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ABSTRACT

In this thesis, we studied how non-catalytic components of the eukaryotic replisome are involved
in the maintenance of homopurine-homopyrimidine repeats. Specifically, we focused on the
(GAA). repeats, which are expanded in the repeat expansion diseases Friedreich’s ataxia and
SCA27B and the (GAAA), repeats, which are expanded in a portion of renal cell carcinomas. In
Chapter 1, I provide a comprehensive review of the known mechanisms of (GAA), repeat
instability, both replication-dependent and replication-independent, as well as other repeat

associated phenotypes such as fragility and repeat-induced mutagenesis.

Chapter 2 focuses on the study of the replication protein Mcm10 in the maintenance of
repeat stability, and we found that the interaction between Mcm10 and the replicative helicase
CMG is essential to stabilize homopurine-homopyrimidine repeats, and deficiencies in Mcm10
cause a synthetic viability defect with long (GAA), repeats. We find that in this context, the
Rad9 checkpoint promotes cell viability by preserving genomic integrity but comes at the cost of

increased repeat expansions, likely mediated by slippery DNA synthesis by Polymerase 9.

In Chapter 3, we studied how a crucial component of any DNA synthesis event, the
available deoxyribonucleoside triphosphate pool, regulates expansions and contractions of
(GAA). repeats using both drug treatments and a genetic approach. We determined that both an
overall decrease and increase in the available nucleotide pool promote repeat instability, and

specific mutations in the ribonucleotide reductase enzyme can also affect repeat stability.

In Chapter 4, we turn to the in vitro study of a different repeat — the (GAAA), repeat,
whose expansions in the first intron of UGT2B7 have been associated with clear cell renal cell
carcinoma. Using DNA polymerization assays, we determined that the (GAAA), repeats cause



an orientation-dependent stall of DNA synthesis in a manner that is consistent with the formation

of a triplex DNA structure during polymerization by a B-family polymerase.

As a whole, this thesis broadens our understanding of how replication factors modulate
homopurine-homopyrimidine repeat stability and identifies a novel important role for Mcm10 in

promoting repeat stability and viability of repeat-containing S. cerevisiae cells.



ACKNOWLEDGEMENTS

My advisor, Dr. Sergei Mirkin, has my deepest gratitude. There is no better advisor than
someone who so passionately cares about both science and life and how their entwined nature
shape our growth and experience as scientists and people. Working in your lab and under your

guidance and mentorship has been the best scientific experience of my life.

I would also like to thank my committee members, Dr. Catherine Freudenreich and Dr.
Mitch McVey, for their constant feedback and suggestions on my project. I have learned so
much from each of you. Thank you also to Dr. Anja Bielinsky for acting on my external thesis

committee and as my Mcm10 north star.

I am grateful to all of my past and future mentors, my mentees during my time at Tufts
and all lab members, present and past! Having you all as my colleagues has made working in the

lab a pleasure. Thank you for all of your help, discussions and support.

I want to thank the entire 2019 Tufts Biology Ph.D. cohort. We went from strangers to
hanging out together in the lounge all the time in a matter of days and have supported each other

for the past five years. I am very proud of where we all are now.

Having good, kind, and fun friends is important any time in life, but especially during
graduate school: Victoria, Nastya, Shoshi, Adam, Kara, Kelly, and more. You all mean so much
to me. A special shout out to Tyler for walking to and from work with me most days, ensuring I

work reasonable hours and introducing me to the state of Maine and many great book series.

My family is an integral part of anything I do and I am forever grateful that they decided

to trust me with every decision I have made and have supported me from across the ocean. My



mother Paola and father Giorgio and sister Maria have always allowed me to set my own path
and have inspired me to be kind but determined. I would also like to thank my grandparents
Savina and Luigi for always making sure I had a slice of bread with Nutella after I finished my
homework when I was a kid, the positive reinforcement clearly worked. My other grandparents,
Linda and Carlo, are not with us anymore but always in my heart. To the incredible number of
uncles and aunts and cousins I grew up with — being surrounded by so many people with
different interests and personalities is both very entertaining and intellectually stimulating, thank
you for never making the dinner table a boring place to be at. I also want to thank parents in law
Giovanni Battista and Gabriella — your large collection of biology books is a large reason why |

am here now.

The last two years have been made immensely more enjoyable and fun by two beautiful
gray cats: Lisp and Scheme. Going home to them, holding them after a hard day in the lab or

dancing around with them during happy moments is worth all the sneezes.

Finally, I would like to express all of my gratitude to my husband Enrico. It’s been
almost 14 years of experiences together, and this was definitely one where your support, love,
wittiness and kindness were appreciated more than ever. Thank you for believing in me more

than anyone else. I am looking forward to seeing what comes next for us.



ABBREVIATIONS

5-FOA 5-fluoroorotic acid

A Adenine

BIR Break-induced replication

CGR Complex Genome Rearrangement

CFU Colony Forming Units

DDC DNA Damage Checkpoint

DMSO Dimethylsulfoxide

dNTP Deoxyribonucleoside Triphosphate

DRC DNA Replication Checkpoint

DSB Double Strand Breaks

DUE DNA Unwinding Element

FPC Fork Protection Complex

FRDA Friedreich’s ataxia

hPu/hPy Homopurine/homopyrimidine DNA run

HU Hydroxyurea

LNA Locked Nucleic Acid

MCM Minichromosome Maintenance

Vi



MMR Mismatch repair

PCNA Proliferating Cell Nuclear Antigen

RED Repeat Expansion Disease

RFC Replication Factor C

RIM Repeat-induced Mutagenesis

RNR Ribonucleotide Reductase

rRE Recurrent Repeat Expansion

SCA Spinocerebellar Ataxia

ssDNA Single-stranded DNA

TNR Trinucleotide Repeat

TRC Transcription-Replication Collisions

TS Template Switching

U Uracil

YPD Yeast Extract Peptone Dextrose Media

Vi



TABLE OF CONTENTS

ABSTRACT ...eeeeiiteeeiiteiiinieiesisteeesisteasistesuistaasssstssasistesssstssssistesssssssssssstenssssmesssssmensssssensssnnes i
ACKNOWLEDGEMENTS .....oeeeeiiieeeieieieiiieiuieieeuiisiesesistesssistesssistesssismesssismssssissesssssssssssssessssnns iv
ABBREVIATIONS.........oeeeeiieeeiiieieieieeuiiieiuiesisusisiesesistesssistesssissesssissesssismesssismesssssmsssssssesssnns vi
TABLE OF CONTENTS ....ceueiiieeiiiriiuiiirieuiiisteusiiresusiisisssissssssiisssssissmsssssmmsssssmssssssmssssssssssssssnnns viii
LIST OF TABLES.........oeeeeieeeeieieeiirieieieieeairienuisiessistesssistssssistesssissssssissesssssmsssssssesssssmsssssssens xi
LIST OF FIGURES.........ouuueeeeiiieeeirieieieieiiiisieusiisieesiissessisssssissssssssssssissssssssessssssmssssssesssssnnns Xii
CHAPTER 1  Replication dependent and independent mechanisms of GAA repeat
INSTADIIILY ~ eeeeeeeeeeeeeeeeereteeeteeneeerertesestenseseenssessenssssesnsssssenssssssnsssesenssssssnsssessnsssssensssesennes 1
ABSTRACT ..ciiieieiiiiiiiiiiiiteneiiiiniiiiieesssiiiiiiitttessssssiiesittttessssssssestsettssssssssssssssetsssssssssssssseeesssssssssssssns 2
INTRODUCTION ...ccttuuuuiiiiinrieinmnnnnniiinrieemmmnnssiiiisieettmsssssiiisttetssssssssisssteesssssssssssssssessssssssssssssesessnssssss 3
GAA REPEATS FORM TRIPLEX DNA STRUCTURES DURING TRANSCRIPTION AND REPLICATION.......... 6
GENOME INSTABILITY MEDIATED BY (GAA)n REPEATS.......cccvtiiiiinntininnesiisssessssssessssssasesssssssessens 11
FRAGIlILY oot 12
ot 0T 11 ] 1o 1= PP PPPPRN 13
1000 41 =T 1T o L3RR 15
(000] ] o] L@ (=T ol TN € Y- [ = LT 4 =T o P 16
(O o1 LT o [N ol =Yo W o [ === o1 LSRR 17
ROLE OF TRANSCRIPTION AND R-LOOPS IN (GAA)n REPEAT INSTABILITY .....ceeiiiiieeninsninreniissnneninnns 19
REPLICATION-INDEPENDENT PATHWAYS OF (GAA)n REPEAT INSTABILITY ...ccooviiuieiiiineneniisinneninnns 20
Mismatch repair in (GAA), repeat iNSTaDIlItY......c.ecciiiiieeeee et 21
Base excision repair in (GAA), repeat iNStability .....c.cecvueeeiieiiie et 25
(GAA), repeats are hotspots of homologous recombination ...........cccueevvieeiiii e 26
DOES FAN1 PLAY A ROLE IN (GAA)n REPEAT INSTABILITY? ...cciiiiiieiinineriniinnnessssseessssssssesssssnsssssnas 27
THERAPEUTIC AVENUES TARGETING (GAA)n REPEAT STABILITY....ccovceeiiiiinneniinneeessisenessssnnesssssnnens 29
Gene editing and replacement therapies to modulate (GAA), repeat size and stability.........ccccccoveevvvevveennnn. 29
Oligonucleotide-based aPPrOACRES ..........uii it e e e e e e eaae e e s ae e e e s tr e e e snreeeesraeeean 31
AKNOWLEDGEMENTS....cotuuuuiiiiiiiiiiimmnnnniiiiiiiiiiemmesniiiiiiiiimssssssiiiiiieesssssiiiitesssssssiissitesssssssssens 32
CRediT AUTHOR STATEMENT ....cuueiiiiiiiiiiinnnteeiiiiiiisneseeesssssssassseeesssssssssssssssessssssssssassseesssssssssnnnes 32
CHAPTER 2  Stabilization of expandable DNA repeats by the replication factor Mcm10
PrOMOLES CeII VIADIIILY ......eeeeeneeeeeereeeeeeiereeereereunsereenssessenssesesnssessenssssessssessesssesessssesssnssssennsnns 33
ABSTRACT ..citeeiiiiiiiittittieeiiiiiiitieeeaassiiiiiitttetessssssiisistteessssssseissstteessssssssssssstsessssssssssssssesssssssssssns 34



