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SUMMARY Duplex DNA naturally folds into a right-handed double helix in physiologi-
cal conditions. Some sequences of unusual base composition may nevertheless form al-
ternative structures, as was shown for many repeated sequences in vitro. However, evi-
dence for the formation of noncanonical structures in living cells is difficult to gather. It
mainly relies on genetic assays demonstrating their function in vivo or through genetic
instability reflecting particular properties of such structures. Efforts were made to reveal
their existence directly in a living cell, mainly by generating antibodies specific to sec-
ondary structures or using chemical ligands selected for their affinity to these structures.
Among secondary structure-forming DNAs are G-quadruplexes, human fragile sites con-
taining minisatellites, AT-rich regions, inverted repeats able to form cruciform structures,
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hairpin-forming CAG/CTG triplet repeats, and triple helices formed by homopurine-
homopyrimidine GAA/TTC trinucleotide repeats. Many of these alternative structures are
involved in human pathologies, such as neurological or developmental disorders, as in
the case of trinucleotide repeats, or cancers triggered by translocations linked to fragile
sites. This review will discuss and highlight evidence supporting the formation of alter-
native DNA structures in vivo and will emphasize the role of the mismatch repair ma-
chinery in binding mispaired DNA duplexes, triggering genetic instability.

KEYWORDS DNA hairpin, G quadruplex, cruciform, fragile sites, mismatch repair,
palindromes, secondary structures, trinucleotide repeats

INTRODUCTION

Canonical Right-Handed DNA Helices

istorically, fiber X-ray crystallography identified two distinct structural forms of

DNA, A-DNA and B-DNA (1). A-DNA was isolated at 75% humidity, and B-DNA was
isolated at higher percentages. Concomitantly, Watson and Crick identified B-DNA as a
double-helix structure and proposed a model of an antiparallel double-stranded helix
formed by two linear sugar-phosphate backbones that run in opposite directions (2).
The two strands are connected by hydrogen bonds between the purine and pyrimi-
dine bases, consistent with the previously enounced Chargaff’s rule stating that the pu-
rine and pyrimidine ratio should be 1:1 in all organisms (3). These bonds are called
Watson-Crick bonds. Hoogsteen base pairings can be observed in alternative forms of
DNA or certain protein-DNA complexes in which the purine is rotated in such a way
that bonds are made between its other face and the pyrimidine (4).

A-DNA is a thicker right-handed duplex with a shorter distance between base pairs
and has been described for RNA-DNA duplexes and RNA-RNA duplexes. RNA can only
form A-type double helices because of the steric restrictions of the ribose 2’ hydroxyl
residue (5, 6).

Left-Handed Z-DNA Helices

Surprisingly, in the late 1970s, when single crystal X-ray diffraction was available to
validate the proposed model of the double helix, the expected B-DNA structure was
not the first to be observed. The crystal was obtained from the self-complementary
DNA hexameric sequence d(CG);. The alternation of guanine and cytosine residues is
crucial for the formation of Z-DNA, and the crystal structure revealed a left-handed
double helix (7). This unexpected result was already a hint toward the complexity of
the different conformations that DNA can adopt. Since the ribose phosphate backbone
followed a zig-zag, this form of DNA was called Z-DNA. It was later recognized that Z-
DNA is formed due to negative supercoiling produced behind a moving RNA polymer-
ase during transcription (8) and that its formation is favored near transcription start
sites (9).

ALTERNATIVE DNA STRUCTURES

The lowest energy-level state of DNA in physiological conditions is B-DNA. However,
formation of alternative structures can occur when the DNA duplex is unwound during
metabolic DNA processes such as DNA replication and transcription. Alternative forms of
DNA were discovered later, including G-quadruplexes, hairpins, H-DNA, cruciforms, and
AT-rich DNA unwinding elements (DUE). Many repeated sequences were shown to form
DNA secondary structures in vitro. However, real evidence for in vivo formation is difficult
to gather. It mainly relies on genetics data underlying their function in vivo or through
their instability or their propensity to trigger specific phenotypes in genetic assays.
Efforts were made to isolate antibodies specifically recognizing secondary structures,
aiming to reveal their existence directly in a cell. In this review, we will describe these al-
ternative DNA forms and discuss their formation in vivo, in living cells and organisms.
The role of mismatch repair (MMR), a complex machinery whose function is to detect
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FIG 1 G quadruplexes. (A) Genetic factors stabilizing G quadruplexes. The general consensus is shown (G3 Nx
G3 Nx G3 Nx), with the positions of the two lateral loops and the central loop. A stable G4 structure is formed
in the presence of potassium ions if the central loop is shorter than 5 nucleotides and if lateral loops are made
of one or two pyrimidine residues. If loops are longer or made of adenine residues, the G4 structure is less
stable. The helicase Pif1 is known to unwind G4 in S. cerevisiae (29). (B) Stabilization of the Pu24T quadruplex
by PhenDC3. Top view of the top guanine tetrad showing non-Watson-Crick bounds as orange dashed lines.
Addition of PhenDC3 stabilizes the structure by stacking with the G4. (Based on data from reference 40.)

noncanonical DNA structures, will also be highlighted, as well as its involvement in trig-
gering non-B-DNA instability in several human neurological disorders.

G-Quadruplexes

G-quadruplexes, evidence for in vitro formation. X-ray diffraction demonstrated
very early that guanylic acids can assemble into tetrameric structures. In these tet-
ramers, four guanine molecules form a square in which each guanine is hydrogen-
bound to the two adjacent guanines by Hoogsteen bonds (10). The formation and sta-
bilization of G-quadruplexes in solution under physiological conditions are dependent
on monovalent cations, specifically K* (11). This structure was reconstituted in a test
tube using oligonucleotides encoding telomere sequences (12). A G4 consensus motif
of the form G;sN,;; G35N;; G35N; ;G55 (Where N can be any nucleotide; Fig. 1A) was
adopted and used to search for G4 in eukaryotic genomes (13). In both yeast and
mammals, G4 motifs are enriched in telomeric and ribosomal DNA, in transcriptional
regulatory sites, and at preferred mitotic and meiotic double-strand break sites (14). In
the human genome, GC-rich promoters frequently contain G-quadruplexes, some of
them driving oncogene expression. This is the case of the G4 in the KRAS promoter, a
known oncogene whose product is a small G-protein playing a role in cell differentia-
tion and proliferation. The crystal structure of this G4 was very recently determined,
revealing that it may adopt two stable conformations, one conformer being stabilized
by a triad at the 3’ end, while the second conformer remains flexible and displays less
stability (15).

G-quadruplexes in Caenorhabditis elegans. The deletion of a specific helicase in C.
elegans led to the systematic deletion of polyglutamine tracts genome-wide. The heli-
case was renamed dog-1 for deletions of guanine-rich DNA. This helicase appears to
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be essential for the resolution of G4 motifs during replication (16). In the same orga-
nism, a reporter LacZ construct whose expression is controlled by a GC-rich promoter
allowed direct visualization of cells that harbor destabilized G4 tracts within whole ani-
mals. It confirmed that only G4 DNA sites are fragile in dog-1-deficient genomes and
showed that instability occurs both in early and late stages of the worm life cycle (17).
C. elegans dog-1 is the homolog of human FANCJ (18), which belongs to a molecular
pathway involved in Fanconia anemia, a human genetic disease characterized by many
symptoms, including genomic instability and predisposition to cancer anomalies (19).
Fanconia anemia proteins resolve interstrand cross-links, a dramatic type of DNA dam-
age leading to transcription and replication arrests. A purified recombinant human
FANCJ was shown to unwind G4 DNA in vitro, acting as a 5’-3' helicase (20). All these
elements point toward the in vivo formation of G4, whose structure must be resolved
by specific helicases during replication to maintain genomic stability.

