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Huntington’s disease (HD) is an inherited neurodegenerative disorder caused by an
expanded CAG repeat in the huntingtin (H7'7) gene. The repeat-expanded H7T encodes
amutated HTT (mHTT), which is known to induce DNA double-strand breaks (DSBs),
activation of the cGAS-STING pathway, and apoptosis in HD. However, the mech-
anism by which mHTT triggers these events is unknown. Here, we show that HTT
interacts with both exonuclease 1 (Exo1) and MutLa (MLH1-PMS2), a negative regula-
tor of Exol. While the HTT-Exol1 interaction suppresses the Exol-catalyzed DNA end
resection during DSB repair, the HT T-MutLa interaction functions to stabilize MLH1.
However, mHTT displays a significantly reduced interaction with Exol or MutLa,
thereby losing the ability to regulate Exol. Thus, cells expressing mHTT exhibit rapid
MLH1 degradation and hyperactive DNA excision, which causes severe DNA damage
and cytosolic DNA accumulation. This activates the cGAS-STING pathway to mediate
apoptosis. Therefore, we have identified unique functions for both HTT and mHTT in
modulating DNA repair and the cGAS-STING pathway-mediated apoptosis by inter-
acting with MLH1. Our work elucidates the mechanism by which mHTT causes HD.

Huntington's disease | cGAS-STING | MutLa | Exol | mHTT

Huntington’s disease (HD) is a progressive neurodegenerative disorder caused by CAG
trinucleotide repeat expansions in exon 1 of the huntingtin (H7'7) gene, which codes the
HTT protein (1-3). HD symptoms primarily consist of neuronal death and abnormalities
in peripheral tissues. The CAG repeat-expanded H7'T produces a mutated HT'T (mHTT),
which displays both loss and toxic gain of functions in comparison with HTT (4-6),
including inducing apoptosis in neuronal and peripheral blood cells (7-9). However, the
underlying mechanism is unclear.

HD is associated with increased inflammatory mediators in both the central nervous
and periphery systems (10-12). Recent studies have implicated the cytosolic DNA sensor
cGAS (cyclic GMP-AMP synthase)-triggered innate immune signaling in HD (13, 14).
Upon binding to cytosolic DNA, ¢cGAS synthesizes 2'3’-cyclic GMP-AMP (cGAMP),
which interacts with and activates the stimulator of interferon genes (STING) to induce
type I interferons (IFNs) and cytokines through IRF3/7 and NF-kB, triggering the down-
stream innate immune response (15-19). The cGAS pathway has been shown to promote
an inflammatory response in HD (13), however, the mechanism by which mHTT activates
the cGAS-STING pathway is unknown.

The cGAS activation relies on the accumulation of cytosolic DNA triggered by severe
chromosome damage (17). HTT participates in ATM-mediated DNA damage response
and repair (20, 21), but mHTT impairs such activities, resulting in excessive DNA damage,
including double-strand DNA breaks (DSBs) (22-25). DSBs can be repaired by the
error-free homologous recombination (HR) pathway, which involves DNA end resection
by the 5" to 3" exonuclease 1 (Exo1), strand invasion, formation of the Holliday junction,
and junction resolution (26-28). DNA end resection by Exol is tightly regulated by
MutLa, an MLH1-PMS?2 heterodimer involved in DNA mismatch repair (MMR) (29).
Cells defective in MLH1 show uncontrolled Exol-catalyzed end resection, resulting in a
large quantity of ssDNAs, accumulation of cytosolic DNA, and activation of the cGAS-
STING immune signaling pathway (30). Interestingly, MMR genes, particularly MSH3
and MLH]1, have been identified as important genetic modifiers of HD (31-33). The
MSH3 gene product, asubunit of the mismatch recognition protein MutSp (MSH2-MSH3),
acts to promote CAG repeat expansions during DNA replication and repair (34-40). The
MLH1 gene product is also a key driver of the somatic expansion (33), but whether or
not MLH1 modulates HD progression through other unknown mechanisms is unknown.
Given MutLa’s roles in regulating the Exo1-catalyzed end resection and activation of the
c¢GAS-STING pathway in cells expressing mHTT, we hypothesize that MLH1 may play
a critical role in mediating HD progression by differentially interacting with HTT and
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mHTT, which in turn differentially regulates the Exo1-catalyzed
end resection, leading to altered regulation of the cytosolic DNA
production and cGAS-STING activation.

We demonstrate here that HTT interacts with both Exo1l and
MLH]1, with the HTT-Exol interaction negatively regulating
the Exol-catalyzed DNA end resection during DSB repair by HR
and the HTT-MutLa interaction functioning to stabilize MLH1.
In contrast, mHTT shows a much weak interaction with Exol
and MLHI. Thus, cells expressing mHTT exhibit rapid MLH1
degradation and uncontrolled DNA end resection, which induces
severe DNA damage and the accumulation of cytosolic DNA.
This activates the cGAS-STING pathway to mediate apoptosis.
Therefore, we have identified hitherto unknown functions of both
HTT and mHTT in modulating DNA repair and the cGAS—
STING pathway-mediated apoptosis by differentially interacting
with MLHI1.

Results

mHTT-induced Apoptosis Depends on the cGAS-STING Pathway.

To determine whether or not mHTT-induced apoptosis in HD is
mediated through the cGAS-STING pathway, we knocked out

Sting or Cgas in the mouse striatal-derived cell lines STHdhY'Y
and STHdhQ!V/QI (Fig. 14), which contain homozygous H7T
loci with a humanized exon 1 containing 7 and 111 CAG repeats,
respectively (13, 41, 42). The resulting cell lines showed reduced
levels of phosphorylated STAT1 (pSTAT1), phosphorylated TBK1
(pTBK1), and phosphorylated STING (pSTING) (Fig. 1A4).
Cell viability analysis using the MTS assay (43) revealed that