INTRODUCTION.......cooeiiiieiiiiiiieiiieiiisereseissssssesssssssesssssssesssesssesssessseesssessssessssssssssssessssssesssesssesssenssenes 35

0 38
Mcm10 deficiency elevates (GAA), repeat instability due to impaired interactions with the CMG helicase....38
(GAA), repeat instability in mecm10-1 is not caused by lower levels of DNA polymerase a-primase................ 43
Mcm10 facilitates replication elongation through (GAA), rEPEALS .....cccveeeeveeeiiieeeiee et 45
Single-stranded DNA at the replication fork primarily promotes repeat contractions .........ccceeccvveeveveeennnennn. 47
Mcm10 deficiency causes repeat length- and position-dependent viability defects........cccccoeeeeiiieeiecinnnnneee. 50
Viability defects in mecm10-1 (GAA)1q0 cells are exacerbated in DNA repair and Polymerase & mutants.......... 54
Mrcl and Rad9 promote viability and expansions through different mechanisms ..........ccccoveeivieiccineeeee, 57
The mecm10-1 mutation increases fragility at the (GAA)100 F€PEAL........coveceeireririreeeeeeeee e 61

DISCUSSION ...ttt et st eee s e ae s s e s e et s e e e s s s s e aass s s eanss st eansssssennsssssennssssnennsssnns 63

MATERIALS AND METHODS.....c.u ittt reeee s reeeas s e eaa s e s na s s e s as s s s esassessennssanns 70
S [Tt AU A oY Y= T1Y- VAR 70
AV A=Y o1 FE a2 XY Y- £ 72
K] oo o =T T T PO TP PP PP P PP PP PPPPPN 72
Protein Isolation and Western BIOttiNg ........veiiciiee et e e e e e eeee e e et e e e s nnee e e eneees 72
Cell Cycle Analysis DY FIOW CYtOMELIY......cciiiiiiieeciieecctee ettt ee e e e e s te e e s e ete e e e easae e e ssaeeeesaseeeesnsneeesnnenenan 73
Live-cell microscopy of replication fOrk ProgreSsion ........cueeicceieeiiciee e e ceee e e e e ree e e e e e e ennees 74

ACKNOWLEDGIVIENTS .....iieeiiiiiiiiiiiieiiiieeii e reeees s re e s s e e ass s s e e as s s e s as s s e s assssenasssssenasssssennnns 75

CRediT AUTHOR STATEMENT ......cccciisuueemmmennssnnssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 75

CHAPTER 3  Deoxyribonucleotide pool availability and levels in the maintenance of
(GAA); 1ePEAL SEADIIITY ...ceeeeeeeeeeerereeeeereeereereenierereiererussesensseesesnssesessssesessssessnsssessnsssssenssesens 88

Y - I 1 0 89

INTRODUCGCTION.....ccuuiiiiiieiiiiieiiiieeeie ittt reeaes st esaes s s eanes s rennssssreanssssresnssssmesnsssstennssesnennssanns 20

0 93
Nucleotide depletion by hydroxyurea induces (GAA), repeat instability.........ccccccveevieeeiiieiieeccee e 93
Defects in timing of S-phase entry increases (GAA)124 repeat CoNtractions.......cceceveeeveereeneeneesieeseeiesee s 94

Changing the available dNTP pool levels by mutations in the ribonucleotide reductase subunit Rnrl mildly

affects (GAA), rePeat INSTADIIITY .....cccuiiiciie et e e sta e e stae e s b e e s abe e sbaeeabeesbaeenbaeessaeesees 95
DISCUSSION AND FUTURE DIRECTIONS .......citteiiiiinneniiiieneniiieesssisimssssssmsssssssssssssssssssssssssssssssssnnssssss 929
MATERIALS AND METHODS.....c.oiittiiiiiineiiiieneiiiienesisiiesssisiienssisimsssssstssnsssssssnsssssssnssssssssssssssnnessss 102
ACKNOWLEDGIVIENTS .....iiteiiiiinnniniinneisiieneisiiesesisisssssisisesssistssssssssssssssssssssssssssnsssssssnssssssnnsssssans 103
CRediT AUTHOR STATEMENT ......coiiiieiieiccccerrreeenensssssseseeeennnssssssssssssennnssssssssssssennnnssssssssssesnnnnnnnes 104



CHAPTER 4  Cancer-associated (GAAA), repeats stall DNA synthesis and form DNA
triplexes in vitro 107

Y= 13 o S 108
INTRODUCTION .....uuteieiiiiiiiiieneteeeiisissseseeeesisssssssssse e e s ss s ssss s e e s s s s s s s ssansse s s s sssssssssssseesssessssssannnes 109
L3]S N 111
The (GAAA), repeat does not impede replication by an A-type polymerase and can act as a DNA
UNWINAING @IEeMENT ........ ettt ee e et e e s ssese s e e e s nnnssssssessseeennnssssssssssesennanssssssssnneennnn 111
The (GAAA), repeat impedes replication by a B-type polymerase and can form a DNA triplex...... 113
[T 00 3] 0 115
MATERIALS AND METHODS......ccciiiiiiiiinnntieiiiiiiinesereeisssssssssseessssssssssssssesssssssssssssssesssssssssssnsnes 116
Chemical Probing with Potassium Permanganate.......cccueeeiiieeicciie et e e e e e e e e s 117
DNA Polymerization Experiment with THErmo SEQUENASE .........ecevcueiieeciiie e cee et e e seae e e e seraeeeeaes 117
DNA Polymerization Experiment with Vent (€X0-) POIYMEIase.......c.coveeceeiiiieeceeecieecre et ree st e esvve e 118
ACKNOWLEDGIMENTS ....coeiiiiiiiiiinnieeiiiiiiiiseteeesisisssssssseesssssssssssssssesssssssssssssseessssssssssssssnsssssssssns 119
CRediT AUTHOR STATEMENT .....cueiiiiiiiiiiiieneteeiiiiiiieeeeeessisssssssssees s sssssssssssssssssssssssssssssssssssssnns 119
CHAPTER 5  OVERALL CONCLUSIONS AND FUTURE DIRECTIONS........cccuuuueeeerrrvrennsennnns 120
CHAPTER 6 APPENDIX.....ccovvvuuueiiiirrrrrensisissnnmesuuissssmmsssssssssssmssssssisssssmsssssssssssssssssssssssns 126
REFERENCES.......ooouuuieeeeeiiieeiiieieuiiirieuiiisiensisiensistesssistesssistesssistssssismessssmssssssessssssmssssssssnses 132



LIST OF TABLES

TABLE 1: ROLE OF MMR PROTEINS DURING LENGTH INSTABILITY OF (GAA)x AND (CAG)x

|23 0] 14 N SRRt 23
TABLE 2: LIST OF YEAST STRAINS OF CHAPTER 2. .......cooooiiiiiiiiiiiii 76
TABLE 3: LIST OF PRIMERS USED IN CHAPTER 2. .......cooooiiiiiiiiiiiiii 82
TABLE 4: LIST OF YEAST STRAINS USEDIN CHAPTER 3. 104
TABLE 5: LIST OF PRIMERS USED INCHAPTER 3. ... 105
TABLE 6: LIST OF PRIMERS USED INCHAPTER 4. ... 118
TABLE 7: RAW EXPANSION RATES FOR DATA PRESENTED IN CHAPTER 2 AND CHAPTER 3. .... 129
TABLE 8: RAW CONTRACTION RATES FOR DATA PRESENTED IN CHAPTER 2 AND CHAPTER 3.

............................................................................................................................................. 130
TABLE 9: RAW FRAGILITY RATES FOR DATA PRESENTED IN FIGURE 2-13. .............................. 131

Xi



LIST OF FIGURES

FIGURE 1-1: VARIOUS TYPES OF TRIPLEX DNA STRUCTURES FORMED BY LONG (GAA)x

|23 01 14 07N TP 5
FIGURE 1-2: METHODS TO DETECT IN VIVO FORMATION OF H-DNA IN HIGHER EUKARYOTES. &
FIGURE 1-3: MODELS OF (GAA)N REPEAT INSTABILITY . ..ccceitiiiiiiiiiieeeeiiieeeeeieeeeesieeeeeennnneeeens 18
FIGURE 2-1: ROLES OF MCM10 DURING DNA REPLICATION. ...........cooooiiiiiiiiiiiiiiiiiiii 36
FIGURE 2-2: SCHEMATIC OF THE INSTABILITY ASSAYS USED IN THIS CHAPTER AND CHAPTER 3.

