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ABSTRACT: Expansion of CAG/CTG repeats is the under-
lying cause of >14 genetic disorders, including Huntington’s
disease (HD) and myotonic dystrophy. The mutational
process is ongoing, with increases in repeat size enhancing
the toxicity of the expansion in specific tissues. In many repeat
diseases, the repeats exhibit high instability in the striatum,
whereas instability is minimal in the cerebellum. We provide
molecular insights into how base excision repair (BER) protein
stoichiometry may contribute to the tissue-selective instability
of CAG/CTG repeats by using specific repair assays.
Oligonucleotide substrates with an abasic site were mixed
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with either reconstituted BER protein stoichiometries mimicking the levels present in HD mouse striatum or cerebellum, or with
protein extracts prepared from HD mouse striatum or cerebellum. In both cases, the repair efficiency at CAG/CTG repeats and
at control DNA sequences was markedly reduced under the striatal conditions, likely because of the lower level of APE1, FEN1,
and LIGI. Damage located toward the 5" end of the repeat tract was poorly repaired, with the accumulation of incompletely
processed intermediates as compared to an AP lesion in the center or at the 3" end of the repeats or within control sequences.
Moreover, repair of lesions at the 5" end of CAG or CTG repeats involved multinucleotide synthesis, particularly at the cerebellar
stoichiometry, suggesting that long-patch BER processes lesions at sequences susceptible to hairpin formation. Our results show
that the BER stoichiometry, nucleotide sequence, and DNA damage position modulate repair outcome and suggest that a
suboptimal long-patch BER activity promotes CAG/CTG repeat instability.

T rinucleotide repeat (TNR) expansions are responsible for
>15 neurological, neuromuscular, and neurodegenerative
genetic disorders.”? This family of disorders includes CAG/
CTG repeat-associated diseases, such as Huntington’s disease
(HD), and nine other polyglutamine (polyQ) disorders, as well
as myotonic dystrophy type 1 (DM1). The TNR tracts need to
reach a threshold length of 30—50 units to become genetically
unstable and trigger pathogenesis. At this size, the length of the
mutant allele continuously changes, in both germline and
somatic tissues, most often incurring expansions. However, all
tissues do not undergo repeat instability to an equal degree, and
this tissue selectivity varies between diseases.””® For instance, in
HD and other polyQ disorders, both the striatum and the
cortex exhibit increased CAG/CTG instability and the largest
degree of expansion, while the same repeats remain stable and
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shorter in length in the cerebellum.*™® In DM, continuous
expansion of the mutated allele is observed in the heart, skeletal
muscle, and cortex, whereas TNR expansion is limited in the
cerebellum.'®™"* In DM1 and HD, instability is most prevalent
in affected tissues, presumably accelerating the progression of
the diseases.>">™"7 It is therefore important to delineate the
molecular mechanisms of tissue-specific TNR instability to
improve our understanding of the pathogenesis of the different
disorders.

The mechanisms underlying the tissue selectivity of TNR
instability remain unclear. Gene-specific cis elements and tissue-
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specific epigenetic modifications have been implicated.'® In
addition, tissue-specific trans factors may contribute to the
process. For instance, MSH2 and MSH3, which participate in
the mismatch repair (MMR) pathway, have been implicated in
CAG/CTG instability. Notably, mouse models for DM1 or HD
that are deficient in Msh2 or Msh3 exhibit reduced CAG/CTG
instability.'”~>* Because CAG/CTG repeats have a high
propensity to form stable secondary DNA structures such as
hairpins in vitro,”>?¢ it has been hypothesized that the aberrant
processing of these structures by MMR promotes instability.
Interestingly, recent studies showed that downregulation of
MMR genes upon differentiation of DMI-derived human
embryonic stem cells correlates with decreased CAG/CTG
instability,”” suggesting that the contribution of MMR to CAG/
CTG instability is regulated in a tissue-specific manner.

Somatic CAG/CTG instability is reduced in HD mice
deficient for the DNA glycosylase Oggl, indicating that base
excision repair (BER) also contributes to CAG/CTG
instability.”® In yeast, the flap endonuclease (FEN1) and
DNA ligase I (LIG1), two proteins involved in long-patch BER
(LP-BER), modulate the instability of CAG/CTG repeats.””*°
Human cells and DM1 transgenic mice also revealed a role for
LIGI in CAG/CTG instability.” In classic BER, removal of an
oxidative base lesion by a DNA glycosylase results in the
formation of an abasic (AP) site, which is then cleaved by an
AP endonuclease (APE1 in mammals).>"** This DNA strand
break is subsequently processed by either single-nucleotide
BER (SN-BER) or LP-BER. In SN-BER, POLJ incorporates a
single nucleotide and excises the remaining 5-abasic fragment,
prior to ligation by DNA ligase III o (LIG3) in complex with
X-ray cross-complementing 1 (XRCC1) protein. In LP-BER,
FEN1 removes the S-flap structure generated during the
multinucleotide synthesis step mediated by POLS or a
replicative DNA polymerase prior to ligation by LIGL.*"*

We previously found that in wild-type and HD transgenic
mice, BER proteins and associated enzymatic activities are
reduced in the striatum in comparison to the cerebellum,
though to different levels.*® In particular, the level of FEN1
protein is greatly decreased in the striatum, leading to a lower
FEN1:POLJ ratio compared to that in the cerebellum. We
therefore proposed that a reduced level of FENI1 in the striatum
would contribute to the high level of TNR instability seen in
the striatum of HD animals, because of impaired coordination
between DNA synthesis and S'-flap removal in the striatum
during LP-BER at CAG/CTG repeats. However, a previous
study, which used in vitro repair assays and CAG oligonucleo-
tide substrates with a tetrahydrofuran (THF) abasic site
analogue that can be processed only by LP-BER, suggested
that an increased level of FEN1 promotes CAG expansion by
facilitating ligation of hairpins formed by strand slippage.**
Thus, the roles of BER protein stoichiometry and LP-BER in
tissue-selective TNR instability have remained unclear.

