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ABSTRACT OF THE DISSERTATION
OXIDATIVE DNA DAMAGE MODULATES TRINUCLEOTIDE REPEAT
INSTABILITY VIA DNA BASE EXCISION REPAIR
by
Meng Xu
Florida International University, 2014
Miami, Florida
Professor Yuan Liu, Major Professor
Trinucleotide repeat (TNR) expansion is the cause of more than 40 types of
human neurodegenerative diseases such as Huntington’s disease. Recent studies have
linked TNR expansion with oxidative DNA damage and base excision repair (BER). In
this research, we provided the first evidence that oxidative DNA damage can induce
CAG repeat deletion/contraction via BER. We found that BER of an oxidized DNA base
lesion, 8-oxoguanine in a CAG repeat tract, resulted in the formation of a CTG hairpin at
the template strand. DNA polymerase § (pol ) then skipped over the hairpin creating a
5’-flap that was cleaved by flap endonuclease 1 (FEN1) leading to CAG repeat deletion.
To further investigate whether BER may help to shorten an expanded TNR tract, we
examined BER in a CAG repeat hairpin loop. We found that 8-oxoguanine DNA
glycosylase removed the oxidized base located in the loop region of the hairpin leaving
an abasic site. Apurinic/apyrimidinic (AP) endonuclease 1 then incised the 5’-end of the
abasic site leaving a nick in the loop. This further converted the hairpin into an
intermediate with a 3’-flap and a 5’-flap. As a 5°-3” endonuclease, FENI1 cleaved the 5°-

flap, whereas a 3’-5’ endonuclease, Mus81/Emel, removed the 3’-flap. The coordination

vi



between FEN1 and Mus81/Emel ultimately resulted in removal of a CAG repeat hairpin
attenuating or preventing TNR expansion. To further explore if pol B bypass of an
oxidized base lesion, 5’,8-cyclodeoxyadenosine, may affect TNR instability, we
examined pol B DNA synthesis in bypassing this base lesion and found that the lesion
preferentially induced TNR deletion during BER and Okazaki fragment maturation. The
repeat deletion was mediated by the formation of a loop in the template strand induced
specifically by the damage. Pol B then skipped over the loop structure creating a 5’-flap
that was efficiently removed by FENI1 leading to repeat deletion. Our study demonstrates
that pol B-mediated BER plays an important role in mediating TNR deletion and
removing a TNR hairpin to prevent TNR expansion. Our research provides a molecular
basis for further developing BER as a target for prevention and treatment of

neurodegenerative diseases caused by TNR expansion.
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INTRODUCTION

A. Oxidative DNA damage and repair

Deoxyribonucleic acid (DNA) is the essential molecule that is responsible for
genetic information storage in living cells. Thus the stability and integrity of DNA is
critical for passing accurate and faithful information from parental cells to daughter cells.
However, DNA is chemically unstable and is constantly under spontaneous
decomposition (15). The N-glycosidic bond that links a DNA base and a 2’-deoxyribose
is labile and vulnerable to spontaneous hydrolysis, and the feature in turn results in
spontaneous base loss under physiological conditions (15). Loss of a DNA base can
further destabilize the backbone of DNA and cause DNA strand breaks through -
elimination leading to DNA degradation (16-18). Another major source of DNA
degradation under physiological condition is DNA hydrolytic deamination. Among all
four nucleotides, cytosine (C) and 5-methylcytosine (SmC) are highly susceptible to
deamination, which results in C to Uracil (U) and 5SmC to thymine (T) conversions
(Figure I.1) (19-21). The DNA degradation caused by spontaneous base loss is defined as

DNA self-decomposition.
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Figure 1.1 Deamination of Cytosine (C) and 5-Methylcytosine (SmC) (2)

Except for DNA self-decomposition resulting from the instability of the
glycosidic bond and its spontaneous hydrolysis, modifications to DNA bases and DNA
backbone recognized as DNA damage are also frequently induced by attack from the
endogenous and environment stresses (15, 22, 23). For example, ultraviolet (UV)
radiation from sunlight can directly result in the formation of bulky DNA adducts such as
cyclobutane—pyrimidine dimers (CPDs) and 6—4 photoproducts (6—4PPs) thymine dimers
as well as T-T thymine dimers (25). Ionizing radiation (IR) is another major source that
causes intensive DNA modifications and strand breaks. A low dose of IR can induce
production of reactive oxygen species (ROS) and cause oxidative DNA base lesions (26).
A low level of IR can also directly attack DNA to induce a covalent linkage between
nitrogenous bases as well as create a thymine dimer (27). However, a large dose of IR

can induce single-stranded DNA (ssDNA) breaks and double-stranded DNA breaks (DSB)



by generating free radicals through its reaction with water (28-30). Toxins and pollutants
from the environment such as tobacco smoke and bromate can result in bulky DNA
adducts, oxidative DNA damage and alkylating DNA damage (31). Moreover, oxidative
stresses caused by the products and byproducts from endogenous metabolism such as
ROS and reactive nitrogen species (RNS) can induce oxidative DNA damage (15,22,23).
Chemotherapeutic drugs that are used to treat cancer can also attack DNA and result in
DNA damage including bulky DNA adducts and interstrand cross-link (ICL) (26,32).
Therefore a variety of DNA damage from different sources is generated in living
organisms. The number of DNA lesions in cells varies along with cell types and genome
size in different organisms with an increasing number of DNA lesions correlated with
increased size of the genome (33). It is estimated that approximately 10° DNA lesions
occur in a single human cell per day, among which about 10° DNA lesions are caused by
endogenous stresses (34). Accumulation of severe DNA damage such as DSBs in one
chromosome can result in chromosome breakage (Figure 1.2) that can ultimately lead to

cancer.



Figure 1.2 Chromosome breaks by DNA damage (1)

Deoxyribonucleic acid lesions can also alter DNA structure by inducing DNA
double helix distortion and DNA breaks resulting in inhibition of activity of replication
DNA polymerases. Altered DNA structures can further prevent passage of genomic
information from parent cells to daughter cells. On the other hand, RNA polymerase
synthesis can also be blocked by DNA damage. The process suppresses some essential
gene transcription and expression (35). Prevention of DNA replication and gene
transcription by DNA damage can disrupt normal cellular function leading to cell death.
Some DNA lesions are highly mutagenic and cause mutations in the genome, thereby
altering genetic information that is passed from parent cells to daughter cells. Mutations
that occur in the genes encoding essential enzymes or proteins can influence cell viability.
In addition, some portion of DNA damage may induce mutations that alter the expression
of oncogene or tumor suppressor gene, therefore lead to cancer development. Thus,
unrepaired DNA damage leads to accumulation of gene mutation and DNA strand breaks
resulting in the development of different types of human diseases such as cancer and

aging (36). For example, excessive exposure to UV from sunlight can result in thymine



dimer, which is associated with skin cancer. Exposure to tobacco smoke induces DNA
damage that in turn causes mutations in lung cells leading to development of lung cancer
(34). Furthermore, accumulation of DNA damage in non-dividing cells such as neurons
can result in apoptosis, thereby leading to neurodegeneration and aging (37,38).

To maintain the stability and integrity of genetic information, cells have
developed robust DNA repair mechanisms to remove DNA damage (Figure 1.3). These

include DNA base excision repair (BER), nucleotide excision repair (NER), mismatch
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Figure 1.3 DNA damage, repair mechanisms and consequences (9)

repair (MMR) and double-strand break repair (DSBR), which includes homologous

recombination (HR) and nonhomologous end joining (NHEJ).



Different types of DNA damage are subject to different DNA repair pathways
depending on the unique structural features of each type of DNA lesions. Base excision
repair is responsible for removal of small base lesions that are chemically modified and
do not induce DNA double helix distortion. The base lesions that are removed by the
BER pathway include oxidized bases, alkylated bases, deaminated bases, a uracil that
usually results from deamination from a cytosine or mis-incorperation by DNA
polymerases as well as ssDNA breaks (39-42). NER is responsible for removal of bulky
DNA damage that causes DNA double helix distortion such as CPD and thymine dimer.
Mismatch repair is a repair pathway that specifically removes mis-matched nucleotide
caused by replication DNA polymerase error as well as small loops with a size from 1-6
nt. The DDR pathway that includes HR and NHEJ is responsible for repairing the most

severe DNA damage, DDB.
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Figure 1.4 DNA repair rate is an important determinant of cell pathology (3)



If the amount of DNA damage generated exceeds the capacity of normal cellular
DNA repair, DNA damage that accumulates in cells will further lead to early senescence,
apoptosis, or cancer (Figure 1.4). On the other hand, deficiency of DNA repair enzymes
and cofactors can also lead to early onset of aging and an increased risk of cancers (36,
38, 43). For example, transgenic mice with a deficiency of DNA-PK catalytic subunit
(DNA-PKcs) are susceptible to lymphoma and infections and exhibit a shorter lifespan
than wild-type mice (44). Similarly, mice with a deficiency in NER protein, xeroderma
pigmentosum complementation group D (XPD) and xeroderma pigmentosum
complementation group A (XPA) also exhibited the phenotypes of premature onset of
aging and shortened lifespan (45, 46). Consequently, the deficiency of repair results in
the accumulation of DNA damage that includes DNA crosslinks (interstrand or
intrastrand crosslinks or ICLs) that ultimately lead to double-strand breaks (47). For
unrepaired DNA damage, cells will adopt an error-prone DNA damage tolerance
mechanism called translesion synthesis (TLS) as a backup to bypass the damaged site and
allow DNA replication and gene transcription to be continued and maintained (48-51).

Oxidized base lesions are the most common form of DNA damage (52). Such
type of lesions are usually created by hydrogen peroxide and ROS such as superoxide and
hydroxyl radicals (HO®) (52). These can be generated from both endogenous resources
including cellular energy metabolism and inflammation and environment pollutants such
as chromate, bromate, arsenate and IR (53). Accumulation of oxidative DNA damage can
result in a series of adverse effects including mutations, abnormal transcription and
epigenetic instability (53). Among the oxidative DNA damage detected in human cells,

7,8-dihydro-8-oxoguanine, also known as 8-oxoguanine (8-0xoQG) is the most common



form that is generated by hydroxyl radical attack at the C8 position of guanine (QG)
because of its low redox potential (52). It has been found that 8-0xoG can not only form a
normal Watson-Crick base pair with a C, but also form a Hoogsteen base pair with a A
(Figure 1.5). It was estimated that the ratio of 8-0x0G:C base pairing to 8-0xoG:A base
pairing is almost 1:1 in the genome (54). An 8-0x0G:A mismatch leads to a misinsertion
by DNA polymerases in bypassing of a 8-0xoG in the genome during replication and
repair, thus creating mutations with a relatively high frequency (54). Thus, accumulation
of unrepaired 8-0xoG in human genome is highly mutagenic. Moreover, accumulation of
oxidative DNA damage can occur at different locations in the genome, therefore affect
gene transcription and regulation in a damage location dependent manner (55-57), and

this may ultimately cause human cancer (54).
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Figure L.5 8-0x0G base pair with dC and dA (7)

In order to protect the cells from the adverse effects of oxidative DNA damage
and maintain genome stability and integrity, it is essential for cells to develop a robust
DNA repair mechanism that removes oxidized DNA base lesions. As the major pathway

to remove oxidized DNA base lesions, BER plays a crucial role in removal of oxidative



DNA damage with a high efficiency. It has been demonstrated that BER is recognized as
the most efficient DNA repair pathway among all of DNA repair pathways identified thus
far. It has been found that removal of a single oxidative DNA base lesion by one round of
BER only takes a few minutes. Under a severe oxidative DNA damage condition, several
rounds of BER are required, and it takes several hours to remove all base lesions because
of the limited number of BER enzymes in human cells (58,59). In mammalian cells, there
are two sub-pathways of BER, short-patch BER (SP-BER), also known as single-
nucleotide BER (SN-BER), and long-patch BER (LP-BER). The two sub-pathways differ
in the number of newly synthesized nucleotides that are used to remove a base lesion as
well as the repair enzymes and cofactors that participate in the repair (60-63). SP-BER
only involves the replacement of a single nucleotide. However, LP-BER involves the
replacement of two or more nucleotides (60-65). Whether a base lesion is subject to SP-
BER or LP-BER depends on the type of DNA lesions. A DNA base lesion is usually
subject to SP-BER. A modified abasic lesion or a modified deoxyribose residue such as
an oxidized abasic site or sugar can only be subject to LP-BER (11).

Both SP-BER and LP-BER are initiated by recognition and removal of DNA base
lesions by DNA glycosylases. During repair of an 8-0xoG, 8-oxoguanine DNA
glycosylase (OGG1) first binds to an 8-0x0G lesion, cleaves the N-glycosidic bond and
removes the damaged base, leaving an apurinic/apyrimidinic site (AP site). Subsequently,
AP endonuclease 1 (APE1) incises the AP site at its 5’-side, resulting in a single-stranded
DNA break with a downstream 5’-deoxyribose phosphate (5’-dRP) or oxidized 5’-sugar
phosphate if the deoxyribose is also oxidized by the oxidative stress. A native 5’-dRP

residue is subject to the SP-BER sub-pathway, whereas an oxidized 5’-sugar phosphate



needs to be repaired by the LP-BER sub-pathway. Removal of a native 5’-dRP is
accomplished by the dRP lyase activity of DNA polymerase B (pol B), leaving a 1-nt gap
that is then filled by pol B polymerase activity. Pol  gap-filling synthesis results in a
nicked DNA that is sealed by a DNA ligase. In this scenario, only one nucleotide is
replaced. On the other hand, an oxidized 5’-sugar phosphate is resistant to the dRP lyase
activity of pol B (Figure 1.6) (11). Removal of the oxidized sugar phosphate is dependent
on cleavage of flap endonuclease 1 (FEN1). Long-patch BER can be accomplished by the
“hit-and-run” mechanism where pol B inserts 1 nt to fill in the 1-nt gap, and subsequently
FEN1 removes the oxidized sugar attached to a downstream 1 nt leaving another 1-nt gap.
DNA polymerase § then performs its gap-filling synthesis activity again to fill in the gap
leaving a nick for DNA ligase to seal. During the pol B/FEN1 mediated LP-BER, only
two nucleotides are replaced (Figure 1. 6) (11). Long-patch BER can also be achieved by
a DNA strand-displacement synthesis mechanism. In the strand-displacement mediated
LP-BER, pol B or replication DNA polymerases, pol d/e, perform DNA strand-
displacement synthesis to insert three or more nucleotides and displace a downstream
strand to create a 5’-flap. Flap endonuclease 1 removes the flap resulting in a nick for
DNA ligase I to seal. The strand-displacement mediated LP-BER subpathway involves 3
or more nucleotides replacement. (Figure 1.6) (11). It appears that the "Hit and Run"
mechanism which only involves two nucleotides of replacement is more efficient that the
"strand-displacement synthesis" mechanism which involves three or more nucleotides of
replacement. In the scenario, the "Hit and Run" mechanism that is mediated by a
sequential coordination between pol B and FENI, is the most efficient LP-BER. The

coordination between sequential BER enzymatic reactions is named the "Passing the
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Baton" mechanism (66). It is proposed that the coordination may help prevent the

exposure of the BER intermediates to the cellular environment to induce nonspecific
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Figure 1.6 Base excision repair (BER) of oxidized DNA base lesions (11).

nuclease cleavage, DNA recombination and cell death signaling, thereby maintaining

genome stability and integrity (66-69).
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B. Trinucleotide repeat (TNR) instability and human diseases

Trinucleotide repeats (TNR) belong to microsatellites that are composed by
stretches of tandem repeated sequence with one to six nucleotides. They constitute 30%
of the human genome (70). Similar to the other microsatellite repeated sequences, TNRs
are very unstable and highly polymorphic in human genome (71, 72). The TNR length
changes with an increasing or decreasing number of repeat units is recognized as a new
type of mutation, i.e., a dynamic mutation (73). It has been found that TNR expansion is
the cause of more than 40 types of human neurodegenerative diseases (4,6,74). These
diseases include Huntington’s disease (75) induced by (CAG/CTG), expansion, myotonic

dystrophy (MD) caused by (CTG/CAGQG), expansion, fragile X syndrome caused by

5 UTR coding exon 3 UTR
‘ (GAA) ‘
(CGG) Friedreich (CAG) (ATTCT) (CTG)
FMR-1 Ataxia PolyQ ataxias SCA10 SCAS8, DM1
(HD, SCAs 1-
3,6,7,17)

Figure 1.7 Trinucleotide repeat expansion disorders caused by triplet repeats in
coding and noncoding gene regions (6)

(CGG/GCC), expansion and Friedreich’s ataxia resulting from expansion of
(GAA/CTT), (Figure 1.7) (4,6,76). Expansion of TNR located in the encoding region
such as CAG repeats can lead to the expression of abnormal protein, a mutant huntingtin

protein containing an expanded chain of polyglutamines (poly-Q), thereby resulting in
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aggregation and precipitation of huntingtin proteins along with many other proteins in
neurons, further causing apoptosis and death of neuronal cells and neurodegeneration
(77,78). The TNR expansion can also occur in non-encoding regions. For example, GAA
repeats are located in an intron of the frataxin gene. Expansion of GAA repeats disrupts
the extension of transcription of the gene by RNA polymerase, suppressing the
expression of frataxin protein, which plays an important role in maintain normal level of
energy metabolism. Reduction of fataxin protein in neuron cells further results in
neuronal cell death via deficiency of energy metabolism (77,79,80). It has been found
that TNR expansion occurs if repeat length reaches a certain length that ranges from 30-
35 repeat units, which is called a threshold length for TNR expansion. If the size of TNR
is over the threshold length, both the rate and the probability of TNR expansion increase
(77,78). It has also been found that TNR expansion that occurs in encoding region is
usually modest with an increase of <10 repeat units per generation of cells during parent-
child transmission. However, TNR expansion in a non-encoding region is robust and can
involve an increase of repeats units ranging from 100 to 10,000 units (12,77,78,81). The
longer repeats can result in more severe disease symptoms and an earlier disease onset,
the phenomena is named as anticipation (4,6,12).

Besides its expansion, TNR also exhibits deletion/contraction during DNA
replication and repair. It has been found that TNR deletion/contraction such as CAG
repeat contraction in the encoding region of the androgen receptor is associated with
development of prostate cancer and ovarian cancer (82,83). Moreover, it has been found
that the frequency with which CAG and CGG repeats are present in oncogenes is 2.5-fold

higher than in other genes in the human genome. In addition, the size of oncogenes in
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tumor cells is much longer than in the normal cells (84). This suggests that expansion of
TNR in oncogenes disrupts the gene function and expression and promotes oncogenesis
(84).

While the mechanisms underlying TNR instability remain to be elucidated, it has
been proposed that the expansion and deletion of TNR is mediated by the formation of a
series of non-B form DNA secondary structures by TNR self-base pairing (38-40). These

include hairpins, triplexes and tetraplexes (Figure 1.8) (85,86). For example, a CAG/CTG
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Figure 1.8 Non-B form DNA structures formed by TNR (4)

and CGG/GCC repeat tract can form thermodynamically stable hairpin and tetraplexes
structures by G:C or G:G self-base pairing. With a longer repeat tract, more stable

secondary structures can be formed (87,88). CGG/CCG repeats can also form tetraplexes
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such as G-quadruplexes resulting from Hoogsteen base pairing formed among four Gs
(87,88). A GAA/TTC repeat tract can result in the formation of a secondary structure
called a triplex with three DNA strands winding around each other to form a triple helix.
In this special structure, the third DNA strand can base pair with one strand of a B-form
DNA double helix through Hoogsteen or reversed Hoogsteen hydrogen bonds (89). These
secondary structures usually form during DNA metabolism, including DNA replication

and repair (4,12).

C. TNR instability and DNA replication and RNA transcription

In dividing cells, TNR expansion and deletion accumulate along with each cycle
of DNA replication (4,6,90), indicating that DNA replication can promote TNR
instability. Several studies have shown that a long tract of (CTG/CAG), in a plasmid
transformed into E. coli exhibited repeat length change through cell generations of E. coli
(91). It was found that CTG repeat instability was biased towards repeat deletion in E.
coli (91), and the position of replication origin relative to the repeat region played an
essential role in determining the consequence of repeat expansion or deletion (91,92).
Interestingly, in E. coli, deletions of (CTG/CAG),, (CGG/CCG),, and (GAA/TTC),
repeats preferentially occurred during DNA leading strand synthesis. In contrast, DNA
lagging strand synthesis results in repeat expansion (93). The length of the repeat tract
has also been found to play a crucial role in determining the outcome of TNR expansion
or deletion during DNA replication (92). It has been proposed that secondary structures
such as hairpins formed on the newly synthesized strand lead to TNR expansion, whereas

the formation of secondary structures on the template strand causes TNR deletion. This
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notion has been also confirmed by several studies with bacteria and yeast systems (94-96).
The molecular mechanisms underlying TNR instability during DNA replication are
proposed in the model shown in Figure 1.9. In general, during DNA replication, first a
DNA double strand helix is unwound to into two single-stranded templates that are
annealed with RNA primers initiating new DNA strand synthesis. However, the single-
stranded long tract TNR region readily forms secondary structures resulting in the
misalignment between newly synthesized strand and the parental template strand. If the
non-B form secondary structures formed on the newly synthesized strand, extra repeat
units will be produced and integrated to fulfill the replication process, resulting in TNR

expansion. On the other hand, if the secondary structures are present on the template
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strands, some repeats can be skipped over by DNA polymerase during replication
resulting in TNR deletion (8). On some occasions, secondary structures formed on the
template strands can block replication polymerase synthesis and result in stalling of
replication fork and disassociation of replication enzymes (86,97,98). Reassembly of
replication machinery on a stalled replication fork on the lagging strand synthesis results
in the formation of DNA secondary structures such as hairpins, loops on the template
strand or the newly synthesized strand, which lead to TNR deletion or expansion.
Interestingly, it has been found that all TNRs that result in neurodegenerative
diseases are located in an actively transcribed region (Figure 1.7) (6), indicating that
transcription of TNR may also play an important role in modulating TNR instability.
During transcription, translocation of RNA polymerase complex along an unwound DNA
double helix induces DNA positive supercoiling ahead of the enzyme and leaves negative
supercoiling behind it (99). It has been shown that the energy generated by negative
supercoiling may facilitate the formation of hairpin or other non-B form DNA structures
in a TNR tract, thereby promoting TNR instability in E. coli (100,101). It has been found
that the outcome of TNR instability is determined by the orientation of transcription
(Figure 1.10). For example, during the transcription of a CAG repeat-containing strand,
CAG repeat deletion occurs. Because the complementary strand that contains a CTG
repeat tract becomes single-stranded due to unwinding of a double strand DNA, allowing
CTG repeats to form a hairpin structure. This further promotes DNA polymerases to skip
over the hairpin leading to CAG repeat deletion (left side). On the other hand, with the
transcription of CTG repeats, no repeat expansion or deletion occurs. It is because the

newly synthesized RNA contains CAG repeats, and these repeats can base pair with the
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template CTG repeats thereby preventing the formation of a hairpin on the template CTG

repeat strand.
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D. TNR instability and DNA repair

Although TNR instability was initially observed during DNA replication in the
process of parental gene transmission and dividing somatic cells, more recently it has
been found that TNR instability frequently occurs in non-dividing somatic cells (102,103).
Presence of TNR instability in somatic cells indicates that TNR instability can also be
induced during other DNA metabolic pathways other than DNA replication. In fact, the
results from all studies have shown that TNR instability can be generated during any
DNA metabolic pathways that involve formation of single-stranded DNA including
replication (104,105), transcription (106), repair (11,12) and recombination (107).
Because a single-stranded TNR containing region allows TNR self base-pairing that
subsequently leads to the formation of non-B form DNA structures such as hairpins
(85,140). The non-B form structures can further cause a series of adverse effects during
DNA metabolism. For example, DNA replication polymerases cannot bypass tetraplexes
formed during DNA replication and repair (108,109), thereby subsequently causing DNA
polymerase pausing and DNA slippage (108,109) resulting in replication fork stalling and
collapse (86,97,98). If a single-strand DNA breaks occurs during DNA lagging strand
maturation and DNA repair, a downstream 5’-TNR-containing flap can fold back and
form a hairpin structure that inhibits flap cleavage by FEN1 (110-112). In addition, a
mismatch repair protein complex, MSH2/MSH3 can be trapped by hairpin structures
(113,114) and stabilize the hairpin structure promoting TNR instability. Formation of a
hairpin structure can also disrupt the coordination among DNA repair proteins that
sustains an efficient DNA repair. For example, disruption of the coordination between pol

B and FENTI by the formation of a hairpin structure can promote pol B multi-nucleotide
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gap-filling synthesis that produces extra CAG repeats for CAG repeat expansion (115).
Thus, formation of a TNR secondary structure creates a challenging problem for cellular
DNA repair mechanisms, and this in turn promotes the instability of TNRs. In fact, it was
found that DNA repair is forced by TNR secondary structures to facilitate their
integration in the genome and paradoxically, DNA repair is also found to modulate TNR
instability by removing a TNR secondary structure (12).

The role of DNA repair has been implicated by the fact that TNR expansion in
non-dividing neurons exhibits an age dependency (102,103). In neuronal cells, TNR
exhibits a small expansion ranging from 5-20 repeat units (102,103). The small size of
repeat expansion cannot be explained by DNA replication and recombination, which
usually cause much larger TNR instability (116). The findings suggest that DNA repair
plays a crucial role in modulating TNR expansion. Several DNA repair pathways have
been shown to modulate TNR instability during both DNA replication and damage repair.
The MMR pathway is the first repair pathway identified to play an important role in
modulating TNR instability. The MMR pathway is mainly responsible for removing
mismatched bases generated from a replication error as well as small loop structures
(Figure 1.11). However, recent studies have found that MMR plays a dual role in
modulating TNR instability (117-119). On one hand, MMR can facilitate small
CAG/CTG repeat expansion and deletion by binding and stabilizing small hairpin
structures during replication and repair (117,118). On the other hand, MMR can remove
small TNR loops composed of (CAG);-(CAG); by stabilizing TNR (119). The MMR
system is made up of two types of heterodimeric MutS homologue (MSH) complexes,

MSH2/MSH6 (MutSa) and MSH2/MSH3 (MutSf). The two MSH complexes have a
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different substrate preference (11,120,121). Although both MSH2/MSH6 and
MSH2/MSH3 complexes can recognize a single base mismatch and small extra-helical
loop, the MSH2/MSH6 complex prefers to recognize and repair a single base mismatch,
whereas the MSH2/MSH3 complex specifically repairs small loops (120-125) (Figure

I.11). Since CAG/CTG repeats can form hairpin or loop structures during DNA
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Figure 1.11 Eukaryotic mismatch repair complexes (11)

replication and repair (126), these structures in the genome can be recognized and bound
by MSH complexes, especially the MSH2/MSH3 complex. However, in HD transgenic
mice, CAG repeat expansion depends on the presence of MSH2/MSH3 because CAG
repeat expansion was abolished in the HD mice with MSH3 knock-out, but not in the
mice with MSH6 knock-out (113,127), indicating that MSH2/MSH3 plays a crucial role
in promoting CAG repeat expansion. It has been found that although the MSH2/MSH3
complex is able to induce removal of small extra-helix loops, a stable hairpin stem

formed by CAG/CTG repeat can inhibit this process by trapping the protein complex
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(128). It has been found that once MSH2/MSH3 complex binds to CAG hairpin, the A:A
mismatch in the hairpin stem region inhibits the ATPase activity of the protein complex
and alters the binding affinity of the complex to DNA, therefore prevents the protein
complex from sliding off from the hairpin and repair of the hairpin by MMR and
facilitate CAG repeat expansion (113). On the other hand, during DNA leading strand
synthesis, the MSH2/MSH3 complex can bind and stabilize a hairpin formed on the
template strand, facilitating DNA replication polymerase skipping over the hairpin
leading to TNR deletion (93). Thus, the MSH2/MSH3 complex can bind and stabilize
CAG/CTG repeat hairpin formed during DNA replication and repair pathways to
facilitate TNR instability. In contrast, for a short CAG repeat tract, usually an unstable
hairpin or loop may form. MSH2/MSH3 cannot bind to the small unstable hairpin or loop
structure. Thus, in this scenario, MSH2/MSH3 can perform normal MMR activity to
remove the unstable CAG repeat hairpin or loop and help to maintain TNR stability (119).