............................................................................................................................................... 39
FIGURE 2-3: EFFECTS OF THE MCM10-1 MUTATION ON (GAA)N REPEAT INSTABILITY. ........... 40
FIGURE 2-4: A SUPPRESSOR MUTATION IN THE MCM2 SUBUNIT OF THE CMG HELICASE

RESCUES INSTABILITY OF MCMI0-1. ...oooooiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeneenennnees 42
FIGURE 2-5: EFFECTS OF THE MCM10-1 ON POL o0 LEVELS IN THE TESTED STRAINS. ............... 44

FIGURE 2-6: (GAA)x REPEAT EXPANSION (A) AND CONTRACTION (B) RATES IN THE MCM10-
G261D MUTANT. PLOTTED VALUES INDICATE THE CORRECTED RATE AND THE ERROR BARS

REPRESENT 95% CONFIDENCE INTERVALS. .....cceuuttttieeeeeeeeeeeeeeeeeeeeeeeeeereeseesesssseessesesesesesessnnnnees 45
FIGURE 2-7: LIVE-CELL MICROSCOPY OF REPLICATION FORK PROGRESSION THROUGH
(GAA)100 REPEATS IN WT AND MCM10-1 CELLS. .....ccoiiiiiiieeiiiieeeeiieeeeeieee e eeeeee e iveeee e 46
FIGURE 2-8: EFFECTS OF HYDROXYUREA AND MUTATIONS AFFECTING FORK COORDINATION
ON (GAA)N REPEAT INSTABILITY . ...ceeiiiuiiiieiiiiiieeeeiiteeeesiieeeeesneeeeeasnsseeessssaeessnsseeessnsseesens 50
FIGURE 2-9: THE MCM10-1 MUTATION CAUSES REPEAT-LENGTH DEPENDENT VIABILITY
DEFECTS DUE TO THE LOSS OF AN ESSENTIAL CHROMOSOME ARM. .......cccccccvvveeieviinnnnnnnnnn. 53
FIGURE 2-10: SPOT TESTS FOR VARIOUS DOUBLE MUTANTS BETWEEN DNA REPAIR AND
CHECKPOINT GENES AND MCMI0-1. ..............cooooooiiiiiiiiiiiiiiii 55
FIGURE 2-11: EFFECTS OF POLYMERASE 8 MUTATIONS ON THE VIABILITY OF MCM10-1 CELLS.
............................................................................................................................................... 56
FIGURE 2-12: THE RAD9 CHECKPOINT AND THE MRC1 REPLICATION FUNCTION PROMOTE
19542 NN (OIS N LY (@51 B 1 Rt 58
FIGURE 2-13: THE MCM10-1 MUTATION LEADS TO REPEAT-INDEPENDENT INCREASES IN
CHROMOSOMAL FRAGILITY.......coooiiiiiiiiiii e 62

FIGURE 2-14: MODEL OF THE REPLICATION DEFECT IN THE MCM10-1 STRAIN BEARING THE
GAA REPEAT THAT LEADS TO REPEAT INSTABILITY AND REPEAT-DEPENDENT LOSS OF

VIABILITY . ..ccooiiiiitiiiiieeee e e e ettt et e e eeeeetttaaaeeaeaeeeeasaerasassaaeeeaaasssssasssaaeeseasnssssanaaeeeeesannsssrennens 69
FIGURE 3-1: MECHANISMS OF DNTP POOL REGULATION. .......cccceiiiiiiiiiiiieieeeeeeeciiinreeeeeeeeeeennnnns 91
FIGURE 3-2: EFFECTS ON DNTP DEPLETION CAUSED BY HYDROXYUREA TREATMENT OF

(GAA)N REPEAT INSTABILITY. c.uittiieeeiiiieeeeiteeeeeiieeeesstaeeesesnnaeeessnseeeessnsseeessnssseesssnnsseesens 94
FIGURE 3-3: EFFECTS OF THE DELETION OF THE CELL-CYCLE REGULATOR SIC1 ON (GAA)~

REPEAT STABILITY . ...cooiiiiiiiiiiiiiiieeeeeeeiiiitteeeeeeeeeeeeurtseesaaeseesassssssssasaessesassrsssesessessassssrnneens 95
FIGURE 3-4: RELATIVE DNTP POOL LEVELS COMPARED TO THE WILD-TYPE LEVELS.............. 96
FIGURE 3-5: (GAA)~ INSTABILITY RATES IN THE RNR1-A245V MUTANT. ....cccvvvveiriiieeeenneennn. 97
FIGURE 3-6: (GAA)100 REPEAT EXPANSIONS IN THE RNR1-Y285C MUTANT. ......ccccecvveeeernennnn. 98
FIGURE 3-7: (GAA)~ INSTABILITY RATES IN THE RNR1-F15S MUTANT. .....ccoociiiiiiiiieeeeieene. 99

Xii



FIGURE 4-1: THERMO SEQUENASE DOES NOT STALL DURING POLYMERIZATION THROUGH THE

(GAA)IZREPEAT. .....oooiiiiiieiieeetee ettt eeiteeteeetteeebeeteeesbe e teessbeesseesseesseaasseesssessseenseessseesssesaseas 112
FIGURE 4-2: VENT (EXO0-) STALLS DURING POLYMERIZATION THROUGH THE (GAA)13 REPEAT

WHEN THE HOMOPURINE RUN IS THE TEMPLATE FOR SYNTHESIS.........cccc0eeviuiieniieennreenns 114
FIGURE 5-1: OVERALL MODEL OF REPEAT CONTRACTIONS IN THE MCM10-1 CONTEXT......... 120

FIGURE 5-2: MODELS FOR PROCESSING OF LEADING STRAND GAPS IN THE MCM10-1 MUTANTS
LEADING TO REPEAT EXPANSIONS AND ENSURING CELL VIABILITY IN THE CONTEXT OF

LOW (A) VS. HIGH (B) RPA LEVELS. ......ootiiiiiiiiiiiiieeee ettt e e e e e eeavaaeeeas 122
FIGURE 6-1: SPOT TESTS AT THE PERMISSIVE (23°C) AND SEMI-PERMISSIVE (27°C)

TEMPERATURES FOR THE GENOTYPES TESTED IN FIGURE 2-10........................................ 126
FIGURE 6-2: COLONY FORMING UNIT VIABILITY ASSAY FOR ADDITIONAL MCM10-1 DOUBLE

1Y L0 Nl S TP 127
FIGURE 6-3: FLOW CYTOMETRY OF DNA CONTENT FOR WT AND MCM10-1 AT 23°C VERSUS

R T | OO RPR 128

Xiii



CHAPTER 1 Replication dependent and independent mechanisms of GAA repeat

instability

Chiara Masnovo', Ayesha F. Lobo!, Sergei M. Mirkin'*
! Department of Biology, Tufts University, Medford, MA, 02155, U.S.A.

*To whom correspondence may be addressed: sergei.mirkin@tufts.edu

Published as: Masnovo, Chiara, Ayesha F. Lobo, and Sergei M. Mirkin. "Replication dependent

and independent mechanisms of GAA repeat instability." DNA repair 118 (2022): 103385.



ABSTRACT

Trinucleotide repeat instability is a driver of human disease. Large expansions of (GAA), repeats
in the first intron of the FXN gene are the cause Friedreich’s ataxia (FRDA), a progressive
degenerative disorder which cannot yet be prevented or treated. (GAA), repeat instability arises
during both replication-dependent processes, such as cell division and intergenerational
transmission, as well as in terminally differentiated somatic tissues. Here, we provide a brief
historical overview on the discovery of (GAA), repeat expansions and their association to
FRDA, followed by recent advances in the identification of triplex H-DNA formation and
replication fork stalling. The main body of this review focuses on the last decade of progress in
understanding the mechanism of (GAA), repeat instability during DNA replication and/or DNA
repair. We propose that the discovery of additional mechanisms of (GAA), repeat instability can
be achieved via both comparative approaches to other repeat expansion diseases and genome-
wide association studies. Finally, we discuss the advances towards FRDA prevention or

amelioration that specifically target (GAA), repeat expansion.



INTRODUCTION

DNA microsatellites, 1-to-9 base-pair long tandemly duplicated sequences, comprise up to 3% of
the human genome '=. Expansions of a subset of microsatellites are associated with over 50
repeat expansion diseases (REDs), and the number is ever-growing *. Disease-associated repeats
are characterized by length variability (expansions and contractions) and are known to induce
fragility and repeat-induced mutagenesis, resulting in genomic instability (for an extensive
review, see °). In the first years after their discovery in 1991 ¢, most repeat expansion diseases
were identified as autosomal dominant disorders associated with expansions of (CNG), repeats,
resulting in a toxic gain of function at the protein level. (CNG), expansion diseases include
Huntington’s disease (HD), spinocerebellar ataxias (SCAs), myotonic dystrophy (MD) and

Fragile X syndrome (FXS).