Repair outcomes at nicked CAG/CTG substrates with
slipped-out repeats have been reported using mammalian cell
extracts.>> % In these assays, repair outcome and efficiencies
clearly depended upon nick location and slip-out sequence
(CAG vs CTG). Interestingly, repair efficiency was significantly
increased when the slip-out was located on the CAG strand in
comparison to the CTG strand. Furthermore, the nick location
(in the slipped vs continuous strand or 5’ vs 3 of the slip-out)
dramatically affected repair outcome. In all reports to date, in
examining BER processing of trinucleotide repeats, the DNA
lesion has been placed in the CAG strand at the 5’ end (the first

3920

repeat unit)”®** or within a CAG hairpin.**** Thus, whether
the position of an oxidative DNA lesion within a CAG/CTG
repeat sequence influences repair is unknown.

To address the role of BER protein stoichiometry, nucleotide
sequence context, and lesion position on damage-containing
TNR processing, we use herein repair assays that employ
oligonucleotide substrates harboring an abasic lesion located
upstream ($™-oriented), downstream (3™-oriented), or centrally
within the CAG or CTG strand. Moreover, repair assays were
conducted either with purified BER protein mixtures that
reflect the stoichiometry in the striatum or cerebellum of HD
mice or with protein extracts prepared from the striatal or
cerebellar tissue of HD mice. Our data demonstrate that lesions
are less efficiently repaired at the striatal protein stoichiometry
as compared to the cerebellar stoichiometry, the latter of which
is characterized by high levels of the LP-BER enzymes FEN1
and LIGI. In addition, our studies indicate that lesions located
at the 5" end of the repeat lead to formation of increased
amounts of intermediate repair products, indicative of
incomplete repair, and the production of fewer full-length
repair products, than when lesions are positioned at the 3’ end
of the repeat. Furthermore, repair of lesions located toward the
5" end in a CAG or CTG repeat involve multinucleotide
synthesis, particularly at the cerebellar stoichiometry, suggesting
that LP-BER conducts processing of substrates prone to
formation of secondary structures. Our data provide evidence
that the poor repair susceptibility of CAG/CTG sequences and
the suboptimal striatal LP-BER activity both contribute to the
inefficient repair at CAG/CTG repeats in the striatum. Our
data support a model in which inefficient LP-BER of some
postmitotic tissues increases the risk of somatic CAG/CTG
repeat instability associated with specific diseases.

B MATERIALS AND METHODS

Materials. Human recombinant proteins LIG1, LIG3/
XRCC1, PCNA, APE1l, POLS, and FEN1 were purified as
previously described.*' ~*® Uracil- DNA glycosylase (UNG)
from Escherichia coli was a generous gift from the late D.
Mosbaugh (Oregon State University, Corvallis, OR). Primary
rabbit and mouse antibodies were purchased from MBL
(mouse a-LIG1, K 0190-3), BD transduction Laboratories
(mouse a-LIG3, 611876), Abcam (rabbit a-APE1, ab92744),
Sigma (mouse a-PCNA, P 8825), and Chemicon (mouse a—f-
tubulin). Rabbit a-XRCC1 was a kind gift from P. J. McKinnon
(St. Jude Children’s Research Hospital, Memphis, TN). DNA
oligonucleotides were purchased from Eurogentec. The radio-
nucleotides, [y-**PJATP (7000 uCi/mmol), [a->*P]dCTP
(3000 pCi/mmol), and [a-*P]dGTP (3000 wCi/mmol),
were from Perkin-Elmer.

Mice. Hemizygous R6/1 HD transgenic mice from the
Jackson Laboratory were maintained on a mixed CBAxCS7BL/
6 genetic background and were genotyped as described
previously.*” The experiments were approved by the ethical
committee CREMEAS (Comite Regional d’Ethique en Matiere
d’Experimentation Animale de Strasbourg).

Western Blotting. Whole cell extracts from mouse
cerebellum and striatum of R6/1 mice were prepared as
previously described.>> For Western blot analysis, rabbit and
mouse antibodies against mouse endogenous and human
recombinant BER proteins (see above) were used at 1:500
(a-LIG1), 1:1000 (a-LIG3, a-XRCCl, and a-PCNA), or
1:100000 (a-APE1) dilutions and were detected with
appropriate a-rabbit or a-mouse peroxidase-conjugated secon-
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dary antibodies (Jackson immunoResearch Laboratories) and
the ECL chemiluminescence kit (Pierce or Millipore). Signals
were imaged on radiographic films, captured with GeneSnap,
and quantified with GeneTool on a Syngene Chemigenus XE
machine.

Preparation of AP Substrates. To create the AP—DNA
duplex substrates, the target oligonucleotide strand harbored a
uracil (U) modification that replaced a cytosine or a guanine
residue, and this strand was hybridized with the complementary
oligonucleotide at a molar ratio of 1:1 (see Figure 2). We note
that the sequences of the CAG/CTG substrates and the control
substrates were based upon the sequences described by Liu et
al>* and Petermann et al,*® respectively. Subsequently, the
optimal conditions for the complete removal of uracil from the
various DNA substrates by UNG were determined (Figure S1
of the Supporting Information). In brief, 0.5 pmol of double-
strand substrate was incubated with 2.9 units of UNG in 81
mM KCl, 2.5 mM MgCl, 3.125 mM HEPES-KOH (pH 7.7),
1% glycerol, and 0.25 mM EDTA for 1 h at 37 °C, and the
reaction mixture was stored on ice for 10 min until it was
further needed. For 5-y-**P labeling experiments, U-containing
substrates were radiolabeled at the 5’ end using [y-**P]JATP and
T4 polynucleotide kinase (New England Biolabs) for 40 min at
37 °C, prior to annealing with the template strand.