G-quadruplexes in Saccharomyces cerevisiae. Minisatellites and microsatellites are
DNA tandem repeats known to exhibit polymorphic length among the population.
This polymorphism was historically used for forensic medicine (21), paternity tests (22),
and physical mapping of genomes (23). Some minisatellites were described as being
hypervariable, showing extensive and frequent length polymorphism during meiosis
(24). This meiotic instability was later shown to be triggered by homologous recombi-
nation, following double-strand breaks (DSBs) occurring during meiosis, near the minis-
atellite (25). Similar experiments were reproduced in yeast, in which CEB1 was inte-
grated in a chromosome, near a known meiotic hot spot. Instability of the minisatellite
was shown to depend on hot spot activity and on the product of the SPOT1 gene, the
type VI topoisomerase responsible for meiotic double-strand breaks in yeast (26). Since
it was clear that double-strand breaks destabilized CEB1 in humans as well as in yeast,
the minisatellite could be used as a reporter system to detect such damage within or
near the tandem repeat. Subsequent experiments by the same lab showed that muta-
tions in RAD27 or DNA2, both genes involved in lagging strand metabolism during rep-
lication, dramatically increased CEB1 instability (27). This strongly suggested that in
these mutant backgrounds, double-strand breaks occurred with a higher frequency at,
or near, CEB1.

Careful examination of the minisatellite sequence showed that it was GC-rich, and
computer analysis suggested that each of its repeat units could potentially form a G-
quadruplex. Since it was already known that G4 can adopt different structures based
on different motifs, four G4 sequences, derived from the CEB1 minisatellite, were inte-
grated into the S. cerevisiae genome. These sequences were shown to have different
conformations in vitro based on circular dichroism spectra, measuring light deviation
induced by a given structure. The stability of the tract in vivo depended greatly on the
predicted conformation (28).

Pif1, a replication helicase, was found to prevent genomic instability of CEB1 inte-
grated in the Saccharomyces cerevisiae genome (29). Purified human Pif1 was shown to
bind and unwind G4 structures in vitro (30). ChiP-Seq (chromatin immunoprecipitation
sequencing, a technique used to sequence DNA contacting a specific protein or pro-
tein complex in vivo) revealed that Pif1 binds to G4 motifs (31). Through ChiP microar-
ray experiments of DNA associated with DNA polymerase & in a strain where PIF1
expression is reduced (pif1-m2 allele) and through two-dimensional (2D) gels, it was
revealed that Pole accumulated at G4 sequences and that replication forks were
slowed down at these loci.

Mutagenesis of another minisatellite, CEB25, and its integration in the yeast ge-
nome revealed that very short pyrimidine-containing G4 loops triggered the most
instability (28). Hence, it became possible to predict the stability of a given minisatellite
in vivo according to point mutations that were shown in vitro to stabilize or destabilize
the G4 sequence. This work definitely proved the existence of noncanonical G quadru-
plexes in living yeast cells, strongly suggesting that similar structures also exist in other
organisms (32). At the present time, many algorithms exist to detect and predict G4
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formation according to the DNA sequence, the latest programs relying on machine
learning approaches for detection (33).

G-quadruplexes in DT40 cells. Chicken DT40 cells have been extensively used to
study relationships between G4, DNA replication, and epigenetic modifications in ver-
tebrates. The BU-1 locus, encoding a glycoprotein involved in development, contains
two G-quadruplexes. One of them, forming on the leading-strand template, was shown
to regulate BU-T expression. When the G4 is present, BU-1 expression is reduced
through epigenetic modification of the locus. When the G4 is reintroduced with two
point mutations disrupting its formation in vitro, BU-1 expression is restored. When the
wild-type G4 was reintroduced in the opposite orientation, expression of the reporter
gene was not affected, proving that the G-quadruplex needs to form on the leading-
strand template to downregulate BU-1 expression (34).

The chicken B-globin locus contains a G-quadruplex that is located on the leading-
strand template during chromosomal replication (35). The DNA translesion synthesis
polymerase REV1 was essential to replicate this quadruplex when the G4 sequence
was in its wild-type orientation, but no effect was observed in the opposite orientation
(G4 on lagging-strand template). REV1 encodes a multifunctional domain protein,
including a PCNA-interacting domain, a ubiquitin-binding domain, and a domain of
interaction with another translesion polymerase. The integrity of both ubiquitin and
translesion domains, located in the C-terminal part of the protein, is required for effi-
cient translesion synthesis (36). Loss of expression at this locus in REV1-deficient cells
was associated with epigenetic changes, resulting in the incorporation of newly syn-
thesized unmodified histones, following the uncoupling of DNA synthesis from histone
recycling (37).

The following three helicases were also proven to help with replication through G-
quadruplexes: FANCJ, WRN, and BLM. DT40 cells deficient for one of these helicases
show expression defects similar to a revl mutant. The fact that FANCJ has a different
polarity from the two other nucleases suggests that BLM and WRN could act in the op-
posite direction (3’ to 5') of FANCJ, collaborating in unwinding the quadruplex to facili-
tate its replication (38).

Finally, it must be noted that use of a G4 ligand such as PhenDC3 mimics the effect
of a REV1 deficiency by stabilizing the G-quadruplex and reprogramming epigenetic
histone modifications, a strong argument in favor of the formation of such secondary
structures in vivo (see below) (39).

Chemical ligands provide additional evidence for in vivo formation of G-quadru-
plexes. Since stabilized G4 was found in the promoter of oncogenes such as c-Myc,
ligands that stabilize G4 were isolated in order to serve as an anticancer therapy, by
impeding the transcription of these oncogenes. Among them, the PhenDC family has a
high binding affinity to G4. This property was attributed to the crescent shape and the
size of the Phen-DC scaffold that fits with the structure of a G-quartet (Fig. 1B), both
features being favorable for an optimal overlap between the two aromatic surfaces
(40). Ligands can be used to probe the formation of G-quadruplexes in vivo, interfere
with their processing, and elucidate their biological roles. As an additional proof of G4
formation in vivo, treatment of Pif1-deficient cells with the Phen-DC3 ligand further
increased CEB1 instability (41).

Antibodies probing G4 formation: reality or fantasy? Antibodies directed against
the Stylonychia lemnae telomeric sequence were isolated by ribosome display (42).
This ciliate is a good model to test the selected antibodies in situ since its genome con-
tains millions of small gene-size DNA molecules, each terminated by telomeric DNA,
increasing the local concentration of telomeres compared to any other organism. The
affinity of these antibodies to parallel and antiparallel G4 conformations, as well as to
several B-form structured DNA, was tested. Purification of DNA bound to one of the
selected antibodies and analysis by circular dichroism spectroscopy revealed a parallel
G4 structure, validating the specificity of this antibody. These antibodies specifically
stained telomeres, suggesting the existence of telomeric G4.
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Another team attempted to visualize G4 in mammalian cells using monoclonal anti-
bodies. In particular, one antibody was raised against telomeric sequence by phage
display and was called 1H6. It was used to reveal telomeres in Hela cells and mamma-
lian cells (43). However, this antibody was shown to cross-react with single-stranded
poly(T) DNA, highlighting the difficulty of isolating antibodies specifically recognizing
secondary structures and not the DNA sequence itself (44). Indeed, when developing
an antibody specific to a DNA structure, all antibodies binding to double-stranded B-
DNA must be counterselected. Raising monoclonal antibodies instead of polyclonal
antibodies as well as a careful validation in vitro and in vivo of the antibody activity are
therefore necessary.