The complex of MSH2/MSH6 is not directly involved in facilitating TNR
expansion. However the protein complex can induce ssDNA breaks during a process
where it removes a mismatched nucleotide in the context of TNR. The ssDNA breaks
induced by MSH2/MSH6 can further result in the formation of a hairpin structure that

leads to repeat expansion (Figure 1.12) (13).
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Figure 1.12 Mismatch repair induces hairpin formation (13)

Nucleotide excision repair is another important repair pathway that is associated
with TNR instability. Nucleotide excision repair is a major repair pathway that defends
cells from DNA double helix distortion damages such as bulky DNA adducts and DNA
intrastrand cross-links as well as some methylated DNA bases (45, 46). In vitro studies
showed that some NER proteins are also involved in resolving bubble or loop structures
in the genome (129,130). Because TNR-induced hairpins and loops can also induce
double-strand DNA distortion, which may recruit NER enzymes to TNR hairpins and
loops and facilitate TNR instability (101). Previous studies showed that TNR instability
in E. coli was modulated by NER enzymes during transcription (101). In addition, NER
in human cells and Drosophila also participates in transcription-induced repeat instability
(131-133). A hypothetical model that demonstrates how NER may modulate TNR
instability during transcription has been proposed as shown in Figure 1.13 (5). During the

first round of transcription of a CTG repeat-containing template, progression of RNA
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polymerase II complex (RNAPII) leads to the formation of a single-stranded
complementary strand that subsequently induces the formation of CTG and CAG repeat
hairpins and bubbles in both the template strand and the complementary strand,
respectively. Because MSH2/MSH3 readily binds to hairpin and loop structures, in the
second round of transcription, the template hairpins block RNAPII progression and
causes transcription to stall further triggering transcription-coupled nucleotide excision
repair (TC-NER) to resolve the template hairpins so that transcription can be continued.
In this scenario, NER proteins dislodge the RNAPII to access to the template hairpin and
initiate the repair process. Depending on how a CAG repeat hairpin or loop in the
template strand is rearranged in relation to a CTG hairpin or loop in the complementary
strand, three types of repair consequences may occur, i.e., deletion, no change, and
expansion of the template CTG repeats (5). If several CAG repeat small bubbles merge
into a big bubble and migrate into downstream of the CTG hairpin bound by
MSH2/MSH3, ERCC1/XPF and XPG remove the stabilized CTG hairpin subsequently
forcing replicative DNA polymerase, pol & and pol € to use the complementary strand
without bubbles as their template to fill in the gaps created by the removal of the hairpin.
In this scenario, repaired products with repeat deletion are generated. If the small bubbles
formed by CAG repeat stay at their original locations, after removal of CTG repeat
hairpin by ERCC1/XPF and XPG, an unstable CAG repeat bubble can be unwound, and
DNA polymerases can copy the entire length of the CAG repeat in a small bubble to
fulfill the gap-filling synthesis leading to maintenance of the repeat length. If the CAG
repeat small bubbles merge into a big bubble and migrate to the opposite side of the CTG

hairpin stabilized by MSH2/MSH3, DNA polymerases will copy the entire CAG repeats
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Figure 1.13 Speculative model for transcription-induced repeat instability (5)

in the big bubble and synthesize extra CTG repeat units leading to CTG repeat expansion
(5).

On some occasions, non-B form DNA structures can also be induced by ssDNA
breaks via endonuclease cleavage during NER in the context of TNR repeats. In the
scenario, TNR instability is directly facilitated by the NER pathway, and both sub-
pathways of NER, global genome repair (GGR) that is the general repair pathway for
correcting DNA lesions throughout the entire genome, and TC-NER or transcription
coupled repair (TCR), can be involved in modulating of TNR instability (134,135).
Except for the damage recognition step that initiates the repair, all other steps in the

repair process are identical in these two sub-pathways. Global genome repair is initiated
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by DNA-damage binding (DDB) and the XPC-Rad23B complex that is responsible for
scanning the entire genome for strand distortion damage recognition (136), whereas TCR
is initiated by a stalled RNAPII resulting from DNA lesions or secondary structures. To
restart transcription, accessory proteins including Cockayne syndrome proteins CSA and
CSB protein are recruited to the damaged site (137). This is followed by recognition of
the damaged site by xeroderma pigmentosum complementation group F (XPF) and 5°-
incision of the lesion by excision cross complementing repair 1 (ERCC1) complex and
3’-incision of the lesion by XPG endonuclease (137). The incision of the lesion by XPF-
ERCCI1 induces strand breaks in the repeated region allowing formation of dissociation
of the downstream strand from its template strand that leads to the formation of a TNR
flap. Subsequently, the flap can fold back and form a stable hairpin that inhibits XPG
removal of the flap generated in the repair process. This further results in repeat

expansion (Figure 1.14) (12).
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Figure 1.14 Nucleotide excision repair and trinucleotide repeat hairpin or loop
formation (12)

Theoretically, TNR expansion can be mediated by either GGR or TCR with an
equal probability. However, it has been shown that XPC deficiency in HD transgenic
mice has little effect on promoting CAG expansion (138). It could be mainly because

GGR prefers to remove pre-formed looped-out structures and bulky lesions (12). In
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contrast, TCR plays a very active role in modulating TNR deletion by removing the TNR
secondary structure through ERCC1/XPF and XPG nuclease activity (131-133,139). The
fact is consistent with the results showing that TNR deletion was suppressed in CSB
deficient human cells (133) further indicating that NER may actively be involved in
modulating TNR instability by processing TNR hairpins and loops formed during
resolution of a stalled RNAP II caused by TNR hairpins or loops.

Besides MMR and NER, other DNA repair pathways are also involved in TNR
instability. For example, DDR, along with DNA recombination initiated during DNA
replication and repair can modulate TNR expansion in yeast, bacteria and human cells
(71,140-146). In the double-strand DNA break repair pathway induced by TNR-induced
replication blockage and fork stalling, large TNR expansion products are usually
generated (86,97,147). However, TNR instability resulting from these repair pathways is
dependent on DNA replication and occurs in dividing cells. It appears that an age-
dependent small TNR expansion in non-dividing neuronal cells is mediated by a different
repair pathway. Recent studies indicate that BER is the main pathway for modulating an

age-dependent TNR expansion that is induced by oxidative stress (12,103).

E. Base excision repair (BER) and TNR instability

The genome of human is constantly exposed to environmental oxidative stresses
and endogenous ROS generated from metabolic oxidative process that results in a series
of oxidative base lesions including 8-0xoG, AP sites and ssDNA breaks (148). Because
of its G rich sequence and the low redox potential of G, TNR is a hot spot for oxidative

DNA base lesions generated by ROS resulting from both environmental and endogenous
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sources (149). Base excision repair, as the major repair pathway for removing oxidized
base lesions in human genome, may modulate TNR instability by creating a single-strand
DNA break during repair of an oxidized base in a TNR tract. During base lesion repair,
removal of oxidative DNA damage by a DNA glycosylase can result in an AP site that is
subsequently 5’-incised by APEl, leaving a series of ssDNA break intermediates
(20,150,151). Single-stranded DNA breaks formed in the context of TNRs during BER
allow the formation of non-B form DNA structures in the same manner as during DNA
replication and other repair pathways (12). Consistent with the notion, previous studies
from bacteria, mice and human cells have demonstrated an association among TNR
instability, oxidative DNA damage and BER (26,32,103,152-154). In a HD transgenic
mouse model, an age-dependent progressive CAG repeat expansion in somatic cells has
been found to be associated with an increased level of 8-oxoG. (103). Treatment of
fragile X syndrome transgenic mice with an environmental oxidative agent, potassium
bromate, resulted in CGG expansion (154). Treatment of fibroblasts from HD patients
with hydrogen peroxide also causes CAG repeat expansion (103). Interestingly, the CAG
repeat expansion in the HD mice is dependent on the presence of OGG1 because knock-
out OGGI in mice can prevent the progressive CAG repeat expansion and stabilize repeat
length. All the results indicate that TNR expansion is directly associated with removal of
oxidized bases by OGG1, which initiates BER of an oxidative DNA damage. In fact, in
addition to OGG1, other BER enzymes and cofactors that are involved in LP-BER such
as pol B, FEN1 and HMGB/1can also modulate somatic TNR instability in vitro (115) and
in different types of nerve cells in HD mouse model that exhibit different BER capacity

(155).
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Furthermore, it has been found that decreased efficiency and capacity of BER
during aging results in accumulation of oxidative DNA damage and ssDNA breaks in the
genome that in turn may induce age-dependent somatic TNR expansion (156,157). For
example, it has been found that a small repeat duplication can be induced by exposing a
PARP1 knockout mouse model to alkylating DNA damage reagents (158). Since PARP1
is responsible for recognizing an intermediate with a single-strand break and promotes
ssDNA break repair, deficiency of PARP1 may result in the accumulation of ssDNA
breaks in the genome, thereby facilitating the formation of TNR hairpins and loops. In
this manner, PARP1 deficiency could promote TNR expansion by stimulating the
accumulation of ssDNA breaks in cells. As a central BER enzyme, pol B plays a crucial
role in replacing the damaged base with the correct one with its dRP lyase activity and
polymerase activity. In addition, pol  can also perform lesion bypass synthesis to bypass
a template AP site with a low efficiency, resulting in DNA slippage and TNR expansion
(159). Moreover, pol B multi-nucleotide gap-filling synthesis on a slipped TNR DNA
strand also promotes TNR expansion by synthesizing extra repeat units (115,160).
Although FENI, another critical enzyme in BER, plays an essential role in preventing
TNR expansion in bacteria, yeast and mouse by efficiently removing a TNR containing
flap during DNA replication (71,161-166); however, a pre-formed stable hairpin created
by DNA slippage can inhibit FEN1 cleavage of the entire TNR hairpin and result in TNR
expansion (111,167). In this scenario, FENI is forced to make a cleavage on a short
downstream 5°-TNR flap attached to a hairpin that is created by repeat rearrangement.
The cleavage of FENI at an alternate cleavage site is named the FENI1 alternate flap

cleavage (Figure 1.15) (9,115). As an enzyme that seals a nick, LIG I is responsible for
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sealing a ligatable nick that integrates a TNR hairpin into the genome. Thus, during BER,
LIG I can compete with FENI1 to ligate a downstream hairpin and promote TNR

expansion (168,169). All of these findings indicate that BER is actively involved in
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Figure 1.15 FENI1 alternate flap cleavage mediated CAG repeat expansion (11)

modulating TNR expansion in non-dividing somatic cells.
It is proposed that TNR instability is initiated by the production of ssDNA breaks
by APEI cleavage on an AP site after removal of an oxidized base in a TNR region by

OGG1, and the repeat expansion may be mediated by production of extra repeat units via
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pol B multi-nucleotide gap-filling synthesis. To test this hypothesis, several Iin vitro
studies with reconstituted BER of an oxidized DNA base lesion in the context of TNR
tracts were performed with purified BER enzymes (115,160). These studies have shown
that TNR expansion can only be induced by LP-BER through pol  multi-nucleotide gap-
filling synthesis that produces extra repeat units. In this sub-pathway, FEN1 employs its
alternate flap cleavage to process the 5’-end of a downstream TNR hairpin creating a
ligatable nick allowing the sealing of the hairpin (Figure 1.16) (9,115).

Thus, a model is proposed regarding how TNR expansion may occur as shown in
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Figure 1.16. When an 8-0x0G occurs in the context of TNR such as CAG repeat, OGG1
removes the 8-0xoG leaving an AP site initiating BER (170). Subsequently, APE1 incises
the 5’-end of the AP site leaving a 1-nt gapped DNA with a 5’-sugar phosphate in the
context of CAG repeat tract. In the absence of DNA strand slippage, pol B fills in the gap,
and FENI cleaves Int that is attached to the sugar phosphate residue. The strand break
intermediate is efficiently processed by the coordination between pol f and FENI
through the ‘hit-and run’ mechanism. In this scenario, no extra repeats are synthesized,
and CAG repeat expansion is prevented. If DNA strand slippage occurs in the context
CAG repeats, this will results in the formation a CAG repeat hairpin. A stabilized hairpin
will disrupt the coordination between pol B and FENI1. In this scenario, pol B performs
multi-nucleotide gap-filling synthesis to produce extract repeat units. Flap endonuclease
1 will be forced to perform its alternate flap cleavage to remove a part of the TNR hairpin
facilitating CAG repeat expansion (9).

On some occasions, an oxidized DNA base lesion is subject to SN-BER. Repair
of the 1-nt gap can be processed efficiently through the coordination between pol  and
XRCCI-LIG III complex. DNA slippage can be prevented by efficient removal of sugar
phosphate residue via pol B dRP lyase activity and ligation reaction mediated by XRCC1-
LIG IIT complex. Thus, BER plays a dual role in modulating TNR instability, i.e., the SP-
BER prevents TNR expansion, whereas LP-BER promotes TNR expansion.

The BER cofactor and proteins from other repair pathways that can modulate the
stability of TNR hairpins during BER can facilitate or prevent TNR expansion. For
example, the MSH2/MSH3 complex can stabilize hairpin structures (117,118). It could

then promote TNR expansion through multiple cycles of BER of oxidative DNA damage
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in the context of TNR (Figure 1.17). On the other hand, in human cells, although each
round of BER in TNR tract only results in 1-5 repeat expansion through pol f multi-
nucleotide gap-filling synthesis via LP-BER (171,172), approximately 50,000 DNA base
lesions are generated per day (173). Removal of these base lesions could result in
numerous ssSDNA breaks that may need to be repaired by many rounds of oxidation-
repair process (i.e., 50,000 rounds of BER). Thus it could strongly promote TNR

expansion (103,174).
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Figure 1.17 Loops formed during base excision repair by strand displacement (12)

Except for TNR expansion, previous studies also showed that DNA repair
including BER and NER also mediate TNR deletions. In human lymphoblasts (32),
bacterial cells (26), and mouse sperm (175), TNR deletion can be induced by DNA
damaging agents including chemotherapeutic agents such as ethyl methanesulfonate,
mitomycin C, N-ethylnitrosourea and cisplatin, or environmental damage agents such as
ultraviolet radiation and ionizing radiation (32,175,176). Trinucleotide repeat deletion
can also be induced by H,O; in bacteria and mouse kidney cells (26,177). Because these

DNA damaging agents can induce alkylated or oxidized base lesions, DNA strand breaks
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and DNA cross-links usually subjected to BER and NER, the results suggest that BER
and NER are also actively involved in mediating TNR deletion. However, the molecular
mechanism underlying TNR instability during BER remains to be unknown.
Understanding the molecular basis of TNR expansion and deletion induced by DNA base
lesions and repair will help to identify new targets for prevention and treatment of TNR
expansion-related neurodegenerative diseases for which there is no treatment thus far. In
my Ph.D. dissertation research, I conducted a series of studies on the molecular
mechanisms of TNR deletion via oxidative DNA damage and BER. In CHAPTER 1, we
studied the mechanism underlying TNR deletion via BER of an oxidative DNA damage.
In CHAPTER 2, we identified the role of BER in repairing an oxidized base lesion
located in the loop region of a TNR hairpin that ultimately results in attenuation or
prevention of TNR expansion. Finally, in CHAPTER 3 we investigated the role of an

oxidized DNA lesion, cyclo-deoxynucleotides, in inducing TNR deletion.
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OVERVIEW

Trinucleotide repeat expansion has been demonstrated as the cause of more than
40 types of human neurodegenerative diseases, whereas TNR deletion in the androgen
receptor has been shown to be linked with human prostate cancer and ovarian cancer
(12,72,74,82,178,179). A study of molecular mechanisms underlying somatic TNR
instability during DNA repair is important for understanding the roles of DNA damage
and repair on TNR instability as well as for determining whether DNA damage and repair
can be developed as targets for prevention and treatment of TNR expansion-related
neurodegenerative diseases. Although many studies focus on the mechanisms of TNR
expansion during DNA replication and repair, the mechanisms underlying TNR deletion
remain unknown and need to be elucidated. A study of somatic TNR deletion could lead
to identification of novel targets for shortening the expanded TNR repeats facilitating
development of a new strategy for treatment of TNR-related neurodegenerative diseases.
Previous studies have shown that DNA damage can result in TNR deletion in both human
cells and E. coli. The results lead to a hypothetical model for TNR deletion that needs to
be examined in the context of DNA base lesions and BER. My dissertation project
explored the mechanisms underlying TNR deletion and prevention of TNR expansion via
BER and oxidative base lesion in three different ways. In CHAPTER 1, examining BER
of oxidative DNA damage in the context of CAG or CTG repeats allowed us to establish
a model for TNR deletion mediated by the coordination between a unique pol B hairpin
bypass synthesis and FEN1 alternated flap cleavage. In CHAPTER 2, we examined the

role of BER in preventing TNR expansion during repair of oxidized DNA base lesions in
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the hairpin loop. We demonstrated that in coordinating with a 3°-5’ endonuclease,
Mus81/Emel, BER of a base lesion in the loop region of a hairpin can lead to removal of
the entirety or a part of the hairpin, demonstrating that BER in a TNR loop can be
coupled with removal of the hairpin, thereby preventing or attenuating TNR expansion.
In CHAPTER 3, we further explored a mechanism for TNR deletion via pol  bypass of
an oxidized base lesion, 5’,8-cdA, in a CAG repeat tract. We found that a 5°,8-dcA on the
template strand of a CAG repeat tract can induce the formation of a small CAG repeat
loop that promotes pol B skipping over the loop structure, thereby resulting in repeat

deletion.
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CHAPTER 1: TRINUCLEOTIDE REPEAT DELETION VIA A UNIQUE
HAIRPIN BYPASS BY DNA POLYMERASE p AND ALTERNATE FLAP

CLEAVAGE BY FLAP ENDONUCLEASE 1

ABSTRACT

Trinucleotide repeat (TNR) expansions and deletions are associated with human
neurodegenerative diseases and prostate cancer. Recent studies have pointed to a linkage
between oxidative DNA damage, base excision repair (BER) and TNR expansion, which
is demonstrated by the observation that DNA polymerase B (pol ) gap-filling synthesis
acts in concert with alternate flap cleavage by flap endonuclease 1 (FEN1) to mediate
CAG repeat expansions. In this study, we provide the first evidence that the repair of a
DNA base lesion can also contribute to CAG repeat deletions that were initiated by the
formation of hairpins on both the template and the damaged strand of a continuous run of
(CAG)y or (CAG),s repeats. Most important, we found that pol § not only bypassed one
part of the large template hairpin but also managed to pass through almost the entire
length of small hairpin. The unique hairpin bypass of pol B resulted in large and small
deletions in coordination with FEN1 alternate flap cleavage. Our results provide new
insight into the role of BER in modulating genome stability that is associated with human

diseases.

INTRODUCTION
Trinucleotide repeats (TNRs) are highly polymorphic in the human genome and

confer their instability via expansions or deletions (71,72). Trinucleotide repeat
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expansions are known to be the cause of more than 40 neurodegenerative diseases,
including Huntington’s disease, myotonic dystrophy and fragile X syndrome among
others (12,72,74). Similarly, TNR deletions are also closely related to human disorders.
Epidemiological studies have demonstrated that CAG repeat deletions in the androgen
receptor are correlated with human ovarian (82) and prostate cancer (178,179).
Trinucleotide repeat expansion has been studied extensively in bacteria (91), yeast
(71), mouse (180), human (85,181) and human cell extracts (182). It was initially shown
that TNR expansions occur during DNA replication of dividing somatic cells and during
recombination of germ cells (12,85,97,183). However, later studies have demonstrated
that expansions can also be mediated by DNA repair in dividing and non-dividing
somatic cells (12,103,152). It is proposed that the formation of non-B form DNA
secondary structures during DNA replication, recombination and repair contributes to
expansions (85,140). In the human genome, typical non-B form structures arising from
(CAG)/(CTG),, (CTG)/(CAG),, (CGQG)/(CCQG), and (GAA),/(TTC), sequence contexts
include hairpins, tetraplexes and triplexes (85,86). These DNA secondary structures can
cause DNA polymerase pausing and DNA slippage (108,109), replication fork stalling
and collapse (86,97,98), inhibition of flap cleavage by flap endonuclease 1 (FEN1) (110-
112), trapping of mismatch repair proteins (113,114) and disruption of coordination
between DNA repair proteins (115). All of these events can compromise cellular repair
mechanisms for removing the non-B form structures, thereby allowing them to be
integrated into the human genome for TNR expansions. Hence, TNR expansion appears
to be a consequence of the interactions between DNA secondary structures and DNA

replication, repair and recombination. Compared with the other DNA metabolic pathways,
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DNA repair plays a more versatile role in modulating TNR stability because it can repair
the non-B form DNA structures generated from both DNA damages and other DNA
metabolic pathways.

Several DNA repair pathways have been shown to modulate TNR expansion
during both DNA replication and damage repair. The repair pathways that are initiated
during DNA replication include mismatch repair (117,118,184-186) and double-stranded
DNA break repair, along with DNA recombination (71,140-146). A mismatch repair
protein complex, MSH2/MSH3 can bind and stabilize hairpin structures, thereby
promoting TNR expansion (113,114). Double-stranded break repair processes the
intermediates resulting from TNR-induced replication blockage and fork stalling
(86,97,147), therefore facilitates large expansions. A specific DNA repair pathway can be
initiated directly by DNA damage in the context of TNR to modulate repeat stability
(103,115). For example, 8-oxoguanine (8-0xoG) in TNRs initiates DNA base excision
repair (BER) through 8-0xoG DNA glycosylase (OGG1), which plays an essential role in
mediating age-dependent somatic CAG or CGG repeat expansions in a Huntington’s
disease and fragile X syndrome mouse models (103,187,188). The DNA glycosylase
removes the oxidized base lesion leaving an abasic site (115), which is subsequently
incised by apurinic/apyrimidinic endonuclease 1 (APE1). Apurinic/apyrimidinic
endonuclease 1 incision results in single-stranded DNA (ssDNA) breakage, which leads
to DNA slippage and the formation of hairpins and a multi-nucleotide gap (115). The
formation of hairpin further causes the disruption of functional coordination between
DNA polymerase B (pol B) and FENI1 leading to an inefficient pol  multi-nucleotide

gap-filling synthesis and FEN1 alternate cleavage, i.e., the cleavage of a short 5’-flap
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attached to the 5’-end of a hairpin subsequently resulting in production of a ligatable nick
for ligating a hairpin with newly synthesized repeats leading to repeat expansion (115).
Thus, inefficient BER leads to TNR expansion (11). A multi-nucleotide gap generated
during BER could also allow the formation of a hairpin on the template strand that may
mediate TNR deletion induced by DNA damages.

Trinucleotide repeat deletions can be induced in human lymphoblasts (32),
bacterial cells (26) and mouse sperm (175), by DNA-damaging agents including ethyl
methanesulfonate, mitomycin C, ethylnitrosourea, ultraviolet radiation, cisplatin and
ionizing radiation (32,175,176). Because the DNA-damaging agents can induce
alkylating DNA damage, DNA strand breaks, DNA cross-links that are usually subjected
to BER and nucleotide excision repair, it suggests that BER and NER are actively
involved in mediating TNR deletion. The transcription-coupled NER was found to be
associated with TNR deletion in mammalian cells (132,133,139) and in Drosophila (131).
Thereby supporting the notion, NER proteins, Xeroderma pigmentosum group A-
complementing protein (139), Xeroderma pigmentosum group G-complementing protein
and Cockayne syndrome B protein are also known to promote TNR deletion (131-133).
These findings suggest an important role of DNA damage and repair in modulating TNR
deletion.

Although significant progress has been made in exploring TNR deletion in recent
years, our knowledge about the process remains limited, therefore results in poor
understanding of the mechanisms by which deletions arise. Understanding the molecular
basis of TNR deletions and how chemicals may induce deletions through DNA damage

and repair is critically important for the development of new methods for prevention and
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treatment of human diseases caused by both TNR deletions and expansions (189).
Interestingly, in addition to its role in promoting CAG repeat expansion (103,115),
oxidative DNA damage was also shown to induce repeat deletions in bacteria (26),
suggesting that oxidized base lesions and BER play a dual role in causing both
expansions and deletions. The concept has been further supported by in vitro evidence
that pol B slippage is involved in CAG repeat deletion (190). However, it remains
unknown if or how DNA base lesions and BER cause deletions. To explore the potential
role of BER in TNR deletions, we examined CAG repeat deletions during BER and
identified the roles of major BER enzymes in the steps that could lead to TNR deletions.
Surprisingly, we discovered that repair of a DNA base lesion in the context of (CAG),
and (CAGQG),s repeats led to repeat deletions with the concomitant loss of 1-21 triplet
repeats per repair event, depending upon the length of repeats. The deletions were
mediated by pol B hairpin bypass in coordination with FEN1 alternate flap cleavage. As a
result, we propose a hypothetical model to describe a unique mechanism underlying TNR
deletions involving a base lesion-induced loss of TNR through pol B hairpin bypass and
FENI1 alternate flap cleavage. Our studies provide the first evidence that TNR deletion

can be initiated by DNA base lesions and mediated by BER.

MATERIALS AND METHODS

Materials
Dexoyribose nucleic acid oligonucleotides were purchased from Integrated DNA

Technologies (IDT Inc., Coralville, IA, USA). The radionucleotides [y-*P] ATP (6000
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mCi/mmol) and Cordycepin 5’-triphosphate 3’-[a-**P] (5000 mCi/mmol) were from
PerkinElmer Inc. (Boston, MA, USA). Micro Bio-Spin 6 chromatography columns were
purchased from Bio-Rad (Hercules, CA, USA). Deoxynucleoside 5’-triphosphates
(ANTPs) and terminal deoxynucleotidyl transferase were from Fermentas (Glen Burnie,
MD, USA). The T4 polynucleotide kinase was from USB Corp. (Cleveland, OH, USA).
Mung Bean Nuclease was from Epicenter (Madison, WI, USA). The original TA cloning
kit was from Invitrogen/Life Technologies Corp. (Grand Island, NY, USA). The Big Dye
Terminator version 3.1 Cycle Sequencing Kit was from Applied Biosystems/Life
Technologies Corp (Grand Island, NY, USA). Polyclonal and monoclonal antibodies of
FENI and tubulin and non-specific IgG were from Abcam (Boston, MA, USA). All
standard chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and Thermo Fisher Scientific (Pittsburgh, PA, USA). Purified E. coli uracil-DNA
glycosylase (UDG), APEI, pol B, FEN1, DNA ligase I (LIG I) and a monoclonal pol f
antibody were generous gifts from Dr. Samuel Wilson at the National Institute of
Environmental Health Sciences/National Institutes of Health, Research Triangle Park,

NC, USA.

Oligonucleotide substrates

Substrates containing (CAG)yy or (CTG)y with a deoxyuridine or a
tetrahydrofuran (THF), an abasic site analog, were designed to mimic a repair
intermediate with a native or modified abasic site in the context of TNR. The THF
residue was used to represent an oxidized abasic site in the study. The guanine of the first

CAG or CTG of a substrate was substituted with a THF residue or a deoxyuridine residue.
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A substrate with a native abasic site was generated by incubating an oligonucleotide
containing a deoxyuridine residue, with E. coli UDG (2.5 nM) at 37 °C for 15 min.
Substrates were constructed by annealing the damaged strands to their template strands at
a molar ratio of 1:1.5. Substrates with a perfect 15-nt base-paired hairpin or a preformed
(CTG); or a (CAG); or a (CTG);s hairpin in their template strands were constructed to
mimic the repair intermediates containing a template hairpin with or without a 5’-
downstream flap. The downstream primers contained a 5’-phosphate-THF alone or a 5°-
phosphorylated THF with a 21-nt-dT flap or a (CAG); or a (CTG); or a (CAG),; or a
(CAQG)ys flap/hairpin. Upstream and downstream primers were annealed to their
templates at a molar ratio of 1:1:1.5. Substrates were radiolabeled at the 5’-end of the
damaged strand or that of the upstream primer or at the 3°- or 5’-end of the template
strand for measuring various types of enzymatic activities. The sequences of
oligonucleotide substrates are listed in Table 1.1. DNA size markers that correspond to
the cleavage products of Mung Bean Nuclease and the products of pol B nucleotide
insertions were synthesized and purified by polyacrylamide gel electrophoresis (191). A
DNA fragment that contained (CAG),p without any DNA base lesions was used as a

marker for DNA fragment analysis.
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Table 1.1 Oligonucleotide sequence

Oligonucleotides

nt

Sequence (5’ -3°)

Downstream

D1 30 pF-TGCTAGATGAAGAACGTGCGGATCCGGTGC

D2 51 pF- TTTTTTTTTTTTTTTTTTTTTTGCTAGATGAAGAACGTGCGGATCCGGTGC

D3 51 pF-CTG CTGCTGCTGCTGCTGCTGTGCTAGATGAAGAACGTGCGGATCCGGTGC

D4 51 pF- CAGCAGCAGCAGCAGCAGCAGTGCTAGATGAAGAACGTGCGGATCCGGTGC

D5 99 CGAGTCATCTAGCATCCGTACAFCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGTACGTAGACTTACTCATTGC

D6 100 CGAGTCATCTAGCATCCGTACAUCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGTACGTAGACTTACTCATTGC

D7 95 pF-CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
CAG CAGCAGCAGCAGCAGCAGCAGTACGTAGACTTACTCATTGC

D8 95 pF-CTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTG
CTG CTGCTGCTGCTGCTGCTGTACGGATGCTAGATGACTCG

Template

T1 100 GCAATGAGTAAGTCTACGTACTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCT
GCTGCTGCTGCTGCTGCTGCTGTACGGATGCTAGATGACTCG

T2 96 GCACCGGATCCGCACGTTCTTCATCTAGCAAGGGAGAAGTAGGAGAAAAAACTCCTA
CTTCTCCCTAGACTTACTCATATTGCGCATCAGCTGCAG

T3 81 GCACCGGATCCGCACGTTCTTCATCTAGCACAGCAGCAGCAGCAGCAGCAGAGACTT
ACTCATATTGCGCATCAGCTGCAG

T4 81 GCACCGGATCCGCACGTTCTTCATCTAGCACTGCTGCTGCTGCTGCTGCTGAGACTTA
CTCATATTGCGCATCAGCTGCAG

T5 115 GCAATGAGTAAGTCTACGTACTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCT
GCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGTACGGATGCTAGATGACTCG
CGAGTCATCTAGCATCCGTACAG

T6 115 CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA

GCAGCAGCAGCAGCAGTACGTAGACTTACTCATTGC

Upstream
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Ul 30 CTGCAGCTGATGCGCAATATGAGTAAGTCT
U2 20 CGAGTCATCTAGCATCCGTA
U3 20 GCAATGAGTAAGTCTACGTA

F: tetrahydrofuran, THF U: deoxyuridine
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In vitro BER in mouse embryonic fibroblast cell extracts

Cell extracts were made as described (63). Briefly, pol p null (pol p7) and wild-
type pol B (pol B™) mouse embryonic fibroblast (MEF) cell lines were grown to near
confluence. Cells were harvested and lysed and cell lysates were centrifuged at 12,000
rpm for 30 min to obtain whole-cell extracts that were subsequently dialyzed into BER
reaction buffer containing 50 mM Tris—HCI, pH 7.5, 50 mM KCIl, 0.1 mM EDTA, 0.1
mg/ml bovine serum albumin and 0.01% Nonidet P-40 (NP-40). The FEN1 deficient cell
extracts were prepared by incubating wild-type MEF cell extracts (100 pg) with 5 pg
FENI polyclonal antibodies at 4 °C overnight. Protein—antibody complexes were
precipitated with protein Aagarose beads (Pierce-Thermo Scientific, Rockford, IL, USA)
for FEN1 depletion. Control cell extracts were prepared under the same conditions by
incubating cell extracts with 5 pg IgG. Levels of FENI1, pol B and tubulin (loading
control) were determined by immunoblotting. Base excision repair was performed by
incubating 60 pg cell extracts with the (CAG)-THF or a (CAG)yo-uracil-containing
substrate (25 nM). A reaction (25 pul) was assembled in BER reaction buffer with 5 mM
MgCl,, 2 mM ATP and 50 uM dNTPs. Base excision repair reactions were also
performed by incubating substrates with the pol B~ cell extracts supplied with increasing
concentrations of purified pol . Substrates were pre-incubated with 50 nM APE1 at
37 °C for 30 min to generate ssDNA break intermediates. The reaction mixture was
assembled on ice and incubated at 37 °C for 30 min. The reactions were terminated by
transfer to 95 °C for 5 min and the reaction mixture was subsequently subjected to
protease K digestion at 55 °C for 30 min. DNA was precipitated and dissolved into buffer

containing 95% formamide and 2 mM EDTA. Substrates and repair products were
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separated by 15% urea-denaturing PAGE and detected using a Pharos FX Plus
Phosphorlmager from Bio-Rad. Repair products were excised from gels and eluted at
room temperature overnight with TE buffer (10 mM Tris—HCI, pH 7.5 and 1 mM EDTA)
and then were precipitated and dissolved in TE buffer. Twenty nanograms of the repaired
DNA was used for subsequent DNA fragment analysis. All substrates were >’P-

radiolabeled at the 5’-end of the strand that contained a deoxyuridine or a THF residue.

