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Fig. |. Composition of the human genome. The percentage shares ol various functional and non-functional sequences are shown.



TRIPLET EXPANSION AND DISEASE
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Figure 1| Location of expandable repeats responsible for human diseases. associated with FRAXE site; FRDA, Friedreich’s ataxia; FXTAS, fragile X

The sequence and location within a generic gene of expandable repeats tremor and ataxia syndrome; HD, Huntington's disease;

that cause human diseases are shown, and the associated diseases are HDLz, Huntington's-disease-like 2; HFG, hand-foot-genital syndrome;
listed. BPES, Blepharophimosis, ptosis and epicanthus inversus; HPES, holoprosencephaly 5; 155X, X-linked infantile spasm

CCD, deidocranial dysplasia; CCHS, congenital central hypoventilation syndrome; MRGH, mental retardation with isolated growth hormone
syndrome; DM, myotonic dystrophy; DRPLA, dentatorubral- deficiency; OPMD, oculopharyngeal muscular dystrophy; SEMA, spinal
pallideluysian atrophy; EPM1, progressive myoclonic epilepsy 1; and bulbar muscular atrophy; SCA, spinocerebellar ataxia;

FRAXA, fragile X syndrome; FRAXE, fragile X mental retardation SPD, synpolydactyly.



TRIPLET EXPANSION AND DISEASE: Anticipation
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© FOCUS ON REPEAT INSTABILIT

Table 1 | Triplet repeat expansion disorders
Disease Symptoms Gene Locus Protein

Non-coding repeats

Friedreich ataxia Ataxia, weakness,  FXN 9g13—g21.1 Frataxin
sensory loss
Fragile X syndrome A Mental retardation ~ FMR1 Xg27.3 Fragile X mental
retardation 1 protein
Fragile X syndrome E Mental retardation ~ FMRZ Xq28 Fragile X mental
retardation 2 protein
Dystrophia myotonica 1 Weakness, DMPK 19913 Dystrophia myotonica
myotonia protein kinase
Spinocerebellar ataxia 8 Ataxia Antisense to 13921 Undetermined
KLHL1
Spinocerebellar ataxia 12 Ataxia PPP2RZB bq31—g33 Regulatory subunit of the

protein phosphatase PP2A
Huntington disease-like 2 Chorea, dementia  JPH3 16g24.3 Junctophilin 3



Evolution of CTG repeat-length mosaicism in blood and
sperm from transgenic mice (DM1)
throughout life
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TRIPLET EXPANSION AND DISEASE:
molecular mechanisms

Expandable repeats are predisposed to instalabty,
a result of ‘confusion’ between

« the DNA replication,
e repair anc
 recombination machineries



Expandable repeats have unusual
structural characteristics



Unusual DNA structures formed by expandable repeats
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Unusual DNA structures formed
by expandable repeats

:
CTTCTTCTT J

1 Gl

I |] H-DNA

A(GAA) ne(TTC)n (homopurine—homopyrimidine) repeat can
convert into an intramolecular triplex called H-DNA under the
Influence of negative supercoiling

Reverse Hoogsteen pairing is indicated by asterisks



tripletta di basi U:A:U



Unusual DNA structures formed
by expandable repeats

A DNA-unwinding element formed by the
(ATTCT) ne(AGAAT) n repeat

* This repeat belongs to the class of DNA elements
that unwinds progressively with increasing
negative superhelical stress



 slipped-stranded DNA is intrinsically
asymmetrical.

 \When the (CTCne(CAG)n repeat convert
Into the slipped-stranded form, CAG slip-
outs are mainly in the random-coll state,
whereas CTG slipouts are in the hairpin
state.



TRIPLET EXPANSION AND DISEASE:
molecular mechanisms

Expandable repeats are predisposed to instalabty,
a result of ‘confusion’ between

« the DNA replication,
e repair



 Unusual DNA structures that are formed by
expandable repeats during DNA synthesis
In vitro stall various DNA polymeras

e Occasionally, this stalling results in the
misalignment of repetitive DNA strands,
causing repeat expansions or contractions
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* The frequencies of repeat expansions and
contractions are affected markedly by mutations in
several genes that encode proteins involved In
DNA replication:

flap endonuclease (Fenl; also known as Ra
DNA polymerases
MSH2

proliferating cell nuclear antigen PCNA, the large
subunit of the clamp-loading complex,

the helicase Srs2 (also known as Hprb)



*Gap repair model for repeat expansions in no-dividing cells.

