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Trinucleotide repeat (TNR) expansions cause nearly 20 severe
human neurological diseases which are currently untreatable.
For some of these diseases, ongoing somatic expansions accelerate
disease progression and may influence age of onset. This new
knowledge emphasizes the importance of understanding the
protein factors that drive expansions. Recent genetic evidence
indicates that the mismatch repair factor MutSg (Msh2-Msh3 com-
plex) and the histone deacetylase HDAC3 function in the same
pathway to drive triplet repeat expansions. Here we tested the
hypothesis that HDAC3 deacetylates MutSp and thereby activates
it to drive expansions. The HDAC3-selective inhibitor RGFP966 was
used to examine its biological and biochemical consequences in
human tissue culture cells. HDAC3 inhibition efficiently suppresses
repeat expansion without impeding canonical mismatch repair ac-
tivity. Five key lysine residues in Msh3 are direct targets of HDAC3
deacetylation. In cells expressing Msh3 in which these lysine resi-
dues are mutated to arginine, the inhibitory effect of RGFP966 on
expansions is largely bypassed, consistent with the direct deace-
tylation hypothesis. RGFP966 treatment does not alter MutSg sub-
unit abundance or complex formation but does partially control its
subcellular localization. Deacetylation sites in Msh3 overlap a nu-
clear localization signal, and we show that localization of MutSg is
partially dependent on HDAC3 activity. Together, these results in-
dicate that MutSg is a key target of HDAC3 deacetylation and
provide insights into an innovative regulatory mechanism for trip-
let repeat expansions. The results suggest expansion activity may
be druggable and support HDAC3-selective inhibition as an attrac-
tive therapy in some triplet repeat expansion diseases.
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Triplet repeats are tandem runs of three nucleotides that occur
naturally in the genome. Most triplet repeats are genetically
stable and undergo relatively few expansions (gain of repeats) or
contractions (loss of repeats). Some triplet repeats are known to
expand and cause nearly 20 human genetic diseases, including
Huntington’s disease (HD) (1), myotonic dystrophy type 1 (DM1)
(2—4), and fragile X syndrome (FXS) (5, 6). Expansions can occur
both between generations (inherited expansions) and, for some
diseases, within tissues of an individual (somatic expansions)
(reviewed in refs. 7-10). The medical importance of triplet repeat
expansions has generated significant interest in understanding the
mechanisms of expansion and in the potential for therapies that
might modulate somatic expansions to alter disease pathology
9, 10).

( Ane)tlysis of expansions in humans and mice revealed several
unique features. First, the frequency of expansions can be very high,
sometimes approaching 100% (11). Second, expansions can occur
both in proliferating tissues (12-16) and in nonproliferating tissues
(17-22). This suggests that at least some expansions arise inde-
pendently of cellular DNA replication (23, 24). Third, disease-
causing expansions appear to be limited to the disease gene locus,
with no evidence of significant genetic instability elsewhere in the
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genome (25, 26). This fact suggests a highly localized mutagenic
event that only affects the triplet repeat itself (7-10). These unusual
features of triplet repeat expansions point to unique mechanisms of
mutagenesis.

The DNA mismatch repair complex MutSp (Msh2-Msh3 het-
erodimer) has been identified as a main driver of both inherited
and somatic triplet repeat expansions. Gene knockouts in HD,
DM1, and FXS mice clearly demonstrate that both MSH2 and
MSH3 are required for virtually all expansions (20, 21, 27-34). In
addition, naturally occurring single nucleotide polymorphisms
(SNPs) in mouse MSH3 also have clear effects on somatic ex-
pansions, with lower expansion frequencies correlating with lower
Msh3 protein abundance (35). In contrast, the related mismatch
repair complex MutSa (Msh2-Msh6 heterodimer) appears to play
almost no role in expansions (28, 30-34, 36). Experiments in yeast
(37, 38) and human cell culture (39-42) support the primary role
of MutS in driving expansions. Together, the results from model
systems pinpoint MutSp as a major driving force for expansions.

The focus on MutSP was recently underscored by genomewide
association studies (GWAS) of patients with HD or other
CAGeCTG repeat disorders. Disease age of onset and rate of
progression are significantly influenced by polymorphisms in MSH3
(43-46) and other DNA repair genes (47, 48). A polymorphism in
MSHS3 is also associated with levels of somatic instability of the
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expanded CTG repeat in DM1 patients (49). The human GWAS
findings have triggered substantial interest in therapies that target
the ability of MutSp to promote somatic expansions as a means of
slowing or preventing pathology.

Proteins that potentially regulate MutSp also drive triplet re-
peat expansions. The role of histone deacetylases (HDACsS) in
triplet repeat expansion was first identified in yeast and subse-
quently in human cells (50). siRNA knockdown or chemical in-
hibition of the human class I enzyme HDACS3 resulted in loss of
most expansions. Knockdown of the class Ila HDACS or double
knockdowns of HDAC3 and HDACS also suppressed expansions
(39). The genetic epistasis between HDAC3 and HDACS is
consistent with the known components of the transcriptional
corepressor SMRT/NCoR (51), which contains both HDAC3
and HDACS (52). Since HDAC3 has the dominant deacetylase
activity, it is likely the complex acts by deacetylating one or more
protein targets that lead to enhanced triplet repeat expansions.
The counteracting histone acetyl transferase (HAT) appears to
be CBP/p300, based on the finding that siRNA knockdown of
these HATS stimulated expansions (50).