All expandable (CNG), repeats can form imperfect hairpins stabilized by CG base pairs
or slipped strand DNA structures that result from the formation of two such hairpins in
complementary DNA strands 7. Thus, strand slippage and hairpin formation during DNA
replication was initially proposed to be at the center of trinucleotide repeat (TNR) instability &,
Therefore, the discovery of the genetic basis of Friedreich’s ataxia (FRDA) in 1996 came as a
surprise °. FRDA is an autosomal recessive disease caused by the expansion of a (GAA), repeat,
which, unlike (CGN), repeats, cannot form a hairpin structure °. Overall, (GAA), runs are
amongst the most expansion-prone trinucleotide repeats in the human genome, the majority of
which originated from 3’ poly(A) tracts of various A/u elements upon AAA to GAA transition
10.11 "Tn the case of FRDA, however, the (GAA), repeat originated from the Ay(TAC)A, sequence

at the center of the Alu Sq element located in the first intron of the FXN gene '°.



FRDA is the most common form of hereditary ataxia in humans '2. (GAA);.33 repeats are
in the normal range, (GAA)ss.65 repeats are pre-mutational, and longer repeats are pathogenic.
The length of the (GAA), repeat positively correlates with the age of disease onset, its severity
and progression 377, (GAA), expansions ultimately lead to chromatin changes and FXN gene
silencing, resulting in a drastic reduction in the levels of the mitochondrial protein frataxin %22,
Reduced frataxin levels lead to increased oxidative stress, accumulation of iron species in the
mitochondria and subsequent cell death, primarily affecting neuronal tissues '%23-2%, The loss of
gene function upon repeat expansions accounts for the recessive mode of inheritance. FRDA is
associated with cerebellar and sensory ataxia, diabetes mellitus, and cardiomyopathies, leading to

early death (for a clinical review, see 2°). There is currently no effective cure or treatment for

FRDA 7.
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Figure 1-1: Various types of triplex DNA structures formed by long (GAA), repeats.

Each H-DNA conformation, YRY or RRY, can exists in two isoforms, depending on whether the
3’ or the 5° of a strand is donated to the triplex. Homopurine strands are in orange, homopyrimidine
strands are in blue. Dashes indicate Watson-Crick base-pairing, circles indicate Hoogsteen or
reverse Hoogsteen base-pairing, asterisks indicate protonated cytosines.



GAA REPEATS FORM TRIPLEX DNA STRUCTURES DURING TRANSCRIPTION

AND REPLICATION

Being a homopurine-homopyrimidine (hPu/hPy) mirror repeat, (GAA), runs can assume the non-
B DNA structure termed DNA triplex or H-DNA. H-DNA is formed when a DNA strand
corresponding to one half of the repeat folds back forming a triplex with the duplex half of the
repeat via Hoogsteen base pairing, while its complementary strand remains single-stranded
(Figure 1-1 a-d) 2%2°, Like other alternative DNA structures, H-DNA is thermodynamically
unfavorable in linear double-stranded DNA, but becomes favorable in negatively supercoiled
DNA, which is topologically equivalent to unwound DNA, as it relieves torsional stress 3%3!,
Consequently, H-DNA is not a steady-state presence in genomic DNA but can rather form at

different stages of the cell-cycle during specific genetic processes such as replication and

transcription, hence it is a dynamic DNA structure.

H-DNA can exist in several conformations 2. In an H-y triplex (YRY), the pyrimidine strand
contributes to triplex formation by Hoogsteen base pairing (Figure 1-1 a-b). Normally, H-y
formation is favored at low pH since it requires cytosine protonation, but because of their high
AT-content, (GAA), repeats can readily form H-y triplexes under physiological conditions 3'-33,
In an H-r triplex (RRY), the purine strand contributes to triplex formation through reverse
Hoogsteen base pairing (Figure 1-1 ¢-d). H-r triplexes, including those formed by the (GAA),
repeat, were observed at neutral pH in the presence of divalent cations 3+*3, Finally, two distant
(GAA). repeats within the same supercoiled DNA molecule can form a structure termed sticky
DNA (Figure 1-1 e) 34, In this case, a homopurine strand from one of the repeats forms an H-r

triplex with another repeat, also in the presence of divalent cations 337,



While all these structures can be formed under specific conditions in vitro, it remains
unclear which one is the most common at the FRDA locus and how each contributes to repeat
instability and disease. It is generally challenging to detect dynamic DNA structures at
endogenous genomic loci in vivo, given that they may only be formed transiently. It is
particularly difficult in mammalian cells, in which chemical probing has proven to be highly
cumbersome, partially due to the extreme genome size (reviewed in 3®). Triplex-specific
antibodies were shown to bind in situ to multiple sites in human chromosomes, some of which
contained (GAA), repeats ***!. Note however, that the resolution power of this technique is not

at the nucleotide level.

As discussed above, negative DNA supercoiling is the main driver for H-DNA formation
in vitro. In mammalian nuclei, transcription is the main source of negative DNA supercoiling (*?
and references therein). Kouzine et al. used permanganate treatment, which oxidizes thymine
residues in single-stranded DNA (ssDNA), in combination with S1 nuclease cleavage and high-
throughput sequencing to detect non-B DNA structures in the genome of mouse B-cells 4. This
study identified approximately 17,000 sites of H-DNA out of ~728,000 predicted H-DNA
motifs, the prevalence of which positively correlated with transcription levels (Figure 1-2 a) 4.
More recently, an S1-seq based method, which relies on mapping of S1-cleavage sites in
permeabilized cells #, identified about 144,000 H-DNA forming structures, preferably H-y5
triplexes (Figure 1-2 b) #°. Notably, most H-DNA motifs were observed at relatively short
homopurine-homopyrimidine repeats, and the authors believe that they could have formed ex
vivo during sample preparation owing to the acidic pH of the S1-nuclease reaction buffer. In

FRDA patient cells, a similar S1-END-seq approach revealed H-DNA at the expanded (GAA),



repeats specifically when the FXN locus was transcribed*® (Figure 1-2 ¢). It is concluded,

therefore, that in this case, the triplex is formed in vivo during transcription of the (GAA), repeat.

Cg&v

€ )

Cultured B-cells

B

/

Cultured Agarose
B cells Plugs
C

< i
Cultured Agarose
Cancer cells Plugs

&\\\\\\;
%ué

H-DNA

3,
5

Permanganate Probing DNA

Isolation and S| Nuclease Cleavage

Ve
H-y5 DNA é
g:/

S1 Nuclease Digestion

k\\\\\\\\a\\

Og\

H-r5 DNA ?
5

S1 Nuclease Digestion

S\ A

VY,

35

3'5 3’ 5

Biotin labeling dsDNA puII down

1

Adaptor Ligation

\\\}63\\» 1\\/'5 WA

Adaptor ligation

INRONR,

Compatible read counts

RO,

Adaptor ligation minus
strand sequencing

3’53 5 53

No plus strand sequencing

W\

Normalized Read Counts

Normalized Read Counts

ssDNA [x10° TPM]

ssDNA-sequencing

{

-400 -200 O 200 400

Distance from center of repeat

o
=

o

(=3
o
@

o

o
=

o

ca. 17,000 H-DNA peaks

S1-seq

}

Mldlne

0 +

ca. 143,000 H-DNA peaks

S1-END Seq
i
Plus
Minus
N\
o +

ca. 12,400 H-DNA peaks
across 5 cancer cell lines

Figure 1-2: Methods to detect in vivo formation of H-DNA in higher eukaryotes.

(a) Genome-wide H-DNA formation in cultured mouse B-cells (adapted from #). (b) Genome-
wide H-DNA formation in primary mouse cells via S1-seq (adapted from ). (¢) Genome-wide H-
DNA formation in human cancer cell lines via S1-END Seq (adapted from °).



Besides transcriptional supercoiling, formation of H-DNA can be promoted by DNA
strand unwinding during DNA replication. During DNA polymerization in vitro, a DNA strand
from a partially unwound repeat can fold into a triplex structure, effectively blocking further
DNA polymerase progression. Consequently, triplex forming motifs were called “suicidal
sequences” for DNA polymerization 4. A similar mechanism accounts for the blockage of DNA
polymerization by expanded (GAA), repeats *'*8, Recently, analysis of DNA synthesis through a
reconstituted eukaryotic replication fork revealed a weak but reproducible stalling only when a
long (GAA), repeat was located on the leading strand template *°. Long (GAA), repeats were
also shown to stall replication in vivo both in yeast and mammalian cells 334, In yeast, (GAA)a-
mediated fork stalling is orientation-dependent, as it was only observed when the (GAA), run
was on the lagging strand template 3>, This was interpreted as the formation of an H-r triplex in
front of the fork, followed by strand unwinding by the replicative CMG (Cdc45/Mcm?2-7/GINS)
helicase *3. In human cells, (GAA), repeats cause fork stalling in SV40-based episomes in an
orientation-independent manner °%3!-*6, This inconsistency between the two systems could be
explained by the fact that in an SV40 replisome, the T-antigen helicase is used instead of the
endogenous CMG helicase, and synthesis is performed by Pol 6 on both the leading and the
lagging strand 7. Fork stalling at (GAA), repeats result in fork reversal >, which can lead to

subsequent fragility and instability 33368,

It is important, therefore, to understand whether triplexes can cause the stalling of regular
replication forks at endogenous chromosomal locations. The use of the SI-END-seq approach
described above [44] identified two types of non-B DNA structures in human cells: DNA
cruciforms formed by (AT), repeats and H-DNA formed by long hPu/hPy mirror repeats*¢. H-

DNA was detected in multiple cancer cell types, and a considerable portion of sequences was



shared between genomes, indicating the presence of highly conserved H-DNA regions (Figure
1-2 ¢). Most of the detected triplexes were formed by (GAAA)., (GAA), and (GGAA), repeats
and corresponded to the H-r5 conformation. To address the concern that the acidic pH of S1-
nuclease treatment could promote triplex formation ex vivo, the authors replaced S1-nuclease
with P1-nuclease, which cleaves ssDNA at neutral pH. This new approach, called P1-END-seq,
revealed a similar number and distribution of triplex peaks in cancer cell lines. Another
important argument supporting H-DNA formation in vivo is that the triplex peaks spike in S-
phase, which correlates with orientation-dependent replication fork stalling, similar to that

observed in yeast.

