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Distinct mechanisms of mutagenic processing of alternative DNA structures by
repair proteins
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ABSTRACT
Repetitive sequences can form a variety of alternative DNA structures (non-B DNA) that can modulate
transcription, replication, and repair. However, non-B DNA-forming sequences can also stimulate muta-
genesis, and are enriched at mutation hotspots in human cancer genomes. Interestingly, different types
of non-B DNA stimulate mutagenesis via distinct repair processing mechanisms.
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The etiology of many human diseases, including cancer, involves
some form of genetic instability.1 Distributions of genetic
instability “hotspots” in human genomes are not random; how-
ever, the mechanisms involved are not fully understood.
Repetitive DNA can adopt alternative structures (non-B DNA)
that differ from the canonical Watson-Crick B-DNA helix, and
are often enriched at hotspots of genetic instability, suggesting
that the integrity of the DNA can be influenced by secondary
structures. More than a dozen types of non-B DNA structures
have been reported, including left-handed DNA (Z-DNA),
intramolecular triplex DNA (H-DNA), cruciform/hairpins,
G-quadruplexes (G4-DNA), R-loops, etc. [reviewed in1], many
of which are reported to stimulate genetic instability, and have
been implicated in the etiology of various diseases, including
neurological disorders and cancer.

Aside from the obvious differences in physical conforma-
tion and sequence composition between various non-B DNA
structures, each type of structure can lead to specific mutation
events that are associated with different types of diseases. For
example, triplet repeats (e.g. CAG/CTG, CGG/CCG) that can
form loop-out hairpin structures with CG base-pairs and mis-
matches in the stems, can lead to repeat expansions in neuro-
logical disorders.1 However, hairpin or cruciform structures
formed at perfect inverted repeats can stimulate DNA double-
strand breaks (DSBs), resulting in large-scale deletions and
translocations in mammalian cells.2 G4-DNA is a four-
stranded structure that is stabilized by uninterrupted stacking
of at least three G-quartets, where each is stabilized by
Hoogsteen-hydrogen bonding of the four guanines in
a coplanar G-quartet arrangement. The guanines can be pro-
vided from tracks of G runs on the same or different DNA
strands.1 Z-DNA structures result in a zig-zag appearance of
the backbone at alternating purine and pyrimidine regions
such as GC and GT repeats, or mixtures of GC and GT dinu-
cleotides that maintain an alternating purine and pyrimidine

pattern.1 H-DNA can form at polypurine-polypyrimidine ele-
ments with mirror repeat symmetry.1 One of the strands from
the tract can be separated from its complementary strand and
bind to the purine strand in the underlying duplex via
Hoogsteen-hydrogen bonding through the major groove to
form a three-stranded DNA structure.1 Interestingly, G4-
DNA, H-DNA, and Z-DNA have all been shown to stimulate
DSBs, leading to deletions, translocations, and recombination
events.1

Although these structures can be mutagenic in various
in vitro and in vivo model systems (including bacteria, yeast,
mice, and human cells), their mutagenic potential can differ
from one species to another. For example, while both H-DNA
and Z-DNA can stimulate DSBs in mammalian cells, leading
to deletions and additional downstream mutagenic events,3,4

H-DNA-forming sequences have not been shown to be muta-
genic in bacterial cells.3 In contrast, Z-DNA-forming GC
repeats, similar to other simple repeats, can cause repeat
unit expansion or contraction in bacteria.4 In addition, while
CAG repeats predominantly result in expansions in human
disease, the same repeats have been shown to cause more
deletions than expansions in bacteria, yeast, and mice.1,5

The genetic instability events induced by non-B DNA are, in
part, initiated by proteins from various DNA repair pathways
that can recognize and process the structures in an effort to
repair and remove the “damage” in the absence of actual DNA
damage per se. Interestingly, the processing of non-B DNA
appears to be specific to the structure and species. For example,
we found that H-DNA-inducedmutagenesis required functional
nucleotide excision repair (NER) in yeast and human cells, yet
H-DNA was not mutagenic in bacteria. In addition, there are
replication-dependent and replication-independent mechan-
isms involved in processing H-DNA, where the replication pro-
tein, flap endonuclease 1 (FEN1), is involved in suppressing
H-DNA-induced mutagenesis in a replication-dependent
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manner. However, the NER-associated protein complex consist-
ing of excision repair cross-complemetation group 1 and xero-
derma pigmentosum complementation group F (ERCC1-XPF)
and xeroderma pigmentosum complementation group G (XPG)
nucleases can stimulate H-DNA-induced mutations in
a replication-independent manner.6 In contrast, we found that
Z-DNA-induced genetic instability can occur via a different
mechanism than that of H-DNA. The mutagenic processing of
Z-DNA does not require functional NER, but rather it involves
cooperation between the NER nuclease complex, ERCC1-XPF,
and the mismatch repair (MMR) complex, MutS homolog 2 and
MutS homolog 3 (MSH2-MSH3). Other components of these
pathways are not required for the mutagenic processing of
Z-DNA, suggesting that ERCC1-XPF and MSH2-MSH3 are
acting outside of their canonical roles in NER and MMR.7 The
model proposed in Figure 1 summarizes the structure-specific
processing of H-DNA and Z-DNA. Similar non-canonical phy-
sical and functional interactions between the ERCC1-XPF and
MSH2-MSH3 complexes have been previously demonstrated in
yeast and mammalian cells8 in processing recombination
intermediates9 and DNA interstrand crosslinks.10

The mechanisms proposed for the mutagenic processing of
non-B DNA structures provide a possible explanation for the
enrichment of non-B DNA-forming sequences at transloca-
tion hotspots in human cancer genomes.2,6 While we and
others have identified a number of proteins/pathways that
are involved in the processing of various non-B DNA struc-
tures, it is likely that other components are involved as well,
and further studies are warranted to fully understand these

mechanisms. A thorough understanding of the mechanisms
involved in non-B DNA-induced genetic instability specific to
each structure, as well as the steps involved in alternative
DNA structure formation, stability, and recognition will pro-
vide essential insight into the etiology of human disease, and
allow for therapeutic advances to better treat and/or prevent
genetic instability-associated disorders.
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Figure 1. Structure-specific processing of non-B DNA conformations that impact genetic instability in mammalian cells. Under appropriate conditions certain
repetitive sequences can adopt non-B DNA conformations such as intramolecular triplex DNA (H-DNA) and left-handed DNA (Z-DNA). (Left): DNA replication protein,
flap endonuclease 1 (FEN1) attenuates H-DNA-induced mutagenesis by cleaving and removing the H-DNA structure during replication; (Middle): nucleotide excision
repair (NER) proteins including xeroderma pigmentosum complementation groups A and G (XPA and XPG, respectively), and the complex consisting of excision repair
cross-complemetation group 1 and xeroderma pigmentosum complementation group F (ERCC1-XPF) recognize and cleave H-DNA leading to DNA double-strand
breaks (DSBs) and genetic instability, regardless of the replication status of the cell; (Right): the ERCC1-XPF and MutS homolog 2 and MutS homolog 3 (MSH2-MSH3)
complexes, acting outside of their canonical roles in NER and mismatch repair (MMR), recognize and cleave Z-DNA structures resulting in DNA double-strand breaks
(DSBs) and subsequent genetic instability. All proteins are depicted as ovals with their abbreviations listed.
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