In vitro BER reconstituted with purified enzymes

In vitro BER of a native or modified sugar in the context of (CAG),, repeats was
performed with purified UDG, APEI1, pol B, FENI1, LIG I and (CAG)y-containing
substrates with a deoxyuridine or a THF residue. The 20-ul reaction was reconstituted
with the indicated concentrations of substrates and BER enzymes in BER reaction buffer
that contained 5 mM MgCl,, 2 mM ATP and 50 uM dNTPs. Reaction mixtures were
assembled on ice and incubated at 37 °C for 15 min. Reactions were then terminated by
transfer to 95 °C for 10 min in buffer containing 95% formamide and 10 mM EDTA.
Substrates and products were separated by 15% urea-denaturing PAGE and detected by
Phosphorlmager. Repair products were isolated for size analysis. Substrates were 32P-
radiolabeled at the 5’-end of the strand with a deoxyuridine or a THF residue. Base
excisin repair mediated by pol B hairpin bypass was reconstituted by incubating purified
pol B, FENI and LIG I with 25 nM substrates that contained a hairpin in the template
strands with or without a downstream flap/hairpin. Reactions were performed in BER
reaction buffer with 5 mM MgCl, and 50 pM dNTPs. To isolate repair products, the

template or upstream strands of the substrates were biotinylated at the 3°- or 5’-end.
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Repair products were incubated with Pierce avidin agarose beads (Pierce-Thermo
Scientific, Rockford, IL, USA) in binding buffer that contained 0.1 M phosphate, 0.15 M
NaCl, pH 7.2 and 1% Nonidet P-40 at 4 °C for 2 h with rotation. The agarose beads were
centrifuged at 5,000 rpm for 1 min and were washed with the binding buffer three times.

The repaired strands were dissociated and separated from their template strands with 0.15

Newly synthesized nucleotides by pol p
5 ¥

<
3' biotin

Avidin d(5-',1\\4(1”1 Agarose

\. - g
4
3’ biotin

Agarose’bead

Spin down the agarose beads

(0.1 W NaOH

g 3" «——Hairpin bypassing product
, + FCR ,
5 A3
3A

Ts
2
l’ TATOPO vector

+ Transformation (to SURE 2 Supercompetent cells)

Single white colonies
Flasmid purification
Sequencing

Figure 1.1 Scheme of DNA Sequencing for Repeat Deletion Products.

The repair products of pol B hairpin bypass synthesis were incubated with Pierce
avidin agarose beads allowing the biotinylated template strand binding to avidin
agarose beads. Agarose beads were spun down, and the repaired strand was
released by incubating the beads with 0.15 M NaOH. Repaired strands were then
subjected to PCR amplification. Amplified repair products were then cloned into
the TA TOPO vector. Plasmids that contained repair products were then
transformed into bacteria for amplification. Plasmids were isolated and purified
by Qiagen miniprep kit and subjected to DNA sequencing.
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M NaOH and centrifugation at 5,000 rpm for 2 min. Repaired strands were then
precipitated and dissolved in TE buffer for subsequent amplification by polymerase chain

reaction (PCR), cloning and DNA sequencing (Figure 1.1).

Enzymatic activity assays

Pol B DNA synthesis was measured using substrate that contained (CAG)y
repeats with a THF alone or substrates that contained a template hairpin with or without a
downstream 5’-THF-flap/hairpin. The DNA synthesis was measured at 37 °C in a 20-ul
reaction mixture that contained BER reaction buffer with 5 mM MgCl, and 50 pM
dNTPs. Flap endonuclease 1 cleavage activity was examined in the same buffer with 5
mM MgCl, and 50 pM dNTPs in the absence or presence of increasing concentrations of
pol B at 37 °C for 15 min. Substrates and products were separated by 15% urea-

denaturing PAGE and detected by a Phosphorlmager.

Probing of hairpin structures by Mung Bean Nuclease digestion

The formation of hairpin structures by CAG and CTG repeats was probed by
incubating 2 U Mung Bean Nuclease with 200 nM substrates that contained (CAG),o or
(CTG)y repeats with a THF embedded in the first CAG or CTG or in a random DNA
sequence. Hairpins present in the substrates containing a preformed template (CTG); and
(CTG),s hairpin were also probed by the enzyme digestion. Substrates were pre-
incubated with 10 nM APE1 at 37 °C for 30 min to generate an ssDNA breakage
intermediate. The 10-pl reaction mixture was assembled by incubating 2 U of Mung

Bean Nuclease with 200 nM substrates in reaction buffer containing 30 mM sodium
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acetate (pH 4.6), 50 mM NaCl, 1 mM zinc acetate and 0.01% Triton X-100. The reaction
was incubated at 37 °C for 1, 2, 3, 5 and 8 min and subsequently subjected to protease K
digestion at 55 °C for 30 min to remove Mung Bean Nuclease. Substrates and products

were separated by 15% urea-denaturing PAGE and detected by a Phosphorlmager.

Sizing of repair products with CAG repeats by DNA fragment analysis

Repair products (20 ng) resulting from BER in the context of (CAG)y, repeats
were amplified by PCR with a forward primer tagged by a 6-carboxyfluorescein and an
untagged reverse primer that were annealed to the 5°- and 3’-end of random sequence
regions of repair products. PCR amplification was performed under the following
conditions: 95 °C for 10 min, 1 cycle; 95 °C for 30 s, 50 °C for 30 s and 72 °C for 1.5
min, 35 cycles; 72 °C for 1 h, 1 cycle. The 6-carboxyfluorescein-labeled PCR products
were then subjected to capillary electrophoresis. The size of repair products was
determined by DNA fragment analysis (Florida International University DNA
Sequencing Core Facility) with Peak Scanner version 1.0 software (Applied Biosystems,

Foster City, CA, USA).

Cloning and sequencing of repair products

The repair products resulting from pol B hairpin bypass were amplified by PCR
under the following conditions: 95 °C for 5 min, 1 cycle; 95 °C for 1 min, 54 °C for 30 s
and 72 °C for 1 min, 25 cycles; 72 °C for 10 min, 1 cycle. PCR products were then
ligated into the pCR 2.1-TOPO vector (Invitrogen/Life Technologies Corp., Grand Island,

NY, USA). Recombinant plasmids that contained repair products were then transformed
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into SURE 2 Supercompetent Cells (Stratagene, Santa Clara, CA, USA). The plasmids
were isolated and purified by the Miniprep Kit from Qiagen (Valencia, CA, USA) and
were subjected to DNA sequencing. PCR sequencing reactions were performed with the
Big Dye Terminator version 3.1 Cycle Sequencing Kit from Applied Biosystems/Life
Technologies under the following conditions: 94 °C for 15 s, 50 °C for 10 s and 60 °C for
4 min, 35 cycles. The sequences of repair products were determined using ABI Genetic
Analyzer 3130 version 1 (Applied Biosystems/Life Technologies Corp) by the Florida
International University DNA Sequencing Core Facility and analyzed with Mac Vector

version 12.0.2 software (MacVector Inc., Cary, NC, USA).

RESULTS

Pol p promotes CAG repeat deletion during BER

Pol B, a central component of BER, removes a native deoxyribose phosphate
residue and fills in a single-nucleotide gap to fulfill the efficient single nucleotide BER
(11). Pol B can also perform multi-nucleotide gap-filling synthesis and strand
displacement synthesis that leads to the relatively inefficient long-patch BER (11). Pol
multi-nucleotide gap-filling synthesis was found to promote CAG repeat expansion by
producing extra repeat units (115), whereas its slippage synthesis is suggested to be
involved in repeat deletion. Thus the enzyme plays a pivotal role in modulating TNR
instability. To further determine how pol B could be involved in TNR deletion, we
initially studied deletions in the cell extract-based BER of a THF embedded at the first

CAG of a (CAG)y repeat-containing substrate. Experiments were performed using pol
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B~ (Figure 1.2, panel b), pol B cell extracts (Figure 1.2, panel ¢) or pol B~ cell
extracts complemented with 10 nM purified pol B (Figure 1.2, panel d). The results

* cell extracts

revealed that significant amounts of deletion products formed with pol
and pol B~ cell extracts complemented with purified pol § (Figure 1.2, panels ¢ and d).
However, only a small amount of deletion product was produced by pol "~ cell extracts
(Figure 1.2, panel b). The amounts of deletion products increased by 3- to 4-fold by the
presence of pol B (Figure 1.2, panel e). The repair mainly resulted in (CAG);o- and
(CAQG)s-repeat containing products with one or two repeat deletion (Figure 1.2, panels ¢
and d). To further confirm the role of pol f in CAG repeat deletion, we determined the
deletions in a reconstituted BER by incubating the (CAG)yo-containing substrate with
purified APE1, FENI, LIG I and increasing concentrations of pol . Consistent with the
results from the pol B cell extracts, the reconstituted BER also resulted in deletion of one
or two CAG repeats with the amounts of the products slightly increased with increasing
concentrations of pol B (Figure 1.3, panels b, ¢ and d). Thus, the results indicate that pol
promotes CAG repeat deletion. To exclude the possibility that deletion products could
result from PCR artifacts due to Taq polymerase DNA slippage, a (CAG), repeat-
containing marker without any base lesions was PCR-amplified and subjected to sizing
analysis under the same conditions as the ones used for repair products. The results

showed that little deletion product was from the amplified marker (Figure 1.2 and 1.3,

panel a), indicating that repeat deletions were from BER rather than from PCR artifacts.
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Figure 1.2 CAG repeat deletion during BER with MEF cell extracts.

Repair of an abasic site in the context of CAG repeats was examined with a
(CAQG)yo-containing substrate with a THF embedded in the first CAG. BER
reactions were reconstituted with cell extracts from pol ™", pol 7~ MEFs and pol
B~ MEF cell extracts complemented with 10 nM of purified wild-type pol B. Gel-
isolated repair products were amplified by PCR with 6-carboxyfluorescein-labeled
primers. PCR products were separated by capillary
was determined by DNA fragment analysis. The products are illustrated as different
individual peaks. The height of a peak represents the
The sizes of repair products are illustrated in nucleotides and in number of repeat

electrophoresis and their size

abundance of repair products.
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Figure 1.3 CAG repeat deletion during BER with purified BER enzymes.

BER reactions were reconstituted by incubating 25nM substrate radiolabeled at the 5°-
end of its damaged strand with pol B (2.5 and 5 nM), 50 nM APEI1, 10 nM FEN1 and
5 nM LIG I along with 50 mM dNTPs under the conditions described in the ‘In vitro
BER in mouse embryonic fibroblast cell extracts of ‘Experimental Procedures’.
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Formation of CAG and CTG repeat hairpin structures during BER.

It is proposed that TNR deletion involves the formation of hairpin structures on
the template DNA strand and hairpin bypass by DNA polymerases during DNA
replication (4,85). Thus, it is conceivable that hairpins may also form on the template
strands during BER leading to pol B hairpin bypass DNA synthesis. To test this
possibility, we initially determined the formation of hairpin structures in the damaged and
template strands of the substrates containing (CAG), or (CTG)y with a THF residue,
using Mung Bean Nuclease. The nuclease preferentially makes cleavages at a single-
strand loop region and the sites with mismatched base pairs in the stem region of a
hairpin. A specific cleavage pattern of Mung Bean Nuclease on CAG or CTG repeats
indicates the formation of a hairpin with a specific size. The enzyme cleavage on the
template strand of the (CAG)yo-repeat substrate resulted in products with 20, 22, 27, 31,
34 and 37 nt, respectively (Figure 1.4, left panel). The cleavage pattern indicated that a
(CTG)7 hairpin formed next to the 5°-side 20 nt-random sequence of the template strand.
The hairpin consisted of a one-CTG loop and a six-CTG repeat stem as indicated (Figure
1.4). The enzyme cleavage on the damaged strand mainly generated products with 25, 29,
32, 34 and 36 nt, respectively (Figure 1.4, right panel), indicating the formation of a
(CAG)7 repeat hairpin next to the 3’-side 20 nt-random sequence of the damaged strand.
The hairpin was composed of a (CAG)s-repeat loop and a stem with (CAG)4 repeats
(Figure 1.4). The nuclease cleavage on the template strand resulted in products with 25,
29, 32, 34, 37 and 40 nt (Figure 1.5), respectively. The cleavage pattern demonstrated the
formation of a (CAG)g repeat hairpin next to the 5’-side 20-nt random sequence of the

template strand. The hairpin contained a (CAG)s-repeat loop region and a stem region
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with (CAG)s repeats (Figure 1.5). The nuclease digestion of a substrate containing
random sequence failed to generate any cleavage products (Figure 1.6). The results
indicated that the formation of hairpins on both the damaged and template strands during

BER is repeat sequence-dependent.
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Figure 1.4 Formation of trinucleotide repeat hairpins on the (CAG),) repeat
substrate during BER.

Formation of a template hairpin on the (CAG), repeat substrate with a THF residue
was probed by Mung Bean Nuclease digestion (left panel). The substrate was
radiolabeled at the 5’-end of its template strand and was precut by 10 nM APE].
Subsequently, the substrate was incubated with 2 U of Mung Bean Nuclease at 1-, 2-,
3-, 5-, 8-, 10- and 15-min time intervals (lanes2—8). Lane 1 represents the undigested
substrate. Lane 9 represents synthesized size markers (M) with 18, 29, 38, 56 and 74
nucleotides, respectively. Hairpins formed on the damaged strand were probed by the
enzyme digestion of the substrate radiolabeled at the 30-end of the strand (right
panel, lanes 2-6). Lane 1 represents the undigested substrate. Lane 7 represents size
markers (M) with 18, 29, 38, 56 and 74 nucleotides, respectively. The substrates are
illustrated schematically above the gel. A hairpin deduced by a specific nuclease
cleavage pattern and the nuclease digestion sites is illustrated schematically beside
the gel.
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Figure 1.5 Formation of trinucleotide repeat hairpins on the (CTG),) repeat
substrate during BER.

The template strand that contained (CTG), repeats was labeled at its 5’-end. The
substrate was incubated with 2 U of Mung Bean Nuclease at 1-, 2-, 3-, 5- and 8-min
time intervals, respectively (lanes 2-6). Lane 1 represents the undigested substrate.
Lane 7 represents markers (M). For all the experiments, 200 nM of substrate was
used. Arrows indicate the major digestion products. The substrates are illustrated
schematically above the gel. A hairpin deduced by a specific nuclease cleavage
pattern and the nuclease digestion sites is illustrated schematically beside the gel.
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Figure 1.6 Probing of hairpins formed by random sequences.
The damaged strand of a substrate with random sequence was radiolabeled at the 3°-
end and was precut by 10 nM APE1 (left panel). Subsequently, the substrate was
incubated with two units of Mung Bean Nuclease at 1-, 2-, 3-, 5-, and 8-minute time
intervals (lanes 2-6). Lane 1 represents the undigested substrate. Lane 7 represents
synthesized size markers (M) with 30, 39, and 48 nucleotides, respectively. The
template strand was radiolabeled at its 5’-end and was digested by the enzyme (right
panel, lanes 2—6). Lane 1 represents the undigested substrate. Lane 7 represents size
markers (M) with 30, 39, and 48 nucleotides, respectively. Arrows and white dots
indicate APE1 precut product. The substrates are illustrated schematically above the

gel.
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Pol B bypasses a template hairpin effectively, thereby facilitating CAG repeat
deletions during BER

Since TNR deletion is proposed to be mediated by DNA polymerase bypass of a
template hairpin generated during DNA replication (4), a similar mechanism could also
be adopted by pol  to mediate TNR deletion during BER. To test this hypothesis, pol 3
DNA synthesis was examined with substrates containing a template hairpin consisting of
a 6-nt loop and a 15-nt perfect base-paired stem (Figure 1.7 and 1.8, lanes 2—4) or a
template hairpin with (CAG); (Figure 1.7 and 1.8, lanes 6—8) or (CTG); (Figure 1.7 and
1.8, lanes 11—13) or (CTG),s (Figure 1.7 and 1.8, lanes 16—18). These substrates mimic
the BER intermediates containing a small or large template hairpin with or without a 5’-
downstream flap that result from APE1 5’-incision and DNA slippage. The formation of
the hairpins on both the template and damaged strands of these substrates was verified by
Mung Bean Nuclease digestion (Figure 1.9-1.11). Substrates were radiolabeled at the 5°-
end of the upstream primers for characterizing any effects of downstream flaps/hairpins
on pol B primer extension for its hairpin bypass. With all the substrates, pol  exhibited
efficient multi-nucleotide synthesis (illustrated schematically by red lines) indicating that
it readily bypassed the template hairpins with varying sizes (Figure 1.7 and 1.8, lanes 2, 6,
11 and 16). For both (CAG); and (CTG); template hairpins, pol B inserted five to seven
repeat units (Figure 1.7, lanes 6, 7, 11 and 12), indicating that the enzyme passed through
almost the entire length of the hairpins. In contrast, pol B only inserted 3—10 repeats in
bypassing (CTG),s hairpin (Figure 1.7 and 1.8, lanes 16 and 17), suggesting that the
enzyme can skip over the hairpin by passing through its portion. Interestingly, the

presence of FEN1 did not affect pol B DNA synthesis on the substrates without a
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downstream flap, but inhibited the DNA synthesis on the substrates with a 5’-flap
(compare lanes 2 and 3, 6 and 7, 11 and 12, and 16 and 17 of Figure 1.8). These results
suggested that FEN1 suppressed pol B hairpin bypass synthesis, possibly by competing
with the polymerase to bind a flap. To determine whether pol B hairpin bypass could
result in repeat deletions, BER reactions were reconstituted using the same set of
template hairpin-containing substrates and purified pol B, FEN1 and LIG I. The results
showed that pol B bypass of the perfect base-paired hairpin and the (CTG),s hairpin led to
repair products with deletions of 4-39 and 3—-63 nt (1-21 repeats), respectively, which
were identified by DNA sequencing (Figure 1.12 and 1.13). Consistent with the
observation, pol B bypass of a (CAG),s hairpin also inserted 1-6 repeats and resulted in
3-60 nt (1-20 repeats) (Figure 1.14). Surprisingly, pol  bypass of (CTG); and (CAG);
hairpins failed to cause any repeat deletion (Figure 1.12), indicating that it passed through
only a portion of the large hairpins and the entire small hairpins. Thus, pol B can bypass a
large hairpin directly leading to repeat unit loss, but can faithfully copy almost all the
repeats that constitute a small hairpin. However, other repair steps that can shorten the
repeats may also contribute to repeat deletion. During BER, this could result from FEN1

flap cleavage activity.
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Figure 1.7 Hairpin bypass synthesis of pol § with template hairpin containing
substrates without a downstream flap.

Pol B hairpin bypass synthesis and BER were examined in the context of a template
(CAG); or a (CTG); hairpin or a (CTG),s hairpin or a template hairpin with a 6-nt
loop and 15-nt perfect base pairs at its stem region. The substrates contained THF
residues at the 5’-end of the downstream primers and were radiolabeled at the 5’-end
of the upstream primers. BER reactions were reconstituted with 10 nM pol B, 10 or 25
nM FENI1 and 5 nM LIG I in the presence of 50 uM dNTPs under the conditions
described under ‘Experimental Procedures’ (lanes 4, 8, 13 and 18). Lanes 1, 5, 10 and
15 represent substrates only. Lanes 2, 6, 11 and 16 correspond to the reaction mixture
with 10 nM pol B. Lanes 3, 7, 12 and 17 represent the reaction mixture in the presence
of 10 nM pol B and 10 or 25 nM FENI. Lanes 9, 14 and 19 represent size markers of
pol B DNA synthesis. In all the reactions, 25 nM DNA substrates were used.The
substrates are illustrated schematically above the gel. Pol f DNA synthesis products
are illustrated by dotted lines.
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Figure 1.8 Hairpin bypass synthesis of pol § with template hairpin containing
substrates with a downstream flap.

Pol B DNA synthesis and repair products were determined with substrates that
contained a downstream 5’-THF containing (CTG); or (CAG); or (CAG),s flap/hairpin
or 15 dT flap with a template hairpin. Lanes 1, 5, 10 and 15 represent substrates only.
Lanes 2, 6, 11 and 16 correspond to the reaction mixtures with 10 nM pol B. Lanes 3,
7, 12 and 17 represent the reaction mixture in the presence of 10 nM pol  and 10 or
25 nM FENI. Lanes 4, 8, 13 and 18 represent the reaction mixture reconstituted with
10 nM pol B, 10 or 25 nM FENI1 and 5 nM LIG I. Lanes 9, 14 and 19 represent size
markers of pol B DNA synthesis. In all the reactions, 25 nM 5’-radiolabeled substrates
were used. The substrates are illustrated schematically above the gel. Pol B DNA
synthesis products are illustrated by dotted lines.
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Figure 1.9 Probing of hairpins formed by template strand containing (CAG); or

(CTG)7 repeats.

The template strand containing (CAG); (left panel) or (CTG); repeats (right panel)
was radiolabeled at its 5’-end. The substrate was incubated with two units of Mung

Bean Nuclease at 1-, 2-, 3-, 5-,

and 8-minute time intervals (lanes 2—6). Lane 1

represents the undigested substrate. Lane 7 represents markers (M). Arrows and white
dots indicate the major digestion products. The substrates are illustrated schematically
above the gel. A hairpin deduced by a specific nuclease cleavage pattern and the
nuclease digestion sites is illustrated schematically below the gel.
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Figure 1.10 Probing of hairpins formed by damaged strand with a 5°-(CAG);s
flap.

A substrate that contained a downstream 5’-flap/hairpin at the damaged strand and a
template (CTG),s hairpin was radiolabeled at the 3’-end of the 5’-flap/hairpin. The
substrate was digested with two units of Mung Bean Nuclease at 1-, 2-, 3-, 5-, and 8-
minute time intervals (lanes 2—6). Lane 1 represents the undigested substrate. Lane 7
represents markers (M). For all the experiments, 200 nM of substrate was used.
Arrows and white dots indicate the major digestion products. The substrates are
illustrated schematically above the gel. A hairpin deduced by a specific nuclease
cleavage pattern and the nuclease digestion sites is illustrated schematically beside the
gel.
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Figure 1.11 Probing of hairpins formed (CTG);s repeat in the template strand.

A substrate that contained a downstream 5’-flap/hairpin at the damaged strand and a
template (CTG),s hairpin was radiolabeled at the 3’-end of its template strand. The
substrate was digested with two units of Mung Bean Nuclease at 1-, 2-, 3-, 5-, and 8-
minute time intervals (lanes 2—6). Lane 1 represents the undigested substrate. Lane 7
represents markers (M). For all the experiments, 200 nM of substrate was used.
Arrows and white dots indicate the major digestion products. The substrates are
illustrated schematically above the gel. A hairpin deduced by a specific nuclease
cleavage pattern and the nuclease digestion sites is illustrated schematically beside the
gel.
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DNA Sequencing Results of Repair Products

Substrate Number of nucleotides |Percentage of
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Figure 1.12 The number of nucleotides deleted and the percentage of CAG repeat

deletions resulting from BER.

The products resulting from BER in the context of a small or large template hairpin
were isolated with avidin beads, amplified by PCR and cloned into TA vector for
DNA sequencing. The number of nucleotides deleted and the percentage of deletions

were listed.
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Figure 1.13 Spectrums of CAG repeat deletions resulting from BER.

The spectrums of repeat deletions from the substrate with a (CTG),s repeat-containing
template hairpin and a perfect base-paired template stem-loop structure were
illustrated.
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Figure 1.14 Hairpin bypass synthesis of pol pand FEN1 flap cleavage
coordinate with each other leading to CTG repeat deletion.

(A) Pol B hairpin bypass synthesis and BER were examined in the context of a
template (CAG);s hairpin. The substrate contained THF residue at the 5’-end of the
downstream primers, and were radiolabeled at the 5’-end of the upstream primers.
BER reactions were reconstituted with 10 nM pol B, 25 nM FENI, and 5 nM LIG |
in the presence of 50 uM dNTPs under the conditions described under
“Experimental Procedures” (lane 4). Lane 1 represents substrate only. Lanes 2
corresponds to the reaction mixture with 10 nM pol B. Lane 3 represents the
reaction mixture in the presence of 10 nM pol B and 25 nM FENI. Lane 5
represents size markers of pol B DNA synthesis. (B) Pol f DNA synthesis and
repair products were determined with substrates that contained a downstream 5°-
THF-(CTG),s flap/hairpin. Lane 1 represents substrate only. Lane 2 corresponds to
the reaction mixtures with 10 nM pol . Lane 3 represents the reaction mixture in
the presence of 10 nM pol B and 25 nM FENI. Lane 4 represents the reaction
mixture reconstituted with 10 nM pol B, 25 nM FENI1, and 5 nM LIG 1. Lane 5
represent size markers of pol f DNA synthesis. In all the reactions, 25 nM 5°-
radiolabeled substrates were used. All the substrates are illustrated schematically
above the gel.
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Figure 1.14 Hairpin bypass synthesis of pol p and FEN1 flap cleavage coordinate

with each other leading to CTG repeat deletion.

(D) The number of nucleotides deleted and the percentage of CTG repeat deletion
were listed. (E) The spectrum of repeat deletions from the substrate with a (CAG)ys

repeat-containing template hairpin was illustrated.

FENI1 promotes CAG repeat deletion during BER

Flap endonuclease 1 has been found to play controversial roles in modulating
TNR stability in replication and BER (112,166,192)(115). FEN1 cleavage on a 5’-TNR-
flap during DNA replication is crucial for preventing TNR expansion (112,166,192).
However, FENI alternate cleavage of a 5’-short flap attached to a hairpin during long-

patch BER, promotes CAG repeat expansion (115). FENI1 flap cleavage may also be
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involved in repeat deletion during BER by shortening repeat length. To test this
possibility, we initially examined FEN1 cleavage during BER of a THF embedded in
(CAG)y repeats. We found that with increasing concentrations of pol B (2.5, 5 and 10
nM), FEN1 (5, 10 and 25 nM) cleaved up to four CAG repeats in the presence of pol 3
(Figure 1.15, lanes 4—12). Pol B alone failed to give any cleavage products (Figure 1.15,
lane 3) indicating the products were FEN1 specific. To further determine if the cleavage
products may result from FEN1 cleavage in the presence of a template hairpin, we
examined its cleavage on a 5’-THF-(CAG); or 5’-THF-(CTG); or 5’-THF-(CAG);,s or 5°-
THF-(CTG),s flap/hairpin in the presence of a template (CAG); or (CTG); or (CTG),s or
(CAQG);s hairpin (Figure 1.16 and Figure 1.17). We found that FEN1 removed up to five
or six CAG or CTG repeats from the (CAG); or (CTG); flap/hairpin in the presence of
pol B (5—25 nM) (Figure 1.16, lanes 1-6) which was similar to its cleavage during BER.
Interestingly, FEN1 removed up to seven to eight repeats from the (CAG),s or (CTG);s
flap/hairpin (Figure 1.16, lanes 7-9 and Figure 1.17) suggesting that a large hairpin
allowed FEN1 to remove more repeats for larger deletion. To further determine if FEN1
cleavage is essential for repeat deletion, we examined repeat deletion in the absence and
presence of FEN1 with a substrate containing a deoxyuridine that substituted the first
guanine of (CAG)y repeats (Figure 1.18). We reasoned that removal of the base lesion by
UDG would create an abasic site that results in a native 5’-sugar phosphate and a single-
nucleotide gap, and these can be directly removed by pol B deoxyribose phosphate lyase
and filled by pol B gap-filling synthesis without the need of FEN1 cleavage. Thus, no
deletion products should be detected because the repeat length cannot be shortened by pol

B. However, if FEN1 is included in the repair, it could remove short CAG repeats from
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the 5’-end of a downstream hairpin, leading to shortening of repeats and deletions. In
support of this idea, we identified a small amount of deletion product in the absence of
FENI (Figure 1.18, panel b), but significant amounts of deletion products in the presence
of 10 nM FENI (Figure 1.18, panel c¢). Quantitative analysis demonstrated that FEN1
increased the deletion by 3-fold (Figure 1.18, panel d). In contrast, reduction of FEN1

+/+

level in pol B MEF cell extracts by 5-fold through immuno-depletion (Figure 1.19)
decreased the amount of deletion products only by 2-fold (Figure 1.18, panels f—i). The
immuno-depletion of FEN1 did not affect pol B level in the cell extracts (Figure 1.19)
indicating that reduction of deletion products was specifically from FENI1 deficiency.
Thus, FEN1 is not essential for, but promotes TNR deletion. Our results indicate that

FENI1 plays an important role in facilitating CAG repeat deletion by cooperating with pol

B hairpin bypass synthesis during long-patch BER.
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Figure 1.15 FEN1 cleavage of CAG repeats during BER.