OGGl1 2 - a, Oxidizing radicals generate
a — asmall gap in the structure-

prone strand of a repetitive

l run.
FEM
@ b, The loading of FEN1 onto a

b __f\_ ., repetitive flap generated

during the DNA-repair

synthesis is impaired by
hairpin formation.
MEHE@E ¢, The binding of MSH2—
e . MSHS stabilizes the repetitive
: ' hairpin, preventing flap
removal.

d, A stable slipped-stranded
DNA intermediate is formed
on the completion of the repair
synthesis.

e, The slipped-stranded
intermediateis converted into
an expansion by an error-
prone repair pathway.

red -structure-prone strand of the repetitive run geen complementary strand beige flanking DNA



recent studies using a transgenic mouse modelpfikpton’sdisease
have | mplicated base-excision repair as centrtdisoprocess 53.

In these mice, age-dependent repeat expansiausnatic cells
depended on a single base-excision repair enzysoeo@uanine DNA
glycosylase (OGG1)

Removal of an oxidized guanine by OGG1 generataskain the
repetitive run (Fig. 4a), and DNA-repair synthasithen needed to
heal this lesion. During this repair synthesis,riba-template DNA
strand is displaced, forming a flap (Fig. 4b).

Normally, a flap is removed by FEN1; this endomasle is loaded
onto the 5end of the flap, migrates to the junction with thaplex,
and cleaves the flap. If a flap contains the stm@eprone strand of a
repetitive run, however, it can fold into a hairiike conformation,
complicating FEN1 loading54,55.

MSH2-MSH3 can further stabilize this hairpin pretneg flap
removal (Fig. 4c).

Completion of the repair process will yield a sadlipped-stranded
DCIBA Intermediate with a repeat extension in th&kadstrand (Fig.
4d).



MSH2 forma un eterodimero con
MSH6 (misappaiamento) o MSH3
(loop di inserzione-delezione) e si
lega al DNA segnalando ['elica
templato l

L'eterodimero MLH1-PMS2, talvolta
legato anche a PMS1, coordina il
legame con l'esonucleasi EXO1 3'- 5’
ed una o piu elicasi

|

EXO1 rimuove le basi errate e il gap
e riempito da DNA polimerasi e ligasi

MSH2, MSH3 e MSH6 sono omologhi
a mutS di E.colii MLH1, PMS1 e
PMS2 sono omologhi a mutL di E.coli
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CTG repeat-length mosaicism in blood, in spermaoadvish2/++
transgenic males at 7 weeks and 11 months of afyenamn 11-month-old
Msh?2/-/- transgenic male.
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Meccanismi di “malattia”

 RNA gain-of-function



RNA gain-of-function effects could be grounded in the
unusualstructural features of repeat-containing RNAs
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*The stability of RNA hairpins (CN@®)depends on
*the mismatched base pairs, decreasing in the order of CGG >1(&s > CAG.



* The study was extended to all 20
possible triplet repeats in RN,

It seems that six repetitive motifs —
(CGUN, (CGA)N, (CAG)n, (CUGHN,
(CCGnand (CGGh — can form stable
RNA halirpins.



RNA gain-of-function

* The earliest support for this iIdea came
from the observation that (CUn
repeats in the natural sequence context
of theDMPK transcript formed
iImperfect,mismatched hairpins, the
stability of which increased with the
length of the repeat.



© FOCUS ON REPEAT INSTABILIT

Table 1 | Triplet repeat expansion disorders
Disease Symptoms Gene Locus Protein

Non-coding repeats

Friedreich ataxia Ataxia, weakness,  FXN 9g13—g21.1 Frataxin
sensory loss
Fragile X syndrome A Mental retardation ~ FMR1 Xg27.3 Fragile X mental
retardation 1 protein
Fragile X syndrome E Mental retardation ~ FMRZ Xq28 Fragile X mental
retardation 2 protein
Dystrophia myotonica 1 Weakness, DMPK 19913 Dystrophia myotonica
myotonia protein kinase
Spinocerebellar ataxia 8 Ataxia Antisense to 13921 Undetermined
KLHL1
Spinocerebellar ataxia 12 Ataxia PPP2RZB bq31—g33 Regulatory subunit of the

protein phosphatase PP2A
Huntington disease-like 2 Chorea, dementia  JPH3 16g24.3 Junctophilin 3



MD1 (1)

Myotonic dystrophy (DM) type 1 is associated with an
expansion of (>50) CTG repeats within the 3' untranslated
region (UTR) of the dystrophin myotonin protein kinase gene
(dmpk).