A functional connection between MutSp and HDAC3/SMRT
is highlighted by genetic data indicating that these factors work
in the same pathway to promote CAGeCTG repeat expansion
(39). This idea is further supported by studies in HD mice, where
treatment with the HDAC3-selective inhibitor RGFP966 signif-
icantly reduced striatal CAG repeat expansions in the H7T gene
(53). The evidence from mammalian systems suggests that
HDAC3/SMRT deacetylation might activate MutSp directly,
resulting in expansions. However, there have been no data to
evaluate this suggestion. In this study, we investigated the hy-
pothesis that the expansion activity of MutSp is directly con-
trolled through its acetylation state, and that deacetylation by
HDAC3/SMRT activates MutSp to drive expansions. The hy-
pothesis was evaluated by genetic, biochemical, and pharmaco-
logical approaches in cultured human cells and with purified
components. Expansions in this system require MutSp (39, 42);
they show specificity for expandable repeat sequences over
nonexpandable sequence (CAG repeats versus TAG repeats)
(54); and there is a MSH3 ™'~ derivative in which variant Msh3
proteins can be expressed without interference from wild-type
Msh3 (42).

Materials and Methods

Immunoblot Analysis. Human SVG-A cells were harvested by washing with
ice-cold PBS (phosphate-buffered saline) and resuspended in lysis buffer
(0.1% wt/vol SDS [sodium dodecyl sulfate], 0.1% vol/vol Triton X-100, 0.1%
wt/vol sodium deoxylcholate, 5 mM ethylenediaminetetraacetic acid,
100 mM phenylmethylsulfonyl fluoride) plus mammalian protease inhibitors
(Fisher Scientific 12841640) at 1x concentration. Following a 30-min incu-
bation on ice, cells were sonicated and centrifuged at 16,200 x g at 4 °C for
40 min. Supernatant protein concentrations were quantified using the de-
tergent compatible protein assay (Bio-Rad Laboratories). Samples containing
50 to 100 pg of total protein were denatured, then resolved on either 10%
SDS/polyacrylamide gel electrophoresis gels (Msh2, Msh3, actin, a-tubulin,
HDAC3) or precast 4 to 20% gradient gels (Bio-Rad 4565093) (histone H4,
acetylated histone H4). Following transfer to nitrocellulose membrane and
blocking, membranes were incubated at 4 °C overnight with 1:1,000 dilu-
tions of primary antibodies: Msh3, BD Biosciences 611390 or Abcam 154251;
Msh2, Calbiochem NA26; actin, Sigma-Aldrich A2066; histone H4, Abcam
AB31830; acetylated histone H4, Millipore, 06-866; and o-tubulin, Abcam
AB6161-100. After washing, membranes were incubated for 1 h with
1:10,000 dilutions of secondary antibodies (Li-Cor Biosciences) IRDye 800CW
goat a-mouse IgG P/N 925-32210, or IRDye 800CW goat a-rabbit IgG P/N 925-
3211 at room temperature. Visualization and quantification was performed
using the Odyssey Infrared Imaging system and software (Li-Cor Biosciences).

Shuttle Vector Assay and Measurement of Trinucleotide Repeat (TNR) Expansion
Frequencies. The SVG-A shuttle vector assay has been previously described (55).
Briefly, a shuttle vector harboring a (CAG),, repeat upstream of a CAN1 re-
porter gene is transfected into human SVG-A cells using Lipofectamine 2000
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(Invitrogen-Thermo Fisher Scientific) (S/ Appendix, Fig. S1A). The transfected
cells were treated with either the HDAC3-selective inhibitor RGFP966 from
BioMarin Pharmaceutics, Inc (56, 57) or DMSO (dimethyl sulfoxide; Sigma-
Aldrich) at a final concentration of 1 pM or 10 uM and incubated for 48 h to
allow for potential expansion of the repeat tract. Cells were then harvested
and the shuttle vector plasmid recovered and digested with the restriction
enzyme Dpnl (New England Biolabs). The digested shuttle vector DNA is then
transformed into Saccharomyces cerevisiae where a genetic selection (His*
Can®) identifies those plasmid molecules with an apparent expansion. Colonies
from the selective plates are then investigated by colony PCR to visualize,
validate, and size the expansions (55).