Replication fork stalling at expanded (GAA). repeats at the FXN locus was directly
shown using single-molecule analysis of replicated DNA (SMARD) isolated from FRDA patient
cells 32. Stalling was observed in both orientations, being particularly pronounced when the
(TTC)a run is on the lagging strand template. This polarity is opposite to that observed in yeast
and in human cells via SI-END-seq. While the reason for this difference remains unclear, one
possibility is that head-on collision of FXN transcription with replication going in the opposite
direction adds to the strength of the stall. Importantly, GA A-specific polyamides that disrupt
triplex DNA rescue replication fork stalling, implying that H-DNA causes fork stalling at the

repeat 4632,

Further characterization of non-B DNA structures at the single nucleotide level has the
potential to provide insight into not only location and frequency of H-DNA, but also
requirements for its formation, mutagenic potential and association with cell or tissue type. This
information will be important to determine whether H-DNA is associated with genetic diseases

such as cancer besides FRDA, as proposed by recent computational analyses 3>, So far,
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individual sequencing methods show detection biases toward specific H-DNA isomers, and
different types of sample processing might introduce artificial H-DNA formation to a certain
extent. Newer methods based on the use of small molecules as modifiers are being developed to
allow more sensitive and accurate detection of alternative DNA structures °1:%2. Where, then, are
the commonalities? Firstly, all studies agree that even though both replication and transcription
can promote H-DNA formation, the major contributor varies based on the specific repeat and its
genetic environment, such as chromatin context and specific location. In addition, interruptions
in the repeat decrease its ability to form H-DNA and stall the replication fork 446, in accordance
with previous in vitro studies for long interrupted (GAA), repeats 6. Importantly, interrupted
(GAA). repeats are rarely found in FRDA patients, and when present lead to delayed disease
onset and milder phenotypes, strongly suggesting that the ability of the repeat to form a triplex is
essential for disease pathogenesis '3, Finally, the prevalence of H-DNA forming sequence
warrants extensive studies of their potential biological functions, which likely remain widely

underestimated.

GENOME INSTABILITY MEDIATED BY (GAA)x REPEATS

As is true for other repeat expansion diseases, the longer the (GAA), repeat is, the more prone to
length instability it becomes %49, Instability is observed both during intergenerational
transmission and in post-mitotic somatic cells ®*7°. Expansions predominantly happen during
intergenerational transmission and cell division. In somatic cells, contractions are the most
prevalent form of (GAA), instability, although expansions were observed in affected tissues,

including the heart, pancreas and neuronal tissues *’!. Somatic mosaicism — the presence of a
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variety of (GAA). lengths in the same patient — was observed in multiple patient tissues in an
age-dependent manner, with the length of the largest allele determining the scale of the observed

mosaicism 67174,

Since (GAA). repeat expansions cause a human hereditary disease, research has focused
on the study of their expansion mechanisms. Somewhat less appreciated is the fact that (GAA),
repeats can cause additional local and global genome rearrangements. The original examples
came from studies in yeast. First, it was directly demonstrated that expanded (GAA), repeats are
fragile, resulting in double-strand breaks >°. Second, (GAA), repeats appear to cause mutagenesis
at a distance, in a process that we called repeat-induced mutagenesis (RIM) . Expanded (GAA),
repeats at the FXN locus also increase mutagenesis in the area surrounding the repeat, likely
through double-strand break (DSB) repair processes 7°~7°. Note that other triplex-forming

sequences were also associated with increased break-induced mutagenesis in mammalian cells

77,80,81

Altogether, various types of (GAA), repeat-mediated instability contribute to the
accumulation of mutations at and around the expanded locus, as well as rearrangements in other
genomic regions. These events can modulate the age and onset of FRDA and/or lead to the
emergence of other pathogenic mutations, which can in turn modulate (GAA). length stability.
We will cover the mechanisms of (GAA), mediated genome instability during replication and in

non-dividing cells in the next sections.
Fragility

As is common for other disease-related repeats, (GAA). repeats were shown to be fragile in

multiple model systems, causing DSBs and genome rearrangements. In yeast, (GAA), fragility
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was shown to be dependent on its orientation relative to the replication origin, being higher when
the (GAA). is on the lagging-strand template — the same orientation that causes replication
stalling >. In this case, fragility was dependent on the mismatch repair (MMR) machinery. We
hypothesize that yeast MMR cleaves the single-stranded loops of H-DNA, erroneously
perceiving them as mismatched loop-outs. It would be of great interest to substantiate this idea in
biochemical studies. Indirect evidence also indicates that there is increased fragility at the

endogenous (GAA), repeat in the FXN locus in FRDA patient cells 38,

Expansions

Expanded (GAA), repeats were shown to affect replication fork progression in every
experimental system studied to date, likely owing to their triplex-forming potential. In yeast,
(GAA). repeats start expanding at the carrier length of (GAA)s2, and the rate of expansion
increases exponentially with the repeat’s length 9. This begs the question, is there a link between
replication through the repeat and its instability? An unambiguous affirmative answer came from
a yeast experimental system. A genome-wide screen identified genes that modulate (GAA),
instability, including its fragility and propensity for expansions 2. The screen had hits in three
main categories: replication-associated genes, transcription initiation genes, and two components
of the CST (Cdc13-Stn1-Tenl) complex, which regulates telomere maintenance. Further studies

expanded on the role of each category in (GAA). repeat instability.

First, an intact and processive core replisome was shown to counteract instability 8233, as
mutations in Pol € and 9, as well as in the fork stabilization complex (Tof1-Csm3-Mrcl),
promote large-scale (GAA), repeat expansions 3°. Mutations in subunits of the CMG helicase
also increase mid-scale expansions of short (GAA)»s repeats, through a mechanism consistent
with template switching (TS) and break-induced replication (BIR) 3485, During lagging strand
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synthesis, each Okazaki fragment needs to be processed by 5’ flap endonucleases prior to
ligation. The major flap endonucleases in yeast are Rad27 and Dna2, which cleave short and
long flaps, respectively. Mutation of either flap endonuclease dramatically increases (GAA).
repeat expansions, possibly due to an imbalance in the total amount of ssDNA in the cells which
can result in increased formation of triplexes on the flaps, ultimately resulting in (GAA), repeat

instability (Figure 1-3 a) ©>%3

A strong replication stall could lead to dramatic consequences such as template switching
or replication fork reversal °!'. The goal of both of these processes is to bypass a template
“lesion”, but can result in (GAA), repeat instability 8. Nevertheless, whereas fork stalling is
orientation-dependent 323639 large-scale (GAA ), repeat instability seems largely orientation-
independent, even though there is a slight bias for increased instability when the (GAA). run is
on the lagging strand template in all of the studied systems %49, This bias has been related to the
asymmetrical nature of DNA replication and led to the proposal of the “ori-switch” model, in
which origin activity and orientation relative to the position of the repeat influences
predisposition for either expansions or contractions 87. What other processes, in addition to fork
stalling, are then causing instability during replication? Template-switching during DNA
synthesis could also occur independently of stalling, especially at the site of long repetitive

templates in which TS could happen at a higher rate (Figure 1-3 a).

In addition, factors other than the ones involved directly in the replication fork can
contribute to (GAA), expansions during replication, as illustrated by the identification of the
CST complex in the genetic screen described above 2. Recently, mutations in the CST complex
were shown to lead to large-scale (GAA), repeat expansions through a mechanism involving the

Rad9-dependent G2/M DNA damage checkpoint activation and post-replicative repair (PPR) of
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gaps and nicks 8. Even though (GAA), repeats, unlike expanded (CAG), repeats, do not activate
the checkpoint by themselves, the checkpoint response likely becomes relevant in the context of

other sources of replicative stress .

An episomal experimental system was previously established in our laboratory to study
the link between replication and expansions of (GAA)oo repeats in human cells*®. Using siRNA
to deplete specific proteins, this study shows that large-scale repeat expansions are promoted by
proteins involved in replication fork reversal (SHPRH/SMARCAL1/HLTF) and counteracted by
proteins that are involved in the restoration of reversed forks (RAD52/RECQL1/WRN). Further,
the DDX11 helicase, which was shown to untangle triplex DNA in vitro °°, also counteracts
repeat expansions. Altogether, this data indicates that expansions occur while the replication fork

attempts to bypass a triplex formed by the (GAA). repeat (Figure 1-3 c).