STHAh? ! cells displayed a survival rate that is significantly

lower than that of STHdhY'Y cells (Fig. 1B), suggesting that cells
expressing mHTT undergo apoptosis. This was confirmed by the
Annexin V Apoptosis Assay performed with cells treated for 12 h
of serum deprivation (44-46), as the percentage of apoptotic
cells in STHdh?"™ ! cells was significantly higher than that
in STHdhY'Y cells (Fig. 1 C and D). However, the percentage
of apoprotic cells in STHdhY'™! cells was dramatically
reduced when Sting was knocked out (Szing KO) (Fig. 1 C and
D). Similar results were also observed in Cgas-knockout (Cgas
KO) STHdhU R e (Fig. 1 Cand D). These results suggest
that the cGAS-STING pathway is essential for mHT T-mediated
apoptosis. To further verify these observations, we determined the
levels of two apoptosis markers, cleaved caspases-3 and cleaved

caspases-9 (47) in STHdh cells. The results showed that abundant
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Fig. 1. mHTT-induced apoptosis depends on the cGAS-STING pathway. (A) Western blot analysis showing Cgas- and Sting-knockouts and inactivation of the
cGAS-STING pathway in STHdh?”"?” (Q7) and STHAh?' """ (Q111) cells. (B) MTS assays showing the inverse relationship between cell survival and cGAS/STING
activity in mHTT cells. (C) Representative FACS scatter grams of the Annexin V apoptosis assay in Cgas- or Sting-knockout cells under 12 h-serum starvation.
(D) Quantification of apoptotic cells by FACS analysis, as shown in C. (E) Western blot analysis showing inhibition of mHTT-induced apoptosis (indicated by the
cleaved Capase-3 and cleaved Capase-9) by Cgas-Sting knockout. (F and G) Quantification of relative levels of cleaved Capase-3 (F) and cleaved Capase-9 (G).
Statistical analyses were performed using two-tailed paired or unpaired t test or one-way ANOVA. When applied, data represent the mean + SEM of three

independent experiments. ‘P < 0.05; “P < 0.01; "P < 0.001.
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levels of cleaved caspases-3 and cleaved caspases-9 were observed

in WT STHdhU A cells but not in Sting KO cells nor in Cgas
KO cells (Fig. 1 £~G). Taken together, the data shown here suggest
that mHTT-mediated apoptosis is a cGAS-STING pathway-

dependent event.

Cells Expressing mHTT Exhibit DNA Breaks and Accumulate
Cytosolic DNA. Activation of the cytosolic DNA sensor ¢cGAS
relies on DNA damage-induced cytosolic DNA (17). To determine
whether this is the case for mHTT-triggered ¢GAS activation,
we first measured the level of YH2AX, a marker of DNA double-
strand breaks (DSBs), in both HTT and mHTT cells. As shown
in Fig. 24, STHdh?"! VQUL cells exhibited a higher level of YH2AX
than STHAhY'Y cells. Higher levels of YH2AX were also observed
in human HD fibroblast and mouse Raw264.7 macrophage cells
expressing a 73-polyglutamine (73Q) mHTT-exonl but not
WT fibroblast and Raw264.7 cells expressing 23Q HTT—exonl
(SI Appendix, Fig. S1 Aand B). We then detected cytosolic genomic
DNA in the cytosolic fraction by real-time PCR using primers
specific to the telomerase reverse transcriptase (7erz) gene (48). The
amount of cytosolic genomic DNA in STHhQ A cells was
significantly higher than that in STHAhY'Y cells (Fig. 2B). To
further confirm the presence of cytosolic DNA in STHdh?' /!
cells, we directly visualized cytosolic DNA using an anti-dsDNA
antibody as described (49, 50). Indeed, cytosolic dsDNA was
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Fig. 2. HD cells display DSBs and accumulate cytosolic DNA. (A) Western
blot analysis showing upregulation of yH2AX in Q111 cells compared with
Q7 cells. (B) gPCR analysis showing significantly increased levels of cytosolic
genomic DNA (Tert) in Q111 cells in comparison with those in Q7 cells.
(C) Detection of cytosolic dsDNA in Q111 cells, but not in Q7 cells, by an anti-
dsDNA antibody. (D) Percentage of cells displaying cytosolic DNA. The data for
HTT and mHTT were derived from a total of 111 and 119 cells, respectively.
Each dot represents an independent analysis and is the percentage of cells
displaying cytosolic DNA in a microscope field of view. A total of 17 HTT and
24 mHTT microscope fields of view was analyzed. Statistical analyses were
performed using two-tailed paired or unpaired t test or one-way ANOVA. When
applied, data represent the mean + SEM of the 17 and 24 microscope fields
of view for HTT and mHTT, respectively. ““P < 0.0001.
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observed in STHdhY A cells, but not in STHdhY'Y cells
(Fig. 2 C and D). These data clearly show that cells expressing
mHTT display DSBs and accumulate cytosolic DNA, which can
be recognized by cGAS to activate the cGAS-STING pathway.

Exo1 Is Essential for Activation of the cGAS-STING Pathway
and Apoptosis in HD Cells. DSBs can be repaired in an error-free
manner depending on HR, and Exol is a major nuclease that
carries out DNA end resection, an essential step of DSB repair by
HR (28). We have recently shown that the Exol nuclease activity
during DNA end resection is negatively regulated by MutLa (30).
Cancer cells defective in the MLH1 subunit of MutLa undergo
excessive DNA end resection by Exol, which causes severe DNA
damage leading to the accumulation of cytosolic DNA and
activation of the cGAS-STING pathway (30). To determine
whether Exol is involved in the generation of cytosolic DNA
in HD cells, we knocked out Exol in both STHdh?''/''" and
STHAWY'Y cells (SI Appendix, Fig. S1 C and D) and analyzed
the cytosolic DNA and innate immune signaling. Depletion of
Exol in STHAhYU cells substantially reduced the amount
of cytosolic genomic DNA (Fig. 3A4), and this is also associated
with reduced levels of pTBK1, pSTAT, and pSTING (Fig. 3B).

Correspondingly, reduced expression of the interferon-stimulated
gene 15 (fsg15) and proinflammatory chemokine Cc/5 was observed
in Exol-depletion STHAhY ! cells, as compared with control

STHAhQ VT ce]s (Fig. 3 Cand D). These results suggest that
Exol is essential for the generation of cytosolic DNA and activation
of the cGAS-STING pathway in mHTT cells.

Next, we determined the impact of Exol-depletion on mHTT-
induced apoptosis. Annexin V assay (see above) showed that in com-
parison with WT controls, ExoI-depleted STHARUMUL (e
exhibited a dramatic decrease in apoptosis (Fig. 3 £and £). To con-
firm this result, we detected the levels of cleaved caspase-3 and

cleaved caspase-9 in WT and Exol-depleted STHAh? M cells
and showed that the Exol-depleted cells displayed significantly
reduced levels of cleaved caspase-3 and cleaved caspase-9 (Fig. 3
G-1). These observations strongly suggest that Exol is essential for
mHTT-mediated cytosolic DNA accumulation, cGAS-STING
pathway activation, and apoptosis in HD cells.