Reconstitution Repair Assays. The AP-DNA substrates
were incubated with a mixture of BER proteins as described
throughout. The repair reactions were performed by incubating
0.5 pmol of AP-DNA substrate with 0.1 nmol of POLS, 0.5
nmol of APE1, 0.75 nmol of FENI, 0.1 nmol of PCNA, 0.05
nmol of LIG1, and 0.75 nmol each of LIG3 and XRCCl1
(striatal stoichiometry) or 0.1 nmol of POLS, 1.5 nmol of
APE1, 0.6 nmol of FEN1, 0.2 nmol of PCNA, 0.2 nmol of
LIG1, and 0.2 nmol each of LIG3 and XRCCI1 (cerebellar
stoichiometry). The reactions were conducted at 37 °C for the
indicated period of time in 75 mM KCl, 25 mM MgCl,, 3.125
mM HEPES-KOH (pH 7.7), 1% glycerol, and 0.25 mM EDTA,
as previously described.>® For radioincorporation repair assays,
the reaction buffer was supplemented with 20 uM dNTPs and
125 nM [a-*P]dCTP or [a-*P]dGTP, depending on the
substituted base (a cytosine or guanine). For §-y->°P labeling
experiments, the reaction buffer was supplemented with 20 yM
dNTPs only. The reactions were stopped by addition of stop
buffer (98% formamide, 20 mM EDTA, bromophenol blue, and
xylene cyanol) and heating at 95 °C for 5 min. The reaction
products were resolved by 15% polyacrylamide urea denaturing
gel electrophoresis, imaged on a Typhoon phosphoimager, and
quantified with ImageQuant TL.

Tissue-Based Repair Assays. Tissue extracts were
prepared as previously described.*® Briefly, striata and cerebella
were dissected from HD transgenic mice and control wild-type
littermates, homogenized in 10 mM HEPES-KOH (pH 7.7),
0.5 mM MgCl,, 10 mM KC], and 1 mM DTT, and centrifuged
at 2000g and 4 °C for 10 min. The pellet was resuspended in 20
mM HEPES-KOH (pH 7.7), 0.5 mM MgCl,, 420 mM NaC],
0.2 mM EDTA, 25% glycerol with protease inhibitors
(Complete Protease Inhibitor Cocktail EDTA-free, Roche),
and 1 mM DTT and gently stirred at 4 °C for 20—30 min. The
suspension was centrifuged at 14000g and 4 °C for 15 min. The
supernatant was dialyzed against 40 mM HEPES-KOH (pH
7.7), SO0 mM KCl, and 2 mM DTT buffer overnight at 4 °C.
Cell extract concentrations were determined using a Bradford
assay, 0.5 pmol of [y-**P]JATP S'-radiolabeled UNG-pretreated
DNA substrate was incubated with 2 g of cell extract and assay
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buffer [81 mM KCl, 2.5 mM MgCl,, 750 yM dNTPs, 3.125
mM HEPES-KOH (pH 7.7), 1% glycerol, and 0.25 mM DTT]
at 37 °C for 90 min. The samples were then treated with 0.5%
SDS and 0.8 mg/mL proteinase K, heated at 55 °C for 15 min,
and purified by phenol/chloroform extraction. The reactions
were further prepared via addition of an equal volume of stop
buffer (98% formamide, 10 mM EDTA, bromophenol blue, and
xylene cyanol). The reaction products were resolved and
quantified as described for the reconstitution repair assays.

B RESULTS

LIG1 and FEN1 Protein Levels Are Higher in the
Cerebellum Than in the Striatum. To determine the
potential role of BER protein stoichiometry in the tissue-
selective instability of CAG/CTG repeats in HD, we
determined the relative molar levels of key BER proteins,
APE], LIG1, LIG3, XRCC1, and PCNA, in the cerebellum and
striatum of HD transgenic mice by Western blot analysis
(Figure 1A). f-Tubulin was used as a loading control (Figure
1A). The molar levels of POLS, the main BER polymerase in

the brain,*** and FEN1 were determined previously (ref 33
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Figure 1. BER protein stoichiometry in the cerebellum and striatum of
HD mice. (A) Steady state levels of XRCC1, LIG1, LIG3, APE], and
PCNA proteins in the striatum and cerebellum of HD mice were
determined by Western blot analysis, using purified human
recombinant proteins as the reference; 100 g of whole cell extracts
prepared from the striatum or cerebellum of the same HD mice was
run on a sodium dodecyl sulfate—polyacrylamide gel (three mice were
used per gel) with 10 ng of recombinant XRCC1, LIG1, LIG3, APEI,
or PCNA and probed with a-XRCCl1, a-LIG1, a-LIG3, a-APE1, and
a-PCNA antibodies. The a—p-tubulin antibody was used as a loading
control. Representative images are shown. Band intensities were
quantified relative to corresponding recombinant protein. The levels of
FEN1 and POLf in HD mouse striatum (St) and cerebellum (Cb)
were previously determined,® thereby allowing determination of the
XRCC1:LIGI:LIG3:APE1:PCNA:FEN1:POLf molar ratios in the
two tissues. (B) XRCC1:LIG1:LIG3:APE1:PCNA:FEN1:POLf stoi-
chiometry in the striatum and cerebellum of HD mice. The level of
POLJ, which is similar in the two tissues of HD mice,* was set as 1,
and the molar ratio of the other BER proteins was calculated relative to
POLS.
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nt number Sequence 5'-3™
Target
5/ CGAGTCATCTAGCATCCGTAUAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
D1 100 CAGCAGCAGCAGCAGCAGTACGTAGACTTACTCATTGC 3/
5/ CGAGTCATCTAGCATCCGTAUTGCTGCTGCTGCTGCTGCTGCTGC TGCTGCTGCTGCTGCTG
M1 100 CTGCTGCTGCTGCTGCTGTACGTAGACTTACTCATTGC 3
5’ CGAGTCATCTAGCATCCGTACAUCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
M2 100 CAGCAGCAGCAGCAGCAGTACGTAGACTTACTCATTGC 3’
5 ' CGAGTCATC TAGCATCCGTACAGCAGCAGCAGCAGCAGCAGCAGCAUCAGCAGCAGCAGCAG
M3 100 CAGCAGCAGCAGCAGCAGTACGTAGACTTACTCATTGC 3’
5’ CGAGTCATCTAGCATCCGTACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
M4 100 CAGCAGCAGCAGCAGCAUTACGTAGACTTACTCATTGC 3
5’ CGAGTCATCTAGCATCCGTACTUCTGCTGCTGCTGCTGCTGCTGC TGCTGCTGCTGCTGCTG
M5 100 CTGCTGCTGCTGCTGCTGTACGTAGACTTACTCATTGC 3
5’ CGAGTCATCTAGCATCCGTACTGCTGCTGCTGCTGCTGCTGCTGC TUCTGCTGCTGCTGCTG
M6 100 CTGCTGCTGCTGCTGCTGTACGTAGACTTACTCATTGC 3
5 ' CGAGTCATCTAGCATCCGTACTGC TGCTGCTGCTGCTGCTGCTGC TGC TGCTGCTGCTGCTG
M7 100 CTGCTGCTGCTGCTGCTUTACGTAGACTTACTCATTGE 37
ui4 33 5’ CGTGACCTAATGCUCCTTTAAGTCTGAAGGCTG 3
u16 33 5 ' CGTGACCTAATGCGCUTTTAAGTCTGAAGGCTG 3 '
Template
D1c/M2¢ 100 5 ' GCAATGAGTAAGTCTACGTAC TGCTGCTGC TGCTGCTGCTGCTGCTGCTGCTGCTGCTGCT
GCTGCTGCTGCTGCTGCTGTACGGATGCTAGATGACTCG 3°
M1c/M5c 100 5 * GCAATGAGTAAGTCTACGTACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGCAGTACGGATGCTAGATGACTCG 3*
G16 33 5 CAGCCTTCAGACTTAAAGGCGCATTAGGTCACG 3’

