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Introduction

This introduction will give an outline of microsatellite sequences causing disorders in human.
Their secondary structure, the way they trigger pathology and how they expand in the genome
will be presented. In a second part, myotonic dystrophy type | will be described, and due to the
lack of treatment for this disease, potent therapeutic approaches will be presented, including
genome editing approaches. In the third part of this introduction, targeted genome editing
techniques using highly specific nucleases will be presented through the successive discovery
of four families of specific nucleases: meganucleases, Zinc Finger Nucleases, Transcription
Activator Like Effector Nucleases and CRISPR-associated nucleases. The repair pathways that
exist to repair double-strand breaks induced by nucleases will then be described. In a last part,
the current advances of genome editing techniques for muscular dystrophies will be commented
and challenged regarding the current hurdles impeding their implementation as a therapeutic

approach.

Canonical structure and alternative forms of DNA

Right-handed DNA helices

Historically, fiber x-ray crystallography identified two distinct structural forms of DNA: A-
DNA and B-DNA (Franklin and Gosling, 1953). A-DNA was isolated at 75% humidity and B-
DNA at higher percentages. Concomitantly, Watson and Crick identified B-DNA as a double-
helix structure and proposed a model of an anti-parallel double-stranded helix, formed by two
linear sugar-phosphate backbones that run in opposite directions (Watson and Crick, 1953).
The two strands are connected by hydrogen bonds between the purine and pyrimidine bases,
consistent with the previously enounced Chargaff's rule, stating that purines and pyrimidines
ratio should be 1:1 in all organisms (Chargaff et al., 1950). These bonds are called Watson-
Crick bonds. Alternative Hoogsteen base pairings can also be observed in alternative forms of
DNA, in which the purine is rotated in such a way that bonds are made between its other face
and the pyrimidine (Hoogsteen, 1963).

A-DNA s 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 (Arnott et al.,
1968; Xiong and Sundaralingam, 2000).
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Left-handed Z-DNA structure

Surprisingly, it was only in the late 1970s, when single crystal X-ray diffraction was available
to validate the proposed model of the double helix, that the expected B-DNA structure was not
the first to be observed. Instead, the first single-crystal X-ray structure of a DNA fragment
showed a left-handed double helix (Wang et al., 1979). 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 polymerase during transcription (Liu and Wang, 1987) and that its formation is favored

near transcription start sites (Schroth et al., 1992).

Alternative forms of DNA

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. Other alternative forms
of DNA were discovered later on, including G-quadruplexes, hairpins, H-DNA and
palindromes. Many repeated sequences were shown to form DNA secondary structures in vitro,

and were supposed to form in vivo.
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Microsatellite disorders

Classification based on the nature of the repeated sequence

More than 40 disorders are due to expanded microsatellites throughout the human genome, and
most of them are neuromuscular disorders (Table 1). Repeated sequences include tri-, tetra-,
penta- or hexa- nucleotides. Specific aspects of microsatellite disorders are discussed above,
divided in four categories for each microsatellite: secondary structure formation, disease

association, pathogenic mechanisms and mechanisms underlying the instability.

CAG/CTG repeats

Secondary structure of the repeat

CAG/CTG form imperfect hairpins in vitro (Figure 1.A); this was demonstrated using *H
nuclear magnetic resonance (NMR) which infers the position of T and G bases, carrying imino
protons. In vitro experiments measuring the melting temperature (Tm) of oligos made of
various numbers of CAG or CTG showed that CTG hairpins are more stable than CAG hairpins.
It may be because purines occupy more space than pyrimidines and are most likely to interfere
with hairpin stacking forces. Also, since the folds formed by 30 CTG or CAG repeats do not
exhibit a higher Tm and are only 40% more stable in free energy than those formed by 10
repeats, it suggested that triplet expansions with higher repeat number may result from the
formation of more hairpins with similar stability rather than larger hairpins (Petruska et al.,
1996). Experiments of denaturation/renaturation of a plasmid containing 50 CAG/CTG repeats
were carried out and length was resolved on 4% polyacrylamide gels. Upon renaturation, 60%
of DNA was slipped-strand DNA. Observation of the same plasmid and plasmids carrying 255
CAG/CTG repeats under electron microscope revealed compacted and bend molecules,
corresponding to structured DNA fragments. The heterogeneity and complexity of the
molecules observed increased with the number of repeats (Pearson et al., 1998). Thus,
biophysical studies showed that CAG/CTG form hairpins in vitro, and some evidence tend to
confirm that they also form in vivo during replication; this will be discussed in the section
“Mechanisms of instability of CAG/CTG repeats”.
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Table 1: Microsatellite disorders and associated disease, repeat length, locus and pathogenic mechanism

mediated by the expanded microsatellite. For GCN sequence, N can be any base.
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Diseases linked to CAG/CTG expansions

CAG expansions in coding regions result in polyglutamine disorders such as Huntington
disease (HD), Spinobulbar Muscular Atrophy (SBMA) and Spinocerebellar Ataxias (SCA).
SBMA is an X-linked disorder which mainly affects motor neuron and is characterized by
proximal and bulbar muscle wasting (Arbizu et al., 1983). HD is also a neurodegenerative
disorder which is otherwise known as Huntington chorea due to the characteristic initial
physical symptoms including random and uncontrollable movements. These primary symptoms
are followed by memory deficits, changes in personality, and depression (Vonsattel and
DiFiglia, 1998). Many SCAs exist, SCA 1, 2, 3, 6, 7, and 17 are caused by a CAG expansion.
Ataxial, tremor?, and dysarthria® are common to all the SCAs, with each type of ataxia having
additional symptoms (Paulson, 2009).

CTG expansions cause myotonic dystrophy type | (DM1). Congenital DML1 is characterized by
hypotonia®, facial diplegia®, and mental retardation. Adult forms are milder, patients show
myotonia®, muscle degeneration, and may develop cataracts, cardiac conduction defects, insulin
resistance, sleep disorders, testicular atrophy (Machuca-Tzili et al., 2005). SCAS8 is also caused
by an expanded CTG repeat (Koob et al., 1999).

Mechanism of pathogenicity associated to CAG/CTG expansions

Polyglutamine disorders are mediated by a gain-of function mechanism: polyglutamine proteins
will form aggregate and will induce mortality of the cells, usually neurons (Ross and Poirier,
2004). The polyglutamine inclusions will either disrupt normal transcription (Dunah et al.,
2002) (Lam et al., 2006) or impair the ubiquitin-proteasome system (Donaldson et al., 2003).

In DM1, CUG-expanded RNA form aggregates which are visible under the microscope as foci
(Taneja et al., 1995). DM1 pathogenesis will be more extensively described in the section
“RNA-mediated pathogenesis”. It was also recently demonstrated that CAG and CTG repeats
are subjected to Repeat Associated Non-methionine translation (RAN translation), in either
direction, even when located in non-translated regions (5 UTR, introns). The resulting repeated

peptides are toxic for the cells (Zu et al., 2011).

1 LLack of muscle control or coordination of voluntary movements, resulting in slurred speech, trouble eating and
swallowing, deterioration of fine motor skills, difficulty walking etc.