To explore whether Exol functions in non-divided HD neuron
cell, we established neuron-like cells from striatal precursors
STHAhY QM 3pd STHAWY'Y cells using a well-established
method (41). The resulting cells indeed exhibited neuron-like features
including long neurites and the expression of MAP2 (microtubule-
associated protein 2), a marker of maturing post-mitotic neuron (51)
(ST Appendix, Fig. S2A). We found that STHAhY QM peyron-like
cells displayed elevated levels of pSTING, pSTAT 1, pTBK1, and apop-
tosis, i.e., increased cleaved caspases-3 and cleaved caspases-9. However,
these phenomena were not observed in the similarly established
neuron-like cells depleted of Sting or Cgas (SI Appendix, Fig. S2 B-D).
Likewise, Exol-depleted neuron-like cells showed characteristics of
Sting-KO or Cgas-KO neuron-like cells (S Appendix, Fig. S2 B-D),

as well as those of Exol-depleted STHAhMQU ce]s (compare

Fig. 3 G-I with SI Appendix, Fig. S2 B-D). Taken together, these
results suggest that mHTT induces apoptosis in both dividing and
post-mitotic neuron-like cells in a manner dependent on Exol and

the activation of the cGAS-STING pathway.

HTT Interacts with Exo1 and Negatively Regulates Exo1's
Nuclease Activity. The involvement of Exol in mHTT-mediated
apoptosis prompted us to hypothesize that HTT and mHTT
differentially modulate Exol’s nuclease activity. To explore this
possibility, we co-expressed the GFP-Exol and HTT-23Q-Myc,

https://doi.org/10.1073/pnas.2313652121
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Fig.3. Exo1isessential for the cGAS pathway-mediated apoptosis in HD cells. (A) gPCR analysis that shows significantly reduced levels of cytosolic DNAin Q111
cells when Exo1 is depleted. (B) Western blots showing inactivation of the cGAS-STING pathway in Q111 cells when Exo1 is depleted. (C and D) gPCR analysis
showing significantly reduced levels of Isg75 (C) and Cc/5 (D) in Q111 cells when Exo1 is depleted. (F) Representative FACS scatter grams of the Annexin V apoptosis
assay in Exo7-depleted cells after 12 h serum starvation. (F) Quantification of apoptotic cells, as shown in E. (G) Western blots showing reduced levels of the
cleaved Caspase-3 and cleaved Caspase-9, i.e., inhibition of apoptosis, in Q111 cells upon Exo7 depletion. (H and /) Quantification of relative levels of cleaved
Caspase-3 (H) and cleaved Caspase-9 (/) in Exo7-depleted cells. Statistical analyses were performed using two-tailed paired or unpaired t test or one-way ANOVA.
When applied, data represent the mean + SEM of three independent experiments. ‘P < 0.05; “P < 0.01; ™"P < 0.001; and ""P < 0.0001.

mHTT-73Q-Myc fusion proteins in HEK 293 cells and
performed co-immunoprecipitation (Co-IP) assays to determine
physical interactions between Exol and HTT or mHTT. The
results revealed that HT'T-23Q pulled down significantly more
GFP-Exol than mHTT (Fig. 4A4), suggesting that mHTT
possesses a significantly reduced Exol-interacting activity. This
result was further confirmed by the proximity ligation assay (PLA)
in HEK 293 cells expressing HT T-23Q-Myc or mHTT-73Q-
Myc, as cells with HTT-23Q-Myc showed more PLA signals than
those with mHTT-73Q-Myc (Fig. 4B). To rule out the possibility
that the aggregation of mHTT disrupts its interaction with Exol,
we expressed a known HTT/mHTT-interacting protein HAP40
(Huntington-associated protein 40) (52) in STHdhY'Y and

40f12 https://doi.org/10.1073/pnas.2313652121

STHAhY' U cells and determined Flag-HAP40’s interaction
with HTT and mHTT in cell lysates by Co-IP assays. As shown
in Fig. 4C, an HTT antibody pulled down similar amounts of

Flag-HAP40 in STHdhY'Y and STHdh?"'/U!' cell lysates,
indicating that the reduced mHTT-Exol interaction observed
in Fig. 4 A and B is not due to mHTT’s aggregation. More
convincingly, Exol was co-precipitated in STHdhY'Y, but
not STHdhY M Jysates in the same Co-IP assay (Fig. 4C).
Consistently, Co-IP assay using purified proteins also showed that
a slightly more HAP40 was co-precipitated in the mHTT-48Q-
containing reaction than in HTT-23Q-containing one, but the
former reaction recovered much less Exol than in the latter one

(SI Appendix, Fig. S3 B and C). Taken together, these results

pnas.org
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Fig. 4. HTT regulates Exo1's nuclease activity. (A) Co-immunoprecipitation-Western blotting analysis to show Exo1’s physical interaction with HTT-23Q, but not
mHTT-73Q in cell lysates derived from HEK293 cells, where Exo1 and HTT/mHTT were expressed as GFP and Myc fusion proteins, respectively. (B) PLA analysis
showing differential interaction of Exo1 with HTT and mHTT. HTT-23Q-Myc or mHTT-73Q-Myc was expressed in HEK293 cells. Red fluorescence indicates
positive PLA signals, suggestive of protein-protein interactions. Nuclei were stained with DAPI. (C) Co-IP-Western analysis showing that Exo1 interacts with
HTT-Q7 but not mHTT-Q111 in STHdh cells. Flag-HAP40, a well-known factor that interacts with both HTT and mHTT, was expressed in Q7 and Q111 cells. One
ug of cell lysate was used for Co-IP with an HTT antibody. Sign * represents non-specific bands. (D) Summary of PLA interactions of various Exo1 fragments with
HTT. (E) Co-IP-Western analysis showing HTT's interactions with various Exo1 fragments, as indicated in D. Exo1 and its fragments were Flag-tagged at the N
terminus and co-expressed separately with HTT in HEK293 cells. The individual cell lysates (1 mg) were incubated with M2 anti-Flag affinity beads. The beads-
bound complexes were eluted by a 3xFlag peptide, recovered in the supernatant upon centrifugation, and analyzed by Western blotting using a HTT antibody
(Top panel) or a Flag antibody (Bottom panel). Arrows point to the correct sizes of the individual Flag-Exo1 fragments, and sign * represents non-specific bands.
(F) In vitro end-resection assay showing negative regulation of Exo1 nuclease activity by HTT but not mHTT. DNA substrate used is a **P-labled linearized 2.7-kb
pUC19 plasmid (18 ng). Exo1 concentrations used is 3.0 pmol. The HTT or mHTT concentrations used in titration are 0.5 pmol and 1 pmol. (G) Quantification of
resection products Il, as shown in F. (H) Percentage of ssDNA generated during in vivo DNA end resection at the unique DSB site, AsiSI, in Chromosome 1. Top,
the principle of in vivo end resection assay. Bottom, qPCR analysis showing increased amount of ssDNA generated at DSB site (AsiSI) in U20S cells expressing
mHTT-exon1, compared with those expressing HTT-exon1. (/) Immunofluorescence confocal images showing increased pRPA fociin Q111 cells compared with
those in Q7 cells. Statistical analyses were performed using two-tailed paired or unpaired t test or one-way ANOVA. When applied, data represents the mean +
SEM of at least three independent experiments. P < 0.05; “P < 0.01; ""P < 0.001; and ""P < 0.0001.