To that end, the phage display technology was used to select a monoclonal anti-
body (called BG4) directed against G-quadruplexes. This antibody was used to visualize
G4 structures in the nuclei of U20S cells, as well as on metaphasic chromosomes. The
number of BG4 foci increased during the transition from G1 to S phase and during S
phase, proving that G4 formation is associated with DNA synthesis (45). The same anti-
body was used to sequence G4-containing chromatin (G4-ChlP-Seq) in 22 different
breast cancer tumor xenograft models. This analysis revealed at least three G4-based
cancer subtypes. G4-forming regions in 14 models out of 22 were found to be associ-
ated with more than one subtype, suggesting the existence of multiple cancer states
within one single-cell model (46).

G4 detection using antibodies reveals only 1% of G-quadruplexes predicted by
sequencing. Average G4-ChlP-Seq results extracted from millions of cells hide dynamic
processes happening in individual cells. In order to address this problem, a G4-specific
probe was recently established by fusing a far-red silicon-rhodamine fluorophore to an
analogue of an established G4 ligand, pyridostatin. This probe enabled live-cell single-
molecule fluorescence imaging of G-quadruplexes and revealed that secondary struc-
ture formation fluctuates between folded and unfolded states throughout the cell
cycle, being maximum in S phase (47). All these recent data add strong evidence for
the existence of G-quadruplexes in living cells.

Fragile Sites

Characterization of fragile sites: structure and instability. Fragile sites cannot be
detected in cells cultured in normal conditions. However, under replication stress
induced by specific chemical agents, they are susceptible to breakage, on one or both
chromatids, visible in metaphasic chromosomes. Fragile sites are subdivided into com-
mon fragile sites, present in all individuals, and rare fragile sites, seen in less than 5%
of the individuals and segregating in a mendelian manner. There are over 100 fragile
sites in the human genome, but the exact number is difficult to assess since fragile site
expression depends on the replication stress applied. Common fragile sites are
expressed (fragile site breakage is usually called “expression”) under partial replication
stress induced by aphidicolin or camptothecin, while rare fragile sites are induced by
other drugs. Folate-sensitive rare fragile sites include FRAXA and all CGG trinucleotide
repeat expansions. FRA16B is induced by distamycin A, whereas FRA10B is only
expressed in the presence of BrdU (48). This different pattern of expression is related
to the sequence composition of these two groups of fragile sites and will be discussed
below.

Common fragile sites are the largest class of fragile sites; the most studied among
them are FRA3B (49) and FRA16D (50). Both were sequenced and revealed the pres-
ence of numerous repeated elements and a few AT-rich regions (Fig. 2A and B).
Additionally, these sequences were found to be extensively rearranged in several can-
cerous cell lines, such as LS180 for FRA3B (51) and HCT116 for FRA16D (52). These frag-
ile sites both lie within the large tumor-suppressor genes, FHIT and WWOX, respec-
tively. Common fragile site impacts on chromosomal rearrangements have been
extensively studied by mapping deletions, amplifications, and translocations occurring
during early cancer development (53).

The major group of rare fragile sites is the folate-sensitive group, which is
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homozygous deletions, in five cancer cell lines in which they were mapped. (Based on data from reference 51.) (B) The common FRA16D fragile site. AT-
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expansion triggers fragile site expression (58). (D) The rare FRA10B fragile site. It contains five AT-rich minisatellites, shown by green arrows. The internal
repeat is unstable and prone to expansions. (Based on data from reference 59.)

associated with CGG trinucleotide repeat expansion. This group includes FRAXA, in the
FMR1 gene (54, 55) (Fig. 2C), FRAXE (Xqg27.3 [56]), and FRA11B (11923.3 [57]). Other
non-folate-sensitive rare fragile sites are characterized by long stretches of AT-rich tan-
dem repeats and are induced by bromodeoxyuridine (BrdU) or distamycin A. FRA16B
(58) and FRA10B (59) were cloned and sequenced, revealing that they harbor polymor-
phic AT-rich minisatellites. Their expression was associated with expansion of one or
more of the repeats, up to several kilobases (Fig. 2D).

Common fragile site instability and replication delays. Early on, it was shown that
FRA3B was a late-replicating region (60). The FRA3B fragility mechanism was more
thoroughly described through genome-wide analyses of replication timing. More pre-
cisely, DNA-combing associated with fluorescent detection of newly synthesized DNA
was used in order to quantify replication fork speed. In lymphoblastoid cells, replica-
tion initiation events are excluded from a FRA3B core spanning approximately 700 kb,
which forces replication forks coming from flanking regions to cover long distances in
order to complete replication of the locus (61) (Fig. 3A). This delay is further exacer-
bated by late initiation of replication during mid-S phase. The same trend was
observed for FRA16D (61). These data indicate that the fragility of some common frag-
ile sites results from the combination of late replication completion and paucity of ini-
tiation events. It is worth noting that such a replication profile was not observed in
fibroblasts, which can explain the tissue specificity observed for fragile sites.
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Secondary structure formation in common fragile sites. Although present in a
smaller proportion, AT-rich minisatellites may also be involved in common fragile site
instability. Indeed, FRA16B AT-rich repeats were also shown to form secondary struc-
tures by denaturation/renaturation experiments and migration on 4% SDS-PAGE, and
by electron microscopy (62). Minisatellite-containing plasmids of various lengths were
transfected into HEK293T cells, DNA was extracted and transformed into Escherichia
coli, and the minisatellite repeat length was determined by restriction analysis.
Frequent contractions and expansions of the repeat tract were observed, showing its
natural instability in vivo. In addition, primer extension experiments on a FRA16B-con-
taining plasmid showed discrete bands corresponding to pauses of the polymerase
within AT repeats in vitro, probably due to the formation of secondary structures (62).

FlexStab is a program that calculates the local variations of the twist angle between
adjacent nucleotides and identifies flexibility peaks. These peaks were shown to be
composed of interrupted runs of AT-rich segments (63). Many fragile sites were shown
to have such regions, including FRA3B and FRA16D. Although it was not formally pro-
ven that these common fragile sites form any kind of secondary structure in vivo, their
instability may be exacerbated by the formation of such secondary structures (64). The
current model does not include necessary formation of such structures, in contrast to
what is proposed for CGG trinucleotide repeat-triggered rare fragile sites (65).

Rare fragile site instability and secondary structure formation. The folate-sensitive
rare fragile sites consist of expanded CGG trinucleotide repeats. These expansions, as
observed for common fragile sites, also replicate very late, during the G2 phase of the
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cell cycle, later than unexpanded alleles at the same loci (66, 67). To account for this
delay, it was proposed that CGG and AT minisatellites may form secondary structures,
blocking progression of replication forks (Fig. 3B). Secondary structure formation at
fragile sites was investigated in vitro. CGG repeats were shown to form tetraplexes, and
DNA synthesis was blocked in vitro by 20 stretches of CGG, in a K*-dependent manner.
Tetraplexes require cations small enough to fit in the cavity created by guanine tetrads
and stabilize the structure, so K™ dependency is an indicator of tetraplex formation
(68). Additionally, it was also shown that the stoichiometry of the structure is tetramo-
lecular and that guanines are protected from dimethylsulfate (DMS) guanine-specific
cleavage, further confirming tetraplex structure formation (69). CGG repeats could also
theoretically form imperfect hairpins (70). Therefore, dynamic changes between tetra-
plexes and hairpins may occur in vivo in different physiological conditions (71). To bet-
ter understand the impact of secondary structure formation on replication, the pro-
gression of the replication fork through CGG repeats cloned into a bacterial plasmid
was followed by 2D gels. Replication fork stalling was visible in E. coli for plasmids bear-
ing more than 30 repeats of either CGG or GCC. The stalling was abrogated when CGG
repeats were interrupted by AGG motifs (72). Similar experiments in yeast showed that
CGG/CCG repeats block replication fork in a length-dependent manner starting with
only 10 repeats (73).