Regulation by oligomerization is a key feature of the
dystrophia myotonica protein kinase (DMPK) related family of
Ser/Thr kinases.

DMPK is functionally related to reorganization events in the
cytoskeleton during cellular processes such as cytokinesis,
and smooth-muscle contraction.



MD1 (2)

In the MRNA transcript, the CUG repeats form an extended stem-
loop structure.

The double-stranded RNA of the stem sequesters RNA binding
proteins away from their normal cellular targets resulting in aherr
transcription, alternative splicing patterns, or both, thereby le:

to DM.



Molecular models of RNA gain of function
in MD1

Splicing degregulation
A repetitive RNA hairpin sequesters the protein MBNL1



MBNL1 Protein-RNA Interactions




MBNL1 Protein- CUG Interaction




DM1 2009

Te expanded CUG repeat (CUG(exp)) cause muscle
dysfunction by interfering with biogenesis of other
MRNAS.

The toxic effects of mutant RNA are mediated partly
through sequestration of splicing regulator Muscleblind-
like 1 (Mbnll), a protein that binds to CUG(exp) RNA.

the majority of changes induced by CUG(exp) RNA in
skeletal muscle can be explained by reduced activi
Mbnil

The pathway most affected comprises genes involved in
calcium signaling and homeostasis.

Some effects of CUG(exp) RNA on gene expression are
caused by abnormal alternative splicing or downregulation
of Mbnll-interacting mRNAs.



MD1

gain of function at the RNA level

dominantly inherited disease(s)

(CUG)n repeats in th®MPK transcript formed
Imperfect,mismatched hairpins, the stability of @fhincreased
with the length of the repe

transcripts oDMPK containing expanded CUG repeats were shown to
be retained in the nuclei of fibroblasts and mystdaforming distinct
focil.

The ability of normal myoblasts to undergo myogattfferentiation
In cell culture seemed to be suppressed by ovesszimn of RNA
containing a (CUG)200 repeat

a transgenic mouse expressing (CUG)250 repedtawtite 3-UTR of
a heterologous gene (skeletal actin) showed mgjoptoms of
myotonic dystrophy



myotonic dystrophy 1 and 2.

Intranuclear foci that are characteristic of these diseams#ain at least seven
RNA-binding proteins associated with (CUtsand (CCUGI-containing
transcripts :  three MBNL)-family proteins and two diffietr CUG RNA-
binding proteins (CUG-BPSs).

a key molecular event leading to myotonic dystrophy is the dereguddtion
alternative RNA splicing during development.

At least 13 splicing events are disturbed in muscle, heart andtissias
from patients with myotonic dystrophy, and an embryonic ‘blueprint
splicing is almost always retained

Both MBNL1 and CUG-BP1 are implicated in these splicing eventsilze
splicing pattern characteristic for myotonic dystrophy is consistghtthe
loss of MBNL1 and gain of CUG-BP1 activities.

most of the data suggest that MBNL1 sequestration by long mismatched
hairpins is a key event leading to splicing deregulation and, eventually,
disease.

Mbnl 1-knockout mice show splicing deregulation and phenotypic
manifestations characteristic of myotonic dystrophy, such astakelascle
myotonia and cataracts.

The myotonic-dystrophy-like phenotype of mice expressing (GG a
heterologous gene could be reversed by overproduction of MBNL1



Reversal of RNA Dominanceby Displacement of Protein
Sequestered on Triplet Repeat RNA
Thurman M. Wheeler Science 2009

Genomic expansions of simple tandem repeats ca&nrigie to toxic
RNAs that contain expanded repeats.

In myotonic dystrophy, the expression of expan@eds repeats
(CUGexp) causes abnormal regulation of alternaplieing and
neuromuscular dysfunction.

We used a transgenic mouse model to show that giemaants o
myotonic dystrophy are reversed by a morpholinssanse
oligonucleotide, CAG25, that binds to CUGexp RNAl dhocks its
Interaction with muscleblind-like 1 (MBNL1), a CU&=binding
protein. CAG25 disperses nuclear foci of CUGexp RN reduces
the overall burden of this toxic RNA.

As MBNL1 is released from sequestration, the dedéalternative
splicing regulation is corrected, thereby restorargchannel function.

These findings suggest an alternative use of@mes methods, to
iInhibit deleterious interactions of proteins withitipogenic RNASs.