Subcellular Fractionation and Sucrose Cushion Experiments. Subcellular frac-
tionation steps were adapted from Dignam et al. (58). SVG-A cells were seeded
in T175 flasks (Sarstedt) and incubated for 24 h before treatment with
RGFP966. After 24 h, treated cells were trypsinized, collected, and washed
twice with ice cold 1x PBS. All subsequent steps were carried out at 4 °C. Cells
were then washed with 5x cell pellet volume of 1x buffer A (10 mM Hepes pH
7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol 1x concentration of
mammalian protease inhibitors [Fisher Scientific 12841640]) and centrifuged at
450 x g for 5 min. Supernatant was discarded and the cell pellets were
resuspended in 2x cell pellet volume of buffer A and put on ice for 20 min to
swell. After incubation, an equal volume of buffer A + 1.0% Nonidet P-40
(Sigma-Aldrich) was added to the cells and incubated on ice for 5 min. Nuclei
were collected by centrifugation at 450 x g for 10 min, and the supernatant
(cytoplasmic fraction) was saved for protein quantification and immunoblot
analysis. Recovered nuclei were washed several times with buffer A and
centrifuged at 450 x g for 5 min. Washed pellets were then resuspended in
1 mL of buffer A and layered over 10 mL of 30% sucrose cushion (10 mM Pipes
pH 7.0, 10 mM KCl, 1.5 mM MgCl,, 30% wt/vol sucrose, 1x concentration of
mammalian protease inhibitors) before being centrifuged at 800 x g for
10 min. The supernatant was discarded, and the previous step repeated. The
remaining nuclei were resuspended in 1 mL of buffer A and spun down at
450 x g for 5 min, washed again in 1x PBS, and centrifuged at 450 x g for
5 min. The supernatant was discarded and the remaining nuclei (nuclear
fraction) were lysed with 50 to 200 pL of radioimmunoprecipitation assay lysis
buffer (see Immunoblot Analysis above) and subjected to protein quantifica-
tion and immunoblot analysis.

Creation of Msh3-5KR Cell Line. The Msh3-5KR variant was generated by site-
directed mutagenesis (Q5 site-directed mutagenesis kit, New England Biolabs)
using the Msh3 expression plasmid pGWB20 (Msh3-cDNA in pcDNA3.1 Neo™)
to create pGWB21 (Msh3-5KR-cDNA in pcDNA3.1 Neo*). The mutated plasmid
was transformed into NEBStable DH5a Escherichia coli (New England Biolabs)
and positive pGWB21 candidates were selected for by ampicillin resistance.
Mutations were confirmed by Sanger sequencing (Source Bioscience). SVG-A
Msh3 =~ cells were cotransfected with pGWB21 Msh3-5KR expression plasmid
and a pMSCV hygro resistance plasmid (Clontech Laboratories) using Lip-
ofectamine 2000 (Thermo Fisher). After a 48-h incubation, cells were resus-
pended in hygromycin-supplemented media (400 ng/mL) and diluted to 200
cells/10 cm? dish to allow formation of colonies. The 1x expression of Msh3-
5KR was determined by immunoblot analysis, compared to wild-type Msh3
expression using two different antibodies, BD Biosciences 611390 and
Abcam 154251.

Creation of Msh3-EGFP and SV40 NLS3-EGFP Fusion Plasmids. Msh3°"'3°-EGFP
and Msh3-5KR®""3-EGFP fusion proteins were created from plasmids pGWB20
(Msh3-cDNA in pcDNA3.1 Neo*) and pGWB21 (Msh3-5KR-cDNA in pcDNA3.1
Neo*). Briefly, PCR was used to amplify the MSH3 or MSH3-5KR coding region
from codons 91 to 130 using primers Msh3 91 to 130F and Msh3 91 to 130R (S/
Appendix, Fig. S1B). Following cleavage with Xhol and Agel, the PCR products
were cloned into the corresponding sites of vector pEGFP-N1 (originally from
Clontech; a generous gift of Kevin Sullivan, National University of Ireland,
Galway, Ireland). The SV40 nuclear localization signal (NLS) was used as a
positive control for nuclear localization. We created an SVA0-NLS**-EGFP fu-
sion, with three tandem copies of the NLS sequence PKKKRKYV, by enzymatic
phosphorylation of oligonucleotides SV40 NLS3 F and SV40 NLS3 R, followed
by heating and slow cooling to allow annealing. The duplex product was li-
gated into the Xhol and Agel sites of vector pEGFP-N1. To create full-length
Msh3-EGFP and Msh3-5KR-EGFP constructs, PCR was performed on the full
coding region of MSH3 or MSH3-5KR coding region using primers Msh3 Gib-
son F and Msh3 Gibson R, followed by Gibson assembly in pEGFP-N1. All
plasmid clones were confirmed by DNA sequencing.
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Generation of GFP-Msh3 Stable Cell Lines. SVG-A cells were transfected with
Lipofectamine 2000 (Thermo Fisher) using 500 ng of either full-length GFP-
Msh3 or full-length GFP-Msh3-5KR plasmids and incubated for 48 h. Trans-
fected cells were then subjected to limited dilution (one cell per five wells in
96-well dishes) to obtain a monoclonal cell population of GFP-positive can-
didates. The 96-well plates were incubated for 14 to 21 d to allow single cells to
grow into colonies. GFP-positive colonies were then bulked up to 25 mm? flasks
where stable integrations could be confirmed by PCR (S/ Appendiix, Fig. S1B) GFP-
Msh3 protein expression was measured in individual clones by immunoblot
analysis using a-Msh3 (BD Biosciences 611390) and «-GFP antibodies.

Immunofluorescence Microscopy. The 1.2 x 10° SVG-A cells were seeded in six-
well tissue culture plates (Sarstedt) containing sterile glass coverslips (Fisher)
and 2 mL of complete Dulbecco’s modified Eagle media and incubated over-
night at 37 °C and 5% CO,. After ~16 h, cells were treated with either DMSO
or RGFP966 at a final concentration of 10 uM for 24 h. Cells were briefly
washed with warm 1x PBS, then fixed with warm 4% vol/vol paraformalde-
hyde (Sigma) for 10 min at 37 °C. After fixation, coverslips were washed again
with 1x PBS and air dried. A total of 10 uL of SlowFade Gold plus DAPI
(Thermo Fisher) was used to mount each coverslip. Z-stack images were ac-
quired using an Olympus Delta Vision microscope at either 100x or 60x
magnification with a 0.5-um limit per image. Images were processed using Fiji
ImageJ software.