AT-rich minisatellites have the ability to form hairpins (74). A short AT-rich region
from FRA16D called Flex1 was cloned in yeast and was sufficient to induce breakage at
this locus, while other regions of the fragile site did not elicit fragility (75), further con-
firming the implication of the AT-rich minisatellite in the fragility mechanism.

In conclusion, expanded microsatellites or minisatellites form secondary structures
that transiently stall replication forks. Delayed restart of a stalled fork may contribute
to underreplicating a portion of the genome. During mitosis, improper chromatid dis-
junction of this nonreplicated region will break, leading to DSBs.

A very recent publication has shed new light on the connection between secondary
structure formation and chromosome fragility. With the help of a DNA secondary struc-
ture inference program, the human genome was analyzed and predicted to contain
23,331 putative fragile sites, with sizes ranging from 1,200 to 20,000 nucleotides.
Altogether, they cover 1.5% of the genome and include putative G-quadruplexes, as
well as AT-rich sequences. In parallel, DSB sites were experimentally captured and
sequenced. Remarkably, all predicted structured regions were enriched in DSBs, and
their fragility was mediated by the TOP2 gene, suggesting that this topoisomerase
preferentially targets structured regions (76).

Inverted Repeats and Cruciform Structures

Inverted repeats are sequences with an internal symmetry allowing switching
between interstrand and intrastrand base pairing. As a result, these repeats can form a
cruciform structure, consisting of a branch point, a stem, and a loop, where the size of
the loop is dictated by the distance between inverted repeats (Fig. 4A). Inverted
repeats occur nonrandomly in the genome of all organisms—phages, plasmids, mito-
chondria, eukaryotic viruses, and mammalian cells—and were found to be enriched at
chromosomal breakpoint junctions, promoters, and replication initiation sites (77).

Inverted repeats in Escherichia coli. Evidence for the presence of inverted repeats
in bacterial genomes was provided by genotyping bacterial strains using PCR with arbi-
trary primers, leading to the amplification of polymorphic inverted repeats (78) and by
the use of chemical compounds and cellular stresses to modify the superhelical torsion
of E. coli plasmids to extrude cruciforms (79, 80). Negative supercoiling driven by active
transcription of a regulatable promoter was also shown to increase the transition of an
AT-rich region into a cruciform (81). Such structures were also detected in E. coli in the
early days of genetic engineering, where plasmids containing long inverted repeats
were either partially deleted or would be impossible to clone in bacteria (82, 83).
However, these sequences were more tolerated in sbcC (84) and sbcD mutants (85).
The viability of these plasmids can be modulated by modifying the central sequence of
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FIG 4 Inverted repeats and cruciforms. (A) The unstructured palindrome is shown as complementary pink and blue arrows. In certain conditions, it may
adopt a cruciform structure containing two stems and two loops of variable lengths that form a four-way junction whose structure is similar to a
Holliday junction. The stability of a cruciform depends on both the stem and loop lengths. (B) Double-strand break (DSB) frequency according to the
identity between direct or inverted tandem repeats in yeast. More identical repeats are more prone to form stable cruciforms, therefore inducing more
frequent DSB. (Based on data from reference 96.) (C) Genetic factors involved in cruciform processing in yeast. The proteins involved in the transition
between the nicked form and the capped DSB are not clearly characterized, but ligase IV (DNL4 in yeast) does not play a role in this reaction (96). (D)
The number of direct or inverted Alu repeats in the human genome. The distances between repeats were classified into close (0 to 20 nucleotides [nt],
left panel), medium (21 to 100 nt, middle panel), and distant (101 to 500 nt, right panel). In each panel, repeats are classified from left to right in order
of decreasing identity (>90%, 81 to 90%, 71 to 80%, and 61 to 70% identity). Close inverted repeats are counterselected because they may form stable
cruciforms (left panel), whereas this selection is less pronounced at longer distances. (Based on data from https://www.niehs.nih.gov/research/resources/

databases/alu/index.cfm.)

the inverted repeat, more stable ones being less viable, arguing in favor of cruciform
formation in vivo (86). Additionally, inverted repeat-containing DNA was shown to slow
the replication rate of phages (87). The SbcCD operon encodes two proteins with sin-
gle-stranded DNA endonuclease and double-stranded DNA exonuclease activities,
which cleave and process hairpin structures in vitro (88). Using highly resolutive poly-
acrylamide gels, it was shown that SbcCD is a single-stranded endonuclease cleaving
CTG hairpin loops and a 3'—5" double-strand exonuclease that subsequently degrades
duplex DNA to half its original length (89). Subsequent genetic analysis in recombina-
tion-deficient strains showed that DSBs were actually repaired by the RecBCD and
RecA pathway of homologous recombination (90). It was therefore postulated that the
complex might also process similar DNA secondary structures during replication.

Two models were proposed to explain the instability triggered by inverted repeats:
(i) a hairpin structure forms, stalling replication fork progression, and cleavage at this
stalled fork generates a one-ended DNA break; (ii) a hairpin structure forms after pas-
sage of the replication fork, and cleavage generates a two-ended DNA break. Pulsed-
field gel electrophoresis (PFGE) followed by Southern blotting of the DNA at the
inverted repeat revealed that breaks are two-ended DSBs. The two-ended nature of
the break implies that the processing of the inverted repeat by SbcCD does not lead to
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replication fork collapse. Nevertheless, the breaks were visible only in permissive condi-
tions for replication and were not detected when replication was inhibited at 42°C (91).
Using 2D gels, inverted repeats were shown to induce replication fork stalling both in
E. coli and S. cerevisiae (92). Finally, using a plasmid-based assay, a cruciform structure
formed by AT-rich inverted repeats and located upstream a tightly regulated promoter
was shown to form only when the promoter was active (81).

Inverted repeats in yeast. Inverted repeats were studied in S. cerevisiae by integrat-
ing inverted human Alu repeats in the yeast genome. Such a sequence was shown to
increase recombination 2,000-fold over an equivalent direct repeat in a wild-type strain
(93). In this specific yeast assay, inverted repeats were more recombinogenic than
direct repeats (Fig. 4B). Inverted Alu repeats that were only 86% homologous could
stimulate recombination when separated by 12 bp, whereas perfectly identical repeats
stimulated recombination 30-fold when separated by 100 bp. It was concluded that
sequence identity and distance between repeats were synergistic in triggering homol-
ogous recombination (93).

Mre11 and Rad50 are eukaryotic homologs of SbcD and SbcC, respectively (94), and
similar to what was observed for SbcD, Mre11 was shown to cleave hairpins in vitro
(95). In a yeast assay, recombination frequency at inverted repeats decreased in a
Amrel1 mutant, whereas no effect was observed at direct repeats. Molecular analysis
and double-strand break quantification showed that DSB levels increased in Amrel1
compared to wild type, indicating that Mre11 was directly involved not in cleaving
inverted repeats but, rather, in processing double-strand breaks occurring at these
repeats. The same observations were made for Arad50, Axrs2, and Asae2 strains, sug-
gesting that the whole Mre11 complex was required to process DSBs at inverted Alu
repeats (Fig. 4C) (96). More specifically, the endonuclease activity of the Mre11 com-
plex is required to process double-strand breaks since similar results were obtained for
strains containing the nuclease-deficient mre11-H125 or mre11-D56N alleles.