Figure 2. Sequences of oligonucleotide substrates. The names, sizes, and sequences of the target oligonucleotides are shown, as well as the location
of the AP site within the sequences (designated as U, which is the uracil residue excised by UNG treatment). The complementary (template)

oligonucleotides used for double-stranded DNA preparation are also listed.

and data not shown). The amount of each BER protein (see
above) was measured relative to a known quantity of the
corresponding purified recombinant protein, thereby permit-
ting determination of the molar ratio of BER proteins in mouse
striatum and cerebellum (Figure 1B). BER protein levels were
globally higher in the cerebellum than in the striatum of HD
mice (Figure 1), with wild-type and HD mice exhibiting similar
tissue-specific protein ratios (data not shown). Levels of LIG1,
FEN1, and APEl, which showed the greatest difference in
expression between tissues, were S5-, 4-, and 3-fold more
elevated in the cerebellum than in the striatum, respectively
(Figure 1B and ref 33). Levels of XRCC1 and PCNA were ~2-
fold higher in the cerebellum, while levels of POLfS and LIG3
were similar in the two tissues (Figure 1 and ref 33). Thus, in
agreement with our previous study showing that the activities
related to several BER proteins are different in the striatum and
cerebellum,®® we show herein that the relative molar
concentrations of key BER proteins vary between the striatum
and cerebellum.

The Tissue-Specific BER Stoichiometry Affects the
Repair of AP Site-Containing CAG Repeat Substrates.
Tissue-specific differences in BER protein stoichiometries could
lead to different DNA repair outcomes on CAG repeat
substrates. To test this hypothesis, we used a CAG-containing
oligonucleotide duplex (D1D1c) and, as a control, a random
sequence oligonucleotide duplex (U16G16), which were both
treated with the monofunctional DNA glycosylase UNG to
excise a strategically positioned uracil residue and generate an
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AP site (Figure 2; see Materials and Methods). We introduced
a natural AP site, as opposed to the synthetic abasic site
analogue THEF, to allow for processing by either SN-BER or
LP-BER. These AP-DNAs were then incubated with a mixture
of recombinant BER proteins, which included APE1, POLJ,
FEN1, PCNA, the XRCC1-LIG3a complex, and LIG1, at
either the cerebellum- or striatum-specific stoichiometry. Repair
was monitored by incorporation of the [@-**P]dCTP radio-
nucleotide over time (see Materials and Methods), unless
otherwise indicated.

Repair of the CAG (D1DIc) substrate yielded full-length
repair products, as well as BER intermediate products that
involved incorporation of one or several (up to nine)
nucleotides (Figure 3A). The production of full-length repair
product, considered herein a measurement of complete repair
efficiency, was quantified over time in the presence or absence
of ATP (Figure 3B, top panel). Because a significant fraction of
the protein molecules in the purified preparations of LIG1 and
LIG3 were preadenylated, full-length repair products were
detected in a somewhat time-dependent manner without
supplemented ATP. Interestingly, in the absence of added
ATP, the level of production of full-length repair product was
lowest at the striatal BER protein ratios and was inversely
correlated with the level of accumulated intermediate products
(Figure 3A). A similar effect was observed for both D1D1c and
the control DNA U16G16 (Figure S2 of the Supporting
Information), indicating that the striatal BER protein
stoichiometry results in less efficient repair, as shown by the
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Figure 3. Repair of the CAG substrate is modulated by BER stoichiometry. (A) Radioincorporation experiment showing the time course of repair of
the CAG substrate D1D1c under striatal (st) and cerebellar (cb) repair conditions, with or without 1 mM ATP supplementation. A representative
polyacrylamide denaturing gel of the repair reaction is shown. The full-length repaired products (FL) are indicated with bold arrows (—), and +1-,
+2-, and +3-nucleotide intermediate products are shown. Control reactions included the S™-labeled U-containing oligonucleotide substrate alone
(lane 4) or the substrate treated with the cerebellar BER protein ratio in the absence of UNG (lane 3), with the striatal BER protein ratio in the
absence of UNG (lane 2), or with UNG and APE1 only (lane 1). (B) Graph representing repair efficiencies of the CAG D1D1c susbstrate at the
striatal or cerebellar BER protein stoichiometries (top). Relative repair efficiencies correspond to the ratios (full-length repair product at a specific
time point and BER stoichiometry)/(full-length repair product at 60 min at the striatal stoichiometry + ATP). Two independent experiments were
quantified. Error bars are standard deviations. Graphs representing the relative proportion of 1- and >2-nucleotide intermediate products at the
striatal (middle) or cerebellar (bottom) stoichiometries. (C) Reconstitution repair assay using the S'-labeled CAG substrate. Time course of repair of
the CAG substrate D1D1c at cerebellar or striatal stoichiometries using the S"-radiolabeled oligonucleotide substrate. The full-length substrates and
repair products are indicated with bold arrows (— ). For control reactions, the substrate was incubated alone (lane 4), with BER proteins but without
UNG (lanes 2 and 3), or with UNG and APE1 only (lane 1).