2 Uncontrollable shaking

3 Speech disorder caused by muscle weakness

4 Lack of resistance to passive movement due to low muscle tone

5 Paralysis of both sides of the face

6 Delayed relaxation after voluntary contraction of skeletal muscle

14
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Figure 1: Secondary structures formed by microsatellites associated to human disorders. A. Hairpins.
Hairpins. CAG, CTG, and CCG hairpins formed by an odd number of repeat units (top) or even number of
repeat units (bottom) Bases making no pairing within the stem are colored. B.G-quadruplex. Structure
formed by (CGG), repeats. Cytosines and cytosine bonds are highlighted in red. C. Triple-helix. Structure
formed by (GAA), repeats. Watson-Crick pairings are shown by double lines, and Hoogsteen pairings are
shown by single lines. D. Hairpin and dumbbell formed by (CCTG), repeats. When the repeat length is
equal to three, a hairpin with a two-residue CT loop is formed. When the repeat length is equal to four, a
dumbbell structure with two CT-loops is formed. E. Hairpins formed by (TGGAA), repeats. Odd numbers
form an end to end conformation with a 1-nt loop (top) whereas even numbers can either form a 1-nt loop
(top) or an octaloop (bottom).
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Mechanisms of instability of CAG/CTG expansions

Impact of Mismatch Repair

Mismatch repair proteins are in charge of detecting mispairings resulting from DNA
polymerase errors during replication, and signal them to the repair machinery (Larrea et al.,
2010). Tumor cells from hereditary nonpolyposis colorectal cancer patients display high
alteration of the length of microsatellites and this was linked to a defect in mismatch repair
(MMR) (Parsons et al., 1993). In yeast, the absence of any of three genes (PMS1, MLH1 and
MSH2) involved in MMR leads to a 700-fold increase in instability of GT repeats (Strand et al.,
1993). It suggests that following replication, a functional MMR is required to fix small slippage
errors done by the polymerase.

However, MMR loss through pms1 and msh2 deletion in yeast strains did not affect large scale
changes in CAG repeat tract or even prevented them, while promoting short scale changes of
+1 or -1 repeat (Schweitzer and Livingston, 1997). It suggested that large scale expansions and
small-scale expansions have different underlying origins.

In yeast, CAG/CTG trinucleotide repeats are more unstable when the CTG triplets are located
on the lagging strand template, supposedly more prone to form single-stranded secondary
structures, than the leading strand template. Additionally, using 2D gels to visualize replication
intermediates, it was shown in E. coli that fork stalling during replication occurred for plasmids
bearing CTG repeats, but not CAG repeats. Pausing was more frequent as the length of the
repeat increased (Samadashwily et al., 1997). The same experiment was carried out in yeast,
and showed a mild effect on fork stalling at 80 CAG or CTG repeated sequences (Pelletier et
al., 2003).

CTG or CAG hairpins are likely to be recognized by MMR proteins which will mistakenly
recognize them as mismatches. Such slipped stranded structures were generated by annealing
stretches of repeats of CAG/CTG of either the same or different length and band-shift assay
was performed to detect MSH2 binding. MSH2 was found to bind to these structures and its
affinity increased with repeat length. Furthermore, MSH2 binds more efficiently to (CAG)1s
oligonucleotide than to (CTG)15 oligonucleotide (Pearson et al., 1997).

Secondary structure formation during replication may stall fork progression. CTG repeats are
able to form more complex molecules in vitro as the length of the repeat increases. It suggests
that in humans, secondary structures will more likely form and be stabilized as the number of
repeat increases. This may explain why larger CTG repeats are more prone to expansions than

shorter ones (Pearson et al., 1998). More precisely, ATPase domain of Msh2 was found to be
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essential in large scale changes of CTG repeats in a mouse model containing 1000 CTGs (Tomé
et al., 2009). Finally, CAG/CTG repeats were shown to be bound by mismatch repair proteins
and to trigger replication fork stalling (Viterbo et al., 2016). MMR is clearly involved in

CAG/CTG repeat instability, but fails to explain how large expansions arise.

Impact of replication

Evidence of the involvement of replication in triggering expansions was confirmed by studying
repeat instability in the presence of drugs altering cell replication. Mimosine which inhibits
replication initiation did not have an effect on triplet repeat length. Aphidicoline, by inhibiting
DNA polymerases affects both leading and lagging strand progression, triggered instability of
the large DML allele. Emetine which preferentially blocks Okazaki fragments had the more
dramatic effect on CTG instability (Yang et al., 2003). 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 be discussed as hairpins formed by CTG repeats are
imperfect and do not mirror structurally Watson-Crick bounds. When the same cells were serum
deprived and were not cycling, no cutting was found, suggesting 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 HeLa cells,
instability of (CAG)102 and (CTG)102 was observed after 250 doublings. The instability was
suppressed when close-by replication origin was inactivated (Liu et al., 2010a). These results
confirmed the active role of replication in repeats instability. The mechanism explaining repeat
instability during replication is that 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. CTG repeats
may also induce fork stalling and collapse. Restart then involves repair and recombination
machinery to pursue replication. The exact mechanism following restart is unknown. Fenl
homologue of Rad27 in yeast is a nuclease that removes displaced RNA-DNA primers on the
lagging strand during replication and is also critical for progress of stalled forks. It was a good
candidate as a major driver of CTG/CAG instability as the rad27 strain exhibits enhanced
instability of CAG/CTG repeats (Callahan et al., 2003). Partial knock-out of Fenl in mice
carrying DM1 DMPK gene did not exhibit any change in instability suggesting that Fenl is not

a major driver of human instability (van den Broek et al., 2006).
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The impact of replication through DM1 CTG expansion was assessed in DM1 fibroblasts and
in mice carrying the DM1 locus and 328 repeats. Nascent DNA were found both upstream and
downstream the repeats although in mice they were detected only downstream of the repeat.
Study of replication profile in mice at different ages and tissues did not show any clear
correlation; nevertheless, in testis, replication origin downstream of the repeat showed reduced
activity overtime while CTG repeat instability was higher. Authors suggest that CTCF binding
at CTCF binding sites located downstream CTG repeats in DM1 may play a role in the stability
of the repeat (Cleary et al., 2010). The exact role of replication in triggering instability in
patients is still unclear.

However, replication slippage fails to explain how instability arises in non-dividing cells since

all the experiments described here were carried out in actively dividing cells.

DSB-induced instability

In yeast, CTG repeats were integrated alongside a URA3 gene between direct repeats. When
exposed to hydroxyurea (HU), 5’FOA resistant colonies number increased with CTG repeat
length. These repeats act as fragile sites and promote DSBs in their vicinity, resulting in the
loss of ura3 gene in this experimental assay (Freudenreich et al., 1998). However, so far,
CTG/CAG repeats in patients have never been identified as fragile sites, challenging
observations made in yeast. DSB repair slippage may occur in yeast during gene conversion
and resulted in deletions of CAG repeats flanking an I-Scel cleavage site (Richard et al., 1999).
HO-induced DSB that can be repaired using a donor plasmid carrying CAGgegwas used to assess
repair at repeated sequences. Repair greatly increased and expansions increased when
overexpressing Mrell and Rad50, both part of the MRX complex. It suggested that this
complex was actively needed to remove secondary structures blocking repair (Richard et al.,
2000) (Figure 2). ZFNs were used to induce DSBs into CAG/CTG repeats which mostly led to
contractions in CHO cells (Mittelman et al., 2009) and in a HEK293 cells GFP reporter assay
(Santillan et al., 2014). These experiments indicate that repairing a DSB inside a repeat leads

to a high instability.

Break induced repair (BIR) and large-scale expansions

BIR is a repair pathway that resolves one-ended double-strand breaks, arising when replication
forks collapse. If the fork is stalled at CAG/CTG repeats, this sequence will serve for homology
search, and strand invasion will likely happen out of register in the repeats. This would lead to

large expansions. In yeast, piflA and pol32A mutants show reduced instability of CAG/CTG
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repeat tracts. Both pifl and pol32 are required for BIR, suggesting a role of this pathway in
expansions (Kim et al., 2017). In non-dividing cells, BIR may process double-strand breaks

arising at repeated sequences.
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Figure 2: Double-strand break repair mechanisms leading to repeat contraction or expansion.
Exogenous sources (radiation,...) or endogenous sources like replication stress, fork stalling, MMR
recognition may induce a DSB in or near a CTG/CAG repeat tract. The broken molecule is resected by several
nucleases and helicases leading to 3'-hydroxyl single-stranded ends. These ends may engage into different
types of homologous recombination. Direct annealing of the two ends by SSA leads to repeat tract shortening
(right). DNA synthesis during BIR generates repeat expansions (bottom). Synthesis-dependent strand
annealing is resolved by unwinding and out-of-frame annealing of the recombination intermediate, possibly
leading to repeat expansion (a) or repeat contraction (b). Figure from (Mosbach et al., 2019a).
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Base Excision Repair (BER) -mediated repair and MMR

R6/1 mouse is a mouse model for Huntington disease and harbor a transgene containing exon
1 of human HD gene including around 100 CAG repeats. These repeats are stable until 11
weeks of age, after which they tend to expand (Kovtun and McMurray, 2001). Oxidative lesions
tend to accumulate with age and oxidized bases are repaired by the BER pathway, involving
DNA glycosylases such as OGG1. R6/1/0GG1” mice show a decreased CAG instability. On
the other hand, MSH2/MSH3 MMR protein complex was previously found to be essential for
somatic expansions in mice (Owen et al., 2005). The proposed model is that CAG repeats
undergo base oxidation, repaired by BER OGG1 glycosylase. During the course of the repair,
single stranded CAG repeats can form hairpins. These secondary structures are recognized by

MMR proteins which trigger its instability (Kovtun et al., 2007) (Figure 3).