In the fission yeast Schizosaccharomyces pombe, an 80-bp inverted repeat was
shown to be a meiotic recombination hot spot and was preferentially lost by gene con-
version. This hot spot activity was abolished in a rad50 or rad32 (RAD32 is the S. pombe
MRET11 orthologue) mutant. It was proposed that cruciform extrusion was recognized
and cleaved by the Rad50-Rad32 nuclease complex (97). The same team also showed
that DSBs at the inverted repeat appeared earlier than normal meiotic Rec12-depend-
ent DSBs (S. pombe SPO11 orthologue) during premeiotic replication (98). Similarly, in
budding yeast, a strong meiotic hot spot was associated with a 140-bp inverted repeat
in the HIS4 gene, which was able to extrude into a cruciform structure (99). DSB forma-
tion at this site depends on genes responsible for making meiotic DSBs, including the
MRE11 complex and SPOT1 (100). This suggested that breaks made at this inverted
repeat were induced and processed by the same machinery and within the same time
frame as other meiotic breaks, underlying a subtle difference between budding and fis-
sion yeast.

A systematic genetic screen, measuring chromosomal rearrangements caused by
inverted Alu repeat recombination, identified genes belonging to the DNA replication
machinery, including all three replicative polymerases (Pola 6 and &), PCNA, RAD27,
the MCM replicative helicase, the SGST helicase, and the PRI2 primase. RAD50, MRE11,
and checkpoint, genes as well as telomere-protection genes, also increased chromo-
somal rearrangements (101). Molecular analyses showed that DSB accumulation at this
locus was dependent on the Sae2 protein, showing that its function was essential to
process the break. In addition, inactivation of the RAD51 recombinase suppressed chro-
mosomal fragility observed when replication was compromised. Based on these experi-
ments, two models were proposed to account for these chromosomal rearrangements.
In replication-proficient cells, cruciform structures led to a nicked cruciform, which will
be converted to a double-capped DSB, subsequently decapped by the Mre11 complex,
along with Sae2, leading to a regular DSB that can be repaired by homologous recom-
bination (Fig. 4C). In replication-compromised cells, Rad51-mediated template
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switching allows bypass of the replication block and leads to cruciform formation, sub-
sequently resolved as described above (101). At the present time, it is unclear whether
this model may apply to other alternative DNA secondary structures or is specific to
cruciforms.

Two naturally occurring sites of chromosomal rearrangements, 20 kb apart from
each other, were identified on Saccharomyces cerevisiae chromosome lIl. The first one
(FS1) consists of two head-to-tail Ty retrotransposons, whereas the second one (FS2)
was made of two head-to-head Ty elements separated by 283 bp. Strains that were
engineered to produce low levels of polymerase « showed a 20-fold increase in chro-
mosomal rearrangements involving the FS2 site. Using molecular probing, a DSB was
detected at FS2, providing an explanation for the observed rearrangements and
strongly suggesting that inverted Ty elements were extruded as a cruciform structure.
It is, however, unfortunate that the authors did not test the effect of a mutation in
RAD50 or MRET1 in their experimental system (102).

Inverted repeats in the human genome. A large-scale survey of the human ge-
nome showed that the 1.5 million Alu sequences it contains were not randomly distrib-
uted. Direct Alu repeats are much more frequently encountered than inverted Alu
sequences. This depends, at the same time, on the distance between repeats and on
their sequence identity. Closely matching Alu sequences are counterselected at short
distances, whereas more diverged ones are more tolerated, this homology-dependent
effect decreasing with increasing distance between them. This homology and distance
effect was not observed with direct Alu repeats (Fig. 4D) (93).

A well-studied inverted repeat-induced rearrangement is the t(11;22)(923;q11.2)
translocation. Balanced carriers are healthy but have infertility problems, and their off-
spring may have Emmanuel syndrome due to a faulty meiotic disjunction of the trans-
located chromosome. Their genotype contains two copies of chromosome 11, two
copies of chromosome 22, and an extra translocated chromosome carrying genetic in-
formation from both chromosomes 11 and 22 (103). Breakpoint analysis of 11923 and
22911 revealed that these regions contain a large inverted repeat of hundreds of AT-
rich base pairs named, respectively, PATRR11 and PATRR22. Small changes in the
sequence of PATRR are sufficient to prevent translocation, which is in favor of a sec-
ondary structure formation that may be the cause of the translocation (104, 105).
Using plasmid-based systems bearing PATRR11 and PATRR22 in HEK293 cells, it was
shown that GEN1 knockdown led to a decline in hairpin-capped DSBs (106). GEN1 is an
endonuclease involved in Holliday Junction resolution, a four-way DNA structure simi-
lar to cruciform DNA (Fig. 4A). However, reproducing these results in chromosome-
borne construct would strengthen these observations. It is possible that, given the
functional redundancy of enzymes in charge of processing three-way and four-way
DNA junctions, genetic requirements are different when cruciforms are formed in a
plasmid or embedded within a chromosome wrapped into chromatin. This transloca-
tion is thought to occur during spermatogenesis. Indeed, t(11;22) is detectable as a de
novo translocation in sperm from normal healthy males at frequencies of 1074 to 10—°
but not in mitotic cells (107). A model study conducted with HEK cells was carried out
in order to understand how translocations arise. In this model, effective translocation
between two plasmids carrying either PATRR-11 or PATRR-22 results in green fluores-
cent protein (GFP) expression. It was correlated with the supercoiling state of the plas-
mids at the time of the transfection, suggesting that secondary structure formation
was sufficient to induce translocation independently of replication. Therefore, the
authors suggested that excess negative supercoiling may accumulate temporarily in
DNA during chromatin compaction, occurring at the latest stages of spermatogenesis,
triggering the t(11;22) translocation (108). Finally, as another example, inverted gene
amplification may have shaped the amplified ERBB2 locus encountered in breast can-
cer through breakage-fusion-bridge cycles (109).

Direct evidence for cruciform formation in vivo. To detect cruciform structures in
vivo, psoralen and UV light cross-linking were used in E. coli. A 66-bp inverted repeat
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integrated into a plasmid could not be detected as a cruciform by electrophoresis on
agarose gels (110). Later, using the same techniques on specific inverted repeats con-
taining AT-rich loops and GC-rich stems, the authors were able to visualize small
amounts of cruciform DNA (0.01 to 1% of total DNA) (111). Finally, a PATRR11-bearing
plasmid treated with psoralen and UV revealed the presence of cruciform structures
under atomic force microscopy (105).

Direct visualization of cruciforms in cells was attempted with a monoclonal anti-
body (2D3) raised against synthetic cruciform structures. This antibody was shown to
recognize such structures but not heteroduplex slipped-stranded DNA containing a
hairpin on one strand only (112). Interaction of this antibody with cruciform structures
was carried out in vitro using a band-shift assay and showed that 2D3 interacts with
the four-way junction at the base of the cruciform (113). Later, immunoprecipitation
using the same antibody revealed the presence of cruciform-containing DNA at a yeast
replication origin (114). When 2D3 was tested on synthetic oligonucleotides carrying
different lengths of CAG/CTG trinucleotide repeats, it was found that the antibody effi-
ciently bound to heteroduplexes but not to homoduplexes (115). This suggests either
that CAG/CTG heteroduplexes are indeed structured as four-way junctions similar to
cruciforms or that 2D3 recognizes three-way junctions containing a hairpin on one
strand only, a result different from what was previously reported (112). In addition,
2D3 was raised against perfect cruciforms, whereas CAG/CTG hairpins are not perfect,
since A-T bases facing each other do not form Watson-Crick bonds, and the resulting
structure is very different from a perfect hairpin (70, 116, 117). For these reasons, it is
unclear at this time whether 2D3 specifically binds cruciforms or a panel of slipped-
stranded DNA molecules.