suggest that the PolyQ-expanded mHT'T has significantly reduced co-precipitated with Flag- Exo1, Flag-1-129, 130-239, 240387,
its ability to interact with Exol. and 130-387 (Fig. 4E). These results were also confirmed by the

To identify the Exol domains responsible for interacting with proximity ligation assay (PLA) in HEK 293 cells expressing indi-
HTT, we constructed six Flag-tagged Exol fragments, i.c., nuclease vidual Flag-tagged Exol fragments, as cells with Flag-Exol,
domain-containing fragments 1-129, 130-239, 130-387, and Flag-1-129, 130-239, 240-387, and 130-387 showed more PLA
240-387; 388-549, and 550-849 (Fig. 4D). We then co-expressed signals than those with Flag-388-549, and 550-849 (S Appendix,
the individual Exol fragments with HTT-23Q in HEK293 cells, Fig. S3D), strongly suggesting that HT'T physically interacts with
followed by Co-I1P Western analysis. HT'T-23Q was found to be the N-terminal nuclease domain (1-387) of Exol.
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To determine whether the interaction between HT'T and Exol
affects Exol’s nuclease activity during end resection, we first
performed in vitro end resection assay using a linearized plasmid
(2.7 kb) DNA substrate labelled with **P at its 3’ ends (30, 53),
and purified Exol, HTT-23Q, and mHTT-48Q (S/ Appendix,
Fig. S3A4). As expected, Exol by itself digested the DNA substrate
into short pieces (Fig. 4F, lane 4, product I). Addition of the
23Q-containing HTT protein into the reaction significantly
reduced the amount of product I but increased the amount of prod-
uct IT (Fig. 4F, compare lane 4 with lanes 5 and 6), which is slightly
smaller than the original substrate. However, substitution of HT T—
23Q with mHTT—48Q failed to generate the same products,
instead, the mHTT-containing reaction showed essentially the same
products observed in the Exol-only reaction (Fig. 4F, compare lane
4 with lanes 8 and 9). The amount of resection II products in the
HTT-containing reactions is significantly higher than that in reac-
tions containing mHTT (Fig. 4G). These results indicate that HT'T,
but not mHTT, negatively regulates Exo1’s nuclease activity, likely
through its physical interaction with Exo1’s nuclease domain.

To determine the impact of HT'T or mHTT on DNA end resec-
tion in vivo, we used the DSB-inducible ER-AsiSI U20S cell model
(Fig. 4 H, Upper), which specifically induces a DSB at the AsiSI site
located in chromosome 1 upon treating cells with 4-hydroxytamoxifen
(4-OHT) (54). We established ER-AsiSI U20S cells stably express-
ing HT T—exon1-23Q or mHTT—exon1-73Q by lentivirus infec-
tion (S Appendix, Fig. S3E). The resulting cells displayed the
expected phenotype, that is, increased pSTAT'1 was observed in cells
expressing mHT T—exon1-73Q, but not in cells expressing HT T—
exonl-23Q after 4-OHT treatment (S Appendix, Fig. S3F). To
determine the amount of ssDNA generated during end resection at
the DSB site (the AsiSI site), we designed three pairs of PCR primers
to amplify DNA sequences from the AsiSI site to three BsrGI sites
after DNA was digested with BstGI (Fig. 4 H, Upper panel). Since
ssDNA resists restriction digestion, the amount and the length of
ssDNA produced during end resection can be determined by using
these three pairs of quantitative PCR (qPCR) primers. If DNA end
resection is appropriately regulated, less amount of ssDNA is gen-
erated; otherwise, large amount of ssDNA is expected. The results
showed that although the amount of ssDNA upon 4-OHT treat-
ment was inversely correlated with the distance between the AsiSI
and BsrGI sites in both HT T—exon1-23Q and mHTT—exonl-
73Q cells, mHT T—exon1-73Q cells generated significantly higher
levels of ssDNA at all three BsrGI sites than HTT-23Q) cells (Fig. 4
H, Lower panel). Taken together, these results suggest that HTT
negatively regulates DNA end resection, likely through its physical
interaction with Exol.

ssDNA binding protein RPA (replication protein A) protects
ssDNA from nuclease digestion during DNA metabolism, and its
phosphorylation serves as an indicator of DNA damage (55-57).
Thus, the generation of a large quantity of ssDNA during DNA
end resection in mHTT cells should be associated with an
increased amount of phosphorylated RPA (ERPA) and increased
pRPA foci. We analyzed pRPA in STHdhY'Y and STHdh /!
cells and observed a significant increase in the pRPA foci number
per cell (Fig. 47 and SI Appendix, Fig. S3G) and the percentage of
pRPA-positive cells (S Appendix, Fig. S3H) in STHdhY/!
cells, as compared with STHdhY"Y cells. Collectively, our in vitro
and in vivo data strongly support the idea that HTT negatively
regulates Exo1’s nuclease activity during DNA repair, but mHTT
has lost this function.

HTT Interacts with Mismatch Repair Factor MLH1. Since MutLo
(MLH1-PMS?2) functions to negatively regulate the Exol-catalyzed
DNA excision (30) and since MLH1 is an important genetic modifier
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of HD (32, 33), we hypothesized that HTT and mHTT may
differendially regulate Exol’s nuclease activity via their interactions
with MLHI. To explore this possibility, we first performed Co-IP
analysis to determine whether HTT or mHTT physically interacts
with MutLat using all purified proteins in the presence of Exol. As
expected, an MLH 1-antibody efficiently pulled down Exol regardless
of the presence of HT'T or mHTT (Fig. 5A), confirming that MutLat
interacts with Exol (30, 58). The antibody also co-precipitated
significantly more amount of HTT-23Q than that of mHTT-48Q
(Fig. 5 A and B), suggesting that the presence of the expanded polyQ
residues in mHTT has significanty impeded mHTT’s interaction
with MLHI. To further determine the interactions between these
proteins, we co-expressed GFP—Exo1, Flag-MLH1, and HTT-23Q-
Myc or mHTT-73Q-Myc fusion proteins in HEK 293 cells and
performed Co-IP assays using an antibody against Flag. The results
showed that the pulldown level of HT T-Myc is significantly higher
than that of mHTT-Myc (Fig. 5 C and D). Collectively, the data
presented here suggest that mHTT interacts with MLH1 to a much
lesser extent compared to HTT.