Conclusion

All mechanisms involving de novo DNA synthesis have been involved at some point in
CAG/CTG instability. For example, transcription was also linked to instability and R-loops
formation was proposed to induce repeat instability of CAG repeat tract (Reddy et al., 2014).
Different mechanisms may be at stake and probably through different steps in dividing versus

non-dividing cells.
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Figure 3: Toxic oxidation cycle model for age-dependent somatic expansion. Endogenous oxidative
radicals (O°) arising from mitochondrial (MT) respiration creates oxidative DNA lesions on CAG/CTG
repeat tract. These lesions are removed by the Base Excision Repair pathway. OGG1/APE cleavage produces
a nick, and polymerase (Pol) facilitates hairpin formation during gap-filling synthesis. CAG hairpins are
stabilized by MSH2/MSH3 binding (red dot is a mismatch in the stem) and escape FEN-1 loading and
cleavage owing to a hidden 5’ end. Strand displacement leads to a longer CAG template, which is again
subject to oxidative DNA damage. From (Kovtun et al., 2007).

CGG repeats

Secondary structure of the repeat

CGG repeats were shown to form tetraplexes (Figure 1.B); replication 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 (Usdin and Woodford, 1995). Additionally, it was also shown
that the stoichiometry of the structure is tetramolecular and that guanines are protected from
dimethylsulfate (DMS) guanine-specific cleavage, further confirming tetraplex structure
formation (Fry and Loeb, 1994). Also, CGG repeats could theoretically form hairpins (Figure
1.A); a dynamic change between tetraplexes and hairpins may occur in vivo (Zumwalt et al.,
2007).
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Diseases linked to CGG expansions

CGG repeat in the 5" untranslated region (UTR) of FMR1 is the cause of Fragile X syndrome.
It was first described in a family in which mental retardation segregated as an X-linked trait
(Martin and Bell, 1943). Karyotypes examination of patients suffering the syndrome showed
chromosome breakage at the X chromosome (Lubs, 1969). This breakage was later identified
as fragile site (Richards et al., 1981), the disease was thus called Fragile X syndrome (FXS).
Affected males have moderate-to-severe mental retardation, speech delay, and a variety of
behavioral and social problems (Richards et al., 1981). Normal alleles contain 6-55 repeats,
premutation alleles contain 55-200 and cause Fragile X tremor/ataxia syndrome (FXTAS), and
alleles that have above 200 repeats cause FXS (Crawford et al., 2001). Fragile X tremor/ataxia
syndrome (FXTAS) typically occurs in older males carrying a premutation allele. The main
clinical features of FXTAS are late-onset ataxia, intention tremor, cognitive deficits, rigidity,
peripheral neuropathy’, lower limb muscle weakness, and autonomic dysfunction (Jacquemont
et al., 2007). Finally, Fragile XE syndrome (FRAXE) is caused by the expansion of a CCG
repeat in the 5" UTR of the fragile X mental retardation 2 (FMR2) gene. Patients affected with
FRAXE present mild mental retardation, learning deficits, and developmental delay (Gecz,
2000).

Mechanism of pathogenicity associated to CGG expansions

CGG repeats are prone to methylation and FXS is the result of hypermethylation of the
promoter of FMR1 gene leading to a loss of function of the corresponding protein (Oberlé et
al.,, 1991). FXTAS is caused by a CGG-containing RNA transcript which sequesters key
proteins in neuron functioning, such as Pur-o. (Aumiller et al., 2012). Finally, more than 200
CGG (full mutation) results in the silencing of the FMR1 promoter and the loss of the associated

protein is the cause of the disease (Willemsen et al., 2011).

Mechanisms of instability of CGG expansions

CGG repeats from FMR1 were identified as fragile sites (Verkerk et al., 1991). Fragile sites are
chromosomal loci susceptible to breakage, visible on metaphase chromosome. Common fragile
sites are visible in standard cell culture conditions (Magenis et al., 1970). Rare fragile sites such
as in FXS are visible under folic acid deprivation (Richards et al., 1981) which was later shown

to impede DNA replication (Glover, 1981). Fragile sites breakage and instability were well

7 Nerves affection resulting in numbness and tingling in the feet or hands, pain in affected areas, loss of balance
and coordination, muscle weakness, especially in the feet

22



studied in humans. ATR, a checkpoint protein controlling late S-phase integrity of the genome
before entering into mitosis, was shown to regulate fragile site stability (Casper et al., 2002).
Fragile sites are late replicated and sometimes un-replicated, leaving single stranded DNA
inducing chromosome breakage (Glover et al., 2005). Additionally, FRA16B breakage
mechanism was elucidated: secondary structure formation leads to replication fork stalling and
reversal leading to breakage upon restart (Burrow et al., 2010). The progression 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 bearing more than 30 repeats of
either CGG or GCC. The stalling was abrogated when CGG repeats were interrupted by AGG
repeats (Samadashwily et al., 1997). Similar experiments in yeast showed that CGG/CCG
repeats block replication fork, in a length dependent manner starting with only 10 repeats
(Pelletier et al., 2003). These two experiments suggest that CGG may act as a fragile site and
block replication fork leading to DNA breaks which may be repaired by homologous
recombination leading to large expansions. Msh2 KO mice showed significantly reduced
intergenerational instability of CGG repeat suggesting that Msh2 is a key factor for CGG
expansions (Lokanga et al., 2014). The same trend was observed for CAG/CTG repeats,
suggesting that MMR proteins may also recognize secondary structures formed by CGG

repeats, inducing replication fork stalling.

GAA repeats

Secondary structure of the repeat

GAA form triple helices in vitro, exhibiting specific melting curves (Figure 1.C) (Gacy et al.,
1998). In triple helices, the third strand is provided by one of the strands of the same duplex
DNA molecule at a mirror repeat sequence, and is bound by Hoogsteen hydrogen bond. First
evidence of this non B-DNA form was given by the increased stability of polyU and polyA
stretches in a 2:1 ratio, forming a three-stranded structure (Felsenfeld and Rich, 1957).
Intramolecular triplexes can be formed of T-A*T or C-G*C* sequence where * is a Hoogsten
bound, — a Watson-Crick bound and C* a protonated cytosine. Because of the requirement of
the cytosine to be protonated, this structure is called H-DNA. On the contrary, *H-DNA is
maintained by T-A*A or C-G*G base triplets and is not pH dependent (Malkov et al., 1993).
Evidences of formation in vivo were given by antibodies targeting triple stranded DNA (Lee et

al., 1987) and single stranded probes (Ohno et al., 2002). However, none of these experiments
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were carried out in physiological conditions, their transient and dynamic nature may explain

why they are so difficult to detect.

Diseases linked to GAA expansions

Friedreich’s ataxia is a neurodegenerative disorder characterized by progressive ataxia,
followed by uncoordinated movements, tremors, and muscles waste. The first symptoms are
usually observed in childhood or the early teens; the disease is progressive and evolves
throughout the life of the patient (Zeigelboim et al., 2017).