Microsatellites and Secondary Structures

Microsatellites (also called VNTR [variable number of tandem repeats] or SSR [short
sequence repeats]) are tandem repeats of short repeat unit (less than 10bp). They
were initially discovered in 1984 as a highly polymorphic sequence in the human myo-
globin gene (118). Since then, they have been shown to be extremely frequent in all
eukaryotes, and their length polymorphism was widely used for applications ranging
from forensic medicine and paternity tests to the establishment of the first physical
map of the human genome in 1996 (reviewed in reference 119). In 1991, for the first
time, a human neurological disorder, the fragile X syndrome, was linked to the large
expansion of a CGG trinucleotide repeat at the fragile FRAXA locus (120). Shortly after
this first discovery, many other disorders were found to be strongly associated with
the expansion of a trinucleotide repeat and, less frequently, with other microsatellites
(GGGGCC repeats [121], CCTG repeats [122], and ATTCT repeats [123]). Interestingly,
although there are 10 possible nonmonotonous trinucleotide repeats, only three of
them were found to be expanded in human disorders (CAG/CTG, CGG/CCG, and GAA/
TTC). Hence, it was soon proposed that expansions were probably triggered by the for-
mation of secondary structures that would interfere with normal DNA metabolism
(124). We will now be reviewing evidence proving that some of these microsatellites
are able to form secondary structures in living cells.

CAG/CTG trinucleotide repeats. CAG/CTG form imperfect hairpins in vitro; this was
demonstrated using 'H nuclear magnetic resonance (NMR) (70). Experiments meas-
uring the melting temperature (Tm) of oligonucleotides made of various numbers of
CAG or CTG showed that CTG hairpins are more stable than CAG hairpins. This may be
because purines occupy more space than pyrimidines and are most likely to interfere
with hairpin stacking forces (125). Experiments of the denaturation/renaturation of a
plasmid containing 50 CAG/CTG repeats were carried out, and their length was
resolved on 4% polyacrylamide gels. Upon renaturation, 60% of the DNA was slipped-
stranded. Electron microscopy comparisons with plasmids carrying 255 CAG/CTG
repeats revealed compacted and bent molecules, corresponding to structured DNA
fragments. The heterogeneity and complexity of these molecules increased with the
number of repeats (126). Recently, FRET (FOrster resonance energy transfer, in which
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measurement of photon transfer between two light-sensitive molecules allows deter-
mination of the distance between these two molecules) experiments revealed that par-
ity in the number of repeats had an impact on their stability. Even numbers of CAG are
stable while odd numbers induce a slipping back and forth between states (127).

Much genetics evidence argues in favor of secondary structure formation in vivo. In
yeast, CAG/CTG trinucleotide repeats are more unstable when the CTG triplets are
located on the lagging strand template, which is supposedly more prone to form sin-
gle-stranded secondary structures, than the leading strand template. Using 2D gels to
visualize replication intermediates, it was shown in E. coli that fork stalling during repli-
cation occurred for plasmids bearing CTG repeats in the lagging-strand, but not for
CAG repeats. Pausing was more frequent as the length of the repeat increased (72).
The same experiment was carried out in yeast and showed a mild effect on fork stalling
at 80 CAG or CTG repeated sequences (73). In vivo in Hela cells, evidence for hairpin
formation was given by the use of a zinc finger nuclease (ZFN) that recognizes CTG
repeats. Only one ZFN arm was found to be able to cut DNA, suggesting that a hairpin
was formed and cut. This argument can, however, be debated, as hairpins formed by
CTG repeats are imperfect and do not structurally mirror Watson-Crick bounds. When
the same cells were serum deprived and were not cycling, no cutting was found, sug-
gesting that hairpin formation was replication dependent. CAG/CTG repeats showed
increased instability through multiple cycling division, suggesting that replication was
implicated in their instability. In HelLa cells, instability of (CAG),o, and (CTG),,, was
observed after 250 doublings. The instability was suppressed when the close-by repli-
cation origin was inactivated (128).

Secondary structures may form on either strand of the DNA; slippage of the DNA
polymerase and the nascent strand backwards on the template strand would result in
the formation of structures containing an excess of repeats on the nascent strand,
resulting in expansion products. The opposite would give rise to deletion products.
Long CTG repeats may also induce fork stalling and collapse. Restart subsequently
involves repair and recombination machineries to pursue replication. Thus, biophysical
studies showed that CAG/CTG form hairpins in vitro, and some evidence tends to con-
firm that they also form structures in vivo, leading to instability of the repeat tract. It is,
however, unknown whether in vitro and in vivo CAG/CTG repeats display identical sec-
ondary structures or share similar properties but exhibit different structures.

Slipped-stranded DNA, recognized by 2D3 antibody (113) as the junction between
B-DNA and hairpins, was found at the unstable trinucleotide repeats of the myotonic
dystrophy disease locus in patient brain, heart, muscle, pancreas, and liver (129). More
recently, a synthetic molecule, naphthyridine-azaquinolone (NA) was shown to specifi-
cally bind long CAG slip-outs, causing a shift on electrophoresis gel when bound to the
annealing product between (CAG),, and (CTG);, NA was able to inhibit repeat expan-
sions and trigger their contraction in the striatum of R6/2 mice, a model of Huntington
disease (HD) harboring 150 CAG repeats. This was taken as evidence for secondary
structure formation in vivo in whole animals (130). The potency of the molecule was
found to be dependent on transcription, probably because secondary structures form
to a greater extent during the metabolic process (131).

GAA/TTC trinucleotide repeats. The first evidence for the formation of the non-B-
DNA form was brought about by the observation that synthetic polyU-polyA ribonu-
cleotides could hybridize in vitro in a 1:1 ratio, as predicted by the double-helix model,
as well as in a 2:1 ratio, suggesting the existence of a more stable three-stranded struc-
ture (132). In triple helices, the third strand is provided by one of the strands of the
same duplex DNA molecule at a mirror repeat sequence, bound by a Hoogsteen hydro-
gen bond. Intramolecular triplexes can be formed by T-A*T or C-G*C™* triad, where the
asterisk is a Hoogsteen bond, the hyphen is a Watson-Crick bond, and C* is a proto-
nated cytosine. Because of the requirement of the cytosine to be protonated, this
structure is called H-DNA. In contract, *H-DNA is maintained by T-A*A or C-G*G triads
and is not pH dependent (133). Homopurine-homopyrimidine repeats were shown to
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FIG 5 H-DNA triplex structures. (A) A polypurine-polypyrimidine H-DNA structure is shown. (Based on
data from reference 134.) (B) A similar structure formed by GAA/TTC trinucleotide repeats. The GAA

strand and the TTC strand are colored in green and purple, respectively, to make their visualization
easier.

form H-DNA, as visualized by 2D gels (Fig. 5A). Plasmids carrying different potentially
forming H-DNA were subjected to 2D gels and analyzed for their propensity to
undergo transition to H from under superhelical stress (134). Similarly, GAA/TTC
repeats form triple helices in vitro, exhibiting specific melting curves (Fig. 5B) (135).
Evidence for in vivo formation was given by antibodies targeting triple-stranded DNA
(136) and single-stranded probes (137). However, none of these experiments were car-
ried out in physiological conditions, and the transient and dynamic nature of such
structures may explain why they are so difficult to detect.