RNase H-independent morpholino antisense oligos provide
complete resistance to nucleases, generally good targeting

predictability, generally high in-cell efficacy, excellent
sequence specificity

RNase H-Competent RNase H-Independent

DNA S-DNA Methylphosphonate  2'-O-Methyl RNA PNA Morpholino

Sy e

B = adenine, cytosine, guanine, thymine, uracil

phosphorothioate-linked DNA analogs (S-DNAS) _ _
morpholine rings+

phosphorodiamidate linkages



Reversal of RNA Dominanceby Displacement of Protein
Sequestered on Triplet Repeat RNA
Thurman M. Wheeler Science 2009
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HSALR transgenic mice express human skeletal aictmscripts
that have (CUG)250 inserted in th&J3R.



Reversal of RNA Dominanceby Displacement of Protein
Sequestered on Triplet Repeat RNA
Thurman M. Wheeler Science 2009
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Reversal of RNA Dominanceby Displacement of Protein
Sequestered on Triplet Repeat RNA
Thurman M. Wheeler Science 2009
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Reversal of RNA Dominanceby Displacement of Protein
Sequestered on Triplet Repeat RNA
Thurman M. Wheeler Science 2009

In myotonic dystrophy, the expression of expan@eds repeats
(CUGexp) causes abnormal regulation of alternaplieing and
neuromuscular dysfunction.

As MBNL1 is released from sequestration, the dedéalternative
splicing regulation is corrected, thereby restorargchannel function.

These findings suggest an alternative use of arsgsmethods, t
iInhibit deleterious interactions of proteins withitipogenic RNASs.



Reversal of RNA Dominanceby Displacement of Protein

Sequestered on Triplet Repeat RNA
Thurman M. Wheeler Science 2009
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Molecular models of RNA gain of function
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RNA-inducedtranscriptional silencing
RITS

The maintenance of centromeric heterochromatin in yeast
relies on the RNAI-dependent complexes, RITS to recruit
histone H3 K9 methyltransferase

RITS complex:

centromeric SIRNA

Agol, which binds siRNAs

Chp1l, which binds K9 methylated histone H3,

the adaptor protein, Tas3, which links Agol to Chpl.

Chp1l associates with Tas3 for recruitment of histone H3
K9 methyltransferase activity to centromeres
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Table 1 | Triplet repeat expansion disorders
Disease Symptoms Gene Locus Protein

Non-coding repeats

Friedreich ataxia Ataxia, weakness,  FXN 9g13—g21.1 Frataxin
sensory loss
Fragile X syndrome A Mental retardation | FMR1 Xg27.3 Fragile X mental
retardation 1 protein
Fragile X syndrome E Mental retardation ~ FMRZ Xq28 Fragile X mental
retardation 2 protein
Dystrophia myotonica 1 Weakness, DMPK 19913 Dystrophia myotonica
myotonia protein kinase
Spinocerebellar ataxia 8 Ataxia Antisense to 13921 Undetermined
KLHL1
Spinocerebellar ataxia 12 Ataxia PPP2RZB bq31—g33 Regulatory subunit of the

protein phosphatase PP2A
Huntington disease-like 2 Chorea, dementia  JPH3 16g24.3 Junctophilin 3



TRIPLET EXPANSION AND DISEASE
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Figure 1| Location of expandable repeats responsible for human diseases. associated with FRAXE site; FRDA, Friedreich’s ataxia; FXTAS, fragile X

The sequence and location within a generic gene of expandable repeats tremor and ataxia syndrome; HD, Huntington's disease;

that cause human diseases are shown, and the associated diseases are HDLz, Huntington's-disease-like 2; HFG, hand-foot-genital syndrome;
listed. BPES, Blepharophimosis, ptosis and epicanthus inversus; HPES, holoprosencephaly 5; 155X, X-linked infantile spasm

CCD, deidocranial dysplasia; CCHS, congenital central hypoventilation syndrome; MRGH, mental retardation with isolated growth hormone
syndrome; DM, myotonic dystrophy; DRPLA, dentatorubral- deficiency; OPMD, oculopharyngeal muscular dystrophy; SEMA, spinal
pallideluysian atrophy; EPM1, progressive myoclonic epilepsy 1; and bulbar muscular atrophy; SCA, spinocerebellar ataxia;

FRAXA, fragile X syndrome; FRAXE, fragile X mental retardation SPD, synpolydactyly.