large number of intermediates and low level of full-length repair Repair of the CAG substrate (D1D1c) at the striatal or
product, irrespective of the DNA substrate. Supplementation cerebellar stoichiometry mainly involved multinucleotide syn-
with ATP, which allows the DNA ligases to catalyze more than thesis, particularly in the absence of ATP supplementation, as
one ligation event, substantially increased the repair efficiency revealed by the presence of >2-nucleotide intermediate
over time at both tissue-specific BER stoichiometries and for products, indicating that the AP lesion in this DNA context
both substrates, consistent with ligation being a major was preferentially processed by LP-BER (Figure 3A). While
determinant of repair progression (Figure 3A and Figure S2 multinucleotide synthesis occurred at both stoichiometries, the
of the Supporting Information). proportion of >2-nucleotide intermediate products relative to
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were used. The full-length repaired products (FL) are indicated with bold arrows (—); +1-, +2-, and +3-nucleotide intermediate products are shown.
(B) Graph representing repair efficiencies of the CAG or control susbstrates using the striatal or cerebellar protein extracts (top). Repair efficiencies
correspond to the percentage of full-length repair products. Error bars are standard deviations. Graphs representing the percentage of +1 and >2-
nucleotide intermediate products that are generated using striatal (middle) or cerebellar (bottom) protein extracts. (C) Tissue-based repair assay
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or striatum (st) of wild-type (WT) or HD (R6/1) mice (left). Graph representing repair efficiencies of the CAG or CTG substrates using the striatal
or cerebellar protein extracts (right). Repair efficiencies correspond to the percentage of full-length repair products. Error bars are standard

deviations.

+1-nucleotide intermediate products increased more noticeably
with time at the cerebellar BER stoichiometry than at the
striatal stoichiometry (Figure 3B, middle and bottom panels).
The fact that there was also an increased level of production of
the full-length repair product at the cerebellar stoichiometry
implies that TNR-containing DNA substrates can be efficiently
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processed by effective LP-BER, which likely exists in the
cerebellum because of the higher levels of the LP-BER enzymes
FEN1 and LIG1 (Figure 1). Notably, repair of the AP lesion in
the control random sequence (U16G16) led to the synthesis of
predominantly +1-nucleotide intermediate products at both
BER protein stoichiometries, with or without ATP, suggesting
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Figure S. Position of the lesion within the CAG/CTG repeat stretch modulates repair using the reconstitution repair assay. (A) Radioincorporation
experiment showing repair of CAG or CTG substrates with an AP site located at various positions within the repeat sequence (top). The scheme
represents the substrates before BER. The CAG and CTG strands are colored blue and red, respectively. The dark square represents the AP lesion,
and the C or G indicates that the AP lesion replaces a cytosine or guanine, respectively. Control substrates are denoted CT1 and CT2. Reactions
were performed at striatal (st) or cerebellar (cb) BER protein stoichiometries for 40 min without ATP supplementation. Bold arrows (—) indicate
the full-length repaired product; asterisks indicate the intermediate products. Schematic representation of the different substrates during BER
(bottom). The CAG and CTG strands are colored blue and red, respectively. The dark circles represent DNA synthesis by POLS, and the arrows
show the directionality of synthesis. Long CAG or CTG tracts form more stable hairpins than shorter tracts; CTG tracts form more stable hairpins
than CAG tracts. (B) Graph representing the relative levels of intermediate products (black bars) and full-length repaired (gray bars) products at the
striatal BER stoichiometry (top). For a given substrate, the level of intermediate products corresponds to the sum of all the intermediate products
(i, +1-, +2-, and +3-nucleotide products, when detected). The level of the full-length repaired products corresponding to the M4M2c substrate at
the striatal BER stoichiometry was arbitrarily set to 1. The levels of the full-length and intermediate products for all substrates were calculated relative
to that of the M4M2c full-length product. Graph representing the relative levels of intermediate [+1, +2, and +3 nucleotides (black bars)] and full-
length repaired (gray bars) products under the cerebellar BER stoichiometry (middle). The level of the full-length repaired products measured for
the M4M2c substrate at the cerebellar stoichiometry was arbitrarily set to 1. Graph representing the repair index for all the substrates (bottom). The
repair index corresponds to the ratio (full-length repair product)/(sum of all the intermediate products). Black bars show the repair index for the
cerebellar stoichiometry, and gray bars show the repair index for the striatal stoichiometry.

that SN-BER is involved in the processing of nonrepetitive results also suggest that the DNA sequence affects BER
sequences (Figure S2 of the Supporting Information). subpathway selection, with CAG repeats and nonrepetitive
Repair of §-*’P-labeled CAG DIDIc substrates confirmed sequences following preferentially a LP-BER and a SN-BER
the radioincorporation experiments described above, showing path, respectively.
that repair was less efficient at the striatal BER protein Tissue-Specific Protein Extracts Affect the Repair of
stoichiometry (Figure 3C). In particular, in the absence of ATP AP Site-Containing CAG Repeat Substrates. We next
supplementation, more intermediate products, involving multi- investigated repair of §'-**P-labeled CAG (D1D1c) and control
nucleotide synthesis, and fewer full-length repair products were (U16G16) substrates, after incubation with protein extracts
generated with the CAG substrate using striatal BER protein from the striatum and cerebellum of wild-type or HD
levels as compared to the cerebellar conditions. Taken together, transgenic mice, with or without supplemented ATP (Figure
the results indicate that the stoichiometry of BER proteins 4). Supplementation with ATP led to the formation of full-
influences both repair efficiency and subpathway usage. The length repair products with both substrates and extracts (Figure
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Figure 6. Position of the lesion within the CAG/CTG repeat stretch that modulates repair using tissue-based repair assays. Repair of the various 5'-
labeled CAG or CTG substrates with or without 1 mM ATP and using cerebellar (cb) or striatal (st) protein extracts prepared from wild-type mice.
The scheme represents the substrates. The CAG and CTG strands are colored blue and red, respectively. The dark square represents the AP lesion,
and C or G indicates that the AP lesion replaces a cytosine or guanine, respectively. CT1 and CT2 correspond to the control substrates. Bold arrows

(—) indicate the full-length (FL) repaired product.