To determine the impact of the HTT-Exol-MutLa ternary
complex on Exol’s nuclease activity, we performed in vitro end
resection assay. The results showed that MutLa or HTT alone
could efficiently conquer the Exo1’s nuclease activity during end
resection, as the reaction containing both MutLo and HTT gen-
erated no additional amount of product II in comparison with
those containing only MutLa or HTT (Fig. 5 £ and F, reactions
5, 6:and 7). This suggests that HT T and MutLa can work together
to suppress Exo1’s activity, although they could act independently.
We also found that replacing HT'T with mHTT did not disrupt
MutLa’s ability to control Exol’s activity, as similar amounts of
product II were produced in the Exol-MutLa-containing reac-
tions in the presence or absence of mHTT (Fig. 5 £'and F, com-
pare reactions 5 and 9). This finding raised the question of why
HD cells with functional MLHI and PMS2 genes display hyper-
active DNA end resection.

MLH1 Exhibits a Shorter Half-life in mHTT Cells than in HTT Cells.
To answer the aforementioned question, we analyzed MLH1 levels
in whole cell lysates (WCL) and chromatin fractions derived from
STHAhY'Y and STHdhY U cells. Surprisingly, both WCL
and chromatin-bound MLH1 levels in STHdh? " cells were
significantly lower than those in STHdhY'Y cells (Fig. 6 4 and
B). The MLH1 reduction in STHdh?""R"! cells was not due
to gene expression, as the MLHI mRNA level in STHdh® /!
was actually higher than that in STHAhY'Y cells (Fig. 6C). We
then analyzed the MLHI level in the striatum tissues of HD
knock-in mouse model Q175 (59). The results showed that HD
mice express an MLH1 level significantly lower than that in WT
animals (Fig. 6 D and E). The low MLH1 expression in HD mice
is associated with high levels of YH2AX, pSTAT1 and cleaved
caspase-9 (Fig. 6D and SI Appendix, Fig. S4 A-C), suggesting that
striatum cells with low MLH1 expression in HD animals undergo
mHTT-mediated ¢cGAS-STING activation-trigged apoptosis.
To further confirm that it is the MLHI level that dictates the
apoptotic event in mHTT cells, we overexpressed MLH1 in
STHAhU ! cells and determined the status of the cGAS—
STING activation and the cleavage of caspase-3 and caspase-9.
As shown in S Appendix, Fig. S5 A-D, overexpression of MLH1
in STHdhU R cells greatly reduced the levels of pTBKI,
pSTAT1, pSTING, as well as the levels of cleaved caspase-3 and
cleaved caspase-9, suggesting inactivation of the cGAS-STING
pathway and inhibition of apoptosis. These results prompted us
to measure the stability of MLH1 in STHdh cells. We treated
STHdh cells with the protein synthesis inhibitor cycloheximide
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Fig. 5. Interactions between HTT, Exo1, and MLH1 regulate Exo1's nuclease activity. (A) Protein pulldown assays showing that the interactions of mMHTT or HTT
with Exo1 and MLH1 (MutLa) using purified proteins. (B) Quantification of the relative amount of HTT and mHTT in pulldown assay, as shown in A. (C) Co-IP
Western analysis showing differential interactions of mHTT or HTT with Exo1 and MLH1 (MutL«). Flag-MLH1, GFP-Exo1, HTT-23Q-Myc, and mHTT-73Q-Myc fusion
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HTT and mHTT, as shown in C. (E) In vitro end-resection assays. DNA substrate used is a linearized 2.7-kb pUC19 plasmid (18 ng). Proteins concentrations used
are 3.0 pmol Exo1, 0.5 pmol HTT or mHTT, and 0.5 pmol MutLa. (F) Quantification of the amount of resection product Il, as shown in E. Statistical analyses
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experiments. ‘P < 0.05; “P < 0.01; P < 0.001; and ""P < 0.0001.

(CHX) and found that MLH1 in STHdh?'"/?"! cells exhibited
a half-life much shorter than that in STHdhY'Y cells (Fig. 6 F
and G). Because HT'T, but not mHTT, interacts with MLH1
(Fig. 5 A and C), these results suggest that the HTT-MLH1
interaction plays an important role in stabilizing MLH1, which
explains why cells expressing mHTT, but not those expressing

HTT, accumulate cytosolic DNA to promote the activation of
the cGAS-STING pathway and apoptosis.

Discussion

HTT is ubiquitously expressed across tissues. It has an interactome
over 400 proteins, but its cellular functions are not clearly defined
(60). The toxic mHTT protein is the pathogenic driver of HD by
inducing pathological changes both in brain and peripheral sys-
tem, such as blood, muscle, liver, and lung (61-63). However, the
causing mechanism of the pathology is not fully understood. In
this study, we find that HTT functions as an important regulator
to constrain the hyperactive nuclease Exol during the repair of
DSBs through protein—protein interactions, which prevents
unnecessary digestion of genomic DNA. Conversely, mHTT no
longer possesses this nuclease-regulating activity, thereby allowing
Exol to catalyze uncontrolled DNA degradation, which eventually
induces cytosolic DNA and triggers cGAS-STING-mediated
apoptosis. Therefore, this study has identified unique functions
for both HTT and mHTT, uncovering the molecular basis of
mHTT-mediated cell death in HD.

PNAS 2024 Vol.121 No.13 2313652121

Exol is an important 5’ to 3’ exonuclease required for multiple
DNA repair pathways, including MMR and DSB repair, and the
hyperactive nuclease activity of Exol is properly controlled by
MutLa to avoid unnecessary DNA digestion. Exol catalyzes exces-
sive excision during MMR and DNA end resection in the absence
of MutLa,, which leads to chromosome instability and generation
of cytosolic DNA to activate the cGAS-STING pathway (30).
These phenomena disappear when MutLa is restored or Exol is
depleted in cells. MutLa executes its regulatory function via its
physical interaction with Exol (30). We show here that like
MutLa, HTT negatively regulates Exol’s nuclease activity by
interacting with Exol. Interestingly, we also found that these two
Exol regulatory proteins interact with each other, suggesting the
formation of an HTT-Exol-MutLa ternary complex, which
provides a dual regulatory mechanism to properly constrain Exol’s
nuclease activity.

