Restarted replication forks drive CAG repeat instability
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Repeat Expansion Diseases
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Trinucleotide Repeat Expansions are Dynamic Mutations
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Expansions occur Intergenerationally and Somatically
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When do Expansions Occur?

* In the Germline
- Paternal (HD, SCA) and Maternal expansion biases (FRAX, DM1) exist
- Paternal age expansion bias- in dividing premeiotic and postmeiotic spermatogonia.

- Paternal contractions happen in proliferating germ stem cells that lack methylation (FRAXA,
FRDA, SCA8)

- Expansions in maternal germline in Fragile X and myotonic dystrophy
- Germline expansions are important in disease inheritance (intergenerational)

* |[n Somatic tissue
- Early embryogenesis — cells dividing quickly
- Mature somatic tissues — brain
- Somatic expansions have an important contribution to disease progression



How do Expansions Occur?
-during either replication or repair (requires DNA synthesis)
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CTG and CAG repeats form hairpin structures that interfere with DNA
replication and DNA repair



Tract-length changes can occur during Replication
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unprocessed flap forms a hairpin
-incorporation leads to expansion

* Direction of replication

determines the expansion-
contraction bias (bacteria, yeast,
human cells)

Disease loci tend to be in the

expansion-prone orientation
 CAG onthe lagging strand
template at the DM1 locus
(Cleary..Pearson, 2010)

Mutation or inhibition of
replication proteins increases
expansion and contraction
frequency



Structure-forming Trinucleotide Repeats Interfere with

DNA Replication

On a yeast
replicating plasmid
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Question: What stages of replication are most prone to repeat instability?

* Slippage or template switch during normal replication progression through the repeat?

* Slippage or misalignment at a replication stall caused by the repeat?

* During subsequent replication of the repeat by a restarted fork that has altered properties?

» After breakage at the repeat during replication: expansion or contraction occurring during BIR?
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Question: What stages of replication are most prone to repeat instability?

* Slippage or template switch during normal replication progression through the repeat?

* Slippage or misalignment at a replication stall caused by the repeat?

* During subsequent replication of the repeat by a restarted fork that has altered properties?

» After breakage at the repeat during replication: expansion or contraction occurring during BIR?

The Idea: separate the repeat-
mediated stall from the
restarted fork
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Creating a single and local replication stress site with the power of yeast genetics
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Schizosaccharomyces pombe
fission yeast

The site specific RTS1-RFB

e Inducible polar fork arrest mediated by the binding of Rtfl to RTS1
sequence

/ \ » Blockade at the same, unique locus at Chromosome Ill in > 90% of cells

e Blocked forks are restarted by Recombination-Dependent Replication

Main replication direction (RDR), a form of non-canonical DNA synthesis
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Recombination-Dependent Replication (RDR) as a fork-restart pathway
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The System:
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OFF (Rtf1 repressed)

ON (Rtf1 expressed)

Analysis of Replication Intermediates in the Region
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Both CAG Expansions and Contractions increase after induction of a
nearby Replication Fork Barrier (RFB)
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Conclusions:

1. The RFB increases CAG expansions

Surprisingly, the effect is more
dramatic for a WEAK RFB and
increases further from the RFB



PCR Assay to detect both CAG Expansions and Contractions




CAG repeat length
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Mechanisms of replication fork rescue

DNA-bound protein

@ Fork-arrest
, \ Q Fork-restart
RFB system is Rad52-dependent

(Re-priming is another opftion)

—_—— Rescue by converging fork
(Firing of dormant origins)
- Not Rad52-dependent
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Rad52-dependent fork restart is required to cause RFB-
dependent CAG expansions
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CAG expansions are happening during Rad52-dependent fork restart

Contractions may be occurring by another mechanism



How are expansions occurring during fork restart
(by what mechanism)?

Stalled Replication Fork
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A Rad8 (scRad5, hHTLF)-dependent process (template switch)
causes some RFB-dependent CAG expansions and contractions
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Some CAG expansions and contractions happening during template switch



A Rad8 (scRad5, hHTLF)-dependent process (template switch)
causes RFB-dependent CAG expansions and contractions
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Expansions and Contractions are not occurring during DSB repair
-Not dependent on single-strand annealing (Swil0) or resection (Exo1)
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Expansions and contractions are not occurring during DSB repair
-not dependent on SSA (Swil0) or resection (Exo1)
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Why does the RFB cause such a high frequency of contractions?
-most are not dependent on Rad52-dependent restart
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Mechanisms of replication fork rescue

DNA-bound protein

@' Fork-arrest

= Fork-restart
CAG expansions are Rad52-dependent, '
Therefore, happening during fork restart === ' RFB system is Rad52-dependent

Are CAG contractions happening
during fork rescue?

" Rescue by converging fork
(Firing of dormant origins)




Why does the RFB cause such a high frequency of contractions?
-most are not dependent on Rad52-dependent restart

A ; CAG Orientatit_m ; CTG Orientation
CAG o lagging strantllemplate:=less contrachions CTG on lagging strand template = more contractions
[(cTG)70]  |RTSY| [(CAG)70| |RTS1|
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Replication direction switch model: CTG forms more stable hairpins than CAG
Therefore, CTG on the lagging strand template may form more structures,
leading to contractions



CTG sequence on the lagging strand template causes a high frequency of
contractions: consistent with replication direction switch model
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Testing the replication direction switch model: blocking the converging fork reduces
CAG contractions

Contractions mostly occur

due to a fork switch
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Are expansions dependent on fork reversal or fork resection through the

s repeat?
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Placing the CAG tract just upstream of the barrier does not cause RFB-
dependent instability



Are expansions occurring during the initial strand invasion phase of restart?
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MutS causes CAG expansions in S. pombe (as in humans and
mouse models), but this is independent of the RFB
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MutS deletion causes CAG contractionss (as in humans and
mouse models), but this is independent of the RFB
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Model

A CAG repeat instability occuring during B cac repeat contractions occuring due to
Rad52 dependent fork restart replication by converging replication fork
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Take Home Messages for Replication Fidelity:

» Restarted replication forks are especially prone to
slippage through repetitive DNA tracts

Va 3 CTG hairpin

=
CAG loop

_

* Increased template switching by the uncoupled fork ’
can lead to repeat expansions Redd dsperdent tsmplatEwish

 Replication fork barriers in genomes can lead to a
change in fork direction, and this has implications for
the stability of structure-forming sequences G%:

* This mechanism of repeat instability could be relevant T’
to barriers caused either by the repeat itself, or
neighboring barriers.

e Cancer cells have altered replication programs and rely
heavily on replication restart mechanisms




Implications for Repeat Expansion Diseases:

* Transient replication fork barriers can drive repeat instability —
could this explain the restricted developmental time window of
intergenerational expansions?

 Cell type or timing-specific barriers could lead to changes in the replication
profile of the repeat locus
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* Many expandable CAG/CTG tracts are near CTCF

(chromatin insulator) binding sites that are associated |
with Topologically Associated Domains (TADs) B
(ol r
* CTCF may cause fork slowing through the Myotonic . T
Dystrophy locus (Cleary..Pearson, 2010) l ;
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Figure S3
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