FENI1 cleavage activity on a downstream 5’-THF during BER was examined with a
substrate that contained a THF in the context of (CAG)y repeats. Lane 1 corresponds
to substrate only. Lane 2 corresponds to reaction mixture with 50 nM APEI1. Lane 3
corresponds to reaction mixture with 10 nM pol B in the presence of 50 nM APEI.
Lanes 4—12 correspond to reaction mixtures with 50 nM APEl and increasing
concentrations of pol B in the presence of various concentrations of FEN1 as indicated.
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Figure 1.16 FEN1 cleavage of repeats containing downstream flap during BER.
FENI1 flap cleavage was examined in the context of a template hairpin with a substrate
containing a downstream 5’-THF-(CAG);or 5’-THF-(CTG);or 5’-THF-
(CAG);s hairpin/flap. Lanes 1-9 correspond to reaction mixtures with 25 nM substrate
and 10 nM pol B in the presence of various concentrations of FEN1 (5, 10 and 25 nM).
DNA substrate (25 nM) was used in all the reactions and FENI alternate flap cleavage
sites are illustrated on the substrates shown above the gels.
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Figure 1.17 FENI1 flap cleavage of a downstream 5’-THF-(CTG),s hairpin/flap.
FENI1 flap cleavage was examined in the context of a template hairpin with a substrate
containing a downstream 5’-THF-(CTG),s hairpin/flap. Lanes 1-3 correspond to
reaction mixtures with 25 nM substrate and 10 nM pol B in the presence of various
concentrations of FEN1 (5 nM, 10 nM, and 25 nM). 25 nM 3’-radiolabeled DNA
substrate was used in all the reactions.
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Figure 1.18 FEN1 promotes limited CAG repeat deletion.

Repair of a deoxyuridine in the context of (CAG),y repeats was examined with an
oligonucleotide substrate containing a deoxyuridine residue that substituted the
guanine in the first CAG of (CAG)y repeats. BER reactions were reconstituted with 5
nM pol B, 2.5 nM UDG, 50 nM APE1 and 5 nM LIG I in the presence of 10 nM FEN1
or absence of FENI1 (panels b—d). BER reactions were also performed with cell
extracts from pol B+/+ MEF cell extracts with FEN1 depletion, pol $7* MEF cell
extracts with IgG and pol p”" MEF cell extracts (panels f-i). The sizes of the repair
products were determined by DNA fragment analysis.
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Figure 1.19 Western-blot analysis of FEN1 depletion in MEF cell extract.

Mouse fibroblast cell extracts were subjected to immunodepletion using anti-FEN1
antibody as described in “Materials and methods.” Cell extracts from wild-type mouse
cells were immunoprecipitated (IP) with normal mouse IgG as a negative control or
anti-FEN1 antibody (lanes 2 and 3), and proteins were separated by SDS-PAGE and
then blotted onto a membrane. The blot was probed for FEN1 (top panel) and then,
after stripping, for Pol B (middle panel) or tubulin as a loading control (bottom panel).
Lane 1 represents 60 pg of cell extract mixed directly with SDS sample buffer.
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DISCUSSION

In this study, for the first time, we discovered that CAG repeats can be deleted
during BER (Figures 1.2, 1.3, 1.12, 1.13, 1.14 and 1.19). We provided direct evidence
that repeat deletions are generated in both cell extract-based and reconstituted BER
(Figure 1.2 and 1.3) and that the process is accomplished by pol B hairpin bypass
synthesis in coordination with FENI alternate cleavage. We demonstrated that during
BER, hairpin structures are generated on the damaged and template strands of (CAG)zo
repeats (Figure 1.4 and 1.5). These hairpins govern TNR deletion by cooperatively
interacting with pol B hairpin bypass and FEN1 alternate flap cleavage. We discovered
that pol P readily bypasses a small portion of a large template hairpin, directly resulting in
loss of large size CAG repeats (Figure 1.7 and 1.8, lanes 16 and 17; Figure 1.12);
however, pol B can pass through almost the entire length of a small template hairpin
causing the loss of only one or two repeats (Figure 1.7 and 1.8, lanes 7, 8, 11 and 12;
Figure 1.12). With the unique hairpin bypass of pol B, repeat deletions will have to be
ultimately fulfilled through FEN1 cleavage. In supporting this notion, we found that
FENT1 alternate flap cleavage removed up to four CAG repeats in the presence of a small
template hairpin (Figure 1.15), while pol B hairpin bypass only inserted three or four
repeats in the presence of FEN1 (Figure 1.8). Thus, FEN1 removes more repeats than
those inserted by pol B leaving a gap that led to the formation of a loop containing one or
two repeats on the template strand for small deletions. Consistent with this idea, we
observed that FEN1 effectively cleaved six to seven repeat units from a pre-formed

(CTG);7 or (CAG); flap/hairpins (Figure 1.16) and significantly stimulated small repeat
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deletions (Figure 1.18). With longer repeats [i.e., (CAG),s or (CTG);,s] that can form a
large template hairpin, pol B skips over the hairpin by passing through a small portion of
the hairpin allowing pol B to perform a strand-displacement synthesis to displace a longer
repeat flap for FENI cleavage, thereby causing larger sizes of deletions (Figures 1.8, 1.12,
1.13 and 1.16). Our data support a model for TNR deletion during BER of oxidative
DNA base lesions where ssDNA breakage is induced by OGG1 and APE1 (Figure 1.20),
that in turn leads to DNA slippage and the formation of a 5’-downstream hairpin,
template hairpin and multi-nucleotide gap. For short repeats, a small template hairpin
allows pol B to pass through the large portion of the hairpin. FEN1 removes a short 5°-
flap associated with a small downstream hairpin, leaving a gap, further allowing the
formation of a loop with one or two repeats on the template leading to a ligatable nick,
which upon nick sealing affords a repeat deletion (Figure 1.20, sub-pathway on the left).
For a long repeat tract, ssDNA breakage leads to the formation of a large template hairpin
that allows pol B to bypass only one small portion of the hairpin. The polymerase then
skips over the hairpin to perform a strand displacement synthesis generating a long repeat
flap that is removed by FEN1 leading to a large repeat deletion (Figure 1.20, right sub-

pathway).
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Figure 1.20 Models for CAG repeat deletion during BER.

An oxidized DNA base lesion in the context of CAG repeats is removed by OGG1
leaving an abasic site. APE1 incises the 5’-end of the abasic site resulting in ssDNA
breaks. This allows the downstream strand to dissociate from its template forming
various sizes of hairpins associated with short CAG repeat flaps. This results in multi-
nucleotide gaps that further lead to the formation of a template hairpin. For short
repeats, a small template hairpin allows pol b to pass through almost its entire length
(left panel). FEN1 then removes one or two repeat units leaving a gap with one or two
repeats. This then allows the template to loop out forming a ligatable nick that leads to
small repeat deletion (left panel). For long repeats, a large template hairpin can form.
This allows pol b to pass through one portion of the hairpin and displace downstream
repeats for FEN1 to remove a large flap leading to large repeat deletion (right panel).
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In this study, we also provide the first evidence that CAG repeat deletion during
BER exhibits a length dependency with a relatively large deletion induced by long
repeats that is similar to its expansion (71). The results suggest that TNR deletion and
expansion share the same underlying molecular basis, i.e., the formation of hairpin
structures. Our results indicate that the formation of a series of hairpin structures with
varying sizes and stability dependent upon their length appear to govern TNR deletion.
Thus, it is of interest to understand the length dependency of TNR instability mediated by
BER, as this will further provide a basis for therapeutic purposes of TNR-related human
diseases by manipulating the length of TNR through DNA repair.

Our observation of pol B passing through one part or an entire length of a template
hairpin suggests that the polymerase can use its strand-displacement synthesis to pass
through a hairpin. In this manner, pol p may destabilize hairpin structures, thereby
preventing repeat deletion. It is possible that BER cofactors and the proteins from other
repair pathways that can modulate pol B strand-displacement synthesis may help prevent
or facilitate TNR deletion. For example, BER cofactor HMGB1 (193) that stimulates pol
B strand-displacement synthesis may inhibit TNR deletion. However, proteins that can
bind and stabilize hairpin structures such as MSH2/MSH3 (113,114) may inhibit pol
strand-displacement within a template hairpin and promote pol B skip-over of the hairpin
facilitating repeat deletion. In contrast, DNA helicases that can destabilize hairpins, such
as Bloom syndrome protein and Werner syndrome protein (194-196), may help pol B to
pass through the entire length of a hairpin, thus preventing repeat deletion. The
mechanisms by which BER proteins modulate TNR deletion through cooperating with

the proteins from other repair pathways need to be further elucidated.
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Cellular oxidative stress may induce single or multiple DNA base lesions at other
locations, such as in the middle of repeat tracks or at the 3’-side of repeats, the locations
of base lesions could result in the formation of different sizes of hairpins at specific sites
of repeat tracks. This may modulate pol B hairpin bypass and FEN1 cleavage with
different efficiency. It is also conceivable that multiple rounds of base lesion repair in the
context of TNR could lead to the formation and accumulation of multiple template
hairpins that could be processed by BER enzymes in a manner different from the one
used for processing a single hairpin, resulting in large size deletion. The notion is
implicated by a recent report showing that an abasic lesion located at various locations of
CAG/CTQG repeats is repaired by BER with different efficiency (197). The effects of the
numbers and positions of DNA base lesions on TNR instability need to be further
investigated.

Our study reveals that pol B hairpin bypass synthesis cooperates with FEN1
cleavage of a 5’-hairpin causing deletion of CAG repeats. Our previous work
demonstrated that a robust pol B synthesis generates extra CAG repeats that can be
ligated with a 5’-downstream hairpin shortened partially by FEN1 alternate flap cleavage
promoting CAG repeat expansion (115). These findings suggest that repeat number
synthesized by pol B and that cleaved by FEN1 governs the outcome of TNR instability
as to expansion or deletion during BER. We suggest that expansion will occur if pol 3
synthesizes more repeats than those cleaved by FEN1, whereas deletion will occur if
FENI removes more repeats than pol  synthesizes.

In summary, in this study, we identified an important role of oxidative DNA

damage and BER in CAG repeat deletion for the first time. We provide the first evidence
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that a base lesion-induced ssDNA breakage can lead to the formation of a hairpin in both
the template and damaged strands of TNR tracks and that pol f employs its strand-
displacement synthesis to pass through a portion or the entire length of the template
hairpin determined by the size of hairpin structures. In contrast, FEN1 uses its alternate
cleavage to process the hairpin on the damaged strand. Our results reveal that the
cooperation between pol B hairpin bypass and FEN1 alternate cleavage results in small
and large deletions. Our work further suggests that TNR deletion during DNA base
damage and repair is governed by the interactions between TNR hairpins, pol B unique

hairpin bypass and FENI1 alternate cleavage.

In CHAPTER 1, I have demonstrated that TNR deletion can be induced during
BER of an oxidized DNA base lesion in the context of CAG repeats. For the first time we
have discovered that CAG and CTG repeat deletion is caused by a template hairpin
formed during BER. During the repair, pol B performed an efficient hairpin bypass
synthesis to skip over a large hairpin by copying a portion of the hairpin, and FEN1
removed a TNR-containing flap via its alternate flap cleavage activity. In this manner,
FENI removes more repeats than pol § synthesizes, thereby resulting in repeat deletion.
Our results indicate that TNR deletion during BER is mediated by the coordination
between pol B hairpin bypass and FEN1 alternate flap cleavage. In this study, we have
identified a new mechanism underlying TNR deletion during BER of oxidative DNA
damage. This will further allow us to explore the possibility for developing BER enzymes
as a new target for prevention and treatment of TNR expansion-related neurodegenerative

diseases.
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Because expanded TNRs in the human genome usually exist in a form of hairpin
or loop structures, and this allows TNR to be more susceptible to oxidative damage
induced by ROS, repair of a base lesion in a hairpin loop should play a crucial role in
preventing TNR expansion. Thus, a study on BER of an oxidized base lesion in the
hairpin loop region is important for identifying BER as a target for prevention of TNR
expansion. To explore a possible role of BER in preventing TNR expansion, we further
examined if BER of an oxidized base lesion in the loop region of a TNR hairpin may
disrupt the hairpin structure and if this could lead to the removal of the hairpin. I have

demonstrated this part of work in CHARPTER 2.
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CHAPTER 2: BASE EXCISION REPAIR OF OXIDATIVE DNA DAMAGE
COUPLED WITH REMOVAL OF A CAG REPEAT HAIRPIN ATTENUATES

TRINUCLEOTIDE REPEAT EXPANSION

ABSTRACT

Trinucleotide repeat (TNR) expansion is responsible for numerous human
neurodegenerative diseases. However, the underlying mechanisms remain unclear.
Recent studies have shown that DNA base excision repair (BER) can mediate TNR
expansion and deletion by removing base lesions in different locations of a TNR tract,
indicating that BER can promote or prevent TNR expansion in a damage location—
dependent manner. In this study, we provide the first evidence that the repair of a DNA
base lesion located in the loop region of a CAG repeat hairpin can remove the hairpin,
attenuating repeat expansion. We found that an 8-oxoguanine located in the loop region
of CAG hairpins of varying sizes was removed by OGG1 leaving an abasic site that was
subsequently 5’-incised by AP endonuclease 1, introducing a single-strand breakage in
the hairpin loop. This converted the hairpin into a double-flap intermediate with a 5’- and
3’-flap that was cleaved by flap endonuclease 1 and a 3’-5’ endonuclease Mus81/Emel,
resulting in complete or partial removal of the CAG hairpin. This further resulted in
prevention and attenuation of repeat expansion. Our results demonstrate that TNR
expansion can be prevented via BER in hairpin loops that is coupled with the removal of

TNR hairpins.
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INTRODUCTION

Trinucleotide repeat (TNR) expansion is associated with >40 neurodegenerative
diseases such as Huntington’s disease (75) [(CAG)./(CTG),], myotonic dystrophy
[(CTG)/(CAG),], fragile X syndrome [(CGG),/(CCG),] and Friedreich’s ataxia
[(GAA)/(TTC),] (12,71,72). The molecular basis underlying TNR expansion is proposed
to be the formation of non-B form DNA secondary structures during DNA replication,
repair and recombination, including hairpins, tetraplexes and triplexes
(85,140,183,198)(4,107). These structures can result in a series of effects that ultimately
lead to TNR expansion. These include DNA polymerase stalling, which further causes
DNA slippage and misalignment (4,108), replication fork stalling (86,98), inhibition of
cleavage of hairpins by flap endonuclease 1 (FEN1) (110-112), trapping of mismatch
repair proteins (113,114) and disruption of the coordination among repair enzymes (115).
Thus, TNR expansion is a consequence of genome integration of unresolved DNA
secondary structures formed during DNA replication, repair and recombination.

TNRs contain a high proportion of guanines, which are susceptible to loss of
electrons and oxidation (149). This causes TNRs to be hotspots of oxidative DNA
damage. Repair of oxidative DNA damage in the context of TNR tracts was previously
shown to be associated with repeat expansion and deletion (103,199,200). An increased
level of 8-oxoguanine (8-0xoG) was shown to be correlated with age-dependent CAG
repeat expansions in the brain of HD transgenic mouse models (103,153). The oxidative
DNA damage from H,O, caused small CAG repeat expansions in human cells (103,200),
and the damage from potassium bromate increased the levels of 8-0xoG and CGG repeat

expansions in the germ cells of fragile X syndrome premutation mice (187). H,O, can
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also increase TNR deletions in bacteria and mouse kidney cells (26,177). We recently
discovered that base excision repair (BER) of an abasic lesion can lead to CAG repeat
deletion by inducing the formation of a template hairpin, promoting the coordination
between DNA polymerase B (pol B) hairpin bypass and FENI alternate flap cleavage
(199). Furthermore, we have found that an abasic lesion located at different positions of a
CTG repeat tract can result in either repeat expansion or deletion (200). Thus, oxidative
DNA damage and BER play dual roles in modulating TNR instability.

Unpaired bases were found to be 10-fold more accessible to oxidative DNA
damaging agents than paired bases in duplex DNA (201). Guanines located at the loop
region of a TNR hairpin are hypersensitive to oxidative DNA damaging agents such as
peroxynitrite (202). Moreover the oxidized base lesion 8-0xoG located in the stem region
of a CAG repeat hairpin is preferentially relocated to the loop region via a dynamic
intrastrand rearrangement of the repeats (203). However, it was shown that a base lesion
in a hairpin loop that was detached from a CAG repeat tract was refractory to cleavage by
8-0x0G DNA glycosylase (OGG1) (204). This results in the accumulation of oxidative
DNA damage in TNR hairpin loops and persistence of hairpin structures, leading to
multiple rounds of ‘toxic oxidation cycles’ and causing TNR expansion (12,204). Thus,
removal of an oxidized base lesion in the loop region of a TNR hairpin appears to be a
critical step for preventing toxic oxidation cycles and TNR expansion. However, it is
unknown how a base lesion in a TNR hairpin can be removed for prevention of TNR
expansion.

In this study, we provide the first evidence that an 8-0xoG in the loop of a TNR

hairpin in a CAG repeat tract can be simultaneously removed with the hairpin via BER.
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This represents a novel pathway for preventing TNR expansion through BER coupled

with removal of TNR hairpins.

MATERIALS AND METHODS

Materials

DNA oligonucleotides containing an 8-oxoG were synthesized by Eurofins MWG
Operon (Huntsville, AL, USA). All other oligonucleotides were from Integrated DNA
Technologies (IDT, Coralville, IA, USA). Deoxynucleoside 5’-triphosphates (dNTPs)
and terminal deoxynucleotidyl transferase were from Fermentas (Glen Burnie, MD,
USA). T4 polynucleotide kinase was from USB Corp. (Cleveland, OH, USA). All
standard chemical reagents were from Sigma-Aldrich (St. Louis, MO, USA) and Thermo
Fisher Scientific (Pittsburgh, PA, USA). The radionucleotides [y->*P] ATP (6000
mCi/mmol) and Cordycepin 5’-triphosphate 3’-[a->*P] (5000 mCi/mmol) were purchased
from PerkinElmer Inc. (Boston, MA, USA). Micro Bio-Spin 6 chromatography columns
were from Bio-Rad (Hercules, CA, USA). The Mus81/Emel expression vector pET21d-
Mus81/HIS-Emel was a generous gift from Dr Stephen West at Clare Hall Laboratories,
London Research Institute, Cancer Research UK, Hertfordshire, UK. Purified OGGI1, AP
endonuclease 1 (APE1), pol B and DNA ligase I (LIG I) were generous gifts from Dr
Samuel Wilson at the National Institute of Environmental Health Sciences, National
Institutes of Health, Research Triangle Park, NC, or were expressed and purified

according to the procedures described previously (205).
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Oligonucleotide substrates

Substrates containing a (CAG); or (CAG);4 hairpin with an 8-0xoG or a
tetrahydrofuran (THF), an abasic site analog (used to represent an oxidized sugar in this
study), located in the hairpin loop region were designed to mimic a TNR hairpin with a
base lesion in the hairpin loop region. Substrates were constructed by annealing the
damaged strands that contained (CAG);3 or (CAG)y repeats to their template strand
containing (CTG); repeats at a molar ratio of 1:1.5. Substrates with a 3’- and 5’-flap were
constructed to mimic double-flap intermediates generated by APEl 5’-incision of an
abasic site in the loop region of CAG repeat hairpins of varying sizes. Substrates were
constructed by annealing an upstream primer containing a (CAG)s or a (CAG),
flap/hairpin, and a downstream primer containing a 5’-phosphorylated THF residue
attached to a (CAQG); or a (CAG); flap/hairpin with the template strand containing
(CTG); repeats at a molar ratio of 1:1:1.5. For all the substrates, three CAG repeats
flanked both the 5°- and 3’-side of the hairpins or flaps and base paired with three CTG
repeats on the template strand. Substrates were radiolabeled at the 3’- or 5’-end of the
damaged strand, the upstream primer or the downstream primer for measuring various
types of enzymatic activities. The sequences of oligonucleotide substrates are listed in

Table 2.1. DNA size markers were synthesized by IDT.
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Table 2.1 Oligonucleotide sequence

Oligonucleotides nt Sequence (5 -37)

Downstream

D1 40 pF- CAG CAGCAGCAGCAGCAG TA CGT AGA CTT ACT CAT TGC

D2 50 pF- CAG CAGCAGCAGCAGCAGCAGCAGCAGCAG TA CGT AGA CTT ACT CAT TGC

D3 79 CGA GTC ATC TAG CAT CCG TA CAG CAGCAGCAGCAGCAG CA 8oxo-G CAG
CAGCAGCAGCAGCAG TA CGT AGA CTT ACT CAT TGC

D4 100 CGA GTC ATC TAG CAT CCG TA CAG CAGCAGCAGCAGCAGCAGCAGCAG CA 8ox0-G
CAG CAGCAGCAGCAGCAGCAGCAGCAGCAG TA CGT AGA CTT ACT CAT TGC

D5 78 CGA GTC ATC TAG CAT CCG TA CAG CAGCAGCAGCAGCAG CA F CAG
CAGCAGCAGCAGCAG TA CGT AGA CTT ACT CAT TGC

D6 100 CGA GTC ATC TAG CAT CCG TA CAG CAGCAGCAGCAGCAGCAGCAGCAG CAF CAG
CAGCAGCAGCAGCAGCAGCAGCAGCAG TA CGT AGA CTT ACT CAT TGC

Template

T1 61 GCA ATG AGT AAG TCT ACG TAC TGC TGCTGCTGCTGCTGC TGT ACG GAT GCT
AGA TGA CTC G

Upstream

Ul 40 CGA GTC ATC TAG CAT CCG TA CA GCA GCAGCAGCAGCAGCA

U2 49 CGA GTC ATC TAG CAT CCG TA CAG CAGCAGCAGCAGCAGCAGCAGCAG CA

F: tetrahydrofuran, THF 8-0x0G: 8-oxoguanine
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Protein expression and purification

FEN1 and Mus81/Emel were expressed in E. coli according to the procedures
described previously (205,206). Briefly, cell pellets were lysed by a French press in lysis
buffer containing 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
pH 7.5, 30 mM NaCl, 1 mM dithiothreitol (DTT), 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine, 1 pg/ml pepstatin A and 1
pg/ml leupeptin. Cell lysates were then subjected to centrifugation at 12,000 rpm at 4 °C
for 30 min to separate soluble proteins from cell debris. For FEN1 purification, the
supernatant from cell lysates was initially subjected to purification by a 10-ml Sepharose
Q column operated by the AKTA Fast Protein Liquid Chromatography system (FPLC;
GE Healthcare, Piscataway, NJ, USA). The flow-through was collected and dialyzed into
buffer containing 50 mM HEPES, pH 7.5, 30 mM NaCl and 1 mM PMSF, and
subsequently loaded onto a 5-ml CM column (Bio-Rad, Hercules, CA, USA). Fractions
were obtained with elution by a linear gradient of NaCl ranging from 30 mM to 2 M, and
peak fractions were combined and dialyzed into buffer containing 50 mM HEPES, pH
7.5, 30 mM NaCl and 1 mM PMSF and loaded onto a 1-ml Mono-S column (GE
Healthcare, Piscataway, NJ, USA). Peak fractions were obtained by elution with a linear
gradient of NaCl from 30 mM to 2 M. The activity of purified FEN1 was measured by
monitoring FEN1 cleavage of a 3-nt flap that was radiolabeled at the 5’-end of the flap.
Purified FEN1 was aliquoted and frozen at —80°C until further use.

Mus81/Emel heterodimer was expressed in the E. coli BL21(DE3)-RP strain
(Agilent Technologies, Santa Clara, CA, USA) transformed with the expression vector

pET21d-Mus81/HIS-Emel. Two hundred milliliters of lysogeny broth (LB) medium with
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50 pg/ml ampicillin was inoculated with a newly transformed single colony and shaken at
225 rpm at 37 °C overnight. The overnight culture was then inoculated into three 1-liter
LB cultures using 60 ml of overnight culture per liter. The newly inoculated culture was
incubated at 30 °C with shaking until absorbance at 600 nm reached 1.0. Subsequently,
the expression of Mus81/Emel was induced by 10 puM of isopropyl B-D-1-
thiogalactopyranoside (IPTG) at 30 °C for 3 h. Cells were harvested by centrifugation at
3,000 rpm and 4 °C, for 40 min. Cell pellets were resuspended in lysis buffer containing
50 mM sodium phosphate, pH 7.0, 0.01% NP-40, 10% glycerol, 0.1 mM NaCl, 1 mM
PMSF, 1 mM benzamidine, 1 pg/ml pepstatin A and 1 pg/ml leupeptin, and lysed by a
French press. The cell lysates were centrifuged at 12,000 rpm, and 4 °C, for 30 min.
Supernatant was loaded onto a 10-ml P11 phospho-cellulose column (GE Healthcare,
Piscataway, NJ, USA) using the AKTA FPLC system, and proteins were eluted with a
linear gradient of NaCl ranging from 0.1 to 1 M. Peak fractions were collected and
subjected to purification by Dynabeads coated with cobalt (Novex/Life Technologies
Corp., Grand Island, NY, USA). Fractions (350 ul) were incubated with 50 pl of beads
and 350 pl of binding buffer containing 50 mM sodium phosphate, pH 8.0, 300 mM
NaCl and 0.001% Tween-20, and were rotated at 4 °C for 2 h. Protein-bead complexes
were pelleted via a magnet at 4 °C for 2 min. Pellets were then washed with 300 pl of
buffer containing 50 mM imidazole, three times. Mus81/Emel protein complexes were
eluted with 100 pl of buffer containing 300 mM imidazole. The activity of Mus81/Emel
was determined by measuring its cleavage of a 9 nt-3’-flap substrate that was
radiolabeled at the 5’-end of the 3’°-flap. Purified Mus81/Emel was aliquoted and frozen

at —80°C until further use.
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In Vitro BER reconstituted with purified enzymes

In vitro BER of an 8-0x0G or oxidized abasic site (THF) in the loop region of
CAG repeat hairpins with varying sizes was performed by incubating 25 nM substrates
containing a (CAG); or (CAG)4 hairpin with an 8-0x0G or a THF residue in the hairpin
loop with indicated concentrations of OGG1, APE1, pol B, Mus81/Emel, FEN1 and LIG
I. BER of single-strand DNA (ssDNA) break intermediates resulting from APE1 5'-
incision of an abasic site in the hairpin loops were reconstituted by incubating purified
Mus81/Emel, pol B, FEN1 and LIG I with 25 nM substrates that contained different sizes
of 3’- and 5’-flaps. Reactions were performed with BER reaction buffer containing 50
mM Tris—HCI, pH 7.5, 50 mM KCI, 0.1 mM EDTA, 0.1 mg/ml bovine serum albumin,
0.2 mM DTT and 0.01% Nonidet P-40 with 5 mM MgCl,, 2 mM ATP and 50 uM dNTPs.
Reaction mixtures were incubated at 37 °C for 30 min, and terminated by incubation at
95 °C for 10 min in stopping buffer containing 95% formamide and 10 mM EDTA.
Substrates and products were separated by 15% urea-denaturing polyacrylamide gel
electrophoresis and detected by a Pharos FX Plus Phosphorlmager from Bio-Rad.
Substrates were >“P-labeled at the 3’- or 5’-end of the strand with an 8-0xoG or a THF

residue, the upstream primer and downstream primer.

Probing of hairpin structures and 3’- and 5’-flaps by Mung Bean Nuclease and S1
Nuclease digestion

Formation of CAG repeat hairpins in hairpin-containing substrates or the 3’- and
5’-flaps in double-flap substrates was probed using Mung Bean Nuclease according to the

procedure described by Xu et al. (199). Briefly, substrates (200 nM) were incubated with
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0.1 or 0.15 U Mung Bean Nuclease in its reaction buffer at 37 °C for 1, 2, 3 and 5 min.
Formation of CAG repeat hairpins in the substrates was also probed using 0.2 or 0.5 U S1
Nuclease and 200 nM substrates. Reactions were assembled in S1 Nuclease reaction
buffer containing 50 mM sodium acetate (pH 4.5), 280 mM NaCl and 4.5 mM ZnSO,4 and
incubated at 37 °C for 3, 5 and 10 min. Reaction mixtures were subsequently subjected to
protease K digestion at 55 °C for 30 min to remove the nucleases. Substrates and
products were separated by 15% urea-denaturing polyacrylamide gel electrophoresis and

detected by a Phosphorlmager.