However, the conversion of HTT to mHTT has largely
destroyed this dual control mechanism. First, mHTT barely inter-
acts with Exol, thereby failing to regulate Exol during DNA
repair. Second, unlike HTT, which interacts with and stabilize
MutLa, mHTT has essentially lost its ability to interact with
MutLo. This is likely the reason that the MLH1 subunit of MutLa
displays a much shorter half-life in cells expressing mHTT than
in those expressing HTT (Fig. 6F). This also explains why HD
cells accumulate cytosolic DNA, because they have lost the Exol’s
primary regulator in MutLa,, leading to uncontrolled end resection,
which in turn causes severe DNA and chromosome damage to
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Fig. 6. MLH1 is unstable in HD. (A) Western blot analysis showing decreased MLH1 protein levels in the whole cell lysate (WCL) and chromatin fraction (Chr.)
of STHAh?'"R""" (Q111) cells compared with STHAh?”’?” (Q7) cells. (B) Quantification of the relative MLH1 protein level in Q7 and Q111 cells. (C) gPCR analysis
showing the levels of M/h7T mRNA in Q7 and Q111 cells. (D) Western blot analysis showing the expression levels of MLH1 (reduced), yH2AX (increased), pSTAT1
(increased) in Q175 HD mouse striatum. (E) Quantification of the amount of MLH1 protein level as shown in D. (F) Western blotting analysis showing the half-life
of Flag-MLH1 in Q7 and Q111 cells in the presence of 100 pg/mL cycloheximide (CHX). (G) Quantification of the relative levels of the Flag-MLH1 protein in Q7 and
Q111 cells, as shown in G. Statistical analyses were performed using two-tailed paired or unpaired t test or one-way ANOVA. When applied, data represents the
mean + SEM of three independent experiments. "P < 0.05; “P < 0.01; *P < 0.001; and P < 0.0001.

release damaged DNA to the cytoplasm (30). Recently, Roy et al.
have shown that the endonuclease domain of MLH3, a subunit
of MutLy (MLH1-MLH3) promotes CAG expansion in HD
animal models, as disrupting or mutating the MLH3 endonucle-
ase motif eliminates the 77 CAG expansion (64). This suggests
that the Mutly endonuclease activity facilitates CAG repeat
expansion and the production of mHTT. Notably, a functional
MutLa (MLH1-PMS2), the major MutL heterodimer in mam-
malian cells (29, 65) and the initial MutL homologs identified to
possess an endonuclease activity (66), is present in the Roy et al.
study (64). It remains to be determined why the MutLa endonu-
clease activity does not contribute to the 77 CAG expansion
in the HD model (64). Nevertheless, the findings in this study
and ours suggest that the molecular interplays between MutLo/
MutLy and HTT/mHTT controls HD onset and progression.

80f 12 https://doi.org/10.1073/pnas.2313652121

Further investigations are required to elucidate the basis of these
interactions.

In addition to its interaction with mismatch repair proteins,
HTT has also been shown to be involved in other DNA repair
pathways, including transcription-coupled nucleotide excision
repair, non-homologous end joining of DSB repair and ATM sig-
naling (20-25). Despite that HR and NHE] are mainly responsible
for DSB repair in dividing neural stem/progenitor cells and post-
mitotic neurons, respectively (67), both sub-pathways are active in
mature neurons (68). How HR occurs in mature neurons without
dividing cells remains to be investigated. Further studies are also
required to determine mHTT’s roles not only in neurons but also
in other types of cells such as astrocytes and blood cells (9, 69).

Based on the published data and the results presented here, we
propose a working model (Fig. 7) to elucidate the mechanism by
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Fig. 7. Model for mHTT-triggered cGAS-dependent apoptosis. Under normal conditions, HTT forms a ternary complex with MutLa and Exo1, which properly
terminates Exo1-catalyzed end resection, resulting in normal DSB repair via homologous recombination (Left). However, in HD cells, mHTT barely interacts with
Exo1 nor MutLa. Rather, mHTT promotes degradation of the Exo1 primary regulator MutLa, leading to an uncontrolled DNA end resection (Right). The hyperactive
Exo1 generates a large quantity of ssDNA to exhaust the pool of RPA, and the unprotected ssDNA can be readily digested by various nucleases. This causes
severe DNA damage and produces cytosolic DNA to activate the cGAS-STING pathway, thereby promoting apoptosis in HD.

which HTT or mHTT distinctly regulates Exo1l’s nuclease activity
during DNA end resection, leading to normal DNA repair or severe
DNA damage that induces apoptosis, respectively. In WT HTT
cells, DNA end resection by Exol is properly terminated by the
protein—protein interactions between HT'T, MutLa, and Exo1, so
that DSB repair by HR occurs normally (Fig. 7, Leff). However,
in HD cells, although both normal HT'T and mHTT are expressed,
mHTT functions dominantly over HT'T. Therefore, the presence
of mHTT has largely destroyed the HTT-Exo1 and HTT-MutLa
interactions, with the former interaction directly suppressing Exo1’s
nuclease activity, and the latter one facilitating the stability of
MutLa. Thus, in the presence of mHTT, MutLo undergoes rapid
degradation, which renders HD cells lose the primary Exol’s reg-
ulator. The hyperactive Exol generates a large quantity of ssDNA
to exhaust the pool of RPA, leaving the extra ssDNA unprotected.
The unprotected ssDNA can be readily digested by various nucle-
ases, resulting in abnormal HR and other aberrations (30). This
generates cytosolic DNA to activate the cGAS-STING pathway,
thereby promoting cell death in HD (Fig. 7, Right).

The data described here provide potential targets for treating
HD. Since mHTT-mediated apoptosis depends on an active
cGAS-STING pathway, factors that block ¢GAS activation and
its downstream signaling could inhibit mHT T-induced apoptosis.
Insights into the structural and molecular biology of the cGAS—
STING pathway have paved the way for developing small-molecule
inhibitors to target the cGAS-STING components in a number

PNAS 2024 Vol.121 No.13 2313652121

of human diseases (70). These small-molecule inhibitors could be
good candidates for treating HD patients. Given that mHTT
differs from HTT by the expanded polyQ, the expanded polyQ
could be the toxic activity responsible for inhibiting its interaction
with MLHI. If this is true, identifying factors that specifically
inhibit the polyQ activity could benefit HD patients. Future studies
will address these potential clinical applications.