In S. cerevisiae, using 2D gels to monitor replication fork stalling, chromosome-
borne GAA/TTC repeats transiently stalled replication forks when the GAA sequence
was located on the lagging-strand template, but not in the opposite orientation (138).
It was postulated that DNA polymerase stalls on the lagging strand due to GAA tri-
plexes, while the polymerase on the leading strand continues, leading to long
stretches of single-stranded DNA. The stalling region is bypassed when the stalled
strand invades its sister chromatin, by template switching, and may account for large
GAA repeat expansion repeats in yeast. In support of this hypothesis, RAD27 knockout
in S. cerevisiae leads to a drastic increase in GAA repeat contractions (139) and expan-
sions (140). Rad27p is a 5’ flap endonuclease, an orthologue of FEN-1 in humans, and
is responsible for Okazaki fragment processing, although a possible additional role in
homologous recombination was proposed (141). Mutating Rad27 residues responsible
for the correct alignment of the 5’ DNA flap with the protein catalytic site increased
the rate of GAA repeat expansions in yeast by a mechanism proposed to be template
switching (142).

In yeast, GAA triplet repeats trigger DSB formation (143), and the GAA repeat
expansion at the FXN locus in lymphoblastoid cells was linked to chromosomal
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breakage (144). DSBs induced by H-DNA may account for its intrinsic instability,
although formal evidence is lacking to support this hypothesis, and mutants in the
yeast double-strand break repair pathway do not dramatically increase GAA repeat
instability (139). Finally, H-DNA colocalizes with fragile sites such as c-Myc (145) and
BCL-2 loci (146).

There is some evidence that triplex structures may form in vivo within GAA/TTC
repeats. In budding yeast, transcription of such repeats increases their expansion rate.
Knocking out RNH1 and RNH201, encoding RNase H1 and the catalytic subunit of
RNase H2, resulted in higher repeat instability when GAA repeats were transcribed
(147). This suggests that RNA-DNA hybrids are linked to these expansions. When
RAD52 or POL32 were knocked out, RNase H-dependent expansions returned to the
wild-type level, showing that they occur through a homologous recombination mecha-
nism involving long-range DNA synthesis. The authors hypothesized that triplex H-
DNA structures, perhaps transiently stabilized by RNA-DNA hybrids, were responsible
for triggering the observed expansions.

Other microsatellites. Other microsatellites found to be unstable in vivo were
shown to form secondary structures in vitro. By observing the behavior of repeat-con-
taining oligonucleotides after enzymatic or chemical treatments, it was inferred that
CAGG tetranucleotide repeats form imperfect hairpins. No structure was observed for
the complementary CCTG repeat in the tested conditions, suggesting that CAGG hair-
pins are more stable (148). However, using the nuclear Overhauser effect, which is a
more recent type of nuclear magnetic resonance, it was suggested that CCTG may
form hairpins with a two-residue CT loop or a dumbbell (149). CCTG/CAGG repeats
were transfected in green monkey kidney cell line COS-7. Instability was greater when
CAGG was on the leading strand, and instability was length dependent (148).

DNA unpairing at ATTCT pentanucleotide repeats in supercoiled DNA was detected
using 2D gels, indicating that ATTCT repeats form structures similar to DNA unwinding
elements (DUE) (150). DUE were discovered in E. coli (151) and later on in S. cerevisiae,
as AT-rich sequences easily unwound when located at replication origins (152). DUE
are a common feature of prokaryotic and eukaryotic replication origins and act as a
start point for strand separation and unwinding of the double helix. ATTCT repeats
were able to trigger aberrant replication initiation in HelLa cells. Instability of the repeat
may come from the refiring of replication after the fork has already passed through the
repeat, leading to rereplication and massive repeat expansion (150). Very recently,
NMR analysis of ATTCT repeats of different lengths showed that they adopt a very spe-
cific secondary structure in which the two first repeats form a compact minidumbbell
(153). The existence of such a structure in living cells remains to be elucidated.

ATTCT repeats were linked to fragility and to expansions in a yeast reporter assay in
which they were integrated in the middle of a URA3 gene. Expanded repeats directly
block the expression of the URA3 gene, allowing the monitoring of expansion and con-
traction of the repeat tract by screening 5-fluoroorotic acid (5-FOA) resistant colonies.
The expansion rate showed a 10-fold decrease in a Arad5 mutant background, whereas
contractions were unchanged. In addition, chromosomal fragility was also decreased,
although to a lesser extent (154). Rad5 is involved in postreplication template switch-
ing, suggesting that this pathway triggers ATTCT expansions.

MISMATCH REPAIR ACTIVITY ON ALTERNATIVE DNA STRUCTURES

Role of the Mismatch Repair System in Microsatellite Instability: Indirect Evidence
for Secondary Structure Formation In Vivo

The role of mismatch repair during replication. The mismatch repair machinery
(MMR) is a highly conserved system specialized in removing synthesis errors ignored
by the editing function of DNA polymerases during genome replication. Malfunction
or inactivation of this system leads to an increase in spontaneous mutations and a
strong predisposition to tumor development. Tumor cells from hereditary nonpolypo-
sis colorectal cancer patients displayed high alteration of microsatellite length (155). In
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yeast, the absence of a functional MMR leads to a 700-fold increase in GT repeat insta-
bility (156) and a 10- to 10,000-fold increase in polydeoxyadenine tract instability (157),
suggesting that following replication, a functional MMR is required to fix small slippage
errors done by the polymerase.

Mismatch repair proteins. The MMR machinery was successfully reconstituted
using bacterial (158), yeast (159), and mammalian purified proteins (160). MMR acts
through a sequential mechanism starting with mismatch recognition, followed by exci-
sion of the DNA strand containing the wrong information and by subsequent resynthe-
sis. MMR proteins were first identified in E. coli by studying mutator strains deficient for
the MutS, Mutl, MutH, or UvrD protein. Following mismatch recognition, MutS,
through its ATP hydrolysis activity, undergoes an ADP-ATP exchange-driven conforma-
tional change into a sliding clamp and recruits the MutL heterodimer. The complex
formed by MutS-MutL can translocate in either direction along DNA toward a gap
between Okazaki fragments and initiate degradation of the mutated DNA strand. The
resulting single-stranded gap is filled by polymerase §. In eukaryotes, three MutS
homologues (MSH genes) were shown to form heterodimers, MSH2, MSH3, and MSH6
(161). MutSa (MSH2 + MSH6) is involved in the repair of base-base mispairings and
short insertion/deletions, while MutSB8 (MSH2 + MSH3) acts on some base-base mis-
pairs and both short and long insertion/deletions (162, 163).

Are DNA Secondary Structures Recognized by MMR Proteins? In Vitro Evidence

CTG or CAG hairpins are likely to be recognized by MMR proteins, which would rec-
ognize them as mismatches. Such slipped-stranded structures may be generated in
vitro by annealing CAG/CTG repeat-containing oligonucleotides of either the same or
different lengths, and a band-shift assay was performed to detect Msh2 binding to
these mismatched heteroduplexes. Msh2 was found to bind these structures, and its
affinity increased with repeat length. Furthermore, Msh2 binds more efficiently to (CAG),s
oligonucleotide and (CTG);,(CAG)s, slipped DNA than to (CTG),s and (CTG)sy(CAG);,
slipped DNA (164). Purified human Msh2-Msh3 protein complexes were found to lose their
ATPase activity and to be stuck into a noncatalytic conformation when bound to CAG hair-
pins (165). However, another study, conducted using Hela cell extracts, showed that the
binding of MutSB did not affect nucleotide binding and hydrolysis, although it confirmed
the interaction with CAG hairpins (166). In spite of being contradictory regarding the effect
of hairpin binding on subsequent repair steps, probably due to different experimental set-
tings, evidence tends to confirm that MutS 3 binds to CAG/CTG hairpins.

