/S000000966/overview

No Expansions

No Isw1

Repairby TCR/BER pathways

o~ i

Figure 8 Model for how Isw1 reestablishes proper
chromatin structure after RNA polymerase Il (RNA Pol
Il) passage to suppress repeat instability. In the ab-
sence of Isw1, nucleosome assembly, mobility, ex-
change, or modification behind RNA Pol Il is altered,
allowing for CAG or CTG hairpin formation, or in-
creased DNA damage. This results in inappropriate
excision repair by the transcription-coupled repair
(TCR) or base-excision repair (BER) pathways, allowing
CAG repeat expansion to occur.

Strand slippage
during gap repair

Expansion

and Whitehouse 2016). These results indicate that ISWI is
generally important for reestablishment of proper chromatin
structure after disruption by polymerase passage; thus, in its
absence, a greater opportunity for intrastrand DNA annealing
could exist. The Clark laboratory showed that nucleosome
spacing in isw1A cells is due to Chd1, with nucleosomes hav-
ing a shorter spacing that cannot bind 'H, leading to decon-
densation of the chromatin fiber (Ocampo et al. 2016).
Decondensation is not detectable by the assay we used,
though the greater sensitivity to MNase digestion in isw1A
cells is consistent with such an event. Additionally, transcrip-
tion reduces nucleosome occupancy over the CAG repeat in
both wild-type and isw1A cells, and transcription was also
required for the increased CAG expansions in the isw1A back-
ground, consistent with a correlation between disruption of
nucleosome structure and repeat instability. We did not de-
tect a difference in nucleosome positioning, but since the
CAG tract is a very strong nucleosome-positioning element,
perhaps this overrides other effects on nucleosome position.

Somewhat surprisingly, while reducing transcription
through the CAG tract virtually eliminated expansions occur-
ring in iswIA strains, inducing a high level of transcription
through the CAG tract did not significantly increase expan-
sions. The level of transcription through the tract in our orig-
inal YAC is similar to that through both the URA3 and ACT1
genes, which are housekeeping genes with medium-high
transcription levels, whereas the GAL1 promoter induces very
high levels of transcription, ~7.5-fold greater than URA3

Hairpin incorporation
during flap processing

(Figure 2B). Thus, under very high levels of transcription,
the need for Isw1 in maintaining repeat stability is lessened.
It is possible that repeated passage of RNAPII disrupts CAG or
CTG hairpin structures, or reduces the need for Isw1 to re-
model nucleosomes after transcription. The level of transcrip-
tion through the CAG tract on the URA3-YAC is likely more
relevant to the situation found at the human genes contain-
ing expandable CAG repeats.

We present a model (Figure 8) in which lack of Isw1 cre-
ates a chromatin environment where nucleosome sliding or
assembly does not occur normally after RNAPII passage,
leading to a greater propensity for CAG or CTG hairpin for-
mation, or increased DNA damage. During transcription, the
DNA is rendered both transiently nucleosome-free and sin-
gle-stranded. The single-stranded DNA could be more prone
to DNA secondary structure formation if not efficiently
repackaged into chromatin. The role of Isw1 in reestablishing
the chromatin structure after transcription might be particu-
larly important at repetitive regions because of their propen-
sity to form deleterious DNA structures.

In addition to a direct role in remodeling nucleosomes at
the repeat after transcription, [sw1 may also affect the nature
of the histones at the repeat. The Workman laboratory
showed increased trans-histone exchange in cells lacking
Iswl (Smolle et al. 2012), and such an event at the CAG
repeat could result in a more open chromatin structure,
allowing for DNA hairpin formation that initiates repair by
TCR or BER, leading to expansions. Alternatively, H3 and H4
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acetylation levels are increased in cells missing the ISW1
gene (Smolle et al. 2012), and this could impact repair. We
previously showed that H3 and H4 acetylation and deacety-
lation is required to maintain CAG stability by promoting
high-fidelity HR (Yang and Freudenreich 2010; House et al.
2014). We posited that histone acetyl marks are required for
the recruitment of repair factors to the repeat, and that loss of
acetylation (HAT mutants) or genome-wide overacetylation
(HDAC mutants) leads to inefficient and low-fidelity repair
due to a loss of a locus-specific signal (House et al. 2014).
Though the expansions occurring in the iswlA mutant were
due to BER and TCR rather than HR, overacetylation of H3
and H4 at the CAG tract could lead to inappropriate targeting
of BER or TCR repair (Figure 8). Of note, CAG repeat expan-
sion frequency in the sas3A or esal mutants was not additive
with iswI1A, supporting a role for Isw1 within the same path-
way as histone acetylation for repeat maintenance.

Conclusions

In summary, our data show that the Iswl remodeler acts
during transcription to control the stability of repetitive
DNA, likely through reestablishment of proper chromatin
structure after passage of RNAPII. Defects in this process lead
to inappropriate excision repair and repeat instability. The
function of ISWI remodelers is highly conserved in eukaryotic
cells, and both the BER and TCR pathways have been shown
to be causative for CAG expansions in mouse models (Kovtun
et al. 2007, 2011; Goula et al. 2009; Liu et al. 2009; Hubert
et al. 2011). The expansion mechanism operating in Isw1-
defective cells was highly sensitive to transcription levels,
with the greatest effect occurring at midrange transcription
rates similar to those expected at many ORFs, including those
containing expandable CAG repeats, and reduced effects for
very low or very high transcription levels. Thus, subtle
changes in transcription levels or chromatin structure could
have magnified effects on the likelihood of repeat expansion.
Why trinucleotide repeat expansions occur in particular cell
types and developmental windows and not others is myste-
rious. There is evidence that expression levels of DNA repair
factors (Goula et al. 2009; Mason et al. 2014) or chromatin
states (Gorbunova et al. 2004; Libby et al. 2008; Lopez Castel
et al. 2011; Debacker et al. 2012; Gannon et al. 2012; House
etal. 2014) are at play. Here, we show that the extent of Isw1
remodeling during transcription is an additional factor that
determines repeat expansion frequencies.
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