4A). In agreement with the BER protein reconstitution
experiments described above (Figure 3), quantification of the
full-length products showed that repair was more efficient (by
~2-fold) using the cerebellar protein extracts as compared to
the striatal extracts, regardless of the substrate (Figure 4B, top
panel). The data also reveal that the CAG substrate was ~5-
fold less efficiently repaired than the control substrate,
irrespective of the protein extract, indicating that CAG repeats
are poor substrates (Figure 4B, top panel). Repair efficiencies
on TNR substrates were similar for protein extracts from wild-
type or HD transgenic animals (Figure 4C), consistent with our
previous finding that the BER protein levels and activities are
similar between the comparable tissues of HD and wild-type
animals.*®
Interestingly, intermediate repair products involving syn-
thesis of one or more nucleotides were produced, regardless of
the substrate or extract (Figure 4A). In agreement with the fully
reconstituted repair assays, the amount of >2-nucleotide
intermediate products relative to +1-nucleotide products was
higher when using the cerebellar extract than when using the
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striatal extract, further indicating that LP-BER is more active in
the cerebellum than in the striatum and is also likely
responsible for the more efficient generation of full-length
repaired product (Figure 4B, middle and bottom panels).
Moreover, processing of the CAG substrate resulted in an
increased proportion of >2-nucleotide intermediate products
relative to +1-nucleotide products when compared to the
control substrate, supporting the idea that the CAG sequence is
preferentially processed via LP-BER.

Position of the AP Site within CAG or CTG Substrate
Influences Repair Outcome. Given the data presented
above, we conclude that the CAG substrate is processed
primarily by LP-BER, suggesting that the propensity for
forming hairpin structures influences subpathway choice. The
stability of the hairpin structures formed at CAG/CTG repeats
is greater on the CTG strand than on the CAG strand and
increases with repeat length.25’26’3’6’38 We reasoned that
changing the location of the lesion within either a CTG or
CAG repeat strand would influence repair outcome. In
addition, the ability of the repeat sequence to form a hairpin

dx.doi.org/10.1021/bi300410d | Biochemistry 2012, 51, 3919—3932
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Figure 7. LIG1 concentration is critical in modulating repair of the CAG substrate. (A) Radioincorporation experiments showing the time course of
repair of the CAG substrate D1D1c when the stoichiometries of LIG1 and LIG3 are being changed. The substrate was incubated with a mixture of
BER proteins reflecting the stoichiometry in the cerebellum of HD mice, except that the concentrations of LIG1 and LIG3 were equal to that
measured in the striatum (lanes 2), or, conversely, with a mixture of BER proteins reflecting the stoichiometry in the striatum, except that the
concentrations of LIG1 and LIG3 were equal to that found in the cerebellum (lanes 4). As controls, the substrate was also incubated with mixtures of
BER proteins reflecting the levels in the cerebellum (lanes 1) and striatum (lanes 3). (B) Graph representing repair efficiencies of the CAG D1D1c
susbstrate at the striatal or cerebellar BER protein stoichiometries (top). Relative repair efficiencies correspond to the ratios (full-length repair
product at a specific time point and BER stoichiometry)/(full-length repair product at 60 min at the striatal stoichiometry). Graph representing the
relative levels of intermediate products resulting from the incorporation of 1—8 nucleotides at 60 min (bottom). The level of +1-nucleotide products
at the cerebellar stoichiometry was arbitrarly set to 1. (C) Radioincorporation experiment showing repair of the CAG substrate D1D1c upon removal
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cerebellar ratio (2:2) were included. Full-length (FL) repair products are indicated with bold arrows (—). The experiments were performed without
ATP supplementation.

during repair may be influenced by the starting position of the 2 and SA). Two AP site-containing random sequence substrates
lesion. To test these hypotheses, we synthesized a series of were used as controls (U16G16 and U14G14).
DNA substrates designed to harbor an AP site that (i) replaces All DNA substrates tested yielded intermediate and full-

a cytosine (D1D1c and MIMIc) or a guanine (M2M2c and length repair products following incubation at cerebellar or
MSMSc) near the 5’ end of a CTG or CAG repeat sequence striatal BER protein stoichiometries (Figure SA). However, the
(S™-oriented), (ii) is embedded within the middle of the repeat relative amount of radiolabeled full-length product and the
stretch (M3M2c and M6MSc), or (iii) is located toward the 3’ pattern of intermediate products were different depending on
end of the repeats (3-oriented, M4M2c and M7M5c) (Figures the substrate sequence, the position of the lesion, and the BER
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protein ratio. The level of full-length repair products relative to
intermediate products was higher under the cerebellar
conditions for each substrate, as compared to the striatal
conditions (Figure 5B, top and middle panels). A “repair index”
corresponding to the relative ratio of the full-length product to
intermediate products was determined (Figure SB, bottom
panel) and indicates that repair is more efficient for all
substrates at the cerebellar BER protein stoichiometry. This
finding is consistent with the results depicted in Figure 3.

Placing the AP site within the 3’ portion of the repeat tract
led to a greater proportion of full-length repair product, as well
as shorter intermediate products, indicative of an efficient SN-
BER response, when compared to the lesion placed toward the
5" end, which led to an accumulation of longer +n-nucleotide
products (Figure SA,B). The overall repair outcome for the 3'-
oriented substrates (M4M2c and M7MS5c) was more similar to
that for the control substrates (Figure SA,B). This effect of
position was seen with both the CAG and CTG strand and at
both tissue-specific stoichiometries, suggesting more effective
repair when the lesion is 3-oriented than S-oriented, likely
because of the weakened propensity of the 3’ lesions to form a
stable hairpin structure. Finally, although the CAG and CTG
substrates exhibited a similar repair pattern when the damage
was located in the same position (ie, S, middle, or 3’),
substrates with lesions in the CAG strand exhibited a higher
repair index than lesions in the CTG strand [compare D1D1c,
D2D2c, M2M2c, M3M2c, and M4M2c (CAG substrates) with
MIMlc, M5MSc, M6MSc, and M7MSc (CTG substrates)
(Figure SB)].