Cipen nuclecaome = franscriptionally active

./,—- Repaat expansion

Meth-binding prateins _..\

Closad nuclecsome = ranscriptional sllencing

Promoter inactivation and
transcriptional repression in fragile
X syndrome. The expansion of a
CGGrepeat in the 52 UTR of the fragile
X mental retardation 1 (FMR1) gene
results in hypermethylation of the
repeat region which recruits methyl-
DNA-binding proteins, such as methyl-
CpG-binding protein 2 (MECP2 )and
methyl-CpG-binding domain protein
(MBD) that repress transcription.

These proteins also recruit histone-
modifying enzymes, including histone
deacetylases (HDACSs), whichfurther
repress transcription (lower panel). Ac,
acetylation.
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FIG. 1. Structural orgamisation of the full-length Fragile X mental retardation gene 1 gene. All 17 exons are present in
the ISO1 1soform (632 amino acids). All the functional domains present i the protemn (NLS, NES, KH1. KH2, EGG box)

are indicated. The KH2 domain has been defined according to Musco et al. [33a] and Adinolfi et al. [2].

an RNA-binding protein that regulates
the transport/translation of specific mMRNAs at synapses



Fig. 1. NMR structure of the KH1 domain from FMRP (PDB code
2FMR). The KH1 domain has a typical KH B/a fold. The helices
pack against a three-stranded antiparallel B-sheet forming the
hydrophobic core of the protein. The conserved isoleucine residue
is shown in orange.



dFXRP =21 1 295
hFMRP =21 1 292
hFXR2 =22°¢ : 302
hFXR1l 21 1 292
dFXRP :296 363
hEFMRP 293 421
hEFXR2 :303 368
hFXR1l :293 358

GxxG Variable loop

Fig. 3. Multiple-seguence alignment of KH domains from dFXEP and the human Fragile X proteins (in this figure named hFMBP, hEXR1,
hFXR2). Conserved residues are colored in dark blue and semiconserved residues are colored in lighter shades of blue. The domain boundar-
ies, the conserved signature motif GxxG and a variable loop between [Fstrands B2 and B3 which was proposed to have functional signifi-
cance are indicated. The conserved isoleucine residue is marked with an asterisk. Residue nurmbering correspeonds to the full-length
proteins.



Fragile X mental retardation protein (FMRP) binds
to Amyloid Precursor Protein (APP) mRNA

 Fragile X mental retardation protein (FMRP) Is a
cytoplasmic mRNA binding protein whose
expression Is lost In fragile X syndrome.

« FMRP binds to the coding region of Amyilc
precursor protein (APP) mRNA

 APP facilitates synapse formation in the
developing brain, while beta-amyloid (Ab)
accumulation, which is associated with Alzheimer
disease, results in synaptic loss and impaired
neurotransmission.



Sequenza di eventi che portano
alla patologia di Alzheimer

Mutazioni nei geni APP, PS1, PS2
Alterata proteolisi di APP

Aumentata produzione di AB42

Progressivo accumulo e aggregazione di
AB42

Placche di AB42




APP e Patologia di Alzheimer

La principale modificazione patologica associata
all’Alzheimer e 'accumulo di PLACCHE AMILOIDI
nel cervello

Pl sd  Aogregati di
1",3' {P B un peptide di

42 aa (AB42)




Fragile X mental retardation protein (FMRP) binds to a G-Rich
Sequence in the Amyloid Precursor Protein (APP) mRNA
position of the G-rich, predicted G-

| l @I quartet element in APP mRNA

e B oo

FMRF Regqulates AFP Translation

| | FMRP IPs digested wit
i — ~  RNAse T1 and analyzed by RTgPCR

| ¢

Nucleotides 699—796 in the coding

‘ IIIIII | region of APP mRNA possess a G-
: Fra & *.-ﬁ' ,E;F"h & _tih ,t!-"“b F

FFE rich sequence that is protected from
nuclease digestion



Amyloid Precursor Protein regulation is lost
iIn FMR-1 knockout mice

Control Glutamate receptor agonist
A N

! r

’ \
5 10 20 5 10 20 min

APP

 ——— — A — i —— — ﬁ.-AGtin

- ‘ ﬁ- -- APP

[-Actin
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Figure 4. Differential Requlation of APP Levels in WT and KO SNs

Western blots of WT (top panel) and KO (bottom panel) SN treated with
or without DHPG (5, 10, and 20 min) and hybridized with anti-APP and
anti-ff-actin antibodies. The data are representative of three experi-
ments, and quantitation with ImageQuant software demonstrates a 1.6-
1.8-fold increase in APP between untreated and DHPG-stimulated WT
SNs at all of the times tested.