Contractions

Repeat contractions are another type of (GAA), repeat instability which has been intimately tied
with ongoing DNA replication. (GAA). repeats become more prone to contractions the longer
they are, and contractions occur progressively in somatic cells of FRDA patients, as well as
during intergenerational transmission 677, The question of whether contractions and
expansions occur through a shared mechanism remained a mystery for a long time. A recent
study in yeast set up a genetic assay to study large-scale contractions (> 20 repeats) of long
(GAA)24 tracts %, First, contractions were associated with the ability of the repeat to form H-
DNA, directly tying contraction events to triplex formation during DNA synthesis. Second,
mutations of lagging strand synthesis polymerases (Pol a and Pol 6) and flap-processing
nucleases (Rad27 and Dna2), which result in the accumulation of long ssDNA tracts, promoted

large contractions in an orientation-independent manner. Third, the ssDNA-binding replication
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protein A (RPA) strongly counteracted triplex formation between the nascent lagging strand and
its template, preventing contractions (Figure 1-3 a) ®*. At the same time, all major DSB-repair
pathways did not influence (GAA), repeat contractions. This led us to conclude that large-scale

contractions occur during triplex bypass during lagging strand synthesis.

Importantly, the average contraction size of the starting (GAA)124 was of ca. 60 repeats in
this system, and likely to be the result of a one-step process. This corresponds to a contraction of
a (GAA)124 repeat in the mutational range down to pre-mutational or normal repeat sizes, which
is very encouraging from a potential therapeutic standpoint. The challenge remains to identify
proteins which exclusively promote contractions or prevent expansions, without affecting the

other side of instability or have genome-wide mutagenic effects.

Altogether, the expansion and contraction data point to a link between replication through
(GAA). repeats and their instability. Both fork stalling at the repeat and instability become
apparent at (GAA). repeat lengths corresponding to carrier sizes in patients and become more
pronounced at disease length. That being said, in the experimental systems studied so far, there is
no obvious direct correlation between the strength of fork stalling and repeat instability causing
disease. This ambiguity warrants further studies of the mechanisms of replication-dependent

repeat instability.
Complex genome rearrangements

Two classes of repeat-mediated genome rearrangements were revealed in a yeast experimental
system. First, repair of DSBs within expanded (GAA). repeats occasionally leads to the
formation of large deletions which encompass the repeat and its adjacent regions ¢°. Second,

genetic assays combined with Nanopore sequencing found that (GAA), repeats cause complex
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genome rearrangements (CGRs) of the yeast genome that are yet another byproduct of DSB
repair °!'. These CGRs resulted from a mixture of reciprocal and non-reciprocal gene-conversion

events, which involve both intra- and inter-chromosomal interactions °'.

We also want to emphasize that with the advent of long-read sequencing and dedicated
computational tools, the sequencing of expanded repeats appears more practical, and provides
the opportunity to widely survey both the general and affected populations to assemble a
comprehensive picture of (GAA), repeat sizes and distributions °'~%8, Recently, Nanopore
sequencing was used to detect replication fork stalling associated with structure formation during
sequencing °>'%. The combination of long-read sequencing with GWAS, such as the ones

1017103 ¢could provide invaluable

conducted on (CAG), repeats and Huntington’s disease
information on genetic modifiers of (GAA), repeat stability and FRDA onset and severity,

revealing new mechanisms of instability and guiding the development of novel therapeutic

avenues.

Repeat-induced mutagenesis

As mentioned above, expanded (GAA), repeats in the FXN locus increase mutagenesis in
surrounding genomic regions in FRDA patients. The mechanisms of this mutagenesis were thus
far studied only in a yeast experimental system. Repeat-induced mutagenesis (RIM) was detected
up to 10 kb upstream and downstream of long (GAA), repeats ”°. Conditional mutations in Pol €
dramatically elevated the rate of RIM, implicating DNA replication in the process 3. It is not yet
clear what causes the mutagenesis. In two studies, RIM depended on translesion synthesis (TLS)
by DNA Polymerase { 7', In another study, translesion synthesis was only involved in RIM if
Pol § activity was compromised #3. Two mechanisms are being considered: repair of post-

replication gaps that involves Pol { 7°'% and a BIR-like pathway %°.
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(A) (GAA), repeat instability in dividing yeast mainly occurs via replication-dependent
mechanisms, such as template switching (TS) or flap ligation, leading to expansions (see 4.2) 5783,
Pol & dissociation during lagging strand synthesis causes contractions (see 4.3) %. During
transcription, formation of a triplex-stabilizing R-loop (H-loop) can trigger break-induced
recombination leading to repeat expansions /. (B) (GAA), repeat instability in non-dividing yeast
is characterized by two different types of events, depending on whether the MMR machinery is
functional. MMR drives incisions in H-DNA and sticky DNA structures, which are then converted
into DSBs. DSB repair by HR leads to gene conversions events, while repair by NHEJ results in
deletions. In MMR-deficient strains, nick repair leads to expansions. (C) Replication dependent
(GAA). repeat expansions in human cells is initiated by triplex formation ahead of the fork leading
to its regression. Repeats can expand upon strand slippage during the restoration of the regressed



fork 7%, (D) (GAA)nrepeat instability in non-dividing and somatic human cells is promoted by the
formation of R-loops during transcription and/or upon transcription-replication collisions (TRCs),
which are then recognized by MMR and converted into DSBs. Other sources of DSBs can initiate
this process as well. Error-prone repair results in (GAA), repeat expansions 72706-108,

ROLE OF TRANSCRIPTION AND R-LOOPS IN (GAA)x REPEAT INSTABILITY

Expanded (GAA), repeats pose an obstacle to transcription in an orientation-dependent manner
34109110 Dyring transcription, a sense r(GAA), strand or an antisense r(UUC), strand can
participate in the formation of stable DNA:RNA duplexes, or R-loops, consisting of two DNA
and one RNA strands ''''12, Interestingly, recent analyses have shown that R-loop formation
might be promoted at repetitive elements across eukaryotic genomes ''3!'4, Enrichment of
unscheduled R-loops can result in genomic instability and has been shown to modulate stability
of other TNRs (reviewed in !'3116). R-loop formation during transcription of expanded (GAA ),
repeats has been proposed as a pathogenic mechanism contributing to transcriptional silencing at
the FXN locus !'7. The formation of DNA:RNA hybrids at expanded (GAA), repeats is
thermodynamically favorable since the sense RNA is homopurine ''%!"°, Interestingly,
transcription has been shown to increase (GAA), repeat instability in both human and yeast
experimental systems $>120-122 In yeast, the transcription-dependent increase in instability was
further exacerbated in the absence of the RNase H enzymes, which counteract the accumulation
of R-loops '%. Furthermore, this increased instability was caused by BIR. Altogether, these data
point to the role of R-loops and transcription-replication collisions (TRC) in (GAA). repeat

instability (Figure 1-3 a).

It is generally believed that R-loops can cause genome instability when replication and

transcription collide head-on. It was surprising, therefore, that R-loop-dependent instability of
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(GAA), repeats did not depend on relative orientation of replication and transcription '%. To
explain this difference, it was hypothesized that H-DNA transiently formed upstream of
elongating RNA polymerase interacts with the repetitive RNA transcript forming the so-called
H-loop °. This H-loop is much more stable than either H-DNA or R-loop alone. Therefore, DNA
replication could be blocked notwithstanding its directionality. It is yet to be determined whether
transcription can promote (GAA), repeat instability independently of DNA replication. The
answer to this question will allow us to determine whether transcription-mediated instability
might be a universally shared mechanism in both dividing and non-dividing cells. It will be
important to study whether other factors which contribute to R-loop balance and/or transcription-
coupled repair (TCR) affect (GAA). repeat stability. One promising candidate is the Senataxin
helicase (Senl in S. cerevisiae), which associates with the replication fork to resolve R-loops and

prevents their accumulation during DNA replication and DNA damage repair 237127,

REPLICATION-INDEPENDENT PATHWAYS OF (GAA)x REPEAT INSTABILITY

The tissues which are most severely affected in repeat expansion diseases are usually terminally
differentiated and do not undergo cellular division. In such tissues, DNA replication-dependent
processes cannot be a major source of repeat instability. Nevertheless, (GAA), repeats
progressively expand in neuronal tissues, such as the cerebellum and dorsal root ganglia (DRG),
as well as in cardiac muscles, in both human and mouse models 1287132 A longitudinal study in
FRDA patients confirmed lifetime-long addition of (GAA). repeats in multiple non-dividing
tissues and shows that longer starting repeat sizes lead to a greater magnitude in expansions over

time ”'. DNA damage and subsequent repair, involving tracts of DNA synthesis through the
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repetitive tract, occur in post-mitotic tissues such as neuronal tissues at every stage of the cell
cycle 13%134 This is relevant for (GAA), repeat instability since DNA damage repair can be
affected by the presence of the triplex H-DNA structure, which may be perceived as a lesion by
DNA repair machineries. It is also foreseeable that repeat instability could arise during cell-cycle
reactivation in postmitotic neurons, which occasionally involves aberrant DNA synthesis 337138,
In the next section, we focus on the DNA repair mechanism that has received most of the recent

attention regarding (GAA), repeat instability — mismatch repair.