Mismatch Repair Assay. Hela cells were grown to 90% confluence in RPMI
(Roswell Park Memorial Institute) 1640 media supplemented with 5% fetal
bovine serum. RGFP966 (5 pM) was added to cells 12 h before harvesting.
Nuclear extracts were prepare as previously described (59). DNA substrates
used for the mismatch repair (MMR) assay are circular heteroduplex con-
taining a single G-T or a 2-nucleotide insertion/deletion (2-ID) mismatch and
a strand break 5’ to the DNA lesion (60, 61). In vitro MMR assays were
performed as described (62). Briefly, a 20-pL reaction containing 30 fmol
DNA substrate and 75 pg nuclear extract was incubated for 15 min at 37 °C.
DNA was recovered and digested with Nsil/Clal and Xmcl/Clal for the G-T and
2-ID substrates, respectively. Reaction products were visualized by ethidium
bromide staining. MMR products were quantified using ImageJ.

DNA Hairpin Repair Assay. HeLa cells were again grown to 90% confluence in
RPMI 1640 media supplemented with 5% fetal bovine serum, and RGFP966 (5
uM) was added to cells 12 h before harvesting. Nuclear extracts were pre-
pare as previously described (59). DNA substrates containing a loop or
hairpin of 5 or 15 extra CAG repeats were prepared as described (63).
Hairpin repair assay was performed in a 40-uL reaction containing 42 fmol of
DNA substrate and 100 pg of nuclear extract. Reactions were incubated at
37 °C for 30 min. DNA was recovered and digested using Bg/l and Pstl before
loading to a 6% denaturing polyacrylamide gel to resolve the products.
Repair products were visualized by Southern hybridization using a
32p.Jabeled probe specifically annealing to the nick (repair) strand near the
Pstl site (see Fig. 3C). Repair activity was quantified using ImageJ. Graph and
statistical analysis was obtained by t test analysis using GraphPad Prism.

NMR Experiments. Acetylated peptides (S/ Appendix, Fig. S2) were dissolved in
the same buffer as the gel filtration buffer used to purify the SMRT:HDAC3
complex (10 mM Tris-HCl pH 7.5, 50 mM Nacl) at a concentration of 1.0 mg/mL.
NMR samples were prepared containing 200 pM of peptide, 122 nM of
SMRT(389-480)/HDAC3 complex, and 8 uM of IPg in 5% volivol D,O (600 pL
final volume in a 5-mm Wilmad NMR tube). In vitro deacetylation of the
peptide substrates was monitored in real time using successive 'H one-
dimensional (1D) spectra. We recorded a reference H 1D spectrum in the
absence of the complex, by performing four dummy scans and 16 actual scans,
leading to a total acquisition time of 61.7 s. The SMRT(389-480)/HDAC3 com-
plex was added to initiate the reaction. A series of 'H 1D spectra with the same
parameters with the reference spectrum were recorded for 60 min. The time
between the addition of the complex and the acquisition of the first 'H 1D
spectrum was monitored (68 s to 81 s, depending on the peptide) was noted
down for each experiment. The 1D NMR spectra were acquired using a Bruker
Avance 600 MHz. The NMR spectra were processed using “TopSpin” (Bruker).
The integrals of the peaks of interest were determined using the “Kinetics
Method” in the program “Dynamics Center” (Bruker). As the integral of a
peak correlates with the concentration of the protons generating the peak,
we were able to quantify the percentage of product over the initial substrate
using the equation in S/ Appendix, Fig. S3A.

Statistical Analysis. All P values and n values for repeat instability, Western
blot, and immunoprecipitation experiments are specified in S/ Appendix, Fig.
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S1C and, where statistical significance was reached, in the relevant figure
legend. Statistical tests used for each P value are stated for each figure.

Results

HDAC3 Targets Specific Lysine Residues in Msh3 to Stimulate Triplet
Repeat Expansions. If acetylation and deacetylation of MutSp
control its ability to catalyze triplet repeat expansions, then there
should be specific lysine residues in MutSp which are the targets
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Fig. 1. Putative HDAC3 sites in MutSp affect triplet repeat expansions. (A)
Previous proteomic studies (https://www.phosphosite.org/homeAction.
action) identified five acetylated lysine residues in Msh3. The Msh3-5KR
mutant changes these lysine residues to arginines, mimicking a perma-
nently deacetylated Msh3 protein. (B) Representative Western blot after
HDAC3 inhibition by RGFP966 treatment. (C) Quantification of Western blot
signals as a function of RGFP966 dose. **P < 0.001, n = 4. (D) TNR expan-
sions as a function of RGF966 dose in cells expressing Msh3 or Msh3-5KR.
*P < 0.05, n = 4. See S| Appendix, Fig. S1C for statistical details.
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for this regulation. Information in a proteomics database (https://
www.phosphosite.org/homeAction.action) listed acetylated ly-
sine residues, originally identified by proteomics studies (sum-
marized in ref. 64). We focused on the Msh3 subunit since it is
specific to MutSp. Five acetylation sites are clustered in the N
terminus of Msh3 (residues K98, K99, K103, K122, and K123)
(Fig. 14). All five lysine residues were mutated to arginine to
create the variant protein Msh3-5KR (Fig. 14) and thereby block
acetylation at the five residues. Our hypothesis predicts that
Msh3-5KR protein will mimic the deacetylated form of MutSp
and, therefore, cells expressing Msh3-5KR will bypass the re-
quirement for deacetylation by HDAC3. The plasmid with
MSH3-5KR was stably integrated into the genome of MSH3 ™/~
cells (42) and integrants were identified that expressed Msh3-
SKR at near wild-type levels (1.1x normal Msh3 level; SI
Appendix, Fig. S4 A-D).