RESULTS

A DNA base lesion located in a CAG repeat hairpin loop can be removed by OGG1
and APE1

OGG1 is a key enzyme that initiates BER in mammalian cells by removing an
oxidized base lesion, 8-0x0G, leaving an abasic site that is incised by APEI (11). The
enzyme removes an 8-0xoG in a CAG hairpin loop that is detached from duplex DNA
700-fold slower than it does in duplex DNA (204). To determine if OGG1 can remove an
8-0x0G in a CAG hairpin loop that is located in duplex DNA, we examined OGGlI
cleavage of an 8-0xoG in the loop region of a (CAG); or (CAG)4 hairpin in a CAG
repeat tract. To verify the presence of an 8-0xoG and abasic site (THF residue) in the
loop region of the substrates, we initially probed the formation of hairpins in the CAG
repeat tract of the substrates using ssDNA-specific nucleases, Mung Bean Nuclease and

S1 Nuclease. We found that Mung Bean Nuclease cleavage on the (CAG)s-8-0x0G
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hairpin substrate mainly resulted in products with 36, 39, 42 and 45 nt (Figure 2.1, lanes
2-4), whereas its cleavage on the (CAG);-THF substrate resulted in products with 35, 39,
41 and 44 nt (Figure 2.1, lanes 2—4). Consistent with the results of Mung Bean Nuclease
cleavage, S1 Nuclease cleavage on the (CAG);-8-0xoG and (CAG);-THF hairpin
substrates resulted in products with 38, 39, 41, 42, 43 and 44 nt (Figure 2.2and 2.4, lanes
2-4). The results indicate the formation of a small hairpin that contained a single-strand
(CAG); loop with an 8-0x0G or THF and a (CAG), stem (Figures 2.1 and 2.3) in the
duplex of the substrates. Mung Bean Nuclease cleavage on the (CAG);4-8-0x0G substrate
mainly resulted in products with 45, 49, 52, 55 and 58 nt (Figure 2.1, lanes 7-9). For the
(CAG)4-THF hairpin substrate, the nuclease cleavage led to production of products with
45, 48 and 52 nt (Figure 2.3, lanes 7-9), whereas S1 Nuclease cleavage on the (CAG);4-
8-0x0G and (CAG)4-THF hairpin substrates resulted in products with 45, 49, 51 and 54
nt (Figure 2.2 and 2.4, lanes 7-9). This indicates that the substrates contained a hairpin
with a (CAG)4 loop with an 8-0x0G or THF residue and 10 CAG repeats in the stem
region. Thus, our results demonstrate that the 8-oxoG and THF residue (abasic site) were
located in the loop region rather than in the stem of the hairpin substrates. This is
consistent with a finding showing that a DNA base lesion such as an 8-0xoG is
preferentially located in the loop region of a hairpin (203). We then determined the
activities of OGGI1 and APE1 on these substrates and discovered that 70% of 8-0x0G in
the loop region of a small (CAG); hairpin was removed (Figure 2.5, lane 2), leaving an
abasic site that was efficiently cleaved by APEI1 (Figure 2.5, lane 3; Figure 2, lane 2).
About 40% of 8-0x0G in the loop region of a large (CAG);4 hairpin was removed (Figure

2.5, lane 15), and the resulting abasic site was efficiently incised by APE1 (Figure 2.5,
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lane 16; Figure 2.6, lane 13). These results indicate that OGG1 and APE1 can remove an
8-0x0G and abasic site in the loop region of a hairpin located in a CAG repeat tract,
initiating BER. This further indicates that OGG1 and APE1 cleavage activity on an 8-
oxo0G and abasic site is sufficient to initiate BER in a CAG hairpin loop region, although

their activities decrease as the size of the hairpin increases.
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Figure 2.1 Hairpin probing of (CAG)7- and (CAG);4-8-0x0G hairpin substrates
by Mung Bean Nuclease.

The damaged strand of the (CAG);-or (CAG)4-8-0x0G hairpin substrate was
radiolabeled at the 3’-end. Substrates were incubated with 0.15 U of Mung Bean
Nuclease at 1-, 2- and 3-min time intervals (lanes 2-4, and lanes 7-9). Lanes 1 and 6
represent the undigested substrate. Lanes 5 and 10 represent 3’-radiolabeled
synthesized size markers (M) with 29 nt, 32 nt, 35 nt, 38 nt, 41 nt, 44 nt, 47 nt, 50 nt,
53 nt, 56 nt, 62 nt, 68 nt and 74 nt, respectively. For all the experiments, 200 nM of
substrate was used. Arrows and white dots indicate the major digestion products.
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Figure 2.2 Hairpin probing of (CAG)7- and (CAG);4-8-0x0G hairpin substrates

by S1 Nuclease.

The damaged strand of the (CAG);- or (CAG);4-8-0x0G substrates was radiolabeled at
5’-end. Substrates were incubated with 0.2 U or 0.5 U of S1 Nuclease at 3-, 5- and 10-
min time intervals (lanes 2-4, and lanes 7-9). Lanes 1 and 6 represent the undigested
substrate. Lanes 5 and 10 represent 5’-radiolabeled synthesized size markers (M) with
22 nt, 25 nt, 28 nt, 31 nt, 34 nt, 37 nt, 40 nt, 43 nt, 46 nt, 49 nt, 52 nt, 55 nt, 58 nt, 61
nt, 64 nt, 67 nt, and 70 nt, respectively. For all the experiments, 200 nM of substrate
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Figure 2.3 Hairpin probing of (CAG)7- and (CAG)4-THF hairpin substrates by
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Mung Bean Nuclease.

The (CAG)7- and (CAG)14-THF hairpin substrates were radiolabeled at the 5’-end of
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synthesized size markers (M) with 22 nt, 25 nt, 28 nt, 31 nt, 34 nt, 37 nt, 40 nt, 43 nt,
46 nt, 49 nt, 52 nt, 55 nt, 58 nt, 61 nt, 64 nt, 67 nt, and 70 nt, respectively. For all the

experiments, 200 nM of substrate was used. Arrows and white dots indicate the major

digestion products.
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Figure 2.4 Hairpin probing of (CAG)7- and (CAG)14-THF hairpin substrates by
S1 Nuclease.

5’- radiolabeled substrates were incubated with 0.2 U or 0.5 U of S1 Nuclease at 3-, 5-
and 10-min time intervals (lanes 2-4, and lanes 7-9). Lanes 1 and 6 represent the
undigested substrate. Lanes 5 and 10 represent 5’-radiolabeled synthesized size
markers (M) with 22 nt, 25 nt, 28 nt, 31 nt, 34 nt, 37 nt, 40 nt, 43 nt, 46 nt, 49 nt, 52
nt, 55 nt, 58 nt, 61 nt, 64 nt, 67 nt, and 70 nt, respectively. Arrows and white dots
indicate the major nuclease digestion products.
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Figure 2.5 Attenuation of CAG repeat expansion through repair of 8-0xoG in the
hairpin loop and Mus81/Emel cleavage.
Lanes 1 and 14 correspond to substrates only. Lanes 2 and 15 correspond to reaction
mixtures with 10 nM OGG]. Lanes 3 and 16 correspond to reaction mixtures with 10
nM OGGI and 50 nM APEIl. Lanes 4 and 17 correspond to reaction mixtures with
250 nM Mus81/Emel, 5 nM pol B, 10 nM OGG1, 50 nM APEI and 5 nM LIG I in the
absence of FEN1. Lanes 5—6 and lanes 18—19 correspond to reaction mixtures with 10
nM OGGl1, 50 nM APEI, 10 nM FEN1 and 5 nM LIG I in the absence or presence of
250 nM Mus81/Emel. Lanes 7-8 and lanes 20-21 correspond to reaction mixtures
with 10 nM OGG1, 50 nM APEI1, 5 nM pol B, 10 nM FENI1, 5 nM LIG I in the
absence or presence of 250 nM Mus81/Emel. Lanes 9-10 and 22-23 correspond to
reaction mixtures with 10 nM OGGI1, 50 nM APE1, 250 nM Mus81/Emel in the
absence and presence of 5 nM pol . Lanes 11-12 and lanes 24-25 represent reaction
mixtures with 10 nM OGG1, 50 nM APEI, 250 nM Mus81/Emel and 5 nM FENI1 in
the absence and presence of pol B. Lanes 13 and 26 correspond to a series of
synthesized size markers (M) for illustrating the size of repaired products and
Mus81/Emel cleavage products.
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BER of a base lesion in the loop region of a CAG repeat hairpin resulted in removal
of the hairpin

To determine if removal of an 8-0x0G and an abasic lesion located at a CAG
repeat hairpin may result in any repaired product, we reconstituted BER for removing a
base lesion in the loop region of a (CAG); or (CAG)14 hairpin substrate. Surprisingly, we
found that BER in the small (CAG); hairpin loop generated a product with the same
length as the template strand. We designated this product as ‘unexpanded product’
(Figure 2.5, lanes 4-8; Figure 2.6, lanes 3—6). BER in the large (CAG);4 hairpin loop
resulted in the unexpanded product as well as the products that were shorter than the
hairpin-containing substrate strand, but longer than the template strand. We named these
products ‘expanded products’ (Figure 2.5, lanes 18-21; Figure 2.6, lanes 14—17). The
results indicate that BER of a base lesion in the loop region of a CAG repeat hairpin
removed the entire small (CAG); and large (CAG);4 hairpin, but also removed a part of a
large (CAG)4 hairpin. Interestingly, we found that production of the repair products
required the presence of either a 3°-5’ endonuclease such as Mus81/Emel, which was
used to demonstrate the role of a 3’-flap endonuclease in removing a TNR hairpin, or
FENI (Figure 2.5, lanes 4-5 and lanes 17-18) in BER reactions because repair reactions
without flap endonucleases failed to convert the APE1 product into the repaired product
even when base lesion repair was forced to short-patch BER (Figure 2.7, lanes 5 and 10).
This suggests that APE1 resulted in a 5’-incised hairpin intermediate and flap
intermediates that subsequently prevented DNA synthesis by pol f and DNA ligation
(Figure 2.7, the scheme below the gels). Because BER enzymes cannot directly remove

the APEI incised hairpin, this further suggests that BER in the context of a hairpin loop
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is accomplished through conversion of a hairpin stem into a double-flap intermediate.
Thus, we suggest that incision of a hairpin loop by APE1 converted some of the hairpin
stems into double-flap intermediates that can be subsequently processed by Mus81/Emel
and FEN1. This further leads to removal of the hairpin and ultimately production of the
repaired unexpanded product and shortened expansion products. Furthermore, we found
that for 8-oxoG-containing hairpin substrates, the unexpanded product was generated in
the presence of pol f and Mus81/Emel without the need of FEN1 (Figure 2.5, lanes 4
and 17). For THF-containing substrates, FEN1 was required for production of all repaired
products (Figure 2.6, lanes 3—6, and lanes 14—17). This is because a THF residue that
mimics an oxidized sugar cannot be removed through B-elimination by pol B dRP lyase
via short-patch BER. Thus it has to be removed by long-patch BER through FEN1
cleavage of the nucleotide attached to the residue (203). Our results demonstrate that both
a 3’-5’ endonuclease and FEN1 play an important role in removing a hairpin during BER

of a base lesion in a hairpin loop presumably by cleaving a 3’-flap or a 5’-flap.
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Figure 2.6 Attenuation of CAG repeat expansion through repair of an abasic site
in the hairpin loop and Mus81/Emel cleavage.
Repair of an abasic site in the loop region of a CAG hairpin and Mus81/Emel
cleavage were examined with substrates containing a (CAG); (left panel) or (CAG);4
hairpin (right panel) with a THF in the hairpin loop region. Lanes 1 and 12 correspond
to substrates only. Lanes 2 and 13 represent reaction mixtures with 50 nM APE]L.
Lanes 3, 5, 14 and 16 represent reaction mixtures with or without 5 nM pol B in the
presence of 50 nM APEI, 10 nM FENI and 5 nM LIG 1. Lanes 4, 6, 15 and 17
correspond to reaction mixtures with or without 5 nM pol B in the presence of 50 nM
APEI1, 5 nM FENI, 250 nM Mus81/Emel and 5 nM LIG 1. Lanes 7-8 and 18-19
correspond to reaction mixtures with or without 5 nM pol B in the presence of 250 nM
Mus81/Emel and 50 nM APEI. Lanes 9—10 and 20-21 represent reaction mixtures
with or without 5 nM pol B in the presence of 10 nM FENI, 250 nM Mus81 and 50
nM APEl. Lanes 11 and 22 represent synthesized size markers (M). Substrates
were ’P-labeled at the 5’-end of their damaged strands and are illustrated
schematically above the gels.
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Figure 2.7 Short-patch BER of (CAG)- and (CAG)4-8-0x0G hairpin containing
substrates.

Short-patch BER of an 8-0xoG in the loop region of a CAG hairpin was examined by
incubating the (CAG);- and (CAG)4-8-0x0G substrates (25 nM) with OGG1 (10 nM) alone
(lanes 2 and 7), or OGG1 (10 nM) along with APE1 (50 nM) (lanes 3 and 8) or OGG1 (10
nM) along with both APE1 (50 nM) and pol B (5 nM) (lanes 4 and 9) or OGG1 (10 nM) along
with APE1 (50 nM), pol B (5 nM) and LIG (5 nM) (lanes 5 and 10)at 37 °C for 30 min. Lanes
1 and 6 correspond to substrates only. Substrates were *’P-labeled at the 5’-end of their
damaged strands and are illustrated schematically above the gels. The scheme of short-patch
BER of an 8-0x0G in the hairpin substrates is illustrated below the gels.
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The 3’-5’ endonuclease Mus81/Emel removed the entirety of a CAG repeat hairpin
by cleaving an upstream 3'- flap during BER, preventing CAG repeat expansion
Because removal of an 8-0xoG and 5’-incision of an abasic lesion in a hairpin
loop may further convert the hairpin into an ssDNA break intermediate with an upstream
3’-flap and a downstream 5'-flap, cleavage of the flaps by a 3’-5” flap endonuclease such
as Mus81/Emel and 5’-flap endonuclease FEN1 may remove the hairpin and produce the
unexpanded product. To test this possibility, we initially characterized the activity of the
3’-5 flap endonuclease Mus81/Emel (206-211) in the context of a hairpin loop during
BER. We found that Mus81/Emel endonucleolytically cleaved the (CAG); (Figure 2.5,
lanes 9—12; Figure 2.6, lanes 7-10) and (CAG),4 hairpin substrates (Figure 2.5, lanes 22—
25; Figure 2.6, lanes 18-21), resulting in a series of 3’-flap cleavage products. These
products were not from the cleavage of the entire hairpins because no Mus81/Emel
cleavage products were detected from a (CAG); or (CAG)4 hairpin substrate in the
absence of OGG1 and APE1 (Figure 2.8, lanes 2,4,6 and 8). This indicates that BER in
the (CAG); and (CAG);4 hairpin loop regions converted the hairpins into intermediates
with a 3’-flap that was subsequently cleaved by Mus81/Emel. Because the Mus81/Emel
cleavage products from (CAG); and (CAG)4 hairpin substrates correspond to fragments
containing a part of the 20-nt random sequence flanking the (CAG); (Figure 2.5, lane 9;
Figure 2.6, lane 7) and (CAQG) 4 hairpin (Figure 2.5, lane 22; Figure 2.6, lane 18); this
suggests that a downstream 5’-(CAG); or (CAG); repeat flap annealed to the template
and displaced the upstream strand, creating a long flap that was subsequently removed by
Mus81/Emel. This further resulted in removal of the hairpins and production of the

unexpanded product. To further confirm this, we determined if Mus81/Emel cleavage on
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a double-flap substrate with an upstream 3°-(CAG), - and a downstream 5’-(CAG);-flap
or a substrate with a 3’-(CAG);-flap and 5'-(CAG);-flap, could also result in the
unexpanded product. The substrates mimic double-flap intermediates converted from
APEl-incised hairpins with varying sizes. To verify the presence of the 3°- and 5’-flaps
in the substrates, we used Mung Bean Nuclease to probe the formation of 3’- and 5’-flaps
of the double-flap substrates. The results showed that the nuclease cleavage of the
upstream strand of the (CAG)3/(CAG)4 double-flap substrate generated products with 29—
38 nt indicative of cleavage of 1-4 CAG repeats (Figure 2.9, lanes 2—4). The nuclease
cleavage of the downstream strand of the substrate resulted in products with 30-36 nt
indicative of cleavage of 1-3 CAG repeats (Figure 2.9, lanes 7-9). This indicates that the
substrate contained an upstream (CAG), flap and a downstream 5°-(CAG);-THF flap
(Figure 2.9, the flap substrates illustrated at the bottom). Mung Bean Nuclease cleavage
on the upstream strand of the (CAG); double-flap substrate resulted in products with 29—
46 nt (Figure 2.10, lanes 2—5). The nuclease cleavage on the downstream strand of the
substrate generated products with 30—47 nt (Figure 2.10, lanes 8—11). The results indicate
that the nuclease cleaved 1-7 CAG repeats in both the upstream and downstream strands
demonstrating the formation of a (CAG)-flap in both of the strands (Figure 2.10, the flap
substrates illustrated at the bottom). We found that the Mus81/Emel cleavage pattern on
the double-flap substrates was similar to that on the (CAG); and (CAG)4 hairpin
substrates (Figure 2.11, lanes 67 and lanes 16-17), indicating that the hairpins were
indeed converted to the double-flap intermediates that were processed by Mus81/Emel

during BER.
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Interestingly, we found that for the large (CAG);4 hairpin and its corresponding
double-flap intermediate, Mus81/Emel cleavage in the presence of FEN1 mainly resulted
in relatively larger products compared with its cleavage in the absence of FEN1 (Figure
2.5, compare lane 24 with lane 22; Figure 2.6, compare lane 20 with lane 18; Figure 2.11,
compare lane 18 with lane 16). This indicates that Mus81/Emel cleaved a shorter 3’-flap
in the presence of FEN1 than it did in the absence of FEN1. This suggests that removal of
a 5’-flap by FEN1 allowed the upstream 3’-flap to anneal to the template, resulting in a
short 3’-flap that was cleaved by Mus81/Emel. To further determine the number of
Mus81/Emel cleavage products, the double-flap substrates were radiolabeled at the 3’-
end of the upstream strand and incubated with Mus81/Emel in the absence and presence
of FEN1 or/and pol B (Figure 2.12). The results showed that in the absence of FENI,
Mus81/Emel flap cleavage on the (CAG)3/(CAG)4 double-flap substrate resulted in two
products with 21 and 22 nt, respectively (Figure 2.12, lanes 2-3), indicating that the 3’-
flap endonuclease cleaved within the random sequence region that flanked the repeated
sequence and removed the entirety of the 3’-repeat-containing flap. In the presence of
FENI, Mus81/Emel cleavage resulted in a 1-nt product (Figure 2.12, lanes 4-5). This
further confirmed that FENI removed a 5’-(CAG);-THF flap before Mus81/Emel
removal of a 3’-(CAG)s-flap allowing the 3’-flap to anneal to the template to create a 1-nt
3’-flap that was subsequently removed by Mus81/Emel. For the (CAG); double-flap
substrate, Mus81/Emel cleavage resulted in multiple products with 9-31 nt (Figure 2.12,
lanes 8—11), indicating that the 3’-(CAG); flap folded into a series of intermediates with a
small hairpin attached to a short flap that was captured and cleaved by Mus81/Emel. In

the presence of FEN1, Mus81/Emel cleavage mainly resulted in products with 9-10 nt
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(Figure 2.12, lanes 10—11). Again, this confirmed that FEN1 removed the downstream 5’-
CAG repeat flap allowing the upstream flap to anneal to the template strand creating a
short flap with 9 or 10 nt that was then cleaved by the 3’-endonuclease. In conclusion,
our results demonstrate that BER in a CAG repeat hairpin loop can convert the hairpin
into a double-flap intermediate with a 3'-flap and 5'-flap, which can be cleaved by a 3°-5°

and 5°-3’ flap endonuclease, such as Mus81/Emel and FENI, in a cooperative manner
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Figure 2.8 Mus81/Emel cleavage of a hairpin.

The (CAG)7-8-0x0G/THF and (CAG);4-8-0x0G/THF substrates were radiolabeled at
the 5’-end of the hairpin containing strand. Substrates (25 nM) were incubated with
250 nM purified Mus81/Emel at 37°C for 30 min (lanes 2, 4, 6 and 8). Lanes 1, 3, 5
and 7 represent substrate alone. Substrates are illustrated schematically above the gels.

resulting in removal of the hairpin and prevention of repeat expansion.
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Figure 2.9 Flap probing of (CAG)3/(CAG), double-flap substrate.
A substrate with a 3’-(CAG), flapand a 5’-(CAG);-THF flap was radiolabeled at the 5’-end
(left panel) of the upstream strand or the 3'-end (right panel) of the downstream strand for
probing the formation of an upstream 3'-flap and a downstream 5'-flap. The substrate (200
nM) was incubated with 0.1 U of Mung Bean Nuclease at 1-, 2- and 3-min time intervals
(lanes 2-4 and lanes 7-9). Lanes 1 and 6 represent an undigested substrate. Lanes 5 and 10
represent 5'-radiolabeled synthesized size markers (M) with 22 nt, 25 nt, 28 nt, 31 nt, 34 nt, 37
nt, and 40 nt, respectively (left panel) and 3'-radiolabeled size markers (M) with 18 nt, 29 nt,
32 nt, 35 nt, 38 nt, and 41 nt, respectively. Arrows and white dots indicate the major nuclease
digestion products. The substrates are illustrated schematically above the gels. Double-flaps
deduced by a specific nuclease cleavage pattern and the nuclease digestion sites are illustrated
schematically below the gels.
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Figure 2.10 Flap probing of (CAG); double-flap substrate.

A substrate with a 3°-(CAG); - and 5’-(CAG); -THFflap was radiolabeled at the 5’-end
of the upstream, strand (left panel) or the 3'-end of the downstream strand (right
panel). The substrate (200 nM) was incubated with 0.1 U of Mung Bean Nuclease at
1-, 2-, 3-, and 5-min time intervals (lanes 2-5 and lanes 8-11). Lanes 1 and 7 represent
an undigested substrate. Lane 6 represents 5’-radiolabeled synthesized size markers
(M) with 22 nt, 25 nt, 28 nt, 31 nt, 34 nt, 37 nt, 40 nt, 43 nt, 46 nt, 49 nt and 56 nt for
probing the formation of a 3'-flap. Lane 12 represents 3’-radiolabed size markers (M)
with 18 nt, 29 nt, 32 nt, 35 nt, 38 nt, 41 nt, 44 nt, 47 nt and 50 nt for probing the
formation of a 5'-flap. Arrows and white dots indicate the major nuclease digestion
products. Substrates are illustrated schematically above the gels. Double-flaps deduced
by a specific nuclease cleavage pattern and the nuclease digestion sites are illustrated
schematically below the gels.
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Figure 2.11 Processing of a CAG repeat double-flap intermediate during BER
prevented or attenuated CAG repeat expansion.

Processing of a CAG repeat double-flap substrate and its effects on repeat stability
during BER was examined with substrates containing an upstream 3'-(CAG), and a
downstream 5'-THF-(CAG); (left panel) or an upstream 3'-(CAG);flap and a
downstream 5'-THF-(CAG); flap (right panel). Lanes 1 and 11 represent substrates
only. Lanes 2, 4, 12 and 14 correspond to reaction mixtures with or without 5 nM pol
B in the presence of 10 nM FENI1 and 5 nM LIG I. Lanes 3, 5, 13 and 15 correspond
reaction mixtures with or without 5 nM pol B in the presence of 250 nM Mus81/Emel,
10 nM FENI and 5 nM LIG 1. Lanes 67 and 16—17 represent reaction mixtures with
or without 5 nM pol B in the presence of 250 nM Mus81/Emel. Lanes 8-9 and 18-19
correspond to reaction mixtures with or without 5 nM pol B in the presence of 250 nM
Mus81/Emel and 10 nM FENI1. Lanes 10 and 20 correspond to synthesized size
markers (M). Substrates were *“P-labeled at the 5'-end of their upstream strands.
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Figure 2.12 Mus81/Emel cleavage of the upstream flap of a CAG repeat double-
flap intermediate.

Mus81/Emel cleavage of the upstream flap of a CAG repeat double-flap intermediate
was examined using a double-flap substrate with an upstream 3'-(CAG)sand a
downstream 5'-(CAG);-THF flap (left panel) or a substrate with an upstream 3'-
(CAQG); flap and a downstream 5'-(CAG);-THF flap (right panel). The substrates were
radiolabeled at the 3'-end of the upstream strand. Lanes 1 and 7 represent a substrate
alone. Lanes 2 and 8 represent reaction mixtures with 250 nM Mus81/Emel. Lanes 3
and 9 correspond to reaction mixtures with 250 nM Mus81/Emel and 5 nM pol B.
Lanes 4 and 10 represent reaction mixtures with 250 nM Mus81/Emel and 10 nM
FENI. Lanes 5 and 11 correspond to reaction mixtures with 250 nM Mus81/Emel, 5
nM pol B and 10 nM FENI. Lanes 6 and 12 represent synthesized size markers (M).
The substrates are illustrated schematically above the gels. A scheme that indicates
Mus81/Emel cleavage of the upstream 3'-flap of the double-flap substrates is
illustrated below the gels.
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FEN1 processed a CAG repeat hairpin by removing a 5'-CAG repeat flap resulting
in attenuation of repeat expansion during BER

FEN1 plays a dual role in modulating TNR stability by processing a 5-TNR
flap/hairpin (115,166,192,199). Coordination between FEN1 and pol 3 leads to both TNR
expansion and deletion during BER (199,200). It is possible that FEN1 may facilitate
removal of a hairpin by processing a 5'-CAG repeat flap during BER in a hairpin loop,
preventing CAG repeat expansion. To test this possibility, we examined FEN1 cleavage
during BER in a CAG repeat hairpin loop and a double-flap intermediate. We found that
FENI cleavage on the (CAG); hairpin substrate resulted in the unexpanded product
(Figure 2.5, lanes 5 and 7; Figure 2.6, lanes 3 and 5), indicating that the enzyme removed
the entire hairpin. Interestingly, FEN1 cleavage on the (CAG) 4 hairpin resulted in both
the unexpanded product and expanded products that were shorter than the
expanded/uncut substrate strand (Figure 2.5, lanes 18-21; Figure 2.6, lanes 14—17). This
indicates that FEN1 cleavage completely removed a small and large CAG repeat hairpin,
but also removed a part of a large hairpin during BER.

To further determine how FEN1 can remove a hairpin by flap cleavage on the
hairpin substrates, we examined FENI1 cleavage using the substrates that were
radiolabeled at the 3’-end of the hairpin-containing expanded/uncut strand. The results
showed that in the absence of pol B, FENI efficiently cleaved a 5'-(CAG)s flap from the
(CAQG)7 hairpin substrate (Figure 2.13, lane 5; Figure 2.14, lane 4), but removed a 5'-
(CAQG))p flap and other shorter 5’-flaps from (CAG);4 hairpin substrates with a low
efficiency (Figure 2.13, lane 14; Figure 2.14, lane 12). This suggests that BER in the loop

of a small hairpin generated a short 5’-flap that was efficiently cleaved by FEN1 resulting
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in removal of the entirety of a small hairpin. On the other hand, BER in a large hairpin
generated a long 5'-flap that inhibited FEN1 cleavage. This forced FEN1 to use its
alternate flap cleavage activity to capture and cleave a short 5'-flap, thereby resulting in
partial removal of a large hairpin. This was further supported by the fact that FEN1
alternate cleavage resulted in multiple products (The right panel of Figures 2.13-2.15),
indicating that the enzyme captured and cleaved a series of short flaps. This suggests that
a long (CAG); flap folded into multiple small alternate hairpins attached to a short flap of
varying sizes. FEN1 then loaded from the 5’-end of the short flap and tracked down to the
bottom of the flaps and cleaved them. To determine if all FEN1 products resulted from its
flap cleavage activity, we examined its cleavage on a (CAG); or (CAG)s hairpin
substrate in the absence of OGG1 and APE1. We failed to observe any FENI cleavage
products from the substrates (Figure 2.16 lanes 2, 4, 6, and 8), indicating that FEN1
cannot directly cleave a hairpin, and that the products were from the flap cleavage
activity of the enzyme. This further demonstrates a critical role of FENI1 flap cleavage in
removing hairpin structures during BER. In the presence of pol B, FEN1 cleavage on the
small (CAG); hairpin substrate was stimulated (Figure 2.13, compare lane 5 with lane
7; Figure 2.14, compare lane 4 with lane 6), presumably by pol B strand-displacement
synthesis that generated a 5'-flap. However, FENI1 cleavage on the (CAQG)4 hairpin
substrate was not affected by pol B synthesis (Figure 2.13, compare lane 14 with lane
16; Figure 2.14, compare lane 12 with lane 14), suggesting that a long 3’-flap was formed
during BER, and this inhibited pol f DNA synthesis. Consistent with this, FEN1 cleavage
on the double-flap substrates that mimic flap intermediates from an incised hairpin loop

resulted in the same products as those from its cleavage on the hairpin substrates (Figure
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2.15, lanes 3—6 and 10-13). This confirmed that BER in a hairpin loop generated a 5'-
CAG-flap that was cleaved by FENI1.

Because Mus81/Emel can stimulate FEN1 flap cleavage (212), we then asked if
Mus81/Emel can stimulate FEN1 cleavage on the (CAG);and (CAG)4 hairpin
substrates. We found that Mus81/Emel failed to stimulate FEN1 cleavage on the
substrates (Figure 2.13, compare lane 7 with lane 8, lane 16 with lane 17; Figure 2.14,
compare lane 6 with lane 7, lane 14 with lane 15; Figure 2.15, compare lane 5 with lane
6, lane 12 with lane 13). This suggests that Mus81/Emel cleavage on a 3’-flap does not

affect FENI processing of a CAG repeat hairpin.
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Figure 2.13 FEN1 processing of a hairpin during repair of an 8-0xoG in the
hairpin loop.

Lanes 1 and 10 indicate substrates only. Lanes 2 and 11 correspond to reaction
mixtures with 10 nM OGGI. Lanes 3 and 12 represent reaction mixtures with 10 nM
OGG1 and 50 nM APEIl. Lanes 4 and 13 represent reaction mixtures with 10 nM
OGGI, 50 nM APEI1 and 250 nM Mus81/Emel. Lanes 5-6 and 14-15 correspond to
reaction mixtures with and without 250 nM Mus81/Emel in the presence of 10 nM
OGG1, 50 nM APEI and 10 nM FENI. Lanes 7-8 and 16-17 represent reaction
mixtures with or without 250 nM Mus81/Emel in the presence of 10 nM OGG1, 50
nM APE1, 10 nM FENI1 and 5 nM pol B. Lanes 9 and 18 correspond to a series of
synthesized size markers (M) for illustrating the size of FEN1 cleavage products.

@ dRP: deoxyribose phosphate
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Figure 2.14 FEN1 processing of a hairpin during repair of an abasic site in the
hairpin loop.