Mechanism of pathogenicity associated to GAA expansions

GAA/TTC repeats were shown to block transcription by T7 RNA polymerase in vitro, in a
length-dependent manner, 88 repeats completely abolishing transcription. Hence, the formation
of DNA-RNA triplex structures blocks transcription, which in patients results in the loss of
frataxin protein (Grabczyk and Usdin, 2000). Frataxin is essential in mitochondrial iron storage

and regulation of iron levels; its loss eventually leads to cell death (Puccio et al., 2001).

Mechanisms of instability of GAA expansions

In S. cerevisiae, using 2D gels to monitor replication fork stalling, GAA repeats located on the
lagging strand were shown to arrest replication fork, while TTC repeats did not affect
replication (Krasilnikova and Mirkin, 2004). GAA repeats were confirmed to be prone to
expansions only when the GAA strand serves as a lagging strand template (Shishkin et al.,
2009). It was thus postulated that DNA polymerase stalls on the lagging strand due to GAA
triplexes, 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. This pathway is called template switching and may account for large expansions at
GAA repeats. Additionally, MMR suppression in mice by inactivation of Msh2 and Msh6 and
Psm2 prevents instability in GAA expansions in neurons (Bourn et al., 2012). Finally, H-DNA
colocalizes with fragile sites such as c-Myc locus (Kinniburgh, 1989) and BCL-2 locus
(Raghavan et al., 2005). In yeast, GAA trigger DSBs (Kim et al., 2008) and the GAA repeat
expansion at FXN locus in lymphoblastoid cells was linked to chromosomal breakage (Kumari
et al., 2015). DSBs induced by H-DNA may account for its instability, although formal

evidence lacks to support this hypothesis.
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GGGGCC repeats

Secondary structure of the repeat

In vitro, X-ray diffraction demonstrated that guanylic acids can assemble into tetrameric
structures. In these tetramers, four guanine molecules form a square in which each guanine is
hydrogen-bound to the two adjacent guanines (Gellert et al., 1962) (Figure 1.B). Later, G-
quadruplexes were shown to be formed in vivo. The deletion of a specific helicase in C. elegans
led to the systematic deletion of polyglutamine tracts. The helicase was renamed dog-1 for
deletions of guanine-rich DNA. This helicase appears to be essential for the resolution of
GGGGCC repeats during replication, indirectly showing the formation of secondary structures
in vivo (Cheung et al., 2002). To confirm secondary structure formation in vivo, antibodies were
isolated to target G-quadruplexes (Schaffitzel et al., 2001). In yeast, analysis of G4 in pifl4
mutants revealed that this replication helicase prevented genomic instability in the G-rich
human minisatellite CEB1 inserted in Saccharomyces cerevisiae genome (Ribeyre et al., 2009).
ChiP-Seq revealed that Pifl bound to G4 motifs (Paeschke et al., 2011). Through ChiP
microarray experiments of DNA associated to DNA Polymerase 2 in a strain where PIF1
expression is reduced (pifl-m2 allele) and 2D gels, it was revealed that Pol2 accumulated at G4
sequences and that replication forks were slowed down at these loci. Ligands of the PhenDC
family (De Cian et al., 2007) were used to probe the formation of G-quadruplexes in vivo. pifl4
cells treated with the Phen-DC3 ligand showed an increased CEBL1 instability, confirming G4
formation in vivo (Piazza et al., 2010).

GGGCC repeat in c9orf72 was shown to form DNA G-quadruplex as well as RNA G-
quadruplex and DNA-RNA hybrids through biophysical techniques: such as circular dichroism
absorption measurement showed a characteristic spectrum for antiparallel G-quadruplexes.
Dimethylsulfate protection assay revealed that guanines are protected from cleavage, indicating

the formation of hydrogen bonding in a G-quartet conformation (Haeusler et al., 2014).

Diseases linked to GGGGCC expansions

GGGGCC expansions located in c9orf72 are the cause of amyotrophic lateral sclerosis (ALS)
or Charcot disease and result in progressive motor dysfunction (Rowland and Shneider, 2001).
The GGCCTG expansion in NOP56 causes SCA36 which is also a neurodegenerative disorder,
characterized by a late-onset, progressive cerebellar ataxia typically associated with hearing
loss (Kobayashi et al., 2011).
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Mechanism of pathogenicity associated to GGGGCC expansions

DNA/RNA hybrids were shown to stall RNA polymerase, impeding transcription and leading
to nucleolin mislocalization. Nucleolin is an essential nucleolar protein and colocalizes with
both DNA and RNA containing GGGGCC repeats (Haeusler et al., 2014). The c9orf72
GGGGCC expansion was shown to form RNA G-quadruplex inclusions which sequesters
hRNP, an important splicing factor in ALS brains (Conlon et al., 2016), and Pur o (Xu et al.,
2013). Pathogenesis of SCA36 most probably involves an RNA-gain of function mechanism
(Kobayashi et al., 2011).

Mechanisms of instability of GGGGCC expansions

GGGGCC was shown to disrupt replication fork progression by performing 2D gels on
replicative HEK293T expressing a plasmid containing either 21 or 41 GGGGCC. Both lengths
impair replication, although longer repeat show a more dramatic effect (Thys and Wang, 2015).
As discussed above for CAG/CTG, replication fork stalling may also lead to expansions.
Additionally, R-loops can form in vitro in GGGGCC repeat and contribute to its instability
(Reddy et al., 2014).

CCTG repeats

Secondary structure of the repeat

By observing the behavior of oligos containing repeats after enzymatic or chemical treatments,
it was inferred that CAGG form hairpins. No structure was observed for CCTG in the tested
conditions, suggesting that CAGG hairpins are more stable (Figure 1.D) (Dere et al., 2004).
However, using 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 (Lam et al., 2011).

Diseases linked to CCTG expansions

DM2 is caused by an expanded CCTG at the ZNF9 gene; it shares the same symptoms as DM1
and is in general milder than DM1 (Machuca-Tzili et al., 2005).

Mechanism of pathogenicity associated to CCTG expansions

The mechanism leading to DM2 resembles DM1, with CCUG-expanded RNA sequestering
splicing factors similar to DM1 (Ranum and Cooper, 2006).
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Mechanisms of instability of CCTG expansions

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 (Dere
et al., 2004). As discussed above for CAG/CTG, replication fork stalling may lead to

expansions. The involvement of BIR or MMR, in the instability still has to be proven.

ATTCT repeats

Secondary structure of the repeat

DNA unpairing at ATTCT repeats in supercoiled DNA was detected by 2D gels, indicating that
ATTCT form structures similar to DNA unwinding elements (DUE) (Potaman et al., 2003).
DUE were first observed in S. cerevisiae as easy to unwound sequences, located at replication
origins (Umek and Kowalski, 1990). DUE are a common feature of prokaryotic and eukaryotic
replication origins and act as a start point for strand separation and unwinding of the DNA

double helix.

Diseases linked to ATTCT expansions

SCAI0 is due to an expanded ATTCT in the ataxin10 gene. The expansion can be very large,
up to 22.5kb (Matsuura et al., 2000). Symptoms are similar to other SCA (Paulson, 2009).

Mechanism of pathogenicity associated to ATTCT expansions

The pathogenesis mechanism is unknown although studies in mice revealed that either loss or
gain of function of ataxin fail to recapitulate the disease features (Wakamiya et al., 2006). As
ATTCT expansion is intronic, it was postulated that the expanded AUUCU-containing mRNA
was toxic. RNA aggregates were also observed in SCA10 patient cells, colocalizing with
hnRNP K protein aggregates, previously identified by coimmunoprecipitation assays with
AUUCU repeats (White et al., 2010). To confirm this hypothesis, a new transgenic mouse
model was constructed in which the pentanucleotide repeats were integrated in 3’UTR of the
LacZ gene to ensure transcription without translation. The resulting mice showed irregular gait,
increased seizure and neuronal loss, resembling SCA10 patient phenotype. Pathogenesis
mechanism of SCA10 is thus more likely an RNA gain of function mechanism (White et al.,
2012).
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Mechanisms of instability of ATTCT expansions

ATTCT repeats were able to trigger aberrant replication initiation in Hela cells. Instability of
the repeat may come from the firing of replication after the replication fork has already passed
through the repeat leading to further replication and massive expansions (Potaman et al., 2003)
(Figure 4). ATTCT repeats were later linked to fragility and to expansions in a yeast reporter
assay where ATTCT repeats were integrated in the middle of a URA3 gene. rad5 mutants did
not showed a decrease in expansion rate and fragility of the repeat tract. Rad5 is involved in
template switching, which appears to be another determinant step for ATTCT instability
(Cherng et al., 2011).