The HDAC3-selective inhibitor RGFP966 was used to block
the putative deacetylation of MutSp. Control experiments showed
that the inhibitor was efficacious, with a dose-dependent increase
in acetylated histone H4, but with no significant effect on the
abundance of either HDACS3 itself or total H4 (Fig. 1 B and C and
SI Appendix, Fig. S1C). In triplet repeat expansion assays with cells
expressing wild-type Msh3, RGFP966 showed a dose-dependent
inhibition of expansions (Fig. 1D and SI Appendix, Fig. S1C).
Reductions in expansion frequency by approximately 50% and
85% of control values were observed at RGFP966 doses of 1 pM
and 10 pM, respectively. The latter expansion value is similar in
magnitude to that reported previously when HDAC3 expression
was ablated with siRNA (39), supporting the premise that
RGFP9%6 reduces expansions through inhibition of HDACS3.
Control experiments indicated that RGFP966 treatment had little
effect on cell viability or proliferation (SI Appendix, Fig. S95),
eliminating the possibility that the inhibitor reduces cell numbers
and thereby reduces expansion frequency.

When expansions were tested in cells expressing Msh3-5KR and
treated with RGFP966, a different pattern emerged (Fig. 1D). In
the absence of inhibitor, the expansion activity was increased
compared to cells expressing wild-type Msh3, although the in-
crease was not statistically significant (P = 0.2215; SI Appendix,
Fig. S1C). The increase is consistent with the idea that Msh3-5KR
alters the putative acetylation state of MutSf toward the deace-
tylated form and therefore causes more expansions. Further dif-
ferences were observed when RGFP966 was added. While about
one-half of the expansions were still sensitive to the inhibitor, the
other ~50% of expansions were resistant to HDAC3 inhibition.
This effect is most apparent for RGFP966 treatment at 10 pyM
concentration. The fraction of expansions that are resistant to
RGFP966 suggests that the deacetylation-mimic Msh3-5KR ob-
viates the need for HDAC3 and therefore bypasses the effects of
the inhibitor. Thus, in the absence of RGFP966, HDAC3 appears
to directly deacetylate MutSp to enhance its expansion activity.

HDAC3 Deacetylates Msh3 Peptides In Vitro. The hypothesis that
HDAC3 deacetylates MutSp predicts that HDAC3 will be active
on acetylated peptides from Msh3. Five 15-residue peptides were
chemically synthesized with Msh3 protein sequence (Fig. 24 and
SI Appendix, Fig. S2). Each peptide contained a single acetylated
lysine residue in the center. NMR of each peptide gave a peak
near 1.83 ppm, characteristic of acetyl-lysine (Fig. 24). This peak
disappeared after treatment with purified SMRT(389-480)/
HDACS3 (SI Appendix, Fig. S3B) (65), with a subsequent increase
in free acetic acid near 1.78 ppm (Fig. 24). Time course experi-
ments monitored by pseudo two-dimensional (2D) NMR showed
that each peptide was deacetylated by HDACS3 but with different
apparent rates (Fig. 2B). The K122ac peptide was deacetylated
most rapidly, followed by K99ac and K123ac at approximately
equal rates, then K98ac and K103ac. The difference in rate be-
tween fastest and slowest rates was approximately fourfold. The
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relative rates are in general accordance with published data for
SMRT/HDACS3 preferences for the two amino acids that follow
the acetylated lysine (66). Thus, SMRT(389-480)/HDACS3 is able
to bind and deacetylate lysine residues of Msh3 peptides. These
results support the model where SMRT/HDACS3 deacetylates key
lysine residues in Msh3 to regulate its expansion activity.

Mismatch Repair Activity Is Unaffected by HDAC3 Inhibition. If HDAC3
deacetylates MutSp to activate it for triplet repeat expansions, is
canonical mismatch repair activity also affected? This question was
addressed using biochemical assays for mismatch repair. HeLa cells
were treated with DMSO as control or 10 pM RGFP966, then
nuclear extracts were prepared and analyzed. Immunoblots indi-
cated efficacy of HDACS3 inhibition as histone H3 acetylation was
increased at lysine residues 9, 14, and 18 (Fig. 34). The abundance
of mismatch repair proteins Msh2, Msh3, Msh6, Mlh1, and Pms2
appeared unaffected by RGFP966 treatment. When the extracts
were assayed for mismatch repair activity, the RGFP966-treated
sample showed as much or more mismatch repair on 5’ nicked
substrates containing a G-T mismatch or a 2-nt insertion/deletion
loop (Fig. 3B). Similarly, alternative substrates with loops of 5 or 15
CAG repeats (Fig. 3C) showed as much or more repair to the loop-
retention product in extracts from RGFP966-treated cells (Fig. 3 D
and E and SI Appendix, Fig. S1C). By these criteria, HDAC3 in-
hibition does not interfere with canonical mismatch repair or CAG
loop repair.