Lanes 1 and 9 represent substrates only. Lanes 2 and 10 correspond to reaction
mixtures with 50 nM APEI1. Lanes 3 and 11 correspond to reaction mixtures with 50
nM APEI and 250 nM Mus81/Emel. Lanes 4-5 and 12-13 correspond to reaction
mixtures with 50 nM APEI and 10 nM FENTI in the absence or presence of 250 nM
Mus81/Emel. Lanes 6—7 and 14—15 correspond to reaction mixtures with or without
250 nM Mus81/Emel in the presence of 50 nM APE1, 10 nM FENI and 5 nM pol f.
Lanes 8 and 16 correspond to a series of synthesized size markers (M).
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Figure 2.15 FENI1 cleavage of CAG repeat double-flap intermediates.

Lanes 1 and 8 correspond to substrates only. Lanes 2 and 9 correspond to reaction
mixtures with 250 nM Mus81/Emel. Lanes 3—4 and 10-11 correspond to reaction
mixtures with or without 250 nM Mus81/Emel in the presence of 10 nM FENI1. Lanes
5-6 and 12-13 correspond to reaction mixtures with and without 250 nM
Mus81/Emel in the presence of 10 nM FENI1 and 5 nM pol B. Lanes 7 and 14
correspond to synthesized size markers (M). Substrates were *“P-labeled at the 3'-end
of their downstream strands. A scheme that indicates FEN1 cleavage activity in
removing a double-flap with a 5'-THF is illustrated below the gels.
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Figure 2.16 FENI1 cleavage of a hairpin.

The (CAG)7-8-0x0G/THF and (CAG)4-8-0x0G/THF hairpin substrates were labeled
at the 3’-end of the hairpin-containing strand. Substrates (25 nM) were incubated with
10 nM purified FEN1 at 37°C for 30 min (lanes 2, 4, 6 and 8). Lanes 1, 3, 5 and 7
represent a substrate alone. Substrates are illustrated schematically above the gels.
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Pol B gap-filling synthesis facilitated the production of the unexpanded product
during BER of a base lesion on a large CAG hairpin loop

As a central component of BER, pol B fills in gaps, performs strand-displacement
synthesis and modulates TNR stability during BER (11). Thus it may also play a critical
role during BER in a hairpin loop. We found that pol B stimulated the production of the
unexpanded product from the large (CAG) 4 hairpin (Figure 2.5, lanes 20 and 21; Figure
2.6, lanes 16 and 17), but not that from the small (CAG); hairpin (Figure 2.5, lanes 7 and
8; Figure 2.6, lanes 5 and 6). The absence of pol B reduced the production of the
unexpanded product from the large hairpin (Figure 2.5, lanes 18 and 19; Figure 2.6, lanes
14 and 15) and the long double-flap substrates (Figure 2.11, lanes 12 and 13), indicating
that pol B is critical for removing the entirety of a large hairpin. In addition, pol
performed more efficient DNA synthesis during BER in the small hairpin loop (Figure
2.5, lanes 10 and 12; Figure 2.6, lanes 8 and 10) and the short double-flap (Figure 2.11,
lanes 7 and 9) than in the large hairpin loop (Figure 2.5, lanes 23 and 25; Figure 2.4,
lanes 19 and 21) and the long double-flap (Figure 2.11, lanes 17 and 19). This indicates
that a short 3’-flap from APEl 5’-incision of a small hairpin readily annealed to its
template strand and was efficiently extended by pol 8, whereas a long 5’-flap from a large
hairpin partially annealed to its template by folding into an intermediate with a small
hairpin, thus inhibiting pol § DNA synthesis. Our results further demonstrate that pol f3
was capable of performing DNA synthesis with the (CAG);/(CAG)4 double-flap substrate
in the absence of Mus81/Emel (Figure 2.11, lane 4). This indicates that a small (CAG);
hairpin was readily converted into a short flap during BER and was subsequently fully

annealed to the template strand leaving a base-paired 3’-terminus for pol B DNA
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synthesis without need of Mus81/Emel cleavage. However, for a large (CAG);4 hairpin,
pol B failed to synthesize DNA in the absence of Mus81/Emel (Figure 2.11, lane 14),
indicating that the long flap formed from a large hairpin failed to completely anneal to
the template strand, leaving a short 3’-flap that prevented pol f DNA synthesis and needs
to be removed by Mus81/Emel. This further demonstrates that removal of a 3’- or 5’-flap
by Mus81/Emel and FENI plays a crucial role in facilitating pol f DNA synthesis
(Figure 2.11, lane 9 and lane 19). Thus, we suggest that pol B DNA synthesis can be
hindered by a 3’-flap rather than by the Mus81/Emel protein complex during BER in
hairpin loops. Removal of a 3’-flap by Mus81/Emel is essential in facilitating pol B DNA

synthesis during BER in a large hairpin.

DISCUSSION

In this study, we provide the first evidence that 8-0xoG in the loop region of a
CAG repeat hairpin in a CAG repeat tract can be removed by OGGI, leaving an abasic
site that can be subsequently incised by APEI1 (Figures 2.5 and 2.6). We demonstrate that
OGG1 removes a base lesion located in the loop region of a small (CAG); hairpin more
efficiently than that in a large (CAG);4 hairpin loop (Figure 2.5, compare lanes 2-3 with
lanes 15-16). Furthermore, we found that 5’-incision of an abasic site in the loop region
of a hairpin resulted in an ssDNA break in the loop that was repaired by BER, leading to
partial or complete removal of the hairpin (Figures 2.5 and 2.6). This indicates that BER
in the loop of a hairpin can be coupled with the removal of the hairpin. We show that
BER in a CAG hairpin loop results in removal of the hairpin, leading to attenuation of

CAG repeat expansion. This is accomplished by the coordination among FEN1 cleavage
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of a 5’-flap, cleavage of a 3’-flap by a 3’-5” endonuclease such as Mus81/Emel and pol
DNA synthesis (Figures 2.5, 2.6 and 2.11). We further demonstrate that as a 3’-5" flap
endonuclease, Mus81/Emel removed both a small (CAG); hairpin and a large (CAG)4
hairpin by cleaving a 3’-CAG repeat flap (Figures 2.5, 2.6, 2.11 and 2.12). FEN1 5’-flap
cleavage resulted in complete removal of both a small and large hairpin, as well as partial
removal of a large hairpin (Figures 2.5, 2.6 and 2.11). This was demonstrated by the fact
that FEN1 cleavage resulted in the unexpanded product (Figures 2.5, 2.6 and 2.11) as
well as a series of shortened expanded products (The right panel of Figures 2.5, 2.6 and
2.11). These results indicate that a single-strand break in the loop region of a CAG repeat
hairpin converts the hairpin into an intermediate with a 3’- and 5’-flap that can be cleaved
by a 3’-5’ endonuclease or FEN1. This further suggests that a long 5’-flap can fold into a
small hairpin with a short 5’-flap that is cleaved by FEN1 alternate flap cleavage activity.
Finally, we found that the presence of both Mus§1/Emel and FEN1, along with pol f,
significantly stimulated the production of the unexpanded product, indicating that a 3°-5’
endonuclease such as Mus81/Emel can cooperate with FEN1 and pol B to remove a
hairpin during BER, thereby preventing CAG repeat expansion. Our results support a
model that is shown in Figure 2.17, in which an 8-0xoG in the loop region of a CAG
repeat hairpin is induced by oxidative DNA damage. OGG1 removes the base lesion,
leaving an abasic site that can be 5’-incised by APE1. This results in a single-strand break
in the loop region of the hairpin, converting the cleaved hairpin into a double-flap
intermediate with a 3’-flap and a 5’-flap. For a small hairpin, a short 3’-flap and a 5’-flap
are generated and cleaved by the 3’-5° endonuclease Mus81/Emel and the 5°-3°

endonuclease FEN1. This leads to a complete removal of the hairpin via BER of an 8-
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oxoG in the hairpin loop, thereby preventing repeat expansion (Figure 2.17, sub-
pathways 1 and 2). Repair of an 8-0x0G in a large hairpin loop results in a double-flap
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Figure 2.17 Prevention or attenuation of CAG repeat expansion by BER coupled
with removal of a hairpin.

Oxidative stress can induce an oxidized DNA base lesion, 8-0x0G in the loop region
of a CAG hairpin. OGGI1 removes 8-0xoG leaving an abasic site that is subsequently
5'-incised by APE1 generating ssDNA break in the hairpin loop. This further results in
the formation of a double-flap intermediate with a 3’- and 5’-CAG repeat flap. For a
small hairpin, APE1 5’-incision leads to the formation of a double-flap intermediate
with a short 3’- and 5°- flap that can be completely cleaved by a 3°-5° endonuclease,
such as Mus81/Emel, or by FEN1 flap cleavage. The flap cleavage can result in a gap
that is filled by pol p DNA synthesis and this completes damage repair. This results in
prevention of repeat expansion (sub-pathway 1 and 2). Repair of a base lesion located
in the loop region of a large CAG repeat hairpin results in the formation of a relatively
long 3°- and 5’-flap. The 5’-flap can anneal to the template strand to create a long 3’-
flap that is cleaved by a 3°-5” endonuclease such as Mus81/Emel, thereby preventing
repeat expansion (sub-pathway 3). A 3°-flap can also anneal to its template to create a
long 5’-flap for FEN1 cleavage. FEN1 cleaves the 5’-flap either by its conventional
flap cleavage to remove the entire hairpin or by its alternate flap cleavage to partially
remove the hairpin. This results in prevention or attenuation of repeat expansion (sub-
pathway 3 and 4). A double-flap intermediate can also be processed simultaneously by
Mus81/Emel and FENI leading to the prevention of repeat expansion (sub-pathway
5).
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intermediate with a long 3’-flap and 5’-flap. The 3’-5’ endonuclease Mus81/Emel
removes the entirety of the hairpin by cleaving the 3’-flap, preventing repeat expansion
(Figure 2.17, sub-pathway 3). FEN1 processes the 5’-flap either by its conventional flap
cleavage to completely remove the hairpin or by its alternate cleavage activities to
partially remove the hairpin. This results in prevention or attenuation of repeat expansion
(Figure 2.17, sub-pathway 4). Simultaneous cleavage of a 3’-flap and a 5’-flap by
Mus81/Emel and FENI, in cooperation with pol B gap-filling synthesis, prevents FEN1
alternate flap cleavage, thereby promoting the prevention of repeat expansion (Figure
2.17, sub-pathway 5).

Removal of hairpin structures has been shown to be a challenge to various
biological systems, in particular to eukaryotes. In E. coli, a structure-specific
endo/exonuclease complex SbcCD has been found to endonucleolytically incise the loop
region of a CAG/CTG hairpin by using its endonuclease activity, and then
exonucleolytically cleave the hairpin stem with its dSDNA exonuclease activity (213,214).
In bacteriophage T7, endonuclease I can cleave a looped-out CAG/CTG repeat bubble
structure, raising the possibility that this enzyme may also cleave a CAG/CTG repeat
hairpin (215). However, in yeast, CTG and CAG repeat hairpin structures can readily
escape cellular repair mechanisms, leading to repeat expansion (128). In human cell
extracts, three different paths for resolving a hairpin have been proposed, depending on
the location of the hairpin. A CTG hairpin or bubble (named slipped repeats or slip-out)
formed in a nascent DNA strand with a 5’-nick can be partially removed, leading to
repeat expansion (216,217). A hairpin opposite a 5’-nick in the template strand results in

complete removal of the hairpin and maintenance of repeat length (216,217). This may be
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mediated by destabilization of a template hairpin by DNA polymerase passing-through of
the hairpin via DNA synthesis (199) or by a DNA helicase (218). A hairpin opposite a 3’-
nick in the template strand can lead to repeat deletion (216,217). It has been found that
the mismatch repair protein complexes, MSH2/MSH3 (MutSp), MutLa and PMS2 may
mediate the removal of small (CAG); -(CAG); hairpins/slip-outs (119), but not for large
hairpins (219,220), suggesting an important role of mismatch repair in removing small
TNR hairpins during DNA replication and repair. In this study, for the first time, we
identified BER as a new pathway for removing CAG repeat hairpins in a CAG repeat
tract via repair of a DNA base lesion in the hairpin loop region. Our results indicate that
BER in CAG hairpin loops incises the hairpin loop region, converting the hairpins into
intermediates with a 5’- and a 3’-flap that are cleaved by FENI and the 3°-5° flap
endonuclease, Mus81/Emel. This ultimately results in removal of a CAG repeat hairpin
and prevention or attenuation of TNR expansion. Thus, here we suggest a unique
pathway for removing TNR hairpins, which is induced by a base lesion and mediated by
BER at the hairpin loop region.

Our study demonstrates an important role of the flap cleavage activity of both 3’-
5’ and 5’-3” endonucleases such as Mus81/Emel and FEN1 in preventing or attenuating
TNR expansion by removing hairpin structures through coupling with BER. Our
discovery is supported by a finding that the nucleotide excision repair protein XPG,
which is also a 5’-3” flap endonuclease (221), can promote removal of a hairpin through a
5’-incision (222). It is also supported by the fact that the 3°-5’ endonuclease/exonuclease
Mrel1-Rad50-Nbs1 complex can facilitate the removal of CAG/CTG hairpins in vitro

and in vivo (116). The 3’-5" exonuclease activity of Mrell was initially identified as an
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enzymatic activity that resects the 3’-end of a double-stranded DNA for repairing double-
strand DNA breaks (223,224). It is possible that this activity of Mrell may also cleave
TNRs from the 3’-end of an upstream TNR-containing strand, removing an extra number
of the repeats. This further allows the downstream repeat flap to anneal to its template,
thereby promoting removal of a hairpin and prevention of repeat expansion. It is
conceivable that other 3’-5° and 5°-3’ endo/exonucleases may also use the same
mechanisms as the ones exemplified by Mus81/Emel and FENI1 to prevent TNR
expansion.

Our results showed that more APEI incision products than OGG1 products were
produced (Figure 2.3, compare lanes 2 and 15 with lanes 3 and 16), indicating that OGG1
removed an §8-0x0G in a hairpin loop more efficiently in the presence of APE1 than in the
absence of the enzyme. This is consistent with the notion that APE1 can facilitate OGG1
incision of an 8-0xoG by kicking OGGI off an abasic site, releasing OGG1 from its
product, and thereby increasing OGGI1 recycling and its efficiency for removing
oxidative DNA damage (225,226). This indicates that APE1 can also stimulate OGG1
incision of 8-0x0G by dislodging the enzyme from an abasic site located in a hairpin loop.
Thus, the coordination between OGG1 and APE1 in removing DNA base lesions is
conserved in both duplex DNA and hairpins. BER cofactors that can stimulate OGG1 and
APEIl activity may stimulate removal of hairpins during BER, thereby facilitating
prevention or attenuation of repeat expansion. For example, BER cofactor X-ray repair
cross-complementing protein 1 (XRCC1) physically interacts with OGG1 and stimulates
its activity by 2- to 3-fold, presumably by recruiting OGG1 to an 8-0xoG (191,227). High

mobility group box 1B (HMGB1) can stimulate APE1 5’-incision of an abasic site (193).
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Thus these cofactors may promote removal of hairpins and prevention of repeat
expansions by stimulating OGG1 and APE1 activity. The coordination among OGGl1,
XRCCI1, APE1 and HMGBI in repairing a base lesion in the context of a TNR hairpin
that is coupled with removal of a hairpin remains to be elucidated.

In this study, we showed that BER enzymes, pol f and FENI1 can coordinate with
a 3’-5’ flap endonuclease represented by Mus81/Emel to remove a relatively large CAG
repeat hairpin during BER in the hairpin loop region. The repair process is accomplished
by the coordination among Mus81/Emel cleavage on a 3’-flap, FEN1 removal of a 5’-
flap and pol B gap-filling synthesis. We found that FEN1 alone resulted in the
unexpanded product as well as a series of shortened expansion products, indicating that
FENI1 can cleave a part of a long CAG flap using its alternate flap cleavage activity. This
activity of FEN1 can be inhibited by its cooperation with a 3'-5" flap endonuclease such
as Mus81/Emel, thereby promoting the complete removal of the CAG repeat hairpin and
prevention of repeat expansion. Thus, the cooperation between FENI1 and a 3'-5' flap
endonuclease plays a critical role in preventing CAG repeat expansion during BER.
Because the production of the unexpanded product was also stimulated by pol p (Figure
2.3, compare lane 19 with lane 21; Figure 2.4, compare lane 15 with lane 17; Figure 2.9A,
compare lane 13 with lane 15), this further indicates that pol B fills in a gap resulting
from the 3°- and 5’-flap cleavage by Mus81/Emel and FENI1, creating a ligatable nick for
DNA ligase to complete the repair. Thus, it appears that the coordination among FENT1,
the 3°-5” flap endonuclease Mus81/Emel and pol B plays a crucial role in removing a

large CAG repeat hairpin and prevention of CAG repeat expansion.
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Interestingly, we found that for a small hairpin with a base lesion in the loop
region, FEN1 alone can completely remove the downstream flap to produce the non-
expansion product, thereby preventing repeat expansion (Figure 2.3, lane 5; Figure 2.4,
lane 3; Figure 2.9A, lane 2). This is because a short upstream flap can anneal back to the
template and displace the downstream strand, creating a downstream 5’-flap. This is
consistent with the fact that FEN1 can efficiently remove a small hairpin during BER by
removing a short flap via flap equilibration, as demonstrated previously (228). For a large
hairpin that can be converted to an intermediate with long double-flaps, FEN1 can use its
conventional or alternate flap cleavage to completely or partially remove the hairpin.
However, the efficiency of FENI in removing a large hairpin may be modulated by
interacting with other replication and repair proteins. For example, the Bambara group
has demonstrated that replication protein A (RPA) can inhibit FENI cleavage of a long
flap with 30 nt but not a short flap (229,230). This may compromise the efficiency of
FENI to remove a large hairpin. Yet, the inhibitory effect from RPA may be alleviated
by the cooperation between FEN1 and Dna2, a replication helicase and nuclease (231).
This is because binding of RPA to the long flap can stimulate Dna2 cleavage on the flap,
which shortens it. This allows FEN1 to readily load onto the short flap and remove it
completely (231). It is conceivable that during BER of a base lesion in a large hairpin, a
long double-flap can be initially bound by RPA. This then stimulates Dna2 cleavage
activity, which shortens a long 5'-flap. FEN1 subsequently cleaves the shortened 5'-flap
efficiently, leading to complete removal of the large hairpin. Moreover, because BER
cofactors and enzymes of other repair pathways such as proliferating cell nuclear antigen

(PCNA) and the 5'-3' exonuclease Exo I can facilitate FEN1 flap cleavage (232,233), it is
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possible that these proteins may also facilitate removal of a TNR hairpin. The
cooperation among FEN1 and other BER proteins and cofactors, as well as the enzymes
of other repair pathways in removing hairpin structures during BER needs to be
elucidated.

In summary, in this study we discovered a unique pathway for removal of a TNR
hairpin via BER in the loop region of the hairpin. We have demonstrated that OGG1 and
APE1 can remove an 8-0x0G located at the hairpin loop region, leaving an abasic site
that can be further incised by APE1, and resulting in incision of the hairpin and the
conversion of the hairpin into an intermediate with a 3'-flap and a 5'-flap. For a small
hairpin, FEN1 or a 3'-5’ endonuclease such as Mus81/Emel alone can completely remove
the hairpin by cleaving a 5'-flap or a 3'-flap, whereas removal of a large hairpin via BER
is mediated by the cooperation among the cleavage of a 5'-flap by FENI1, the cleavage of
a 3'-flap by a 3'-5' flap endonuclease and pol  gap-filling synthesis. Our study indicates
that BER is coupled with the removal of a TNR hairpin to prevent or attenuate TNR
expansion, and we suggest a new role of oxidative DNA damage and BER in attenuating
TNR expansion by removing a CAG repeat hairpin.

In CHAPTER 1 and CHAPTER 2, I have demonstrated that BER of an oxidative
base lesion in the context of TNR can result in reduction of TNR units. The results shown
in CHAPTER 1 and CHAPTER 2 indicate that BER can perform efficient repair of the
damage that is coupled with removal of TNR units whether the oxidative DNA lesion is
located in a duplex DNA or in a hairpin loop region, Thus, we conclude that BER of
oxidative DNA damage in a TNR repeat tract can prevent repeat expansion by promoting

shortening of a TNR tract. However, some repair resistant oxidative damage such as
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cyclodeoxypurines can accumulate in a TNR tract conferring a challenge for DNA repair
and have to be bypassed by DNA polymerase lesion bypass synthesis. Because pol B can
perform lesion bypass synthesis at an AP site, this raises a new question regarding the
roles of BER enzymes, especially a role of pol  in modulating TNR instability during its
lesion bypass. To explore pol B’s role in modulating TNR instability via its bypass of an
oxidized DNA base lesion, in CHAPTER 3 we examined lesion bypass synthesis of pol 3
with a 5'.8-cyclodeoxypurine and its effects on TNR instability during BER and
replication by employing a series of substrates that contain a helix distorting base lesion,

5°,8- cyclo-2’-deoxyadenosine located in a CAG repeat tract.
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CHAPTER 3: A 5°, 8-CYCLODEOXYPURINELEISION INDUCES
TRINUCLEOTIDE REPEAT DELETION VIA A UNIQUE LESION BYPASS BY

DNA POLYMERASE

ABSTRACT

5’,8-cyclo-deoxypurines are common forms of oxidized DNA lesions resulting
from endogenous and environmental oxidative stress such as ionizing radiation. The
lesions can only be repaired by nucleotide excision repair with a low efficiency. This
results in their accumulation in the genome that leads to stall of replication DNA
polymerases and poor lesion bypass by translesion DNA polymerases. Trinucleotide
repeats (TNR) consist of tandem repeats of Gs and As, and are therefore susceptible to
generation of 5°,8-cyclo-deoxypurines. In this study, we provided the first evidence that
5’,8-cyclo-dA in a CAG repeat tract induced the formation of a small CAG loop. This
further promoted DNA polymerase f (pol B) skip-over of the loop structure, thereby
exclusively resulting in a CTG repeat deletion during DNA lagging strand synthesis and
base excision repair. We demonstrated that pol  bypassed a 5°,8-cyclo-dA resulting in
deletion with varying sizes. This was caused by formation of various sizes of CAG repeat
loops that was bypassed by pol . This resulted in a long flap that was subsequently
cleaved by flap endonuclease 1 (FEN1). Our study indicates that accumulation of 5°,8-

cyclo-deoxypurines in the human genome can lead to TNR instability via a unique lesion

bypass by pol .
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INTRODUCTION
Reactive oxygen species (ROS) generated from environmental stresses such as

ionizing radiation and endogenous oxidative stresses from energy metabolism, can result

in more than 30 types of oxidative DNA base lesions in the human genome(24,234).

Among ROS, hydroxyl radical (HO®) is the one that leads to production of most of

oxidative base lesions because of its high reactivity with DNA bases(235). Among

oxidative DNA base lesions induced by HO®, 5°,8-cyclo-2’-deoxypurines (cdPu)
including 5’°,8-cyclo-2’-deoxyadenosine (5°,8-cdA) and 5°,8-cyclo-2’-deoxyguanosine
(5°,8-¢dG) are DNA base lesions that can induce DNA structure abnormality(234,236-
238). These lesions usually cause more severe biological adverse effects that 8-
oxoguanine, the most frequently occurred oxidized base lesion. Cyclodeoxypurine lesions
contain the glycosidic bond along with an extra covalent bond formed between the C5’
position of the 2’-deoxyribose and the C8 position of the purine. Cyclodeoxypurine
lesions occur in two diastereomeric forms with a 5’R or 5’S configuration. It has been
found that similar amount of the 5’S and 5’R diastereomers of cyclodeoxynucleoside
lesions are generated in double-stranded DNA by HO® in vitro.

Cyclodeoxypurine base lesions are frequently detected in the genomic DNA of
mammalian cells and cells of other organisms such as English sole. It is estimated that in
fetal and postnatal rat liver, 180-320 lesion/cell of cdPus can be produced (235).
Although most of oxidative DNA base lesions are removed by DNA glycosylases such as
8-oxoguanine DNA glycosylase (OGG1) and Endonuclease IIl-like protein 1 (NTH1)

through base excision repair (BER) pathway (35,42),the CPU base lesion can only be
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repaired by nucleotide excision repair (NER) (35,239-241). This is because the extra
covalent bond of cdPu stabilizes the glycosidic bond and prevents the lesion from being
removed by DNA glycosylases and direct hydrolysis of damage (42,242,243). However,
cellular efficiency of removing a 5’R- and 5’S-cdA lesion by NER is 2- to 4-fold less
than that for NER to repair a cis-B[a]P-N*-dG adduct (239). Similar to that for repairing
a cyclo-dA, the efficiency for NER to repair a 5’R-cdG is only 70% of that in removing a
cis-B[o]P-N°-dG adduct. In addition, the efficiency for NER to repair a 5°S-cdG lesion is
2-fold less than that for its repair of a 5’R-cdG (239). Thus, it appears that a low
efficiency for repairing cdPu lesions in cells can lead to accumulation of a high level of
the lesions, especially the 5’S configuration lesion in the genomic DNA. This then results
in a series of adverse effects on cellular function. These include replication fork stalling,
inhibition of DNA synthesis by replication DNA polymerases such as human pol & and
pol € and T7 DNA polymerase (240), inhibition of translesion DNA synthesis as well as
inhibition of gene transcription. It has been found that a 5’S-cdA in a TATA box of a
promoter region can inhibit promoter binding of TATA binding protein, thus preventing
recruitment of RNA polymerase II to a transcription start site(244). Moreover, a cdPu can
directly inhibit RNA synthesis by RNA polymerase II (35,245). Several studies showed
that human and bacteria Y family translesion synthesis polymerases such as pol 1, pol
and pol & are strongly blocked by a template cdPu, especially a 5’S-cdA and 5°S-cdG
during a lesion bypass synthesis (246-248). This may leads to accumulation of DNA
strand breaks that can ultimately cause cell death. In addition, the translesion synthesis to
bypass a cdPu by human Y family polymerases is highly mutagenic. For example, bypass

of a 5’-S-cdA by pol € and pol « causes an A to T transversion, and bypass of a 5’S-cdG
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results in a G to A transition and a G to T transversion (248). Thus, accumulation of
cdPus in the genome can result in mutagenesis and cell death that are associated with
development of human diseases including cancer, neurodegeneration and aging
(75,241,249-252).

Trinucleotide repeats (TNRs) are highly polymorphic in human genome and can
be expanded or deleted during DNA metabolisms including DNA replication, repair and
transcription (71,132,133,253-257). TNR expansion is associated with more than 40
neurodegenerative diseases such as Huntington’s disease, myotonic dystrophy, fragile X
syndrome, and Friedreich’s ataxia (74,253,258). TNR deletion in androgen receptor is
related to ovarian and prostate cancers (82,179,259). It has been found that formation of
non-B form DNA secondary structures such as hairpins, triplexes and tetraplexes is
responsible for TNR expansion and deletion during DNA replication, repair,
recombination and gene transcription (4,85,86,140,198,260). The secondary structures
formed in a newly synthesized strand or damaged strand of the genome usually result in
replication fork stalling (4,107), pausing of DNA polymerases and DNA slippage
(4,108), trapping of mismatch repair proteins (113,114), inhibition of flap endonuclease 1
(FEN1) processing of a hairpin (111,167,261) and disruption of coordination among
repair enzymes (115), and this ultimately leads to TNR expansion. In contrast, TNR
secondary structures formed at the template strand during DNA repair promote DNA
polymerases to skip over the structures, and this causes TNR deletion.

TNR contains a series of adenosines and guanines. This makes it as a hotspot for
generating oxidative DNA damage including cdPu lesions. Previous studies have shown

that oxidative DNA damage and its repair in a TNR tract are associated with TNR
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expansion and deletion (200,257,262). An oxidative DNA damaging agent, H,O, can
induce small CAG repeat expansions in human cells (200,262) and TNR deletion in
bacteria and mouse kidney cells (26,177) as well. This appears to be associated with
production of 8-oxoguanine (8-0x0G). This is supported by the finding that an increased
level of 8-0x0G in the brain of HD transgenic mouse models was correlated with CAG
repeat expansion (103,263). This is also supported by the fact that an environmental
oxidative DNA damaging agent, potassium bromate induced production of 8-0x0G in the
germ cells of a fragile X syndrome mouse model and caused CGG repeat expansion
(154). This is further supported by our recent discovery showing that potassium bromate
can induce both expansion and deletion of CTG repeats in human kidney cells (200). We
have identified a molecular basis underlying TNR instability induced by oxidative DNA
damage, i.e. the formation of a hairpin in the damaged strand or the template strand
during BER in a TNR track (115,200,257). This subsequently led to synthesis of extra
repeat units by pol (200,264) or pol B skip-over of a template hairpin (200,257). By
coordinating with FEN1 alternate flap cleavage, this in turn resulted in TNR expansion or
deletion (115,200,257). Interestingly, we have recently discovered that BER of an 8-
oxoG or an abasic site located in a hairpin loop region can also lead to a partial or
complete removal of a hairpin (265), thereby preventing repeat expansion. All the
findings indicate that an oxidative base lesion can modulate TNR instability through its
repair on the damaged strand. However, it is unknown if and how an oxidative DNA base
lesion located on the template strand of a TNR tract can induce TNR instability.