Figure 4 : Model for repeat instability based on aberrant replication origin activity triggered by
(ATTCT)n repeats. Onion skin replication can occur via continued initiation within the A+T-rich sequence.
Continued replication will lead to a displacement of four DNA molecules from the original DNA molecule
(steps 1 to 5). These molecules can be joined into very long strands (step 6) and become incorporated into
the repeat tract leading to massive expansion. From (Potaman et al., 2003).
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TGGAA repeats

Secondary structure of the repeat

It was shown using NMR that TGGAA repeats were able to form hairpins with a 1-nt loop (Zhu
et al., 1996). Later, it was demonstrated that TGGAA actually form two different hairpin
structures depending on repeat number parity, by applying FRET and X-ray crystallography on
(TGGAA)z and (TGGAA), oligonucleotides. Odd numbers form an end to end conformation
with a 1-nt loop whereas even numbers can either form a 1-nt loop or an octaloop (Figure 1.E)
(Huang et al., 2017).

Diseases linked to TGGAA expansions
TGGAA expansion in the BEAN and TK2 genes is the cause of SCA31, a late-onset of cerebral
ataxia (Sato et al., 2009).

Mechanism of pathogenicity associated to TGGAA expansions

The disease mostly affects Purkinje cells. RNA foci were found using a probe recognizing gene
transcript containing TGGAA sequence. Electrophoretic mobility shift assay revealed proteins
that bind to UCCAA RNA. TGGAA repeats are most likely to act in an RNA-mediated

mechanism which leads to sequestration of splicing factors (Sato et al., 2009).

Stability of TGGAA expansions

In normal individuals, no TGGAA sequence can be found in place of the TGGAA expansion

in SCA31 patients. This means that the expansion was the result of an insertion. Since TGGAA
sequence can be found in the centromeres of 8 chromosomes in humans, this mutation may
have arisen from an heterochromatin insertion (Sato et al., 2009). A study on 17 parent-child
pairs suggested that TGGAA repeat tracts do not exhibit a marked inter-generational instability.
Small changes can occur as the mean length of change was 12.2 bp during transmission.
However the change was not significantly different between two generations (Yoshida et al.,
2017).
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GCN repeats

Secondary structure of the repeat

No secondary structure has been reported for GCN repeats. This may be because it was not

studied or because the impurity of the repeat prevents secondary structure to form.

Diseases linked to GCN expansions

The GCN expansion in HOXD13 causes synpolydactyly type | (SPD), and results in congenital
limb malformation (Muragaki et al., 1996)(Goodman et al., 1997). Eight other polyalanine tract
disorders exist: oculo-pharyngeal myotonic dystrophy? (Calado et al., 2000) or
holoprosencephaly® (Roessler et al., 2009), hand—foot—genital syndrome!?, congenital central
hypoventilation syndrome®!, X-linked mental retardation, X-linked mental retardation and
growth hormone deficit'?, blepharophimosis-ptosis-epicanthus inversus syndrome®?,

cleidocranial dysplasia'* (Amiel et al., 2004).

Mechanism of pathogenicity associated to GCN expansions

GCN repeat translated in alanine are implicated in the gain of function of the HOXD13 protein

which is an essential transcription factor during development (Muragaki et al., 1996).

Mechanisms of instability of GCN expansions

Stability over at least seven generations was observed in a large SPD family (Akarsu et al.,
1996). The repeats are not pure and are made of cryptic alanine codon of either GCC, GCA,
GCT, GCG. These interruptions may stabilize the mutation dynamic. It was hypothesized that
the first expansion of SPD has arisen from crossover: careful examination of three mutant
alleles revealed a plausible event of recombination between two mispaired normal alleles by
crossing over within a short trinucleotide tract (Warren, 1997). However, this mechanism might
not be true for other polyalanine disorders such as congenital central hypoventilation syndrome.
Over 161 patients affected with this disease, 3 showed somatic mosaicism. If unequal crossing

over was leading to this instability, wild-type, expanded and unexpanded alleles would be

8 Slowly progressing myopathy affecting the muscles of the upper eyelids and the throat

® Cephalic disorder in which the forebrain of the embryo fails to develop into two hemispheres
10 Impaired development of the hands and feet, the urinary tract, and the reproductive system
1 Breathing affection causing hypoventilation

2 Mental deficiency associated with specific abnormalities due to lack of growth hormone

13 Condition affecting the development of the eyelids

14 condition affecting the development of the bones and teeth

30



observed. Only expanded and wild-type alleles were observed, suggesting that another
mechanism may lead to expansions (Trochet et al., 2007). Finally, a spontaneous expansion in
mice in the Hoxd13gene, arose probably by replication fork stalling and template switching

resulting in the duplication of the normal polyalanine tract (Johnson et al., 1998).

Myotonic Dystrophy type |

CTG expansion length and purity impact on disease severity

In 1909, Steinert and colleagues first described myotonic dystrophy type | (DM1) which was
called Steinert disease; in 1992 the DMPK gene and CTG expansions were found to be the
cause of this disorder (Brook et al., 1992). The gene is located on chromosome 19¢13.3 and the
CTG expansion is located in the 3’UTR. The disease is an autosomal dominant and
multisystemic disorder, mainly characterized by progressive muscle weakness and myotonia,
sometimes associated to cataract, cardiac arrhythmia and cognitive impairments. A positive
correlation between repeat size and severity of the disease exists. As the length of the repeat
increases during transmission from parents to children, the severity of the disease increases
from one generation to the next, resulting in an earlier age of onset. This phenomenon is called
anticipation (Richards and Sutherland, 1992). Repeat expansions are called “dynamic
mutations” which means that the longer the repeat tract the more likely the expansion (Richards
and Sutherland, 1992). In patients affected by DM1 the repeat size ranges from 50 to 4,000
triplets (150-12,000 bp). Healthy genomes contain from 5 to 37 repeats. The DM1 mutation
length above 2,000 repeats causes the congenital form of the disease with the most severe
symptoms and earliest age of onset (Ashizawa et al., 2000). Somatic cell mosaicism is often
observed in patient cells, larger expansions being found in muscle as compared to blood cells
(Higham et al., 2012)(Thornton et al., 1994). Repeat purity seems to affect the stability of the
sequence. Interrupted repeats such as CCG, CTC and GGC stabilize the repeat tract and reduce
its instability repeat during patient lifetime, resulting in milder symptoms. Additionally,
interrupted repeats may fold in different structures, affecting affinity for downstream DM1

effectors (Cumming et al., 2018).
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Figure 5: RNA-mediated mechanisms leading to Myotonic Dystrophy type I. CTG repeat expansions are
transcribed into (CUG), expanded RNA (1). These RNAs form secondary structures and aggregates (2) which
are going mediate to MBNL1 sequestration and CUG-BP1 phosphorylation (3). The imbalance between these
two splicing factors (4) is going to cause major splicing defects in DM1 muscle cells. Each misspliced
transcript will result in cellular defects leading to particular symptoms for the DM1 patients (5).