Because the apoptosis we observed in HD-derived cells is
dependent on Exol-catalyzed hyper-end resection, questions raised
from this concern whether or not the repair of DSBs in HD cells
is through HR, which usually occurs in the S and G2 phases of the
cell cycle, but not in post-mitotic cells such neuron cells, whether
or not the uncontrolled Exol nuclease activity in HD cells is asso-
ciated with HR, and whether or not the observed phenomenon is
relevant to neuronal cell death. Although it is difficult to answer all
these questions, we do find that neuron-like cells expressing mHTT
display elevated apoptotic signals and activated cGAS-STING
pathway, but these phenomena all disappeared in Exol-depleted
neuron-like cells (S Appendix, Fig. S2). These results strongly sug-
gest that Exol indeed mediates mHT T-triggered, cGAS pathway-
dependent apoptosis in neuron-like and post-mitotic cells.

In fact, DSB repair via HR has been reported in mature neurons
(68). Although how it occurs is not fully understood, transcription-
coupled nucleotide excision repair (TC-NER), which is active in
neurons, has been postulated to stimulate HR in post-mitotic cells (71).
In this case, stalling of RNA polymerase II (Pol II) at the damage site
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recruits CSB to initiate TC-NER. The lesion processing by TC-NER
provides a platform to recruit HR factors such as Rad52 and Rad51C
via their physical interaction with CSB. This recruitment allows the
Pol II-CSB initiation complex to switch TC-NER to TC-HR, which
could be an important way to ensure the stability of Pol II-transcribed
genes, particularly for neurons with long-term viability. However,
this speculation requires thorough investigations.

Itis also possible that the MMR-mediated DNA damage response
(72) is involved in mHT T-triggered apoptosis. This pathway, which
does not require DNA replication and cell division but Exol and
MutSa, is activated when MutSa binds to a non-mismatched DNA
lesion such as a UV-dimer (73) or chemically modified adduct
(74, 75). The activation of the MMR-mediated damage response
induces a futile repair cycle (76), leading to apoptosis (72, 75).
Future studies are required to make this connection.

Experimental Materials and Methods

Cell Lines and Culture Conditions. Unless otherwise mentioned,
cells used in this study were purchased from the Coriell Institute
for Medical Research, and all cells were maintained at 37 °C
in a humidified 5% CO, incubator. STHdhY'Y (Q7) and
STHdh V! (Q111) mouse striatal cell lines that express
full-length wild-type (polyQQ7) and mutant (polyQ111) HTT
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose, 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, and 40 pg/mL G418 at 33 °C (41). To establish
neuron-like cells, we cultured STHAhY'Y or STHAh QU cells
in serum-free DMEM medium containing 10 ng/mL aFGE 250 uM
IBMX, 200 nM PMA, 50 uM forskolin, and 5 uM dopamine for
16 h, as described (41). To knock out Sting or Cgas, we transfected
STHdhY'Y and STHdh? ! cells with CRISPR/Cas9 system
plasmid pX458-gSting, pX458-gCgus or control in a 6-cm dish.
GFP-expressing cells were individually seeded in a 96-well plate to
establish single clones, and Sting or Cgas depletion was confirmed by
Western blotting using a STING or cGAS antibody. Exo! knockout
was similarly performed using the CRISPR-Cas9 technology, and
the knockout was confirmed by qPCR analysis of exo/ mRNA
(SI Appendix, Fig. S1C). Raw264.7 cells, which were cultured in
a RPMI 1640 medium supplemented with 2 mM L-glutamine
and 10% FBS and 1% penicillin-streptomycin, were used to stably
express Flag-tagged HTT exon 1 with 23Q (Flag-HTT-exonl-
23Q) or 73Q (Flag-HTT—exon1-73Q) by transducing lentiviral
particles carrying the genes expressing these fusion proteins. Human
fibroblast cells (GM02153, GM21756) were cultured in Eagle’s
Minimum Essential Medium with Earle’s salts, non-essential amino
acids, 15% FBS, and 1% penicillin-streptomycin.

Confocal Immunofluorescence Analysis. Cells were cultured on
glass coverslips fixed with 4% paraformaldehyde in PBS. After
extensive washing with PBS, cells were permeabilized with Triton
X-100 (0.2% in PBS), blocked with 5% BSA in PBS, and incubated
with primary antibodies (diluted in 2% BSA) at 4 °C overnight.
Cells were then washed with PBS, incubated with appropriate
secondary antibodies (1:1,000 in PBS) at room temperature for 1 h,
followed by washing mounting with ProLong™ Diamond Antifade
Mountant with DAPI (ThermoFisher Scientific, Cat# P36961). Cell
images were captured using a Leica TCS SP8 confocal microscope.

Cell Lysate Preparation and Western Blot Analysis. Whole-cell
lysates (WCL) were prepared by radioimmunoprecipitation assay
(RIPA) buffer [150 mM NaCl, 0.5% sodium deoxycholate, 0.1%
SDS, 1% NP-40 dissolved in 50 mM Tris (pH 8.0)]. Separation of
cytoplasmic and chromatin fractions was prepared as described (77).
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Briefly, cells were resuspended in the lysis buffer (10 mM HEPES,
pH 7.4, 10 mM KCl, 0.05% NP-40, protease inhibitors) for 20 min
on ice. Samples were centrifuged at 14,000 rpm for 10 min, and
the supernatants were collected as cytosolic extracts. The pellets were
washed with the lysis buffer and centrifuged at 14,000 rpm for 5 min,
and the resulting pellets were resuspended in 0.2 N HCI and
incubated on ice for 10 min before centrifugation. The supernatants
were then neutralized with 1.0 M Tris buffer (pH 8.5) and collected
as chromatin fractions. Proteins in WCL and chromatin fractions
were resolved by SDS-PAGE, transferred onto nitrocellulose
membrane, and subjected to Western blotting analysis using the
indicated antibodies. The protein band intensities were quantified
with Image] software (NIH) and normalized against f-actin.

Co-immunoprecipitation and In Vitro Pull-down Assay. Cultured
cells (1 x 107 cells) were lysed in buffer containing 20 mM Tris
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100, benzonase nuclease and protease inhibitors for 30 min on
ice and then centrifuged for 15 min at 14,000 rpm at 4 °C. Unless
mentioned otherwise, 500 pL lysates (1 pg/pL) were precleared
for 1 h with protein G beads. The precleared supernatant was
incubated overnight with 1 pg of antibodies, as indicated. The
immune complex was then precipitated by incubation with protein
G bead (GE Healthcare Life Sciences, Cat#28-9440-08) for 2 h
at 4 °C. Immunoprecipitants, or whole-cell extracts (WCEs) were
analyzed by the standard Western blotting.