MutSp Contains a Potential NLS That Is Sensitive to HDAC3 Activity.
Several initial possibilities as to how HDAC3 might regulate
MutSp were tested and rejected. One idea is that HDAC3 regu-
lates transcription of MSH2 and/or MSH3, so inhibition of
HDAC3 would alter gene expression and protein abundance.
Steady-state levels of Msh2, wild-type Msh3, and Msh3-5KR were
examined by immunoblot of extracts prepared from SVG-A cells
treated with DMSO alone or increasing doses of RGFP966 (SI
Appendix, Fig. S4 A-D). The results show no significant difference
in abundance of Msh2, wild-type Msh3, or Msh3-5KR. This
finding is in accord with earlier studies where Msh2 and Msh3
protein levels were unaffected by siRNA knockdown of HDAC3
(39). A second possibility is that HDAC3 regulates MutSp het-
erodimer formation or stability. Coimmunoprecipitation (co-IP)
experiments showed there was no significant difference in levels of
MutSp complex in extracts of wild-type cells treated with DMSO
only or 10 pM RGFP966 (SI Appendix, Fig. S4 E-H). Co-IP ex-
periments from cells expressing Msh3-5KR showed a slight de-
crease in MutSp complex formation, although this difference was
not statistically significant (SI Appendix, Fig. S4 E and F). A third
mechanism would be if HDAC3 controls access of MutSp to the
triplet repeat DNA; however, previous work using chromatin
immunoprecipitation showed that MutSp occupancy at the TNR
was unaltered by siRNA knockdown of HDACS3 (39).

An alternative explanation was suggested by the clustering of
the five key lysine residues in Msh3. Perhaps these lysine residues
serve as a NLS, and this NLS might be regulated by acetylation. If
so, acetylation-dependent partitioning of MutSp between the nu-
cleus and cytoplasm would provide a mechanism to explain the
connection between HDAC3 and triplet repeat expansions.
Alignment of a known NLS motif in the Msh6 subunit of MutSa
(67, 68) with Msh3 and Msh3-5KR (Fig. 44) showed that Msh3
lysine residues 98 and 99 align with part of the NLS from Msh6,
and that Msh3 lysine 103 also aligns with a cognate lysine in Msh6.
The putative NLS in Msh3 overlaps with a strong functional NLS
between residues 98 and 107 of Msh3 that was recently described
(69). We sought to build on this knowledge with experiments to
test the possibility that the acetylation status of lysine residues in
the predicted Msh3 NLS controls the subcellular localization of
Msh3 and thereby helps regulate triplet repeat expansions.
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Fig. 2. Deacetylation assays of acetylated peptides derived from Msh3 in the presence of SMRT(389-480)/HDAC3 complex. (A) KAc and CH3COO™ peak in-
tegral quantification. Dynamics Center (Bruker) interface showing the alignment of peaks corresponding to the acetyl group of the acetylated lysines
(substrate, ~1.83 ppm) and the free acetic acid (product, ~1.78 ppm) after incubation with SMRT(389-480)/HDAC3 at 20 °C for 60 min. (B) SMRT(389-480)/
HDAC3 complex preferentially deacetylates Msh3 K122 peptide over the rest of the substrates. The ratio of the integrals of the products (free acetic acid) over
the integrals of the substrates (acetyl group of lysines) was plotted against reaction time.

Subcellular fractionation experiments tested whether MutSp
relocates, in whole or in part, from nucleus to cytoplasm when
HDACS is inhibited. In cells expressing wild-type Msh3, both
Msh3 and Msh2 were predominantly located in the nucleus
without any HDAC3 inhibitor (Fig. 4 B and D and SI Appendix,
Fig. S1C). Only 2% and 15% of Msh3 and Msh2, respectively,
fractionated with the cytoplasm. However, treatment of the cells
with RGFP966 caused an additional 10% of both subunits to
shift to the cytoplasm (Fig. 4 B and D and SI Appendix, Fig. S1C).
In contrast, cells expressing Msh3-5KR showed no detectable
difference in cytoplasmic localization with or without RGFP966
(Fig. 4 C and E). These data offer an explanation for the ability
of cells with Msh3-5KR to partially resist the effects of HDAC3
inhibition by partly blocking the relocalization of MutSp to the
cytoplasm. Immunofluorescence (IF) microscopy provided ad-
ditional support. We constructed fusions of Msh3 amino acid
residues 91 to 130, the region containing the five lysine residues
of interest, with EGFP. Transient transfection showed that an
EGFP-only control was distributed throughout the cell, while fusion

Williams et al.