Mismatch repair in (GAA), repeat instability

Mismatch repair (MMR) is responsible for the correction of base mismatches and small
insertions and deletions (indels), which can arise during DNA replication, recombination, and
repair. In MMR, mismatches and small loops (1-3 bp) are recognized by MutSa (Msh2-Msh6),
and larger loop-outs by MutS (Msh2-Msh3). Subsequently, the MutL. complexes, MutLa
(Mlh1-Pms2) and MutLy (Mlh1-Mlh3), excise the mismatch, followed by DNA strand resection
and fill-in synthesis. In this capacity, MMR is essential for the maintenance of genome stability.
Among other things, defects in MMR lead to microsatellite instability — a characteristic feature
of various cancers (reviewed in '3%). But not all microsatellites are equal in the eyes of the MMR
machinery. Counterintuitively, functional MMR overall promotes instability of the
microsatellites responsible for repeat expansion diseases, including (CAG),, (CGG), and (GAA),
140,141 "The individual effects of the MMR components on repeat instability depend on both the
model organism and whether somatic or intergenerational instability is under investigation
(Table 1). In humanized FRDA mice, MMR affects repeat instability, although fine molecular
mechanisms are somewhat controversial. That is, MUTSp prevents intergenerational

contractions, MUTSa precludes both expansions and contractions, while MUTLa counteracts
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expansions but promotes contractions '4>!43, In somatic cells, specifically in neurological tissues,

MUTLa suppresses expansions, but MUTSa promotes expansions '%,

In contrast to mice, MUTSP promotes small-scale expansions in cultured human cells 7.
This depends on the activity of MUTLy, and MUTLa protected against expansions, as observed
in mouse models (Figure 1-3 d) '°®. In FRDA patient-derived induced-pluripotent stem cells
(iPSCs), MUTSP promotes large-scale (GAA), expansions '*4. Whether allele variants of the
individual proteins are actually modifiers of repeat stability in humans remains to be ascertained
145-148 Notably, genetic analysis of (GAA), repeat instability in non-dividing somatic cells
cannot be easily done in patient-derived tissues, as they present a static picture or are passaged

derived cells, which underwent further replication cycles.

To address this problem, Neil et al. developed a novel experimental system to study
instability of a long (GAA)100 repeat in chronologically aging quiescent (GO) cells in S.
cerevisiae '¥°. Three categories of mutagenic events were observed: repeat expansions, NHEJ-
dependent deletions, and HR-mediated gene conversions. Whereas the main mutational event in
dividing yeast cells is repeat expansions, the balance rapidly shifted to large deletions frequently
including the whole (GAA), repeat as the cells entered quiescence (Figure 1-3 b) Deletions were
triggered by DSBs at the repeat generated during MMR as discussed in 4.1.. These DSBs are
then repaired by Exol-mediated resection and NHEJ. Consequently, a functional MMR
machinery suppresses expansions of (GAA), repeats specifically in non-dividing yeast cells
(Table 1) 3395149 Tnactivation of MutSB and MutLa and, above all, Exol increased both the
frequency and the size of (GAA), repeat expansions in quiescent cells. Finally, expansions
involved processive DNA synthesis by Pol 9, likely occurring during error-prone repair of nicks

accumulated in the damage-susceptible single-stranded parts of H-DNA '>°, Whereas large-scale
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expansions occur in one step during replication ®3, expansions in quiescent cells could result

from multiple smaller-scale expansions

149

In sum, MMR has been established as a major pathway modulating (GAA), repeat

stability, albeit with dramatic differences when it comes to the role of individual MMR

components between different model systems. Note, also, that the effects of the MMR machinery

on (GAA), repeat instability are strikingly different from their role in (CAG), repeat instability,

as is comprehensively displayed in Table 1. In short, the MMR machinery binds but cannot

excise long stable hairpins, further stabilizing those hairpins. Consequently, MMR promotes

(CAG), expansions in mice and humans °!=133, The association between MMR and (GAA),

repeat instability clearly does not fit the same scheme. Furthermore, the effects of MMR on

(GAA), stability are clearly different in dividing and non-dividing cells, as evidenced by

different effects of MutLa and MutSP described above and in Table 1. The latter difference

could result from different expression levels of MMR proteins as well as a different relationship

between replication, transcription, and DNA repair.

Table 1: Role of MMR proteins during length instability of (GAA), and (CAG), repeats

Complex | MMR GAA somatic and non- | GAA CAG CAG
protein dividing intergenerational somatic and | intergenerational
and replication- non- and replication-
models dividing models
MutLa MLH1 Promotes expansions Promotes expansions | Promotes Prevents
MutLy expansions expansions
Mouse model Mouse model and
143 human cells HD mouse S. cerevisiae
108,143 model 158
No effect on expansions 156
Promotes deletions Human HD
population
Non-dividing yeast cells 157
149
MutLa PMS2 Prevents expansions Prevents expansions Promotes Prevents
(Pmsl in Promotes contractions | expansions expansions
Mouse model
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S. Non-dividing yeast cells | Mouse model Prevents S. cerevisiae
cerevisiae) | 19614 142 deletions 158
Promotes deletions Prevents expansions Mouse
Non-dividing yeast cells model
149 Human cells 159
108
MutLy MLH3 Prevents expansions Prevents expansions Promotes No effect
expansions
Human cells Human cells S. cerevisiae
108 108 HD mouse 158
models and
patient
derived cells
156,160
MutSB MSH2 Promotes expansions Prevents contractions | Promotes Promotes
MutSa expansions expansions
Mouse model Mouse model
Human cells 142 Mouse S. cerevisiae
106,107 models Mouse model
Promotes expansions | Human cell | 164165
model Prevents
iPSC GAA expansion | !26:162,163 contractions
model
144,161 S. cerevisiae
158
MutSB MSH3 Prevents expansions No effect on Promotes Promotes
expansions expansions expansions
Promotes deletions
GO yeast cells Human cell HD mouse model
Non-dividing yeast cells | 4 model DM1 mouse
149 126 Human cell lines
Prevents contractions S. cerevisiae
Promotes expansions 164,166-170
Mouse model
Human cells and FRDA | '#?
fibroblasts
107
MutSa MSH6 Promotes expansions Prevents expansions Prevents Prevents
and contractions expansions contractions
Mouse model
106 Mouse model Human cell | HD mouse model
iPSC model model 166
No effect on expansions | 4%161 126
and promotes deletions Prevents
No effect on expansions
Non-dividing yeast cells | expansions

149

Human cells
107

S. cerevisiae
164
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Base excision repair in (GAA), repeat instability

Base excision repair (BER) is a DNA damage repair pathway which processes lesions initiated
by oxidative damage, alkylation and base deamination. In short, the modified base is removed by
a DNA glycosylase and the resulting abasic site is cleaved by the AP endonuclease creating a
nick in a DNA strand. DNA polymerase f carries out repair DNA synthesis, which is followed
by flap removal by flap-endonucleases and ligation. BER has been proposed to be a major
pathway leading to small-scale, age-dependent somatic expansions of (CAG), repeats 7172,
Trinucleotide repeat stability is influenced by BER based on the site of DNA modifications

within the repeat, the presence of additional proteins, and its balance with MMR processes '73.

Lai et al. showed that alkylation of (GAA), repeats by the chemotherapeutic
temozolomide results in BER-mediated (GAA). repeat contractions both in vitro and in
lymphoblasts of FRDA patients 74, A structure-prone repetitive flap may compromise
coordination between Pol 3 and flap cleavage by the flap endonuclease FEN1. BER was also
proposed as a mechanism of repair of abasic sites within R-loops formed at (CAG), repeat !5,
Laverde et al. conducted a biochemical study of BER activity on R-loop substrates containing a
(GAA) repeat. The BER enzyme AP endonuclease 1 (APE1) was found to incise the abasic site
in the (GAA)a R-loop, creating a double flap intermediate that hinders synthesis by Pol B while
stimulating 5’-flap cleavage by FENI1. Cleavage by FEN1 promotes R-loop resolution and
contractions of about half the repeat length !7>. Therefore, the data so far indicate that processing

of lesions in (GAA), repeats by BER primarily results in repeat contractions.

What remains to be determined is the direct contribution of individual oxidizing agents
and lesions on (GAA), repeat stability. The position of the lesion relative to the repeat could also

be involved in determining whether repair will result in expansions or contractions, as is the case

25



for (CAG), repeats '7°. Oxidative damage is particularly relevant in the context of FRDA, as it is
a prominent form of DNA damage in aging neurons and the frataxin protein itself is involved in
the processing of oxidative damage '77-!78, Mitochondrial dysfunction, accumulation of reactive
oxygen species (ROS) and subsequent cell death has been proposed as a driving cause of FRDA
179 ROS accumulation promotes elevated levels of oxidative damage in the cell. If oxidative
damage repair modulates (GAA), repeat instability in somatic cells, it could be one of the main

drivers of age-dependent somatic instability.

(GAA), repeats are hotspots of homologous recombination

(GAA). repeats were shown to promote homologous recombination in bacterial and yeast
experimental systems >>180:181 "3 feature they share with other trinucleotide repeats %2, However,
there are sensitive differences between the two systems. In bacteria, the recombinogenic
potential of (GAA). repeats decreased with their length, which was attributed to the formation of
sticky DNA by longer repeats (see Section 2). In yeast, in contrast, the repeat’s recombinogenic
potential increased with its length. Furthermore, repeat-mediated recombination in bacteria, but
not in yeast, occasionally led to length instability of the repeat itself. Finally, the data from the
tetrad analysis in yeast indicated that repeat-mediated recombination occurred during the G1
phase of the cell cycle — it was replication-independent ', We want to emphasize that unlike
(CAG), repeats, (GAA), repeat instability is not modulated by homologous recombination
factors in yeast experimental systems, except for when the RNase H enzymes had been deleted,

eliciting a BIR response 6482:105.182,
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DOES FAN1 PLAY A ROLE IN (GAA)x REPEAT INSTABILITY?