RNA-mediated pathogenesis

Identification of RNA foci and CUG-bound proteins

Pioneering works revealed the existence of RNA foci by RNA-FISH using a CAG probe, in
DML cells. The probe bound to CUG-expanded RNA, and up to 13 foci per nucleus were
observed in skin fibroblasts (Taneja et al., 1995). The identification of a CUG binding protein
(CUGPB1) by band-shift analysis was a first step toward the understanding of the molecular
pathogenesis mechanism responsible for DM1 (Timchenko et al., 1996). It was later shown that
CUG-BP1 does not colocalize with foci in DML1 cells (Jiang et al., 2004) and is more stable due
to hyperphosphorylation in patient muscles and heart (Kuyumcu-Martinez et al., 2007).
Proteins bound to CUG expanded RNAs transfected into HeLa cells were purified and analyzed
by mass spectrometry, allowing to identify the MBNL protein (Miller et al., 2000). Each of the
three MBNL isoforms were subsequently shown to be sequestered by CUG RNA in DM1
nuclei. MBNL proteins have extensive roles in muscle cells especially in regulating of the
expression and splicing of several mRNA, making their sequestration harmful for the cell
(Wang et al., 2012) (Figure 5).
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Protein sequestration by expanded CUG containing RNA result in splicing defects

To understand MBNL role in DM1 pathogenesis, knock-out mice were produced. Mbnll
knock-out mice recapitulate most features of DM1: muscle abnormalities, cataract and RNA
miss splicing (Kanadia et al., 2006). Splicing defects of cTNT gene was identified in patients;
and in muscle cells, missplicing was increased when CUG-BP1 level increased (Philips et al.,
1998). Many splicing defects were then linked to various disease symptoms usually resulting
in the expression of embryonic or alternative forms, for example insulin receptor splicing
defects results in the expression of the isoform A, which is less responsive to insulin, inducing
insulin resistance in DM1 patients (Savkur et al., 2001) (Figure 5). However studies performed
in animals show that mRNA splicing, muscle pathogenesis and RNA foci can be dissociated in
mice models, with one model only recapitulating part of the disease (Gomes-Pereira et al.,

2011). It suggests that other elements contribute to DM1 phenotype.

Other factors contribute to DM1 pathogenesis

Reduced DMPK levels were observed in patients; this reduction is currently thought to be a
consequence of RNA sequestration in the nuclei rather than playing a central role in
pathogenesis (Furling et al., 2003). As a confirmation, downregulation of the DMPK gene in
mice (Dm15) does not result in myotonic dystrophy-like disease (Jansen et al., 1996).

RAN translation may also play a role in the pathogenic mechanism (Zu et al., 2011) as peptides
resulting from this alternative translation are toxic. Also, misregulation of miRNAs which are
implicated in gene transcription regulation may also participate in the disease pathogenicity;
miR-1 processing is altered in heart samples from people with myotonic dystrophy. MBNL1
was identified as a regulator of pre-miR-1 biogenesis (Rau et al., 2011). Finally, the surrounding
of CTG repeat expansion were shown to be less amenable to DNasel digestion and Pvull cutting
probably because of a more condensed chromatin state (Otten and Tapscott, 1995). Consistent
with this, SIX5 which is a downstream neighbor of DMPK shows reduced mRNA levels in
patients (Thornton et al., 1997). SIX5 knockout mice only develop cataracts, suggesting that
SIX5 reduced expression in patients contribute also to DM1 pathogenesis (Klesert et al., 2000).
To conclude, DM1 pathogenesis is a multifactorial and complex process, involving not only
alternative splicing but also changes in gene expression, unconventional translation, and

microRNA deregulation.
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In vitro and in vivo models of DM1

Patient cell models

ASA cells are fibroblasts from patient skin harboring over 1000 CTGs (Arandel et al., 2017).
They were immortalized by constitutive expression of the hTERT gene, encoding the human
telomerase reverse transcriptase. They contain a doxycycline-inducible MyoD gene. When
doxycycline and insulin are added to the culture media, cells differentiate into myotubes. Since
myotubes are the cells exhibiting the most extreme disease phenotype, cell differentiation is
used to study phenotype changes. ASA cells exhibit numerous RNA foci and show many
splicing defects as in DM1 patients. Phenotype reversal induced by a drug can be easily

quantified, making this cell model an attractive tool for drug testing (Figure 6).
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Figure 6: Main features of DM1 ASA cell model developed by the Institut de Myologie. DM1 patient
skin fibroblasts were modified to obtain an immortalized, inducible model. (1) Myotubes formed by the
fusion of myoblasts. Nuclei are stained with Hoechst and Desmin is stained in green using an anti-desmin
antibody. Desmin is a muscle-specific protein implicated into sarcolemma formation. (2) RNA foci are
visualized using RNA-FISH with a Cy3-(CAG)s probe. (3) MBNL1 expression is revealed using an
antibodyanti-MBNL1. (4) Splicing defects measured by RT-PCR. Significant differences with control are
found for these 6 transcripts. From (Arandel et al., 2017).
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Mice models

Several mice model exist for DM1, including MBNL1 knock outs (Suenaga et al., 2012),
CELF1 overexpression (Ward et al., 2010) or untranslated CUG expression (Mankodi et al.,
2000). This last mouse model is called HSAR. It carries a genomic fragment containing the
human skeletal actin (HSA) gene alongside 250 repeats. The model was extensively used to
test drugs targeting CUG expanded RNA (Sobczak et al., 2013) and to decipher the basis of the
RNA mediated pathogenesis in DM1 (Mankodi et al., 2002).

However, a model harboring the human genomic locus of DM1 would be the most valuable for
the evaluation of gene editing approaches. Such a mice model was developed by Genevieve
Gourdon and was called DM55 (Gourdon et al., 1997). Large genomic fragment of 45 kb of the
DMPK gene from a patient with an affected allele containing ~50 CTGs was integrated into
C57BL/6 mice. Later, other C57BL/6 mice were modified with a genomic fragment from the
daughter of the patient whose genome was used to generate DM55 mice. Her genome contained
one normal allele with 20 CTGs and an affected allele with ~500 CTGs. Several mice lines
were isolated, carrying either 20 CTGs or 300 CTGs, respectively called DM20 and DM300.
An increased instability in DM300 mice was observed as compared to lines bearing less repeats,
exhibiting additional repeats ranging from 1 to 60 per generation, as compared to DM55
showing at most a +6 CTGs increase in repeat size. Somatic instability increased with age, most
notably into liver, pancreas and kidney with up to +100 CTGs after 10 months where DM55
showed at most an increase of +12 CTGs. Germline cells also showed expansions. However,
no instability was observed in the blood (Seznec et al., 2000). A major onset of DML is the
large intergenerational instability towards expansion often observed in patients also called “big
jumps” and that are responsible for the anticipation phenomenon. These “big jump” were
recapitulated for the first time in DM300 mice leading to the establishment of the DMSXL
mouse lineage carrying over 1000 CTGs. Two mice derived from DM300 mouse line, one
female with 460 CTG and a male with 430 CTG transmitted big jumps of +250 and +480 to
offsprings. Mild phenotype was observed in hemizygous mice. However, in homozygous mice
a severe phenotype was observed, suggesting that transgene expression is too low when one
copy is present and that there is a dose effect of the toxic RNA. Phenotypic alterations of
homozygous mice are: high mortality, growth retardation splicing abnormalities in muscle and
the central nervous system (Gomes-Pereira et al., 2007). In addition, DMPK transgene
expression localization in DMSXL homozygous mice is similar to human patients, and located
in heart and muscles. Sense and antisense transcripts are detected, as well as foci (up to 30%

cells containing foci) and mild splicing defects -shift up to +40% for Lsdb3 exon 11
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missplicing. Finally, muscle strength of DMSXL homozygous mice is impaired, retaining 62%
of the WT tetanic force (Huguet et al., 2012) (Figure 7). One limitation of using DMSXL mice
is the breeding strategy which is time consuming as homozygous cannot reproduce: to obtain

homozygous mice, hemizygous mice are bred.
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Figure 7: DMSXL mice model. These mice carry a long (CTG)-1000 fragment. (1) Homozygous DMSXL
mice show a severe macroscopic phenotype with shorter size and higher mortality rate. (2) Muscle cells
exhibit RNA foci visible using a Cy3-(CAG)1s probe. (3) The DMPK gene from human genomic fragment
is expressed in muscle tissues and mimic what is observed in DM1patients. (4) Splicing defects are visible
in various muscle tissues. (5) Muscle weakness is lowered as shown by tetanic force quantification and
muscle mass measurement. From (Huguet et al., 2012).
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Recent development of therapeutics for DM1

Targeting toxic CUG-expanded RNA

For now, only symptomatic treatments exist for DM1. Most promising drugs developed so far
are trying to prevent CUG-RNA and MBNLL1 interactions: small molecules (Rzuczek et al.,
2017), or morpholinos antisense oligonucleotide CAG25 (Wheeler et al., 2009). CRISPR-Cas
mediated degradation of CUG-RNA showed promising results (Batra et al., 2017). Antisense
oligonucleotide mediating the specific degradation of CUG-RNA by recruiting RNAse-H
(Wheeler et al., 2012) was brought to the clinic by lonis which tested their IONIS-DMPKRX.
But the lack of potency of the drug did not allow them to pursue the clinical trial after phase
1/2 as the dose to reach objectives would have been above authorized thresholds. The company
Is now trying to improve the chemistry of its oligonucleotide using LICA (Ligand-Conjugated

Antisense) technology.