of the SV40 large T antigen NLS to EGFP resulted in nuclear lo-
calization (Fig. 54). Neither control fusion protein showed sub-
stantial alteration in localization upon treatment with RGFP966.
Fusion of wild-type Msh3°"1*” to EGFP resulted in primarily nu-
clear localization, but a significant amount of fluorescence was
shifted to the cytoplasm upon the addition of RGFP966. In con-
trast, Msh3-SKR”'"**-EGFP remained predominantly nuclear even
when the HDACS3 inhibitor was added (Fig. 54). IF experiments
were also performed on cells with stably integrated, full-length fu-
sions of wild-type Msh3-EGFP or Msh3-5KR-EGFP. Wild-type
Msh3-EGFP was predominantly nuclear with DMSO addition but
some fluorescence was observed in the cytoplasm with RGFP966
treatment (Fig. 5B). The extent of the relocalization appeared to be
in line with the subcellular localization experiments (Fig. 4). In
contrast, the IF images with full-length Msh3-SKR-EGFP showed
no apparent relocalization of nuclear fluorescence intensity with
RGFP966 treatment (Fig. 5C). In total, the subcellular fractionation
and IF images support a model where at least some MutS reloc-
alizes from the nucleus to the cytoplasm with HDAC3 inhibition.
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This redistribution is mostly blocked by replacement of the five key
lysine residues with arginines.

Discussion

This study reveals the biological consequence of HDAC3 activation
of MutSp in triplet repeat expansions and suggests a molecular
mechanism connecting HDAC3 to DNA mutagenesis at disease-
causing genes. Using the selective inhibitor RGFP966, we demon-
strated that HDAC3 inhibition prevents triplet repeat expansion in
human cells without hindering canonical mismatch repair activity.
Importantly, expansions in cells with five lysine-to-arginine muta-
tions in the Msh3 protein (Msh3-5KR) were largely insensitive to
HDACS3 inhibition, consistent with the idea that some or all of the
five lysine residues in Msh3 are key targets of HDAC3 deacetyla-
tion. The loss of some expansions in the presence of RGFP966 is
presumably due to other sites of HDACS3 action, possibly additional
residues in Msh3, Msh2, or in other proteins. We also show that
purified SMRT(389-480)/HDAC3 complex deacetylates Msh3
peptide substrates containing the five lysines. One outcome of
HDAC3 action is to partially control the nuclear localization of
MutSp. Immunofluorescence microscopy and subcellular localiza-
tion approaches revealed that the deacetylation sites in Msh3
overlap a nuclear localization signal (69). Cells expressing wild-type
Msh3 sequences showed nuclear localization that was reduced, al-
though not eliminated, by addition of RGFP966. In contrast, ex-
pression of Msh3-5KR led to retention of protein nuclear
localization even after treatment with the HDAC3 inhibitor. To-
gether, our findings suggest an innovative regulatory mechanism for
TNR expansion involving direct deacetylation of MutSp by
HDACS3. This work underscores HDAC3-selective inhibition as a
potential therapy in Huntington’s disease and some related
CAGeCTG expansion diseases.

This study reports regulation of MutSp by HDAC:s, specifically
the class I enzyme HDACS3, assisted by the class Ila protein
HDACGCS (39). In contrast, the Msh2-Msh6 complex MutSa is
regulated by the class IIb enzyme HDAC6 through effects on
Msh2 protein stability (70). A different class IIb enzyme,
HDACI10, also interacts with Msh2, and MutSa-dependent
MMR activity correlates positively with HDAC10 expression
levels (71). The MutL homolog Mlh1 undergoes deacetylation by
HDACS6 (72), which leads to blockage of assembly of MutSa-
MutLa. In summary, there is precedent for class IIb HDAC-
dependent regulation of MutSe and MutLa in canonical mis-
match repair and response to DNA damage. Our work indicates
that MutSg is activated by class I HDAC3 and class Ila HDACS
(39), leading to enhanced triplet repeat expansions. We note that
the expansion outcome as a function of RGFP966 concentration
appears to be dose dependent for Msh3 but less so for Msh3-
S5KR (Fig. 1D). This could be a technical limitation in measuring
expansion frequencies. Alternatively, it could be that deacetyla-
tion of other lysine sites outside of Msh3 is readily inhibited with
RGFP966 at 1 pM concentration, thus blocking approximately
one-half of expansions equally well for both Msh3 and Msh3-
S5KR. In contrast, 10 pM RGFP966 is required to inhibit
deacetylation of the five key sites in Msh3 to block the other
approximate half of expansions. The Msh3-5KR substitutions
would prevent the effect of higher inhibitor dose. The flattening
of the response curve for Msh3-5KR could be explained by this
possibility.

The fact that MutSf abundance and complex formation are not
altered by HDAC3 inhibition suggests an innovative regulatory
mechanism for TNR expansion involving, in part, HDAC3-
mediated nuclear localization of MutSp. This hypothesis is largely
consistent with studies on localization of MutSa (68, 73, 74). Mouse
and human Msh?2 do not contain a putative NLS (73, 74), suggesting
that MutSa nuclear import is completely dependent on the Msh6
subunit. Msh6 contains three NLSs that allow for MutSa import
into the nucleus (68). The Msh6 NLSs are clustered in the N-terminal
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region of the protein and share some sequence homology with the N
terminus of Msh3. It was this homology that guided our thinking with
respect to potential NLS activity in Msh3 (Fig. 44). Another group
recently reported NLS activity in this same Msh3 motif (69). They
showed that the strongest NLS in Msh3 is between residues 84 and
107, with particular requirement for the region 98 to 107. Our results
are in agreement with this conclusion (S Appendix, Fig. S6). We go
on to show that NLS activity in MutS@ is regulated in part by HDAC3
deacetylation of five lysine residues between residues 98 and 123.
One challenge in interpreting this information is that the N-terminal
220 amino acids of Msh3 appear to be largely unstructured, based on
bioinformatics analysis (SI Appendix, Fig. S3 C and D). As HDAC3
inhibition suppresses most expansions but its effect on MutSp local-
ization is only partial, we speculate there could be a subpopulation of
MutSp that is responsible for triplet repeat expansions that is also
sensitive to cellular relocalization in response to changes in its
acetylation status.