Although a significant progress has been made in exploring bypass of a cdPu

lesion by translesion synthesis polymerases during DNA replication with a relatively low
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efficiency, it remains unknown that whether other repair DNA polymerases can bypass
cdPu lesions during DNA replication and repair to help cells to survive the base lesions
that are resistant to DNA repair. Similar to the Y family translesion synthesis
polymerases, pol  can bypass an apurinic/apyrimidinic site (AP site) by inserting an
adenosine opposite to the damage (266). In addition, pol B can switch with pol & and pol €
to bypass an AP site (267,268). During Okazaki fragment maturation, pol § can bypass an
AP site that was annealed with a downstream primer by switching with pol 6 in a strand-
displacement synthesis dependent manner (267). Moreover, because pol B tends to skip
over a TNR hairpin structure on the template (256,257), we further hypothesize that pol 8
may also skip over a cdPu lesion located at a TNR tract to bypass the lesion during DNA
replication and BER, and this may subsequently cause TNR instability. To test this
hypothesis, in this study, we examined pol B DNA synthesis in bypassing a 5°,8-cdA in
the CAG repeat-containing template strand and determined the effects of the base lesion
on CTG repeat instability. We provide the first evidence that a 5°,8-cdA in a CAG repeat
tract of the template strand can be bypassed by pol B skip-over of a small bubble that

contains the base lesion. This preferentially results in CTG repeat deletion.

MATERIALS AND METHODS

Materials
DNA oligonucleotides containing a 5°S-5’,8-cdA or 5’R-5’,8-cdA were
synthesized and HPLC purified according to the procedures described previously(239).

All other oligonucleotides were purchased from Integrated DNA Technologies (IDT Inc.,
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Coralville, IA). The radionucleotides [y->>P] ATP (6000 mCi/mmol) and Cordycepin 5'-
triphosphate 3'-[a-"2P] (5000 mCi/mmol) were purchased from PerkinElmer Inc. (Boston,
MA). Micro Bio-Spin 6 chromatography columns were from Bio-Rad (Hercules, CA).
Deoxynucleoside 5'-triphosphates (INTPs) were from Fermentas (Glen Burnie, MD). S1
Nuclease was from Promega (Madison, WI). All other standard chemical reagents were
purchased from Sigma-Aldrich (St. Louis, MO) and Thermo Fisher Scientific (Pittsburgh,
PA). Purified pol B, FENI1, and DNA ligase I (LIG I) were generous gifts from Dr.
Samuel H. Wilson at the National Institute of Environmental Health Sciences

(NIEHS)/National Institutes of Health, Research Triangle Park, NC.

Oligonucleotide Substrates

Substrates containing a template strand that has (CAG);o repeats with a normal A,
or 5’S-cdA, or 5’R-cdA located at the fifth repeat units counted from the 5’-end were
designed to mimic DNA replication or repair intermediates without or with a template
5°,8-cdA lesion. The downstream primers of the substrates with (CTG)o, (CTG)s repeats
or (CTG);, contained a 5’-phosphate or a tetrahydrofuran (THF) residue with a 5’-
phospate, an abasic site analog. The corresponding upstream primers contained a 3’-
(CTG)1, (CTG)s or (CTG)y repeats, respectively. The substrates were used to represent
DNA lagging strand synthesis or BER intermediates with a 1-nt or 6-nt gap opposite to a
template 5°,8-cdA lesion at different positions of the (CAG);o repeat tract. Substrates
representing intermediates with a 1-nt gap were constructed by annealing the upstream
and downstream primers to their template strands at a molar ratio of 1:1:1.5. Substrates

representing replication intermediates with a 6-nt gap opposite to a template 5°,8-cdA
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lesion at different positions of the (CAG);o repeat tract were constructed by annealing the
upstream primers with a 3’-(CTG)s or 3’-(CTG)s repeats and downstream primers
contained a 5’-phosphate with (CTG)4 or (CTG); repeats with the template strands with
or without a 5°,8-cdA damage at a molar ratio of 1:1:1.5. Substrates representing DNA
leading strand synthesis intermediates were constructed by annealing the upstream primer
with (CTG)s repeats with the template strands with or without 5°,8-cdA damage at a
molar ratio of 1:1.5. Substrates representing intact double strand DNA with or without a
template 5°,8-cdA damage in a (CAG);o repeat tract were constructed by annealing the
template strands with their complimentary strand at a molar ratio of 1:1.5. Substrates
were radiolabeled at the 5'-end of the upstream primers, or the 5’-end of the template
strands, or at the 3’-end of the downstream primers for measuring various types of
enzymatic activities. The sequences of oligonucleotide substrates are listed in Table 3.1.
DNA size markers that correspond to the repaired or ligated products after BER or
lagging strand maturation, FEN1 cleavage products and S1 Nuclease cleavage products
were synthesized and purified by Urea denaturing polyacrylamide gel electrophoresis

(191)
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Table 3.1 Oligonucleotide sequence

Oligonucleotides

nt

Sequence (5’ -3°)

Downstream

Dl 27 pF- GCTGCTGCTGCTGTACGGATGCTAGAT

D2 41 pF- CTGCTGCTGCTGCTGCTGCTGCTGCTGTACGGATGCTAGAT

D3 14 pF- TACGGATGCTAGAT

D4 27 p- GCTGCTGCTGCTGTACGGATGCTAGAT

D5 41 p- CTGCTGCTGCTGCTGCTGCTGCTGCTGTACGGATGCTAGAT

D6 14 p- TACGGATGCTAGAT

D7 22 p- TGCTGCTGTACGGATGCTAGAT

D8 26 p- CTGCTGCTGCTGTACGGATGCTAGAT

Template

T1 58 ATCTAGCATCCGTACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGTACGTAGACTTAC
T

T2 58 ATCTAGCATCCGTACAGCAGCAGCAGCS’S-cdAGCAGCAGCAGCAGCAGTACGTAGA
CTTACT

T3 58 ATCTAGCATCCGTACAGCAGCAGCAGCS’R-cdAGCAGCAGCAGCAGCAGTACGTAGA
CTTACT

Upstream

Ul 30 AGTAAGTCTACGTACTGCTGCTGCTGCTGC

U2 16 AGTAAGTCTACGTACT

U3 43 AGTAAGTCTACGTACTGCTGCTGCTGCTGCTGCTGCTGCTGCT

U4 26 AGTAAGTCTACGTACTGCTGCTGCTG

F: tetrahydrofuran, THF
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In Vitro BER and ligation reaction through lesion bypass reconstituted with purified
enzymes

In vitro BER of an intermediate with a 1-nt gap at different locations opposite to a
template 5°,8-cdA lesion in the context of (CAG);o repeats was performed with purified
pol B, FENI1, LIG I, and substrates with a template normal A or 5’,8-cdA and a 5’-
phosphate THF residue in the downstream primers. Ligation reactions through lesion
bypass reactions that represent steps of Okazaki fragment maturation were performed
with purified pol B, FENI1, LIG I, and substrates containing a 5’-phosphate in the
downstream primers with a normal A or 5°,8-cdA. Ten microliters of reaction was
reconstituted with the indicated concentrations of substrates and BER enzymes in buffer
that contained Tris pH 7.5, 5 mM MgCl,, 2 mM ATP and 50 uM dNTPs. Reaction
mixtures were assembled on ice and incubated at 37°C for 30 min. Reactions were then
terminated by transfer to 95°C for 10 min in buffer containing 95% formamide and 10
mM EDTA. Substrates and products were separated by 15% urea-denaturing PAGE and
detected by PhosphorImager. Substrates were *“P-labeled at the 5'-end of the upstream
primers. BER and lagging strand maturation reactions mediated by pol B lesion bypass
synthesis was reconstituted by incubating purified pol B, FENI1, and LIG I with 25 nM
substrates that contained a 5’R-cdA or a 5’S-cdA in the template strand with or without a

downstream primer.

Enzymatic activity assays
Pol B DNA synthesis was measured using substrates that mimic replication and

BER intermediates with a template strand that contained (CAG),o repeats with or without
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a 5°,8-cdA. DNA synthesis was measured at 37°C in a 10-pl reaction mixture that
contained BER reaction buffer containing Tris pH 7.5, 5 mM MgCl, and 50 uM dNTPs.
FENI1 flap cleavage activity was examined in the same buffer with 5 mM MgCl, and 50
puM dNTPs in the absence or presence of increasing concentrations of pol B at 37°C for
30 min. Substrates and products were separated by 15% urea-denaturing PAGE and

detected by a Phosphorlmager.

Probing of secondary structures by S1 Nuclease digestion

The formation of CAG repeat hairpin or bubble structures in the template strand
was probed by incubating 0.15 U or 0.05 U S1 Nuclease with 25 nM substrates that
contained (CAQG), repeats with or without a 5°,8-cdA embedded in the fifth CAG in the
template strands in the presence or absence of pol . Substrates were pre-incubated with 5
nM pol B at 37°C for 30 min to generate a pol B lesion bypass synthesis intermediate. The
10 pl reaction mixture was assembled by incubating 0.15 U or 0.05 U of S1 Nuclease
with 25 nM substrates in reaction buffer containing 50 mM sodium acetate (pH 4.5), 280
mM NaCl and 4.5 mM ZnSQ,. The reaction was incubated at 37°C for 3, 5, 10, 15, and
30 min, and subsequently subjected to protease K digestion at 55°C for 30 min to remove
S1 Nuclease. Substrates and products were separated by 15% urea-denaturing PAGE and

detected by a Phosphorlmager.
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RESULTS

A 5°,8-cdA in the (CAG)o repeat tract of the template strand can be bypassed by
pol p during BER and DNA lagging strand maturation

Pol B is an essential BER enzyme that performs a single-nucleotide gap-filling
synthesis in short-patch BER and multi-nucleotide gap-filling and strand displacement
synthesis during long-patch BER (11). It modulates TNR expansion or deletion by
inserting extra repeat units or skipping over a part of a template TNR hairpin during BER
(115,257). Previous studies also showed that pol B can efficiently bypass a template AP
site by following the “A rule” (266). Moreover, pol B can switch with replication
polymerases to bypass a template AP site during DNA leading and lagging strand
synthesis (267,268). It has been shown that pol B coordinates with FEN1 and performs an
efficient AP site bypass synthesis to facilitate Okazaki fragment maturation (267).
Therefore, pol B could also bypass a 5°,8-cdA damage in a CAG repeat track in the
template strand, and this may alter the stability of CTG repeats. To test this possibility,
we initially examined pol B lesion bypass synthesis activity with substrates containing a
I-nt gap opposite to a normal A (Figure 3.1 and 3.2, lanes 2-3) or 5’S-cdA (Figure 3.1
and 3.2, lanes 7-8) or 5’R-cdA (Figure 3.1 and 3.2, lanes 12-13) embedded in the fifth
CAG unit of a (CAQG), repeat tract in the template strand. Substrates with a downstream
5’-phosphorylated THF mimic BER intermediates resulting from APE1 5’-incision of an
abasic site that is opposite to a template 5°,8-cdA. Substrates containing a downstream
primer with a 5’-phosphate residue mimic intermediates of DNA lagging strand

synthesis. We found that pol B performed a multi-nucleotide insertion with all the
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substrates (Figure 3.1 and 3.2, lanes 2-3, 7-8, and 12-13) indicating that pol  bypassed a
5°,8-cdA lesion located in the context of (CAG);o repeats during BER and DNA lagging
strand synthesis.

However, pol B DNA synthesis activity in bypassing a 5’S-cdA or 5’R-cdA was much
weaker than its activity to insert a correct nucleotide to base-pair with a normal A (Figure
3.1 and 3.2, compare lanes 7-8, lanes 12-13 with lanes 12-13). Pol B synthesis mainly
inserted 1 nt to bypass the 5°,8-cdA lesion (Figure 3.1 and 3.2, lanes 7-8, 12-13) in
comparison with its predominant multi-nucleotide insertion to bypass a normal A (Figure
3.1 and 3.2, lanes 2-3). In the presence of FEN1, pol B DNA synthesis was increased with
all the substrates (Figure 3.1 and 3.2, compare lanes 3, 8 and 13 with lanes 2, 7 and 12).
The results indicate that pol  bypass of a 5°,8-cdA was enhanced by FENI1 cleavage of a
downstream flap.

Because previous studies showed that pol B DNA synthesis efficiency varied
during BER of an oxidized base lesion that was located at different locations in a TNR
tract (197,200). We further examined whether the position of a 1-nt gap relative to a
template 5°,8-cdA in a (CAG)o tract can modulate the efficiency of pol B bypass
synthesis. Pol f DNA synthesis with the substrates that contain a 1-nt gap located at the
upstream or downstream of a template 5°,8-cdA during BER and DNA lagging strand
maturation was determined (Figure 3.3-3.6). The results showed that with the substrates
containing a 1-nt gap that was located at the upstream of the 5°,8-cdA, pol B initially
performed efficient DNA synthesis reaching to 1-nt prior to the damage, and then
inserted 7-15 nucleotides to bypass the lesion with a low efficiency (Figure 3.3 and 3.4,

lanes 7-8 and 12-13). However, with the substrates containing a 1-nt gap located at the
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downstream of a 5',8-cdA, pol B performed a relatively more processive DNA synthesis
than its synthesis with the substrates containing a 1-nt gap at the upstream side of the
damage (Figure 3.5 and 3.6, lanes 2-3). This indicates that pol B bypassed a 5°,8-cdA
with a lower efficiency, whereas it performed an efficient DNA synthesis in the regions
surround the cdA lesion during BER and DNA lagging strand synthesis. This further
suggests that an upstream template 5°,8-cdA damage induced a DNA strand distortion,
thereby destabilizing the base pairing of upstream strand with the template and inhibiting
pol B DNA synthesis. For all the substrates, pol f DNA synthesis was not affected by the
presence of FENI1 (Figure 3.3-3.6, compare lanes 3, 8 and 13 with lanes 2, 7 and 12)
indicating that FEN1 cleavage failed to facilitate pol B bypass of a 5°,8-cdA (Figure 3.3
and 3.4, lanes 3, 8 and 13) if a gap located at the upstream or downstream of the lesion.
To further examine if pol B bypasses a 5°,8-cdA lesion in a large gap and an open
template DNA during BER and DNA lagging strand synthesis in the same manner as it
did with a single-nucleotide gap, we examined pol B lesion bypass with a substrate
containing a 5°,8-cdA that was opposite to the middle of a 6-nt gap or a open template
substrate that mimic a lagging strand synthesis intermediate (Figure 3.7 and 3.8). The
results showed that pol B efficiently bypassed the 5°,8-cdA in a large gap by performing
multi-nucleotide gap-filling synthesis (Figure 3.7, lanes 7-8 and 12-13). With the
substrate containing a dA, pol B performed a processive gap-filling synthesis without
pausing (Figure 3.7, lanes 2-3). In the presence of FENI1, pol B lesion bypass synthesis
activity was stimulated (Figure 3.7, compare lanes 3, 8 and 13 with lanes 2, 7 and 12).
Similarly, pol B bypassed a 5°,8-cdA in an open template with a distributive multi-

nucleotide insertion (Figure 3.8, lanes 5-9), whereas it performed an efficient processive
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DNA synthesis with the open template substrate containing a dA (Figure 3.8, lanes 2-3).
The results indicate that pol B can bypass a 5',8-cdA in a large gap and an open template

during DNA repair and replication.
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Figure 3.3 Pol B bypass of 5°,8-cdA in a (CAG), tract at downstream of a 1-nt gap during BER.
Pol B lesion bypass synthesis and BER of an abasic site located at the upstream of a template 5°,8-cdA in (CAG),( repeats were
examined with the substrates containing a 1-nt gap upstream of a template dA, or 5’S-cdA, or 5’R-cdA located in the fifth CAG
of (CAG))o repeats, and a 5’-phosphate THF in the downstream primer. Lanes 1, 6 and 11 correspond to substrate only. Lanes
2-3, 7-8 and 12-13 correspond to reaction mixtures with 1 nM pol B in the presence or absence of 10 nM FENI. Lanes 4, 9 and
14 correspond to reaction mixtures with 1 nM pol B, 10 nM FEN1 and 5 nM LIG I. Lanes 5, 10 and 15 correspond to a series of
synthesized size markers (M) for illustrating the size of repaired products. Substrates were **P-labeled at the 5'-end of their
damaged strands and are illustrated schematically above the gel.
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Figure 3.4 Pol B bypass of 5°,8-cdA in a (CAG) tract at downstream of a 1-nt gap during DNA replication.
Pol B bypass of a 1-nt gap located at the upstream of a template 5°,8-cdA in a (CAQG) repeat tract and ligation reaction during
Okazaki fragment maturation was examined with the substrates containing a 1-nt gap upstream of a dA, or 5’S-cdA, or 5’R-
cdA located at the fifth CAG of the repeat template and a 5’-phosphate in the downstream primer. Lanes 1, 6 and 11 correspond
to substrates only. Lanes 2-3, 7-8 and 12-13 correspond to reaction mixtures with 1 nM pol  in the absence or presence of 10
nM FENI. Lanes 4, 9 and 14 correspond to reaction mixtures with 1 nM pol 3, 10 nM FEN1 and 5 nM LIG I. Lanes 5, 10 and
15 correspond to a series of synthesized size markers (M) for illustrating the size of ligated products. Substrates were **P-
labeled at the 5'-end of their damaged strands and are illustrated schematically above the gel.
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Figure 3.5 Pol B bypass of 5°,8-cdA in a (CAG) tract at upstream of a 1-nt gap during BER.

Pol B lesion bypass synthesis and BER of an abasic site located at the downstream of a template 5°,8-cdA in (CAG);o repeats
were examined with the substrates containing a 1-nt gap downstream of a template dA, or 5’S-cdA, or 5’R-cdA located in the
fifth CAG of the CAG repeat template and a 5’-phosphate THF in the downstream primer. Lanes 1, 6 and 11 correspond to
substrate only. Lanes 2-3, 7-8 and 12-13 correspond to reaction mixtures with 1 nM pol B in the absence or presence of 10 nM
FENI1. Lanes 4, 9 and 14 correspond to reaction mixtures with 1 nM pol B, 10 nM FENI1 and 5 nM LIG I. Lanes 5, 10 and 15
correspond to a series of synthesized size markers (M) for illustrating the size of repaired products. Substrates were **P-labeled
at the 5'-end of their damaged strands and are illustrated schematically above the gel.
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Figure 3.6 Pol B bypass of 5°,8-cdA in a (CAG), tract at upstream of a 1-nt gap during DNA replication.

Pol B lesion bypass of a 5°,8-cdA at the downstream of a 1-nt gap located in the (CAG);o repeat template strand and ligation
reaction during Okazaki fragment maturation, were examined with the substrates with a 1-nt gap downstream of a template dA,
or 5’S-cdA, or 5’R-cdA located at the fifth CAG of the (CAG), repeats and a 5’-phosphate in the downstream primer. Lanes 1,
6 and 11 correspond to substrates only. Lanes 2-3, 7-8 and 12-13 correspond to reaction mixtures with 1 nM pol B in the
absence or presence of 10 nM FENI. Lanes 4, 9 and 14 correspond to reaction mixtures with 1 nM pol , 10 nM FENI1 and 5
nM LIG I. Lanes 5, 10 and 15 correspond to a series of synthesized size markers (M) for illustrating the size of ligated products.
Substrates were **P-labeled at the 5'-end of their damaged strands and are illustrated schematically above the gel.

152



6 ntgap

32
v ALTG TG
P oo cro

LIG | (5 nM)

FEN1 (10 nM) -
Pol B (1 nM)

(GALC),,

II:'ulltleldm_:ﬂh
igate
pgrluduct oy

Deletion
products

Pal B DMA
synthesis
products

substrate —» .

-1—':':1—6]'12
4—{CTGE),
(*TICT Gy
'—Ecm 3
—CTE):
—{CTG),

Lanes 1

2 3 4 5

& nt gap 6 nt gap
P crg igro P (crg
5 1= ‘]\,’l TG, 5' IGT \. (CTG),
¥ v ‘
3 SS-pdA 3 SR-rdA
(GAC), (GAC),
- - - % - - - +
- = + + - - + +
= + + + M =+ + + M
CTG, CTG)
- EETGJE BB cial”
e —{C TG, — 4—%ETGJ,...
._..- 4+—{CTG]y § S A—(CTG)y
Deletion s #—{CTG):  Deletion 4 — A (CTE),
prnductsl e 4—(CTG); products e (#—(CT G
Fol B DNA
E,_?A[ Ef.’;{f‘ synthesis -
products products -
88= ===
i ' ——
substrate —| [ - sU bstrate—vﬂ-
6 7 8 9 10 11 12 13 14 15

Figure 3.7 Pol B bypass of a 5°,8-cdA located in a (CAG) tract opposite to a 6-nt gap during DNA replication.

Pol B bypass of 5°,8-cdA opposite to a 6-nt gap in a (CAG);o repeat tract and ligation reaction during Okazaki fragment
maturation were examined with the substrates containing a 6-nt gap along with a 5’-phosphoate opposite to a template dA, or
5’S-cdA, or 5’R-cdAlocated in the fifth CAG of the (CAG);o-containing template strand. Lanes 1, 6 and 11 correspond to
substrate only. Lanes 2-3, 7-8 and 12-13 correspond to reaction mixtures with 1 nM pol B in the absence or presence of 10 nM
FENI. Lanes 4, 9 and 14 correspond to reaction mixtures with 1 nM pol B, 10 nM FENI and 5 nM LIG I. Lanes 5, 10 and 15
correspond to a series of synthesized size markers (M) for illustrating the size of ligated products. Substrates were **P-labeled at

the 5'-end of their damaged strands and are illustrated schematically above the gel.
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Figure 3.8 Pol B bypass of a 5°,8-cdA located in a (CAG); tract in the open template during DNA replication.

Pol B bypass of a 5°,8-cdA on an open template during DNA replication was examined with the substrates with a dA, or 5°S-
cdA, or 5’R-cdA in a (CAG);¢-containing template strand and an upstream primer annealed at the upstream of the lesion. Lanes
1, 4 and 7 correspond to substrate only. Lanes 2-3, 5-6 and 8-9 correspond to reaction mixtures with 1 nM and 5 nM pol .
Substrates were *“P-labeled at the 5'-end of their damaged strands and are illustrated schematically above the gel.
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Pol B bypass of a 5,8-cdA in the CAG repeat tract results in CTG repeat deletion
during BER and DNA replication

Previous study showed that pol B bypass of a template AP site opposite to a gap
can result in DNA slippage and upstream primer realignment, resulting in DNA sequence
expansion or deletion (268). We reason that pol B bypass of a template 5°,8-cdA may also
induce TNR instability. To test this, we reconstituted BER or DNA lagging strand
maturation on the substrates with or without a template 5°,8-cdA in a (CAG); tract to
determine the length change of during BER or Okazaki fragment maturation..
Reconstituted BER was initially constructed with the substrates that mimic a APEI1 pre-
cut BER intermediate with a 1-nt gap opposite to a template normal A or 5°,8-cdA
(Figure 3.1, lanes 4, 9 and 14). The results showed that pol  directly bypassed the 5°,8-
cdA in a (CAG)j tract during BER leading to the formation of the full length repaired
product as well as a series of CTG repeat deletion products (Figure 3.1, lanes 9 and 14).
However, pol B bypass of a dA in the template strand only resulted in the formation of the
full length repaired product (Figure 3.1, lane 4). Ligation products resulting from pol
bypass of a 5°,8-cdA in the repeat tract during Okazaki fragment maturation was
determined with substrates containing a 1-nt gap opposite to the lesion. The results
showed that pol B lesion bypass resulted in the full length ligation product that has the
same length as the template as well as a series of CTG repeat deletion products.
However, pol B DNA synthesis on the template with a dA only led to the production of
the full length ligation product (Figure 3.2, lanes 4, 9 and 14).

To further determine whether the position of a 1-nt gap relative to the lesion can

also affect repeat length change, reconstituted BER and lagging strand DNA maturation
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were also performed with the substrates containing a 1-nt gap located at the upstream or
downstream of a template dA or 5°,8-cdA (Figure 3.3-3.6, lanes 4, 9 and 14). With the
substrate containing a 1-nt gap located at the upstream of a template dA, pol B lesion
bypass synthesis only resulted in the formation of the full length repaired or ligated
product (Figure 3.3 and 3.4, lane 4). However, with the substrates containing a template
5°,8-cdA, pol B lesion bypass led to both the full length product as well as deletion
products mainly with one CTG deletion (Figure 3.3 and 3.4, lanes 9 and 14). Pol f DNA
synthesis on the substrates with a 1-nt gap located at the downstream of a template dA or
5°,8-cdA in a (CAG); repeat tract resulted in the formation of the full length repaired or
ligated product (Figure 3.5 and 3.6, lanes 4, 9 and 14). This indicates that CTG repeat
deletion can be induced by pol 3 lesion bypass at the upstream or opposite to a template
5°,8-cdA in a (CAG) tract, but not at the downstream of the lesion during BER and
Okazaki fragment maturation.

To further determine whether the size of a gap opposite to a template 5°,8-cdA
can modulate the instability of repeats mediated by pol B lesion bypass synthesis during
Okazaki fragment maturation, we reconstituted lagging strand maturation with the
substrates containing a 6-nt gap and determined the effects the large gap on repeat length
change through pol 8 bypass of a template 5°,8-cdA. The results showed that pol 3 lesion
bypass mainly resulted in a ligated product with 2 repeats deletion and a series of
products with 3-4 repeat deletion (Figure 3.7, lanes 9 and 14). Interestingly, pol 8
synthesis on the substrate with a template dA opposite to the middle of a 6 nt-gap resulted
in production of the full length ligation product as well as ligation products with 1 and 2

repeat deletion (Figure 3.7, lane 4). This indicates that a large gap promoted CTG repeat
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deletion during pol B bypass of a template 5°,8-cdA. Our results indicate that the position
of pol B lesion bypass synthesis relative to a template 5°,8-cdA in a (CAG);o tract
governs production of CTG repeat deletion during BER and DNA replication, i.e. pol
lesion bypass synthesis that occurs at the upstream or opposite to a 5°,8-cdA damage,
results in CTG repeat deletion, whereas its lesion bypass at the downstream of a 5°,8-cdA
does not alter CTG repeat length. The results further suggest that a template 5°,8-cdA can
induce looping out of the template CAG repeat to form a bubble during pol B bypass of
the damage, thereby promoting pol B to skip over the bubble formed on the template
strand and promote CTG repeat deletion. The results also suggest that a large gap allows
the formation of a large bubble in the template strand that in turn promotes pol B to skip
over more CAG repeats than a small gap, inducing a relatively large CTG repeat deletion.
To test this, we then examined whether a 5°,8-cdA on the template strand can induce the

formation of bubble structures.

A template 5°,8-cyclo-dA in the CAG repeat tract induces the formation of different
sizes of bubble structures

Previous studies showed that during BER of oxidative DNA damage in a TNR
tract, both of the damaged and template strand can form different sizes of hairpin
structures(200,257). The hairpin formed on the damaged strand leads to TNR expansion
and a template hairpin results in TNR deletion (200,257). Interestingly, it has been found
that formation of cyclo-ring linking the C5’ of the deoxyribose and the C8 of a purine
results in a sugar pucker that is energetically unfavorable. This can then further induce

DNA backbone distortion causing over twisting of double-strand DNA (239). This
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distortion in a created by a cyclo-deoxypurine in a TNR tract may promote the formation
of secondary structures such as hairpins. Thus, the presence of a 5°,8-cdA in TNR tract
could facilitate a hairpin/bubble formation during pol B bypass of the damage and
promote pol B skip over the template hairpin/bubble, thereby resulting in TNR deletion.
To test this possibility, we initially examined the formation of hairpin/bubble in an intact
double-strand DNA using S1 nuclease, a single strand DNA and RNA specific nuclease
(269) (Figure 3.9-3.13). The results showed that no S1 nuclease cleavage products were
detected with double-strand DNA substrates with a template dA or a 5°,8-cdA (Figure
3.9, lanes 2-5, 8-11, 14-17). This indicated that in the context of intact double-strand
DNA, 5°,8-cdA failed to induce the formation of a hairpin/loop structure. To further
determine whether a 5°,8-cdA may induce the formation of the hairpin/bubble in the
substrates with a 1-nt gap opposite or at the upstream of the lesion, we initially examined
S1 Nuclease digestion of the template strand with a dA or a 5°,8-cdA in the absence of
pol B. For the substrates containing a 1-nt gap opposite to a dA, S1 cleavage resulted in
the products with 28 nt and 29 nt (Figure 3.10, lanes 2-6) indicating that the enzyme
cleavage occurred opposite to the 1-nt gap and no hairpin/bubble formed in the template
strand. However, for the template strand with a 5’S-cdA or 5’R-cdA, the enzyme resulted
in the cleavage products with 25 nt to 34 nt (Figure 3.10, lanes 9-13 and 18-22). The
results indicated that a (CAG); repeat bubble opposite to the 1-nt gap formed (Figure
3.10, the panels in the middle and on the right). To further examine whether pol 3 lesion
bypass synthesis of a template 5°,8-cdA can promote the formation of a CAG repeat
hairpin/bubble, we probed bubble structures that may form on the same set of substrates

in the presence of 1 nM of pol B. S1 nuclease resulted in the same sizes of products on the
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substrates with or without a template base lesion as it did in the absence of pol B (Figure
3.11). This also indicated the formation of a (CAG); repeat bubble on the template
containing a 5’S- or 5’R-dcA lesion in presence of pol B during BER (Figure 3.11). The
results demonstrated that the bubbles formed in the template strand were solely induced
by a 5°,8-cdA lesion, and pol B lesion bypass synthesis failed to affect the formation of
CAG repeat bubbles in the template strand. The results further indicated that CAG repeat
bubbles only formed in the presence of single-stranded DNA region. To examine if the
position of a Int-gap may affect the formation of a CAG repeat bubble induced by a 5°,8-
cdA lesion during BER, we determined the bubble formation with the substrates
containing a 1-nt gap at 6 nt of the upstream of a template dA or a 5°,8-cdA in the
absence and presence of pol B (Figure 3.12 and Figure 3.13). We found that S1 Nuclease
cleavage on the substrate containing a 1-nt gap located at the upstream of a template dA
only generated a series of higher molecular weight cleavage products indicating Sl
cleavages on the 3'-side of the template strand that were not fully annealed with the
upstream strand in the absence of pol B (Figure 3.12, left panel, lanes 2-6). S1 nuclease
cleavage on the substrates with a template 5’S-cdA or 5’R-cdA in the absence of pol f3
led to products with 21 nt to 27 nt (Figure 3.12, lanes 9-11) and products with 23 nt to 30
nt (Figure 3.12, lanes 16-18), respectively indicating the formation of a loop with (CAG)3
repeats. S1 nuclease cleavage on the substrates with a template 5°S-cdA or 5’R-cdA in
the presence of pol B resulted in products with 22 nt to 29 nt and products with 24 nt to
34 nt (Figure 3.13, lanes 9-11 and lanes 16-18) indicating the formation of a (CAG); and
(CAG)4 loop, respectively. Similar to its cleavage in the absence of pol B, S1 nuclease

only made cleavages at the 3’-side of the template strand of the substrate containing a
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template dA to generate a series of high molecular weight products in the presence of 1
nM pol B (Figure 3.13, lanes 2-4). These results indicated that a template 5°,8-cdA
induced the formation of a bubble that was skipped over by pol . Thus, our results
demonstrate that a 5°,8-induced bubble formed whenever single-strand DNA breakage

occurs, and the bubble can then be skipped over by pol B via DNA synthesis.
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Figure 3.9 Formation of a loop on the template strand of an intact double-strand

DNA.