Targeting CTG expansions

As the cause of the disease is the expanded CTG, it is possible to think that eliminating or
shortening the CTG expansion to non-pathological length could suppress symptoms of the
pathology and could be used as a new gene therapy approach (Richard, 2015). Natural
contraction of an expanded CTG repeat tract (600 repeats) was observed during transmission
from father to daughter of an expanded myotonic dystrophy allele and clinical examination of
the daughter showed no symptom of the disease (O’Hoy et al., 1993). Another similar
observation of the transmission of a contracted allele from father to son was also reported. At

the age of 35, the patient was still asymptomatic (Shelbourne et al., 1992).

Inducing double-strand breaks at specific locations in the genome is currently the main
approach to induce targeted genome editions. Cells can either rejoin the extremities of the DSB
with the possibility to introduce insertions or deletions (indels), or repair using a donor template
and integrate exogenous DNA at the break site. Four large families of specific nucleases exist:
meganucleases, ZFN, TALEN and CRISPR-Cas nucleases. In the following chapter, each of

these families will be described.
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Programmable nucleases and genome modifications

Highly specific nucleases

Meganucleases

HO (Kostriken et al., 1983) and I-Scel (Colleaux et al., 1986) were the first meganucleases
discovered. I-Scel was shown to be encoded by a yeast mobile genetic element. Through
homing process, meganucleases cleave their target gene, initiating a homologous recombination
event that results in the transfer of the mobile element into the cleaved allele and the spreading
of the meganuclease encoding gene. I-Scel cleaves with a high specificity an 18-bp sequence
(Colleaux et al., 1988) (Nickoloff et al., 1986). Following this discovery, 1-Scel recognition
sequence was integrated in various genomes in order to induce localized double-strand breaks:
in mouse cells (Rouet et al., 1994), in human cells (Porteus and Baltimore, 2003). However,
the use of I-Scel was dependent on the prior introduction of an 18 bp target sequence in the
gene of interest, which limited any therapeutic application. The first report of genome edition
using I-Scel in mouse cells disrupting a [3-galactosidase-positive phenotype was made in 1995
(Choulika et al., 1995). Engineering meganucleases was proved to be a daunting task even when
crystal structures were available, I-Crel being the first to be crystalized (Heath et al., 1997).
Although the making of entirely synthetic and rationally designed homing endonucleases
cleaving the human RAG1 gene was a success (Smith et al., 2006), easier alternatives were
favored for genome editing. I-Scel was extensively used in various organisms to induce DSBs
and to study DNA repair (Figure 8). Cellectis was a pioneer into the design and generation of

novel meganucleases with new specificities (Arnould et al., 2006).
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Figure 8: Overall structure of the I-Scel-DNA complex determined by crystallography. DNA (cyan
ribbon) is in contact with sheet 1 and sheet 2 (major groove contacts) and the N-terminal loop (minor groove
contacts). a-Helices are depicted in green and p-strands in magenta. The catalytic aspartate residues Asp44
and Aspl45 are labeled. It shows a aappappa topology characteristic of LAGLIDADG endonuclease
structures. From (Moure et al., 2003).
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Zinc-Finger Nucleases

Zinc-finger proteins (ZFPs) are involved in several cellular processes acting through different
molecular mechanisms, able to bind DNA, RNA, proteins. The crystallization of the mouse
immediate early protein Zif268, a well-studied master regulator of cell development and
function (Lemaire et al., 1988), was a key step toward understanding ZFP motif binding to
DNA (Pavletich and Pabo, 1991) (Elrod-Erickson et al., 1996). In classic Cy2His2 zinc fingers,
two cysteine and two histidine residues are bound to a zinc atom, which stabilizes the structure.
An individual zinc-finger consists of approximately 30 amino acids in a conserved pa order,
contacting one DNA triplet. Each ZF/DNA interaction is mediated by four residues. A library
of ZF variants was created by randomizing these four residues; using phage display, the affinity
of these ZF variants was tested by affinity selection method on different DNA sequences. ZF
amino acid sequence was thus associated to a specific DNA sequence (Kim et al., 1996). The
recognition of a particular sequence was then achieved by assembling specific ZF motifs (Liu
et al., 1997). However, a crosstalk exists between adjacent residues, with some recognizing a
4bp-overlapping region instead of 3-bp motifs, making the engineering of specific ZFP
challenging (Isalan et al., 1997).

ZFP were fused to the Fokl catalytic domain and were able to cleave a specific sequence in a
test tube (Kim et al., 1996). Fokl is a type lls restriction endonuclease and was discovered in
Flavobacterium okeanokoites. It belongs to a class of restriction endonucleases that recognize
specific nucleotide sequences and introduce staggered cleavages at positions away from the
recognition sequence (Sugisaki and Kanazawa, 1981). Its crystal structure shows great
similarities with the BamHI catalytic domain. The catalytic domain must dimerize for the
catalytic site to be complete and for DNA cleavage to occur (Bitinaite et al., 1998) (Wah et al.,
1998). Further characterizations showed that the catalytic domain of Fokl needs to dimerize to
cut, making the recognition sequence of 18 bp in total, with a 4bp spacer in between (Smith et
al., 2000). This chimeric nuclease was made of two sets of ZFPs each composed of three
Cys2His2 zinc fingers recognizing 9 bp and was called Zinc Finger Nuclease (ZFN) (Figure
9).

ZFN were first used in Xenopus laevis oocytes in which they induced tandem repeat
recombination (Bibikova et al., 2001). The same team later gave first evidence of gene editing
in drosophila and achieved the modification of the yellow eye gene in 1% of offsprings
expressing ZFN and a linear extrachromosomal donor expressing the mutated yellow gene
(Bibikova et al., 2003). Then ZFN were shown to induce homologous recombination at levels

comparable to I-Scel in HEK293 using a GFP reporter assay. However, after effective edition,
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cells expressing I-Scel remained stable while cells expressing ZFN decreased, suggesting that
long term expression of ZFN may be toxic due to off target cleavage (Porteus and Baltimore,
2003). Fokl was found to be able to form homodimer leading to a low specificity as one arm of
ZFN was able to induce a DSB by itself. Modification of Fokl led to a new architecture of the
protein which has to form an heterodimer to be able to induce a DSB (Miller et al., 2007).