For pulldown experiments, 1 pg of the indicated proteins and
1 pg antibody were incubated in buffer A (20 mM Tris pH 7.4,
100 mM NaCl, 1 mM EDTA, 1% Triton X-100 and protease
inhibitors) for 2 h and subjected to immunoprecipitation after
incubation with protein G beads (GE Healthcare Life Sciences,
Cat#28-9440-08) for 1 h at 4 °C. Immunoprecipitants or input
proteins were analyzed by the standard Western blotting. Purified
HTT/mHTT proteins are purchased from Coriell Institute.
Recombinant Exol and MutLa proteins were expressed in insect
cells and purified, as described (78). Purified Flag-HAP40 protein
was expressed in HEK293 cells and purified with M2 anti-Flag
affinity beads (Millipore Sigma, Cat#A2220) and 3x Flag peptide
(Millipore Sigma, Cat#F4799) elution.

Proximity Ligation Assay (PLA). Cells were plated on glass
coverslips and cultured in DMEM for 24 h before being transfected
with the indicated plasmids. Forty-eight hours after transfection,
cells were fixed with 4% paraformaldehyde, permeabilized with
0.5% Triton-X100, washed with PBS, and incubated with the
primary antibodies, as indicated. Samples were subjected to PLA
assays using the Duolink PLA kit (Millipore). Nuclei were stained
with DAPI (ThermoFisher Scientific, Cat# P36961). Cell images
were captured using a Leica TCS SP8 confocal microscope.

Cell Viability Assay. Cell viability assay was carried out to assess
the percentage of viable cells using the CellTiter 96 MTS Aqueous
One solution cell proliferation assay (Promega). In brief, wide
type, Sting or Cgas knockout STHdhY'Y and STHdhR V!
cells were seeded at 3,000 cells/well in a 96-well plate. After
incubation in normal culture medium for 72 h, cells were cultured
in the medium containing 20% MTS for 2 h before measuring the
absorbance (OD) at 490 nm. All experiments were repeated three
times with each time point set up with four replicates.

RNA Extraction and Real-Time PCR Analysis. All RNA was
isolated using the TRIzol™ Reagent kit (Invitrogen, Cat#
15596026). cDNA was synthesized from 1 pg of RNA using
Reverse Transcription Supermix (BioRad, Cat#1708840), and
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used to detect the expression levels of multiple genes by quantitative
RT-PCR (qRT-PCR) using gene-specific primer sets (S/ Appendix,
Table S1) and SsoAdvanced™ Universal SYBR Green Supermix,
according to the manufacturer’s instructions (Biorad, Cat#1725271).
The gene expression levels were normalized using GAPDH as a
control. The 222 method was used to calculate relative expression
changes.

Extraction and Quantification of Cytosolic DNA. Cytosolic DNA
was isolated following a previously published protocol (79).
Cultured cells (2 x 107) were divided into two equal aliquots
and one aliquot was resuspended in 500 pL of NaOH (50 pM),
boiled for 15 min, and then neutralized with 50 puL of 1 M
Tris-HCI (pH 8.0). The resulting sample served as normalization
controls for the total amount of DNA. The other aliquot was
resuspended in 500 pL of permeabilization buffer (50 mM
HEPES, pH 7.4, 150 mM NaCl, 2 mM EDTA, and 25 pg/mL
digitonin). Cells were centrifuged at 1,000¢ for 3 min, and the
supernatant was transferred to a fresh tube and centrifuged at 17,000¢
for 10 min to remove mitochondria contamination, with the end
sample being regarded as cytosolic DNA. Both samples were treated
with protease K and purified using DNA Clean & Concentrator
(ZYMO RESEARCH). Real-time PCR was performed to detect
genomic DNA (gDNA) by genomic DNA primers (7ér#). Cytosolic
gDNA levels were normalized with total gDNA.

Annexin V and Flow Cytometry Analyses. Cells were collected
after 12 h of serum starvation and stained with annexin V or
annexin V and propidium iodide (PI) as indicated using FITC
Annexin V Apoptosis Detection Kit I (Cell Signaling) according
to the manufacturer’s instructions. FACS analysis was performed
using a FACS lyric flow cytometer and FlowJo software (BD
Biosciences).

In Vitro and In Vivo DNA End Resection Assays. In vitro and in vivo
DNA end resection assays were performed as described previously
(30). The in vitro assays were assembled in 20-pL reactions
containing 18 ng of 3'-end **P-labeled linearized pUC19 plasmid
DNA (2.7 kb), the indicated proteins, 25 mM MOPS (pH 7.0),
2 mM DTT, 60 mM KCl, 1% Tween 20, 2 mM ATP 5 mM
MgCl,. Unless mentioned otherwise, the protein concentrations
used in the experiments are 3 pmol Exol, 0.5 pmol HTT, 0.5
pmol mHTT, and 0.5 pmol MutLa. Reactions were incubated at
37°C for 30 min and terminated with 5 pL of Proteinase K buffer
(2% SDS, 150 mM EDTA, 1 mg/mL proteinase K). After agarose
gel electrophoresis, the digested DNA products were detected by
a Typhoon phosphor imaging system. Purified HTT/mHTT
proteins are purchased from Coriell Institute. Recombinant Exol
and MutLa proteins were expressed in insect cells and purified, as
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described (80). For in vivo end resection assays, ER-AsiSI U20S
cells expressing Flag—-HTT—exon1-23Q and Flag-mHTT-exon1-
73Q were treated with 900 nM 4-OHT for 4 h to induce a DSB
at the AaiSI site. Genomic DNA (10 ng) was used to determine
the percentage of ssDNA generated during DNA end resection
at various BsrGlI sites (Fig. 4F) by the Tagman qPCR reactions
using primers and probes specific for DSB1-335, DSB1-1618, and
DSB1-3500 (81 Appendix, Table S1). The percentage of resection-
generated ssDNA was calculated using the formula ssDNA% = 1/
[2A(ACt- 1) + 0.5]*100.

HD Animals and Tissue Collection. Male Q175 HD knock-in
mice were obtained from JAX (Strain #:027410) and bred with
C57BL/6 WT females (JAX 000664) to set up the colony. All mice
were maintained and bred under standard conditions consistent
with NIH guidelines and approved by the University of California,
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water ad lib. Four wild-type and four heterozygous Q175 (two
males and two females each) were killed at 10 mo of age. Brains
were removed, sliced, and micro-dissected on ice. Striatal tissues
were collected and fresh frozen on dry ice.

Quantification and Statistical Analysis. Two-tailed Student’s
paired or unpaired 7 test was used for two-group comparisons,
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significant. Data were represented as means + SEM. All graphs
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