Formation of a loop on the template strand of an intact double-strand DNA was
probed by S1 Nuclease digestion with substrates containing a dA (left panel) or 5°S-
cdA (middle panel) or 5’R-cdA (right panel) in a (CAG);, repeat tract of the template
strand. The substrates were radiolabeled at the 5’-end of their template strands.
Subsequently, substrates were incubated with 0.15 units of S1 Nuclease at 5-, 10-, 15-,
and 30-minute time intervals (lanes 2-5, 8-11 and 14-17). Lanes 1, 7 and 13 represent
the undigested substrate. Lanes 6, 12 and 18 represent synthesized size markers (M)
with 17, 20, 23, 26, 29, 32, 35, 38, 41, and 44 nucleotides, respectively. For all the
experiments, 25 nM of substrate was used. The substrates are illustrated schematically

above the gel.
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Figure 3.10 Formation of a loop on the template with a 5°,8-cdA lesion opposite to
1-nt gap in the absence of pol p.
Formation of a loop on the template with a 5°,8-cdA lesion opposite to 1-nt gap with a
downstream 5°-THF residue was probed by S1 Nuclease with substrates containing a
dA (left panel), or 5’S-cdA (middle panel) or 5’R-cdA (right panel) in the (CAG);
repeats located in the template strand. Substrates were radiolabeled at the 5’-end of the
template strand and incubated with S1 Nuclease in the absence of pol B.For all the
experiments, 25 nM of substrate was used. Arrows and circles indicate the major S1
cleavage products. The substrates are illustrated schematically above the gel. A loop
deduced by a specific nuclease cleavage pattern and the nuclease digestion sites is
illustrated schematically below the gel.
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Figure 3.11 Formation of a loop on the template with a 5°,8-cdA lesion opposite to
1-nt gap in the presence of pol p.
Substrates containing a dA, or 5’S-cdA or 5’R-cdA that is opposite to a 1-nt gap were

pre-incubated with 1 nM pol B for 30 min at 37 °C and subsequently incubated with

S1 Nuclease. Substrates were incubated with 0.15 units of S1 Nuclease at 3-, 5-, 10-,
15-, and 30-minute time intervals (lanes 2-6, 9-13 and 16-20). Lanes 1, 8 and 15
represent the undigested substrate. Lanes 7, 14 and 21 represent synthesized size
markers (M). For all the experiments, 25 nM of substrate was used. Arrows and circles
indicate the major S1 cleavage products. The substrates are illustrated schematically
above the gel. A loop deduced by a specific nuclease cleavage pattern and the nuclease
digestion sites is illustrated schematically below the gel.
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Figure 3.12 Formation of a loop in the template strand of the substrates with a 1-nt
gap located at the upstream of a 5°,8-cdA in the absence of pol .
Substrates containing a dA (left panel), 5’S-cdA (middle panel) or 5’R-cdA (right panel)
in a (CAG)) repeat located at four CAG repeats downstream of a 1-nt gap with a 5'-
phosphorylated THF residue were incubated with S1 Nuclease in the absence of pol B.
Substrates were radiolabeled at the 5’-end of the template strand. For all the
experiments, 25 nM of substrate was used. Arrows and circles indicate the major S1
cleavage products. The substrates are illustrated schematically above the gel. A loop
deduced by a specific nuclease cleavage pattern and the nuclease digestion sites is
illustrated schematically below the gel.
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Figure 3.13 Formation of a loop in the template strand of the substrates with a 1-nt
gap located at the upstream of a 5°,8-cdA in the presence of pol p.

Substrates were pre-incubated with 1 nM pol B for 30 min at 37 °C and subsequently

incubated with 0.05 units of S1 Nuclease at 3-, 5-, 10-, 15-, and 30-minute time intervals
(lanes 2-6, 9-13 and 16-20). Lanes 1, 8 and 15 represent the undigested substrate. Lanes
7, 14 and 21 represent synthesized size markers (M). For all the experiments, 25 nM of
substrate was used. Arrows and circles indicate the major S1 cleavage products. The
substrates are illustrated schematically above the gel. A loop deduced by a specific
nuclease cleavage pattern and the nuclease digestion sites is illustrated schematically
below the gel.
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A template 5°,8-cdA stimulates FEN1 cleavage on CTG repeats promoting repeat
deletion

FEN 1 is a core enzyme in both Okazaki fragment maturation and long-patch
BER (270). FEN1 removes a 5’-flap generated by strand displacement synthesis that is
mediated by replicative DNA polymerases such as pol &/e (11). FEN1 is also responsible
for removing an oxidized deoxyribose phosphate that is specifically subject to long-patch
BER (11). In addition, FENI1 has been shown to be a critical enzyme that prevents
trinucleotide repeat expansion (166,192,261) by cleaving a TNR flap during DNA
lagging strand synthesis and Okazaki fragment maturation. Moreover, FEN1 can promote
the removal of a hairpin to prevent TNR expansion by cleaving a downstream 5’-flap
during BER of a base lesion located in the loop region of the hairpin (265). Flap
endonuclease 1 flap cleavage activity is readily inhibited by a stable hairpin-containing
flap during DNA replication and BER, and this forces the enzyme to perform an alternate
flap cleavage that subsequently leads to TNR expansion (264). However, coordination
between pol B hairpin bypass synthesis and FEN1 alternate flap cleavage can also result
in TNR deletion during BER (257). It is possible that FEN1 coordinates with pol B skip-
over of a template 5°,8-cdA to remove a downstream flap generated by pol B lesion
bypass synthesis, thereby facilitating CTG repeat deletion. To test this possible, we
initially determined if FEN1 cleavage on CTG repeats can be affected by a template 5°,8-
cdA. We examined FEN1 cleavage activity on the substrate with a 1-nt gap opposite or at
the upstream of a template dA and 5°,8-cdA in the absence of pol  (Figure 3.14 and
3.15, lanes 3, 9 and 15). We found that FENI1 flap cleavage with the substrates containing

a template 5°,8-cdA generated more cleavage products than its cleavage the substrate
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with a template dA (compare lane 9 and 15 with lane 3 of Figure 3.14 and 3.15). This
indicates that a template 5°,8-cdA stimulated FENI flap cleavage. This further suggests
that a 5°,8-cdA in the CAG repeat template strand can directly induces the formation of a
repair or replication intermediate containing a template loop with a long flap, FEN1 then
captured the flap and cleaved it efficiently. This further suggests that a template 5°,8-cdA
induced looping-out of the template strand to produce a CAG repeat bubble, promoting
the dissociation of a downstream strand from the template strand that led to a downstream
5’-flap. Surprisingly, a template 5°,8-dA failed to exhibit a stimulatory effect on FEN1
flap cleavage with the substrates in the presence of pol f DNA synthesis (compare lanes
10-11 and lanes 16-17 with lanes 4-5 of Figure 3.14 and 3.15). This is because pol B (1
nM or 5 nM) stimulated FEN1 cleavage on the substrates with a template dA (lanes 4-5
of Figure 3.14 and 3.15). The stimulation was increased with increasing concentrations of
pol B (compare lane 5 with lane 4 of Figure 3.14 and 3.15) indicating that pol f DNA
synthesis created a CTG repeat flap that was efficiently cleaved by FEN1. In contrast, pol
B DNA synthesis slightly inhibited FEN1 cleavage on the substrates with a template 5°,8-
cdA (compare lanes 9-10 and lanes 16-17 with lanes 4-5 of Figure 3.14 and 3.15)
indicating a competition between pol B and FENI1 to bind a flap intermediate. This
indicated that a template 5°,8-cdA base lesion induced the formation of a CTG flap prior
to FENI cleavage. This further indicated that a downstream CTG repeat flap was directly
created by a template 5°,8-cdA, and pol B lesion bypass synthesis failed to further
facilitate a longer downstream flap formation. Thus, our results suggest that a template
5°,8-cdA can induce the formation of an intermediate with a CAG repeat bubble in the

template strand and a 5’-flap presumably by distorting the backbone DNA.
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Figure 3.14 FENI1 cleavage during pol B bypass of a 1-nt gap opposite to a
template 5°,8-cdA.

FENI1 flap cleavage on the downstream 5’-THF containing substrates with a 1-nt gap
opposite to a template dA (left panel), 5’S-cdA (middle panel) or 5’R-cdA (right
panel) in a (CAG)o repeat. Lanes 1, 7 and 13 represent substrates only. Lanes 2, 8 and
14 correspond to reaction mixtures with 5 nM pol B. Lanes 3-5, 9-11 and 15-17
correspond to reaction mixtures with 10 nM FENI1 and increasing concentrations of
pol B. Lanes 6, 12 and 18 correspond to a series of synthesized size markers (M).
Substrates were >“P-labeled at the 3’-end of the 5°-THF containing strands and are
illustrated schematically above the gel.
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Figure 3.15 FENI1 cleavage during pol p bypass of a 1-nt gap on the upstream of a

template 5°,8-cdA.

FENI flap cleavage on the downstream 5°-THF containing substrates with a 1-nt gap
at the upstream of a template dA (left panel), 5’S-cdA (middle panel) or 5’R-cdA
(right panel) in a (CAG);o repeat. Lanes 1, 7 and 13 represent substrates only. Lanes 2,
8 and 14 correspond to reaction mixtures with 5 nM pol B. Lanes 3-5, 9-11 and 15-17
correspond to reaction mixtures with 10 nM FEN1 and increasing concentrations of
pol B. Lanes 6, 12 and 18 correspond to a series of synthesized size markers (M).
Substrates were *“P-labeled at the 3’-end of the 5°-THF containing strands and are
illustrated schematically above the gel.

DISCUSSION

In this study, we provide the first evidence that pol  can bypass a template 5°,8-
cdA located in a CAG repeat tract by skipping over a CAG repeat hairpin loop during

BER and Okazaki fragment maturation (Figure 3.1-3.8). This subsequently results in

CTG repeat deletion with varying sizes (Figure 3.1-3.7). We demonstrated that pol 3
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failed to bypass a 5’S-cdA located in a random sequence, but managed to bypass a
template 5°S-cdA with the same efficiency as it bypassed a 5’R-cdA in a CAG repeat
tract (Figures 3.1-3.8, compare the panel in the middle with the one on the right). Further
characterization of an alteration in DNA structures indicated that a template 5°,8-cdA in a
CAG repeat tract induced the formation of a CAG repeat bubble containing the lesion
(Figure 3.10 and 3.12). Interestingly, the bubble with the lesion was still sustained after
pol B lesion bypass synthesis (Figure 3.13). This indicates that pol B can skip over the
bubble to bypass a 5°,8-cdA. Furthermore, we found that a template 5°,8-cdA also
stimulated FENI1 flap cleavage activity (lanes 9 and 15 of Figure 3.14 and 3.15)
suggesting the formation of an intermediate with a template hairpin and a 5’-flap that can
be efficiently cleaved by FEN1. This further suggests a 5°,8-cdA lesion on the template
strand also facilitated the dissociation of the downstream strand, thereby subsequently
creating an intermediate with a 5’-downstream flap by inducing the formation of a
template loop structure. Our data support a model in which different scenarios may occur.
In one case, a template 5°,8-cdA base lesion in a TNR tract is located opposite or at the
downstream of a gap is directly bypassed by pol B, this would lead to a nicked DNA for
DNA LIG I to seal, resulting in no repeat deletion product (Figure 3.16, sub-pathway 1).
Otherwise, a template 5°,8-cyclo-dA can induce the formation of a template loop that is
opposite or at the downstream of a 1 nt-gap (Figure 3.16, sub-pathway 2). The template
loop promotes dissociation of the downstream strand from the template strand leading to
the formation of an intermediate with a template loop structure and a 5’-downstream flap.
FEN1 removes the entire downstream 5’-flap leaving a nick for DNA LIG I to seal,

resulting in repeat deletion products (Figure 3.16, sub-pathway 2).
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Figure 3.16 CTG repeat deletion during pol p bypass of a template 5°,8-cdA.

A template 5°,8-cdA lesion located opposite or at the downstream of a gap in the
context of TNR can be directly bypassed by pol B leaving a nick for DNA LIG I to
seal. This results in a repaired product that has the same length as the template
leading to no repeat deletion (sub-pathway 1). A 5°,8-cdA located at the template
strand of a TNR tract can result in the formation of TNR loops with varying sizes
during BER or DNA lagging strand synthesis. When the lesion is either opposite or
at the downstream of a gap (sub-pathway 2), the lesion induces the formation of a
loop on the template strand. This subsequently results in the formation of an
intermediate containing a template loop and a downstream 5’-flap. This allows pol
to jump over the loop and perform strand-displacement synthesis. Subsequently,
FEN1 removes the downstream flap leaving a nick for DNA LIG I to seal resulting
in repeat deletion products (sub-pathway 2).

5°,8-cyclo-deoxynucleotides can be readily induced by oxidative stress from
endogenous, environmental and chemotherapeutic sources (24,234-236). However, they

are refractory to DNA repair mechanisms and are inefficiently repaired by nucleotide

171



excision repair, thereby accumulating in the human genome (239,240). This confers a big
challenge for DNA polymerases to bypass the lesion during DNA replication and repair.
It has been reported that replicative DNA polymerase, pol 6 and ¢ failed to bypass both
5’,8-cdA and 5°,8-cdG (240). The lesions can only efficiently be bypassed by translesion
DNA polymerases, pol 1 and pol 1. This ultimately leads to replication fork stall and the
accumulation of single-strand DNA break intermediates during DNA replication and
BER that in turn result in genome instability. However, it remains unknown how this type
of base lesions may lead to genome instability. Here we provide the first evidence that a
5’,8-cdA lesion can induces TNR deletion by inducing the formation of various sizes of
bubbles in the template strand of a TNR repeat tract. This allows pol B to skip over the
bubble structures via its lesion bypass synthesis. Furthermore, formation of a loop on the
template strand results in the dissociation of the downstream strand from its template
strand creating a 5’-flap. This subsequently stimulates FEN1 flap cleavage, thereby
promoting TNR deletion. Our study demonstrates a new pathway for TNR deletion
mediated by an unique pol B lesion bypass of a 5°,8-cdA lesion in a TNR tract during
DNA replication and BER.

In this study, we have discovered that 5°,8-cdA-induced CTG repeat deletion via
pol B lesion bypass during BER and DNA replication can be modulated by the position of
a gap relative to the location of a template 5°,8-cdA damage in a CAG repeat tract. Our
results indicate that a gap that is located at the upstream or opposite to a template 5°,8-
cdA in a CAG repeat tract can lead to CTG repeat deletion (Figures 3.1-3.4, and 3.7),
whereas a gap that is located at the downstream of the lesion leads to sustainment of the

length of the repeats (Figure 3.5 and 3.6). Because repeat deletion is mediated by pol 8

172



skip-over of a template loop structure and FEN1 cleavage of repeats, this indicates that
the formation of a template TNR loop at the downstream of a gap or single-strand break
is essential for repeat deletion. This further suggests that a template TNR bubble induced
by a 5°,8-cdA formed at the downstream of a strand break is critical for pol B to skip over
template CAG repeats as well as essential for creating a 5’-TNR flap that can be removed
by FEN1, thereby leading to TNR deletion ultimately.

Bypass of a 5°,8-cdA lesion in the genome is a big challenge for replicative and
translesion polymerases (240,246,248). We have demonstrated that it is also a challenge
for pol B lesion bypass. This forces pol B to adopt a unique mechanism to bypass the
lesion by its skipping over a loop structure induced by the lesion, causing TNR deletion.
Thus, it is conceivable that cofactors that can help pol B to directly bypass a 5°,8-cdA
lesion may promote the production of undeleted/unexpanded repair or ligation products.
It was reported that proliferating cell nuclear antigen (PCNA) and replication protein A
(RPA) can stimulate pol B bypass of an AP site during DNA replication that occurs in an
open template as well as Okazaki fragment maturation (267). In addition, pol  bypass of
an AP site opposite to a 1-nt gap is facilitated by FEN1 and RPA (267). FEN1 and RPA
can coordinate with pol B to promote its strand displacement synthesis after pol B bypass
a template AP site during Okazaki fragment maturation (4). Thus, it is of interest to
determine how possible how PCNA, FENI1 and RPA may help pol B to bypass a 5°,8-
cdA. This may promote the production of an unexpanded/undeleted products sustaining
TNR repeat stability.

Our observation of pol B skip-over various sizes of bubbles induced by a template

5°,8-cdA suggests that the stability of the bubble structures is the key to regulate the sizes
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of CTG repeat deletion products. Thus, BER and replication cofactors that can modulate
the stability of loop structures can modulate the repeat expansion/deletion. For example,
mismatch repair proteins MSH2/MSH3 that can bind and stabilize a hairpin/bubbles
(113) may facilitate pol B skip over of a TNR bubble on the template strand promoting
CTG repeat deletion. In contrast, DNA replication and repair cofactors that can
destabilize or disrupt loop structures in the template strand such as DNA helicases may
help pol B to directly insert nucleotide to base pair with a template 5°,8-cdA, thereby
facilitating the formation of a full length repaired or ligation product during DNA
replication and BER. For example, Werner syndrome protein and Bloom syndrome
protein can unwind a template TNR hairpin/bubble (195,196). Thus it is possible that
these helicases can facilitate pol B direct insertion of a dANTP to base pair with the
template 5°,8-cdA, thereby reducing the TNR deletion products formation.

FEN1 flap cleavage plays an essential role in modulating TNR expansion and
deletion. We have shown that a 5°,8-cdA base lesion in the context of TNR can directly
induce a downstream 5’-flap, and FEN1 removal of the flap creates a nick that is
subsequently sealed by DNA ligase I generating deletion products. Thus, proteins that
stimulate FEN1 cleavage activity may also promote TNR deletion. For example, PCNA
can directly facilitate FEN1 flap cleavage by interacting with FEN1 (232). A 5°-3°
exonuclease, Exo I and RPA together with Dna2 can facilitate FEN1 cleavage of a TNR
flap by removing a part of a long flap (231,271). These cofactors and enzymes may also
play a role in promoting TNR deletion during pol B bypass of a 5°,8-cdA in a TNR tract.

Previous studies showed that TNR expansion and deletion occur in a length

dependent manner. In this study, we have demonstrated that a 5°,8-cdA base lesion
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located in a (CAG) repeat can lead to repeat deletion by inducing a small loop in the
template strand. It is conceivable that a 5°,8-cdA lesion located in a long TNR tract can
induce the formation of a more stable TNR loop or hairpin in the template strand. This
would facilitate pol B skip-over of the hairpin or loop resulting in larger TNR deletion
(257). In addition, since multiple 5°,8-cdA may be generated in the same TNR tract and a
stretches of 5°,8-cdA may induce a large distortion on DNA double helix structure
inducing the formation of a large loop or hairpin or inducing the formation of multiple
loops and hairpins in the template strand. A large TNR loop or hairpin or multiple TNR
loops or hairpins in the template strand would result in large TNR deletion by helping pol
B to skip over multiple TNR units during its lesion bypass synthesis during DNA
replication and BER.

In summary, in this study we have discovered a novel pathway for TNR deletion
via pol B bypass of a structurally unusual oxidized DNA base lesion, 5°,8-cdA that is
located in the template strand of a TNR repeat tract during BER and DNA replication.
We have demonstrated that a 5°,8-cdA can induce the formation of TNR bubble with
varying sizes Pol B can directly bypass a 5°,8-cdA lesion by inserting nucleotide to base
pair with the lesion leading maintenance of repeat length or by skipping a loop structure
formed on the template strand leading to repeat deletion. The formation of a loop on the
template strand simultaneously create a 5’-flap that can efficiently cleaved by FEN1. This
creates a nick for DNA ligase to seal. Our results reveal that pol B bypass of a 5°,8-cdA in
a the TNR tract coordinates with FEN1 flap cleavage to mediate TNR deletion. Our work
further suggests that a 5°,8-cdA-induced TNR deletion during BER and DNA replication

is governed by the formation of TNR loops. Pol B bypasses the lesion by skipping over a
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loop structure bearing the lesion. In coordinating with FEN1 flap cleavage, this results in

repeat deletion.
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SUMMARY

Base excision repair (BER) is a critical DNA repair pathway that maintains
genome stability and integrity. The BER pathway is the most efficient repair pathway that
removes small DNA base lesions including oxidized base lesions, alkylated base lesions,
deaminated base and single-strand breaks. Recent studies have found that oxidative DNA
damage and BER are actively involved in modulating trinucleotide repeat (TNR)
instability indicating an important role of BER in regulating somatic TNR instability
(200,257,262).

TNR expansion has been found as a direct cause of numerous neurodegenerative
diseases, and TNR deletion/contraction in androgen receptor is associated with human
cancer. Although intensive studies on TNR instability in the past two decades have
significantly facilitated our understanding of the molecular mechanisms underlying TNR
expansion, however, the mechanisms underlying somatic TNR deletion remain unknown.
Because TNR deletion can result in the shortening of expanded TNR tracts,
understanding of how somatic TNR deletion is modulated during DNA metabolism is
critically important for identifying DNA metabolic proteins as a new target for prevention
and treatment of neurodegenerative diseases caused by TNR expansion. To define a
mechanism underlying DNA base lesion-induced TNR deletion and the roles of BER to
prevent TNR expansion, my Ph.D. dissertation research focuses on exploring TNR
deletion induced by oxidative DNA damage and hairpin removal during BER. We
characterized TNR instability during BER using a series of oligonucleotide substrates

containing oxidative DNA damage in a TNR tract or a TNR hairpin loop and
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reconstituted BER reactions using human or mouse cell extracts or purified BER
enzymes.

Initially, we demonstrated that TNR deletion can be induced during repair of an
oxidized DNA lesion, and this was promoted by an increased level of pol B. Further
characterization of secondary structures formed on the damaged and template strand
showed that a CAG repeat hairpin formed on both of the damaged and template strand
during BER. We showed that pol B bypassed these hairpins in a repeat length dependent
manner. With a short repeat that composed an unstable template hairpin, pol B passed
through the entire repeat region of the hairpin. This led to maintenance of repeat length.
However, with a long repeat tract that composed a stable template hairpin, pol B skipped
over several repeat units. In coordination with FEN1 alternate flap cleavage, this resulted
in repeat deletion with more repeats removed by FEN1 than those synthesized by pol f.
In collaboration with another graduate student in the lab, we have discovered that
whether the length of a TNR tract is expanded or deleted/contracted also depends on the
position of a DNA base lesion in a TNR tract. This suggests that TNR expansion-induced
neurodegenerative diseases can be prevented or treated by modulating the position of an
oxidized base lesion in a TNR tract as well as altering the activities of core BER enzymes,
pol B and FENI1.

Since oxidative stress attacks the single-stranded hairpin loop region of a hairpin
more efficiently than its double-stranded region, and oxidized base lesions are
energetically more favorable to be located at a hairpin loop, the efficiency and
consequences resulting from BER of an 8-0xoG and oxidized sugar located in a small or

large hairpin loop region need to be elucidated. In the second part of my dissertation
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research, a mechanism for repairing an oxidized base lesion in a hairpin loop and its
effects on TNR expansion was explored. First, we discovered that BER of an 8-0x0G in a
CAG repeat hairpin loop was readily initiated by OGG1, and APE1 efficiently incised the
5'-end of an abasic site located in the loop region of both a small and large CAG hairpin
resulting in a single strand break in the loop. Subsequently, the incised hairpin is then
converted into an intermediate with a 3'- and 5'-flap. This was further confirmed by the
result showing that SP-BER of an 8-0x0G in the hairpin loop failed to produce any repair
product because of the disruption of the hairpin stem and the formation of a double-flap
intermediate with a 3'- and 5'-flap. The results further suggests that the double-flap
intermediate can be cleaved by a 3’-5° endonuclease, Mus81/Emel and a 5'-3'
endonuclease, FEN1, and this could lead to the removal of the hairpin attenuating CAG
repeat expansion. The notion was supported by our results showing that with a small
hairpin, the presence of either Mus81/Emel or FENT1 alone efficiently removed the entire
hairpin resulting in the unexpanded repaired product with the same length as the template
strand. However, with a large CAG hairpin, coordination among Mus81/Emel, FENI
and pol B was required for removal of the entirety of the hairpin. In addition, BER in the
loop region of a large hairpin resulted in a series of expanded repair products that are
shorter than the expanded strand, but longer than the template strand indicating that BER
in a hairpin loop is coupled with removal of a part or the entirety of the hairpin
attenuating or preventing TNR expansion. Our discovery further indicates that BER in a
hairpin loop may be developed into a novel strategy for treatment for neurodegenerative

diseases caused by TNR expansion.
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The results from the first two parts of my dissertation research have demonstrated
that BER of oxidative DNA damage can directly cause TNR deletion. However, some
oxidized DNA base lesions are resistant to BER and other DNA repair pathways and
have to be subject to lesion bypass. These base lesions include cyclo-2’deoxypurines that
can accumulate in human genome, especially in a TNR tract. These lesions are usually
bypassed by DNA polymerases. A lesion bypass process of a cyclo-deoxypurine located
in a TNR tract could also lead to TNR instability. Although pol B is mainly responsible
for removing a native 5’-dRP and perform gap-filling synthesis during BER, the enzyme
may also perform a lesion bypass synthesis as the Y family translesion synthesis
polymerases. During its lesion bypass synthesis in the context of a TNR tract, pol § could
modulate TNR instability. To test this hypothesis, we examined pol B lesion bypass of a
5°,8-cyclo-deoxyadenosine (5°,8-cdA) in the context of (CAG);o repeats and its effects on
TNR instability during BER and Okazaki fragment maturation. The results showed that
pol B efficiently bypassed a 5°,8-cdA located in the context of CAG repeats and resulted
in CTG repeat deletion during BER and DNA lagging strand maturation. Because recent
studies have shown that a 5°,8-cdA can induce DNA double helix distortion, it is possible
that the distorted double helix favors the formation of secondary structures such as a
hairpin or loop in a TNR tract. To test this possibility, we determined the formation of a
CAG repeat hairpin/loop during pol B bypass of a 5°,8-cdA. We found that a 5°,8-cdA
opposite or at the downstream of a 1-nt gap, induced the formation of CAG repeat loops
with varying sizes prior to pol B lesion bypass synthesis. Interestingly, we found that
these CAG repeat loops continued to be present after pol [ lesion bypass synthesis

indicating that pol B skipped over the CAG repeat loops during its lesion bypass thesis of
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a 5°,8-cdA. Further characterization of FEN1 cleavage activity indicates that the
formation of CAG repeat loops on the template strand also induced realignment of the
upstream primer relative to the template strand. The realignment of upstream primer
promoted dissociation of the downstream strand from the template strand resulting in the
formation of a downstream CAG repeat flap that was efficiently cleaved by FEN1. Thus,
our results demonstrate that pol B can bypass a 5°,8-cdA by skipping over of a CAG
repeat loop, and this further results in CAG repeat deletion via cooperation with FEN1
flap cleavage.

By exploring the roles of BER core enzymes, pol B and FEN1 in modulating TNR
instability during repair of oxidative DNA damage or lesion bypass of a cyclo-
deoxypurine lesion, we have defined several mechanisms underlying TNR deletion
through BER and oxidative DNA damage. Our research has advanced our understanding
of how DNA base lesions and repair can regulate TNR stability of. Our discovery can
help to develop a novel strategy to treat neurodegenerative diseases via shortening
expanded repeats through DNA base lesions and BER.

Thus far, our studies have mainly defined the roles of several core BER enzymes
in promoting TNR deletion and preventing TNR expansion in the absence of BER
cofactors that can interact with the core BER enzymes to stimulate BER enzymatic
activities. Moreover, BER enzymes and cofactors can interact with enzymes and
cofactors from other repair pathways through physical interaction or functional
cooperation. In addition, some repair proteins from BER or other repair pathways can
stabilize or destabilize the secondary structures formed by TNRs such as hairpins during

BER that may also modulate TNR instability. Thus, the effects of the interactions among
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BER core enzymes, BER cofactors including PCNA, Werner syndrome protein and
poly(ADP-ribose) polymerase 1 as well as mismatch repair proteins, MSH2/MSH3, the
3’-5’ endonuclease Mus81/Emel on TNR instability needs to be elucidated in the future.
Our research is limited by using synthesized oligonucleotides that can only represent
naked double strand DNA, which are different from the DNA wrapped and compacted in
human chromatin in cells. In addition, the posttranslational modifications of BER
enzymes and cofactors, histone modifications, DNA methylation pattern could also
actively be involved in modulating TNR instability during BER. It appears that the
mechanisms underlying TNR instability induced by DNA damage and repair in the
context of chromatin, posttranslational modification of repair proteins and histones and
their modifications as well as epigenetic features need to be explored in the future. The
research in these areas will lead to a comprehensive understanding of mechanisms TNR

deletion/contraction mediated by BER in vivo.
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