The conclusions described above were essentially recapitu-
lated by assessing the repair of §-*’P-labeled AP-DNA
substrates upon incubation with protein extracts from the
striatum or cerebellum of HD mice, in the presence or absence
of supplemented ATP (Figure 6). Repair efficiency increased
when the AP site was located 3’ to the repeat end, as compared
to the 5’ end or middle position, and this improved efficiency
correlated with the production of shorter intermediate products
and an increased level of full-length repair product (Figure 6).
Addition of ATP promoted full-length product formation.
Taken together, our results show that both the strand (CAG vs
CTG) and the location of the lesion within the repeat tract
affect repair outcome, supporting the view that the propensity
to form a hairpin structure influences BER subpathway
selection and repair efficiency.

LIG1 Contributes to the Differential Repair Efficiency
of Cerebellar and Striatal BER Stoichiometries. A key
difference between the BER protein stoichiometry in the mouse
striatum and cerebellum is the lower levels of LIG1 in the
striatum, while that of LIG3 is similar in the two tissues (Figure
1). In particular, the level of LIG1 is S-fold lower in the
striatum than in the cerebellum. Thus, LIG1 levels may
contribute to the differential repair between the striatal and
cerebellar BER protein ratios. To examine this hypothesis, we
incubated the AP site-containing CAG substrate (D1D1c) with
a BER protein cocktail consisting of various ligase protein
combinations (Figure 7A). AP-DNA repair was then assessed
over time. Repair under the strict cerebellar (cb, lane 1
throughout) or striatal (st, lane 3 throughout) conditions was
consistent with the results seen above (Figures 3-5).
Interestingly, the repair efficiency as measured by full-length
product formation was highest at the cerebellar ligase
stoichiometry, regardless of the other BER protein concen-
trations (Figure 7B, top panel). The presence of intermediate
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products was generally more pronounced under conditions
mimicking the striatal situation for ligases (Figure 7B, bottom
panel). Most strikingly, reducing the ligase levels to that of the
striatum, where all other BER proteins were at the cerebellar
ratios, led to a markedly increased intensity for the >2-
nucleotide intermediate products (Figure 7B, bottom panel).
Similar results were obtained using the U16G16 control
substrate, except that the difference in repair efficiency for
the various BER protein cocktails was not as pronounced when
the ligase concentration was being changed (Figure S3 of the
Supporting Information). In total, the data are consistent with
the suspicion that the lower ligase activity found in the striatum
contributes to a reduced level of repair (Figure 3).

The LIG1:LIG3 ratio and the total amount of DNA ligase are
both increased in the cerebellum in comparison to the striatum
(Figure 1). The LIG1:LIG3 ratio is 4 in the cerebellum and 1 in
the striatum, and the total amount of ligase is 2-fold higher in
the cerebellum than in the striatum. To clarify whether the total
amount of ligase protein or the relative ratio of the two ligases
determines repair efficacy, we incubated the AP site-containing
CAG substrate (D1D1c) with different LIG1:LIG3 molar
ratios, while maintaining the other BER proteins at either the
cerebellar or striatum stoichiometry (Figure 7C). Repair
efficiency was influenced mainly by the LIG1 levels, whereas
the amount of LIG3 had a weaker effect on repair outcome.
These results indicate that the lower LIGI level primarily
contributes to the reduced repair efficiency seen with the
striatal protein stoichiometry.

B DISCUSSION

Several studies support a role for BER in disease-associated
CAG/CTG instability, yet the underlying mechanisms remain
elusive. It has been hypothesized that LP-BER is specifically
involved in TNR instability. However, it is unclear whether LP-
BER is necessary for processing of a lesion at CAG/CTG
repeats and contributes to the tissue selectivity of TNR
instability. Our results demonstrate that tissue-specific BER
protein stoichiometry and DNA damage location along the
repeat tract ($' vs 3’) influence BER subpathway choice and
affect repair efficiency. In repair assays involving either
reconstituted protein mixtures or tissue extracts, repair of AP
substrates was less efficient at the striatal BER protein
stoichiometry, the tissue showing the highest CAG/CTG
instability, as compared to the stoichiometry of the cerebellum,
a tissue exhibiting minimal TNR instability. This reduced level
of repair was observed irrespective of the substrate (e.g., CAG/
CTG or control substrate), although repair of the CAG/CTG
substrates was less efficient than that of control substrates and
primarily involved multinucleotide LP-BER, particularly when
the lesion was S-oriented within the repeat sequence,
presumably because of the increased propensity to form a
hairpin structure. Interestingly, the cerebellar BER protein
stoichiometry promoted LP-BER, likely because of the high
levels of the two LP-BER enzymes FEN1 and LIGI1. Together,
these results indicate that the inefficient processing of a lesion
at CAG/CTG repeats results from inefficient LP-BER activity,
as found in the striatum. We suggest that inefficient BER at
CAG/CTG repeats, resulting from both the tissue-specific BER
protein stoichiometry and the position of the lesion within the
repeat tract, contributes to TNR instability.

How BER is regulated at a cell- or tissue-specific level
throughout life and how this impacts disease remain largely
unknown. Studies have shown that the pattern of expression of
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BER genes is regulated throughout development and postnatal
life in a tissue-specific manner.>" Furthermore, tissue- and age-
dependent variations of BER protein levels and activities have
been reported.”’ ~>* For example, the levels of different DNA
glycosylases, including OGG1, were assessed in different mouse
tissues and revealed variations between tissues.”> In addition,
the relative abundance of other BER proteins, such as APE],
POLS, XRCCl1, LIG1, and LIG3, was found to differ between
the mouse liver and brain.>* BER activity was also impaired in
terminally differentiated cells®® and was significantly lower in
skeletal muscle than in liver or kidney.>> We determined the
molar ratio of several major BER proteins, including APE],
POLS, XRCC1, LIG1, LIG3, and PCNA, in mouse striatum
and cerebellum and found a significant difference between brain
regions, consistent with the idea that BER activity is highly
tissue-specific.