Nevertheless, Sangamo, a pharma company, is still using ZFNs as a way to edit genome for
therapeutic purposes. Engineering the Fokl domain by a single base mutation (Q481A) located
in the catalytic site resulted in no detectable off-target activity. The proposed mechanism
underlying this improvement is probably that the catalysis is slowed and more time is left for
the nuclease to discriminate between off and on target. This improvement can be used in
addition to modifications of the ZF binding domain (Miller et al., 2019). It is now possible to
induce with high precision a DSB at a desired position (Paschon et al., 2019). The use of ZFN
for in vivo genome modification was tested for example in hepatocytes to remove Hepatitis B
Virus (Weber et al., 2014), or in mice to cure hemophilia (Li et al., 2011). In 2017, Sangamo
had three phase 1 /2 clinical trials for genome editing of Hemophilia B, Mucopolysaccharidosis
I and 11 (Laoharawee et al., 2018), all of which implicating ex vivo modifications of target cells

using ZFNs.
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Figure 9: Structure of zinc-finger Nucleases. (a) ZFP in complex with target DNA (grey). Each zinc-finger
consists of approximately 30 amino acids in a Bpa arrangement (inset). Surface residues (-1, 2, 3 and 6) that
contact DNA are shown in the insert (inset). The side chains of the conserved Cys and His residues are
depicted as sticks in complex with a Zn2+ ion (purple). (b) Cartoon of ZFN dimer bound to DNA. It is made
of two zinc-finger binding sites separated by a spacer sequence cleaved by the Fokl cleavage domain. From

(Gaj et al., 2013).
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Transcription Activator Like Effector Nucleases

Xanthomonas is a pathogenic agent of several crop plants. These bacteria use Transcription
Activator Like effectors (TALE) to reprogram host cells by mimicking eukaryotic transcription
factors to their own benefit. Molecular analysis of the avirulence gene avrBs3 revealed that
TALE are made of 34bp nearly identical repetitive sequences repeated 17.5 times (Herbers et
al., 1992). TALE effectors are made of a repeated domain, a nuclear localization signal and an
acidic transcriptional domain (Schornack et al., 2006). These TALE were later identified as
DNA binding proteins, acting as transcription factors. Cell reprogramming results in
developmental changes. AvrBs3 activates a regulator of cell size: upa20 by binding to its
promoter, inducing hypertrophy of plant leaves (Kay et al., 2007). The repeated domains are
identical except for two hypervariable residues: amino acids 12 and 13. Knowing the sequence
of the target of AvsB3 (UPA box), amino acids 12 and 13 were linked to their cognate base on
the UPA box. This code was then confirmed on other known in vivo targets of different TALE.
Experimental validation of this model was achieved by predicting DNA sequences of known
TALE invivo (Boch et al., 2009). Amino acids 12 and 13 were called repeat variable diresidues
(RVD). Co-crystal structures of TALE DNA-binding domains revealed that residue 8 and 12
within the same repeat make a contact with each other that may stabilize the structure of the
domain while the residue at position 13 makes base-specific contacts with the DNA (Deng et
al., 2012). Additional work optimized the RVD/DNA code using a Systematic evolution of
ligands by exponential enrichment (SELEX) assay. This method relies on the assessment of the
binding affinity of oligonucleotides library, and was used to determine the binding preferences
of four engineered TALE. It led to the validation of a new RVD for improved recognition of
guanine (Miller et al., 2011).

Similarly to the engineering of ZFN, TALE were fused to the Fokl catalytic domain,
adjustments were made to determine the optimum spacer length which was between 15 and
21bp, due to the large C-terminal region of TALE (Christian et al., 2010). This new protein was
called Transcription Activator-Like Effector Nuclease (TALEN). The architecture of the
TALEN was then refined by truncating TALE C-terminal region to various length and
analyzing their nuclease activity in vitro on the HEK293 genome. The optimized length was
28, out of the 278 original TALE C-terminal residues (Miller et al., 2011) (Figure 10). The
main issue using TALEN is their tedious assembly due to extensive identical repeat sequences.
Methods were developed to overcome this problem, by constructing plasmids containing TAL

effectors that can be easily assembled by Golden Gate cloning to form a full TALEN (Cermak
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et al.,, 2011). Nevertheless, their assembly remains challenging and TALEN remain
recombinogenic.

TALENSs were widely used in various organisms, including in macaques in which TALEN
containing plasmids were injected into embryos (Liu et al., 2014). Cellectis is still using
TALENS and has a clinical trial in cancerology using CAR-T-cells which are T-cells modified
using a TALEN to integrate a modified T-cell receptor (Chimeric Antigen Receptor — CAR)
recognizing CD19, a surface protein often expressed by tumor cells (Gautron et al., 2017)
(Valton et al., 2015).

A recent report in bioarchive stated that cattle modified using TALEN bear plasmid backbone
in its genome. Authors analyzed two publicly available whole genome sequencing data from
genome edited calves. These calves were modified to bear a duplication of the celtic polled
allele, a variant that produces hornless cattle; the intended modification was that TALEN
induced DSB was repaired by homologous recombination using a provided template. Authors
believed that this unintended modification went undetected because authors did not include

plasmid backbone in their sequence alignment (Norris et al., 2019).
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Figure 10: Transcription-activator-like-effectors Nuclease structure. (a) TALE in complex with target
DNA (grey). Individual TALE repeats contain 33—35 amino acids that recognize a single bp via two RVDs
shown as sticks (inset). (d) Cartoon of a TALEN dimer bound to DNA. TALEN target sites consist of two
TALE binding sites separated by a spacer sequence of varying length (12-to 20-bp), cleaved by the Fokl

cleavage domain. From (Gaj et al., 2013).
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CRISPR-Cas nucleases
A new genome editing platform revolutionized the genome editing field due to its simplicity
and adaptability: Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) Cas

system.

Discovery of CRISPR system: a prokaryotic adaptive immune system

The CRISPR acronym was first employed to describe a novel family of repeated DNA
sequences spanning in over 40 prokaryotic species and absent in viral and eukaryotic genomes
(Jansen et al., 2002). The first description of a CRISPR was made in 1987 in E. coli (Ishino et
al., 1987). It then took a decade and the sequencing of various phages to realize that in between
repeated sequences (called spacers) phage genomic DNA was inserted (protospacer) (Mojica
et al., 2005). Phage 858 resistance in S. thermophilus was lost when protospacers S1 S2
homologous to this phage were removed. Similarly, adding protospacers S1 and S2 to wild type
strain conferred resistance to phage 858. Consequently, the CRISPR system was described as
an adaptive immune system for archaea and bacteria against invasive phages (Barrangou et al.,
2007). CRISPR-associated (Cas) enzymes are guided by short CRISPR RNAs (crRNA)
transcribed from the spacer sequences (Brouns et al., 2008). Later, S. thermophilus transformed
with a plasmid carrying an antibiotic resistance gene were grown for 60 generations without
selection. The colonies that had lost antibiotic resistance were analyzed and revealed that 55%
of the colonies had acquired a spacer whose sequences were homologous to the transformed
plasmid. Strains mutated for csnl were not able to lose the plasmid, indicating that csnl was
responsible for plasmid loss. Authors observed that a linear version of the plasmid was
retrieved, cut next to the acquired spacer sequence, showing that plasmid DNA was targeted
and cleaved by the CRISPR/Cas machinery. Further experiments showed that bacteriophage
DNA was cleaved when infecting bacteria containing corresponding protospacers. Thus, one
protein called csnl was discovered in S. thermophilus, and shown to be the sole protein needed
to carry out recognition and cleavage of invasive DNA (Garneau et al., 2010). This protein was
later called Cas9. Another key discovery was the observation that the acquired spacer sequences
were highly similar to each other at regions called protospacer-adjacent motifs (PAMSs) and that
this sequence was required for efficient cutting (Deveau et al., 2008). Finally, the endogenous
CRISPR system was shown to require two short RNAs for guiding Cas9: the mature crRNA
and a trans-activating crRNA (tracrRNA) (Karvelis et al., 2013).
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Diversity of CRISPR systems and classification

CRISPR-Cas adaptive immune systems are found in roughly 50% of bacteria and 90% of
archaea (Makarova et al., 2015)(Wright et al., 2015). They are extremely diverse, and were
classified into six types based on the presence of “signature genes”, indicated on Figure 11.
CRISPR-Cas systems fall into two classes. Class 1 systems use a large multi-Cas protein
complex capable of recognizing and cleaving nucleic acids complementary to the crRNA, while
class 2 systems use a single large Cas protein. Class 2 system and more precisely Cas9 from
the type Il system raised the possibility of en