A model is presented to suggest how acetylation/deacetylation
of MutSp affects triplet repeat expansions (Fig. 6). Import of
MutSp into the nucleus via the lysine-rich Msh3 NLS allows
acetylation by p300/CBP and deacetylation by SMRT/HDAC3.
In this model, deacetylated MutSp can shuttle freely between the
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cytoplasm and the nucleus, allowing nuclear MutSp access to
triplet repeat DNA to drive expansions. This condition pre-
dominates in the presence of the Msh3-5KR mutant that mimics
the deacetylated state. In contrast, acetylated MutSp can exit the
nucleus but its reentry is inhibited. This reduces the level of
nuclear MutSp, limits its access to triplet repeat DNA, and helps
suppress expansions. This condition is simulated when cells are
treated with RGFP966. There is precedent for the idea that
protein acetylation regulates nuclear localization. NLS acetyla-
tion has been identified as a molecular toggle for the IFN-
inducible viral DNA sensor IFI16, inhibiting its nuclear import
(75). Acetylation of a lysine in the NLS of c-Abl drives cyto-
plasmic accumulation (76). For other proteins, lysine acetylation
is required for nuclear localization and retention, including the
eukaryotic translation initiation factor 5SA (77) and retinoblas-
toma protein (78). The impact of acetylation on NLS function
seems versatile, either promoting or preventing nuclear import.

Another possibility for HDAC3/SMRT control of expansions
is that the acetylation status of MutSp affects its binding to triplet
repeat hairpins or other alternative secondary structures that are
thought to be intermediates in expansions (7-10). This explana-
tion would help tie acetylation of MutSp to structure-forming triplet
repeats, which coincide with the subset of sequences known to
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Fig. 5. Immunofluorescence microscopy using EGFP tags. In all panels, DAPI
+ GFP indicates overlay of separate imaging for DAPI and EGFP. When
present, RGFP966 dose was 10 pM. Scale bars are indicated in each image. (A)
Transient transfections of EGFP fusion peptides. Top Left, EGFP alone; Top
Right, SVA0-NLS**-EGFP positive control; Bottom Left, Msh3°'"3°-EGFP;
Bottom Right, Msh3-5KR%""'3°-EGFP. FITC channel for EGFP signal. (B) Stable
transfectants expressing full-length Msh3-EGFP. White arrows indicate cy-
toplasmic accumulation of fluorescent protein. (C) Stable transfectants
expressing full-length Msh3-5KR-EGFP.
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thereby suppresses triplet repeat expansions.

expand and cause disease (79). Alternatively, protein-protein in-
teractions between MutSp and other proteins involved in expan-
sions might be subject to modulation by acetylation-deacetylation.
Developing suitable assays for these activities presents an interesting
challenge going forward.

While triplet repeat expansions were very sensitive to
RGFP966 inhibition of HDACS3, canonical mismatch repair and
CAG loop repair activities were slightly stimulated by the in-
hibitor. The most likely explanation is that MutSa, the pre-
dominant complex in HeLa cells (80), is not affected by HDAC3
inhibition and thereby masks any effects on the lower-abundance
MutSf in these repair assays. This interpretation is consistent
with the known dependence of G-T repair on MutSa and the
overlap in repair activity between MutSa and MutSp for 2-nt
looped substrates (80, 81). CAG loop repair does not require
MutSp (63, 82). Nonetheless, the retention of canonical repair ac-
tivity after HDACS3 inhibition suggests there may be no genetic price
to pay in therapeutic approaches to expansions using RGFP966.

Our findings are also relevant to recent GWAS findings that
genetic variation in MSH3 influences somatic expansions and
disease severity in HD and DM1 (43-46). Increased MSH3 ex-
pression is associated with disease progression in both diseases
(44, 46), helping support the conclusion that the timing of
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disease onset is determined, in part, by Msh3-dependent ex-
pansions of CAGeCTG repeats (46). Additional support came
from a study in HD mice that traced strain-dependent differ-
ences in CAG somatic repeat instability to polymorphisms in
MSH3 primarily affecting Msh3 protein stability (35). Direct
activation of MutSp by HDAC3 also provides a mechanistic ex-
planation for how RGFP966 treatment of HD mice suppressed
striatal instability in the HTT CAG repeat (53). It is a reasonable
inference that RGFP966 inhibition of HDAC3 in vivo prevented
deacetylation of Msh3 and thereby blocked MutSp in driving
repeat expansion. Therefore, a direct mechanistic connection is
feasible between HDAC3 inhibition and slowing somatic repeat
expansion to alter the course of triplet repeat expansion disease.

Data Availability. All study data are included in the article and
SI Appendix.
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