MMR Impact on Trinucleotide Repeat Instability In Vivo

Early reports pointed toward a role of MMR proteins in trinucleotide repeat instabil-
ity. Loss of Msh2 in HD (Huntington disease) model R6/1 mice resulted in a strong
decrease in the number of expansions of CAG repeats in somatic cells (167) and germ
cells (168). Msh3 deficiency was shown to have a similar effect in R6/1 mice, while
Msh6~~ mice did not exhibit any change in CAG instability (165). In mice deficient in
Msh2 or Msh3, CTG repeat instability shifted from a bias toward expansions to a bias
toward contractions (169, 170). Later experiments in a Msh2-mutant mice carrying a
missense mutation, Msh2G674A/G674A [eading to the impairment of ATPase activity while
retaining binding property to mismatches, showed a similar phenotype (171). This indi-
cated that CTG repeat expansions require not only the binding of MutSp3 to slipped-
stranded DNA, but also a functional ATPase dependent catalytic activity. Similarly,
Msh2 deficiency in a fragile X mouse model showed significantly reduced intergenera-
tional instability of CGG repeats, suggesting that Msh2 is also a key factor in CGG
expansions (172). Hence, hairpin binding by MutSp is a key step toward trinucleotide
repeat expansions, but the requirement for its catalytic activity strongly suggests that
ATP-dependent MutL recruitment is also necessary to trigger expansions. However, the
observation that Msh2 deficiency did not completely abolish expansions (168) indi-
cates unknown roles for other DNA repair processes in promoting repeat instability
and a cross talk between these DNA repair processes.
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FIG 6 Role of the mismatch repair system in CAG/CTG trinucleotide repeat expansion and fragility. (A) Hairpin formed on the
newly synthesized lagging strand. The damaged fork is recognized by the MMR but cannot be fixed, thus leading to a small
expansion during the next S phase. Successive cycles of small expansions may occur, ultimately leading to a large expansion.
Alternatively, another mechanism may directly lead to large expansions, such as those observed in some human disorders.
Unrepaired heteroduplex DNA is observed in the progeny as two cell populations with different repeat tract lengths (see the text
for details). (B) Hairpin formed on the lagging-strand template. The damaged fork is recognized by the mismatch repair system
(MMR) and may lead to chromosomal fragility at the next S phase if checkpoints are bypassed or if the damage cannot be fixed.
Template switching is a possible pathway to repair and restart the fork but may lead to trinucleotide repeat expansions and
contractions by homologous recombination under the control of the Rad51 recombinase and the Srs2 helicase in yeast (see the
text for details). Note that the hairpin was drawn on the lagging strand (or on its template), but the model can perfectly be

reversed if its formation happens on the leading strand (or on its template).

Similarly, MMR also destabilizes GAA/TTC repeats in yeast (138) and in human cells
(173). In transgenic mice, the effect of the MMR was strikingly different from what was
observed for CAG/CTG repeats. Msh2 or Msh3 deletion led to an increase in contrac-
tions, while the expansion rate was unchanged. In contrast, Msh6 or Pms2 inactivation
led to a clear increase in expansions (174). This strongly suggests that the MMR desta-
bilizes CAG/CTG and GAA/TTC repeats by different mechanisms.

Mechanisms underlying MMR-mediated trinucleotide repeat instability. A re-
porter assay in E. coli was used to monitor the effect of CAG/CTG triplet repeats on the
recombination of a tandem array of zeocin resistance genes located 6.3 kb away from
the repeat tract. Recombination was eliminated in the absence of MutS, MutL, and
MutH, while the hairpin endonuclease SbcCD (Mre11/Rad50) did not exhibit any effect
(175). This observation suggested that MMR is critical to trigger homologous recombi-
nation near CAG/CTG repeats in E. coli, implying the formation of a recombinogenic
product at, or near, the repeat tract.

In S. cerevisiae, MSH3 is required for trinucleotide repeat expansions, through suc-
cessive generations, supporting an iterative model of incremental expansions, rather
than a saltatory model of large expansions (176). Replication of a repeat-containing
plasmid in the presence or absence of functional MMR was conducted using either cell
extract from Hela cells (MMR-proficient) or LoVo cells (MMR-deficient). The resulting
replicated plasmids were then transformed in bacteria and analyzed for repeat length
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changes or slipped-stranded DNA formation. This revealed that heteroduplex DNA
molecules are formed during lagging-strand synthesis and are eliminated via MutS -
mediated postreplication repair (177). Using 2D gel electrophoresis, chromosome-
borne CAG/CTG repeats were shown to transiently stall replication forks in S. cerevisiae.
This stalling was partially alleviated in mismatch repair-deficient yeast strains. In addi-
tion, Msh2 was shown, by chromatin immunoprecipitation, to be enriched at the CAG/
CTG repeat tract, suggesting that the observed reduction in replication fork stalling
was not an indirect effect of MMR deficiency (178). In the same work, MSH2 overexpres-
sion led to a large increase in the number of sectored yeast colonies, the hallmark of
heteroduplex DNA (Fig. 6A). Subsequent repair of stalled replication forks may then
depend on the strand on which the hairpin was formed. Stalled forks may be repaired
by homology-driven template switching, whereas unrepaired forks may lead to chro-
mosome fragility (Fig. 6B). In yeast srs2A cells, CTG repeats undergo frequent expan-
sions and contractions, and additional inactivation of the RAD51 recombinase or the
RAD52 recombination mediator suppresses this phenotype, suggesting a role of ho-
mologous recombination in trinucleotide repeat instability in the absence of any
induced DSB (179). Further 2D gel analyses of strains mutated in different domains of
the Srs2 protein allowed the more precise definition of its role on CTG trinucleotide
repeats: (i) Srs2 reduced chromosomal fragility through its interaction with PCNA,
probably by unwinding fork-blocking CAG/CTG hairpins during replication; (ii) the heli-
case activity of the Srs2 protein inhibited the formation of Rad51-dependent recombi-
nation intermediates, and a mutation in this domain increases both repeat fragility and
instability (Fig. 6B) (180).

CONCLUDING REMARKS AND FUTURE DIRECTIONS

The formation of DNA secondary structure in living cells is mainly supported by
genetic evidence—instability triggered by repeated sequences, specific helicases such
as Pif1 or Srs2, replication fork stalling, rare fragile sites. Although G-quadruplex forma-
tion in vivo is backed by numerous convincing experiments, many questions remain
concerning the existence of other secondary structures in living cells. Even though rep-
lication forks are stalled by expanded trinucleotide repeats, is this stalling a direct effect
of secondary structure formation, or is it mediated by proteins binding specifically to the
expanded sequence? If secondary structures are formed within expanded microsatellites
in vivo, are they similar to the structures observed in vitro? How is chromatin organized
within expanded structure-forming microsatellites, and does it vary from one cell type to
another, perhaps explaining differences in stability between tissues?

The development of superresolution fluorescence microscopy in living cells may
open a new direction of research. In particular, the PALM technology, using genome-
encoded fluorophores, may allow the observation of DNA secondary structures in vivo.
The resolution attained should be sufficient to visualize large CAG/CTG hairpins, cover-
ing a hundred triplets or more. However, the fluorophore needs to bind near or at the
secondary structure to be observed (181).

More direct evidence to monitor such secondary structure formation in vivo using
chemical ligands or antibodies directed toward a specific structure are still elusive,
since their formation is probably a transient phenomenon which does not happen in
all cells and in all cell types with the same frequency. Development of an antibody is
tedious and faces the challenge to prove that the antibody recognizes the structure
and not the sequence. The recent evidence that a small molecule, naphthyridine-aza-
quinolone, induces repeat contractions in Huntington disease model cells argues in
favor of the formation of CAG/CTG hairpins in vivo (130). In addition to progress in our
understanding of alternative DNA conformations in vivo, better characterization of
these structures could therefore hasten the development of new therapies for microsa-
tellite expansion disorders.
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