Several BER proteins have previously been implicated in
affecting the stability of CAG/CTG repeats. For instance, the
DNA glycosylase OGGI, an enzyme that initiates BER, is
necessary for increasing the somatic instability of CAG/CTG
repeats in HD mice,” although excision of an 8-0x0G lesion
within a CAG hairpin is rate-limiting.>>***’ In addition, yeast
studies support a role for FEN1 and LIGI in the instability of
CAG/CTG tracts,**>° and LIG1 is implicated in human cell
and transgenic mouse studies.> Furthermore, FENI cleaves 5
flap-bearing structures formed by CTG repeats less efliciently
than unstructured flaps®® and is inhibited by the secondary
structures formed at these repeats in a length-dependent
manner.”” Reconstitution experiments suggest that coordina-
tion between POLS and FEN1 modulates CAG/CTG repeat
expansion during LP-BER>*** These results suggest that
lesions at CAG/CTG repeats are poorly processed by BER,
likely because of structural impediments, and optimal
coordination of the BER enzymatic steps is essential to ensure
correct repair and prevent TNR instability.

What the optimal coordination is for BER is less clear. On
the one hand, we showed that low levels of FEN1 relative to
POLJ correlate with high CAG instability in HD mouse tissues,
suggesting that inefficient LP-BER would promote TNR
instability.>>** On the other hand, using in vitro repair assays,
it has been reported that high levels of FEN1 or LP-BER
cofactors such as HMGBI1 drive CAG instability.*** Our
results support the first scenario, showing that repair of CAG/
CTG substrates was inefficient when using the BER protein
stoichiometry reflecting the situation in the striatum, in
comparison with the cerebellar stoichiometry (Figures 3 and
4). The low repair efficiency under the striatal BER
stoichiometries correlated with reduced levels of APEI,
FEN1, and LIG1 relative to POLf, as compared to the ratio
in the cerebellum, suggesting that poor coordination of DNA
synthesis by POLf with the upstream and/or downstream BER
enzymatic steps leads to inefficient repair. In accordance,
decreasing the level of DNA ligase, and in particular LIG1, led
to less efficient repair of CAG/CTG substrates and a
concomitant accumulation of repair intermediates (Figure 7),
consistent with previous studies showing that LIG1 controls
repair patch length.>**** In HD and other CAG/CTG repeat-
associated diseases, somatic instability is elevated in the
striatum and is minimal in the cerebellum, suggesting that
CAG/CTG instability is associated with suboptimal tissue-
specific BER.

FEN1 and LIGl have been implicated in CAG/CTG
instability, suggesting that LP-BER is specifically required for
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processing of oxidative DNA damage at CAG/CTG
repeats.>**?%**** Our data indicate that repair of CAG/CTG
substrates is strongly dependent upon LIG1 and not LIG3
(Figure 7). In addition, our results support the view that an AP
lesion located in a CAG/CTG tract is preferentially processed
by LP-BER, as revealed by the high proportion of >2-
nucleotide intermediate products, whereas SN-BER is more
frequently involved in repairing a lesion within a random DNA
sequence (Figures 3 and 4 and Figure S1 of the Supporting
Information). LP-BER was executed on CAG/CTG substrates
at both the striatal and cerebellar BER protein stoichiometries,
though to different extents (Figure 4B). The high levels of
FENI and LIG1 (relative to that of POL) likely contribute to
the increased level of involvement of multinucleotide LP-BER
in the cerebellum and presumably are necessary for successful
execution of complete repair. These results indicate that
selection of LP-BER at CAG/CTG repeats is dependent upon
both the DNA sequence and the BER protein stoichiometry.

A S'-oriented AP site resulted in the production of >2-
nucleotide intermediate products, whereas +1-nucleotide
intermediate products predominated when the lesion was 3-
oriented (Figures S and 6). This finding suggests that the level
of involvement of LP-BER at CAG/CTG repeats increases
when the AP site is located §’ within the CAG or CTG repeat
tract, presumably because of the increased propensity to form a
downstream secondary structure via strand displacement.” In
addition, the production of longer +n intermediates was
associated with a decrease in repair efficiency, as less full-
length repair product was observed with lesions located at the
5" end of the repeat tract relative to those at the 3’ end (Figures
S and 6). Interestingly, locating an AP site upstream of or
downstream from a CAG/CTG stem—loop structure had
dramatic effects upon its ability to form slipped DNAs and to
undergo strand exchange.’ Our observation of an increased
level of repair intermediates depending upon lesion position
may be due to damage location-dependent alterations in the
ability to form slipped DNAs. Thus, it appears that LP-BER
operates more frequently when processing a lesion within a
repetitive DNA sequence prone to forming a structural
impediment, such as a hairpin.

SN-BER plays a prominent role in cells," yet the factors
contributing to LP-BER selection in vivo remain poorly
defined. Several studies have provided evidence that multi-
nucleotide LP-BER is functional in vertebrate cells, including
brain cells where it is catalyzed by POLS.****%* It has been
reported that reduction or oxidation of AP sites, as well as ATP
cellular concentration, controls BER subpathway selection.**%*
In agreement, our data support the view that a low ATP
concentration promotes extended DNA synthesis, likely
because of impaired ligation (Figures 3 and 4). In addition,
we find that the DNA sequence that surrounds the lesion and
the BER protein stoichiometry also influence LP-BER selection.
CAG/CTG sequences are poor repair substrates as compared
to control random sequences (Figures 4 and 6), suggesting that
LP-BER selection at CAG/CTG repeats may act as a backup
pathway to facilitate processing of lesions at sequences
refractory to repair because of their propensity to form
secondary structure. Most notably, the suboptimal striatal LP-
BER activity results in poor repair of CAG/CTG substrates and
an increased level of formation of incomplete intermediate
repair products as compared to the efficient cerebellar LP-BER
activity (Figures 3—S5). Because CAG/CTG instability is high in
the striatum and minimal in the cerebellum, this observation
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suggests that LP-BER selection at CAG/CTG repeats is
necessary, but suboptimal LP-BER, as found in striatal extracts,
is detrimental, resulting in stalled repair progression and the
formation of persistent intermediate products. While we do not
exclude the possibility that several mechanisms might account
for BER-induced TNR instability, we speculate that persistent
intermediate products might provide an entry site for MMR,
increasing the risk of repeat instability. This situation could
explain the moderate reduction in the somatic instability in HD
mice deficient for Oggl, in contrast to the severe effect seen in
HD and DM1 mice deficient for Msh2 or Msh3.>>*®
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Removal of the uracil by UNG (Figure S1), reconstitution
repair assay using the U16G16 control substrate (Figure S2),
and reconstitution repair assay using the U16G16 control
substrate and varying the DNA ligase stoichiometry (Figure
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