Cells contain a variety of structure-specific nucleases, which process flaps and other structures
during DNA replication, repair, and recombination. Whereas each nuclease optimally processes a
specific substrate, it is possible they can mis-recognize unusual DNA structures, influencing their
stability. Two such nucleases are FEN1 (Rad27 in S. cerevisiae) and the Fanconi-associated
nuclease FAN1. FEN1 processes 5’ flaps of Okazaki fragments during lagging strand synthesis
and DNA damage repair '83. FANI1 is an interstrand cross-link (ICL) repair protein which
exhibits 5’-to-3" exonuclease activity as well as endonuclease activity, participates in HR and
processing of stalled forks %%, FEN1 and FAN1 belong to the same class of enzymes and have
been shown to have overlapping substrates, suggesting they might have similar or redundant

roles in the regulation of repeat instability.

In yeast, Rad27 (FEN1) prevents instability of both (GAA), and (CAG), repeats 641857188
and multiple models propose that it does so through its flap equilibration abilities, which likely
counteracts the formation of non-B DNA structures. In contrast, mammalian FEN1 does not
seem to fully share this important role, as its depletion does not affect (GAA), instability and has

contrasting effects on (CAG), stability, and has not been identified as a disease regulator '8-193,

What could explain this striking difference between organisms? It is possible that flap
processing during Okazaki fragment synthesis might not be a major contributor to somatic
instability overall. Alternatively, flap processing performed by other nucleases might be more
important in human cells. Recently, FAN1 has emerged as a prominent candidate. Genome-wide
association studies (GWAS) of Huntington’s disease have identified FAN1 as a strong genetic
modifier of disease onset, with FAN1 mutations being associated with earlier onset 19194, In

addition, FAN1 prevents expansions of (CGG), repeats in Fragile X syndrome mouse models
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and rare missense variants in FAN1 were associated with expanded (CGG), repeats present in

individuals with autism spectrum disorders %3197,

Goold et al. propose that FANT acts through a nuclease-independent pathway to stabilize
(CAG), repeats and prevent expansions, possibly by recruiting DNA damage repair proteins to
the repeat, promoting conservative repair '°®. Candidates for key FAN1 interactors are its
physical interactors in the MutL family '°>?%°, FAN1 and MLH1 have been recently shown to
have opposite but interdependent effects on (CAG), repeat instability. FAN1 sequesters MLH 1
through a *SPYF* motif, leaving it unable to promote (CAG), expansions through its canonical
MMR function 2°'-2%4 (Table 1). In these studies, the nuclease activity of FAN1 was needed to
prevent expansions. Variants of FAN1 with reduced nuclease activity have been found in
patients with particularly early HD onset and highlight the endo- and exonuclease activity of
FANT1 in protecting against expansions '°>2%°. Therefore, it has become clear that FAN1 is a

major regulator of (CAG), repeat stability 2%,

Since MLHI activity has been shown to regulate (GAA), repeat instability in yeast and
mouse models as well as in cultured human cells, it is foreseeable that the FAN1-MLH1
interaction might influence the balance of (GAA), repeat stability possibly by the processing of
5’ flaps generated by strand displacement during DNA synthesis. The latter role would more
closely mirror the effects of Rad27 on (GAA). repeat instability, as Rad27 does not interact with
the MMR machinery in S. cerevisiae in otherwise unperturbed conditions 2°7. Thus, we believe it

is of great interest to study the role of FAN1 nuclease in (GAA), repeat instability.
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THERAPEUTIC AVENUES TARGETING (GAA)x REPEAT STABILITY

Gene editing and replacement therapies to modulate (GAA), repeat size and stability

Friedreich’s ataxia is a predominantly monogenic disease. Therefore, removal of expanded
(GAA). repeats at the FXN locus via gene editing is a potentially promising approach to
modulate and even prevent disease. Excision of the (GAA), repeat and some of the flanking
sequence with zinc-finger nucleases in FRDA derived cells can partially rescue defects in FXN
expression and ameliorates pathological phenotypes in iPSC-derived neuronal cells 2°%. More
recently, CRISPR technology has been applied to the study of repeat expansion diseases 2%°2!1,
Removal of expanded (GAA), repeats in an FRDA mouse cell line containing one expanded
(GAA)190 allele promoted partial transcriptional rescue of FXN gene expression, with an
associated increase in protein levels ?!'. The same result, though, was not observed in a cell line
with two expanded alleles ?!''. We envision that both length of the expanded allele and the

relative size of the other allele can influence the success of CRISPR targeting.

Genome editing techniques to restore frataxin levels can be combined with cell
replacement therapies to overcome an additional hurdle in therapy. Before the advent of
CRISPR, same-species (allogeneic) transplant of healthy cells had been explored as a method to
treat FRDA symptoms in mice 2!'2. The major hurdles of allogeneic transplantation are
immunosuppression and graft rejection. The possibility of using the patient’s own cells,
modifying their genome, and reintroducing them into the patient (autologous graft) is therefore
much more attractive, as it circumvents the mentioned issues. Rocca et al. removed the expanded
repeat from human FRDA fibroblasts and hematopoietic stem and progenitor cells (HPSC),
reaching a substantial increase in frataxin protein levels and rescue of mitochondrial defects.

HPSCs then underwent hematopoiesis but displayed reduced cell proliferation rates 21°,
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Can CRISPR succeed also in the context of a functional brain? FRDA-derived iPSCs and
embryonic stem cells differentiated into neuronal derivatives are able to withstand grafting into
rodent brains, survive and even mature into dorsal root ganglia (DRG) — the primary tissue
affected by neurodegeneration in FRDA 213214, Consequently, they constitute a model in which
the utility of gene editing can be more reliably tested. FRDA-derived iPSCs have also been used
to develop an in vitro 3D DRG organoid (DRGO) model 2!3. Removal of the expanded (GAA),
repeat by CRISPR partially restored the frataxin protein levels and rescued FRDA-associated
phenotypes, and the level of rescue was greater when shorter (GAA), repeats were deleted. On
the other hand, an almost complete deletion of the first FXN intron restored frataxin expression
levels to approximately wildtype levels. The repressing chromatin markers associated with FXN
transcription silencing in FRDA were permanently removed when the whole intron was
removed, indicating that long (GAA), repeats propagate chromatin silencing through its
upstream and downstream regions '3, Thus, removal of the expanded (GAA), repeat alone might
not be sufficient and will only work in association with the concomitant loss of repressive

chromatin marks in its surroundings.

What are some of the caveats? First, it seems that the extent of the FXN region to be
removed will have to be tailored to the starting (GAA). repeat length of the individual patient,
and different guides might be needed in each specific case. Secondly, off-target effects need to
be carefully studied and minimized, and this will have to be tested for each target site. Third,
whether the same approach can be applied to intergenerational instability remains to be
determined. Finally, long-term studies are needed to test whether once the repeat has been
shortened it remains stable over a long period of time, or whether it eventually becomes unstable

again.
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An alternative approach is gene addition, in which transgenic wild-type FXN is
reintroduced into cells using viral vectors to rescue frataxin expression (reviewed in 2'). Since
gene addition was successfully used for treating recessive genetic diseases in humans 217218, this
approach has been broadly investigated for FRDA, using various mouse models, patient-derived
fibroblasts and in non-human primates (*'¢ and references therein). The main caveats in the
FRDA case, however, was toxicity upon delivery and failure to rescue frataxin expression in

neurological tissues.

Oligonucleotide-based approaches

The availability of repeat-stabilizing agents, such as small molecules that stabilize H-DNA or
promote contractions, is being investigated as a complementary approach for treating repeat
expansion diseases *>?!°. Since the protein coding sequence of frataxin remains unaltered in
FRDA, upregulation of transcription and protein levels is a viable therapeutic avenue. Recently,
the Napierala group has pioneered an oligonucleotide-based approach in which frataxin mRNA
levels were stabilized resulting in increased frataxin protein levels in both FRDA fibroblasts and
iPSC-derived neuronal progenitor cell lines ?2°. Targeting the 5’ and 3’ untranslated regions of
the FXN in combination led to a modest increase in mRNA half-life protein levels without
altering the chromatin status of the FXN gene ?2°. Since FRDA patients only have 5% to 35% of
the control frataxin levels, it remains to be determined whether such an increase has the potential

to alleviate frataxin-deficiency associated phenotypes 22!-222,

Oligonucleotides can also be used to directly try and prevent (GAA), repeat expansions.
The first support for this idea comes from the use of locked nucleic acids (LNA), which have
been shown to be able to interfere with triplex DNA formation 22>, LNA-DNA mixmers, which

are not toxic for human cells, nearly completely prevented large-scale expansions of (GAA),
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repeats in human cells 2?*. This approach directly inhibits repeat expansions and is therefore very
promising, albeit their effectiveness in FRDA patients remains to be determined. One of the
major challenges regarding patient treatment with these oligonucleotides, as well as other

promising small molecules 22°-2%7

, 1s the inefficiency of drug delivery to the central nervous
system. While delivery to other affected tissues such as heart or pancreas can be achieved with
viral vectors, the current ways of delivering drugs to the central nervous system are very invasive
228 We hope that a better understanding of the mechanism of (GAA), repeat instability and FXN

expression during human development would lead to defining the most effective spatiotemporal

windows for long-lasting treatment.
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ABSTRACT

Trinucleotide repeats, including Friedreich’s ataxia (GAA), repeats, become pathogenic upon
expansions during DNA replication and repair. Here, we show that deficiency of the essential
replisome component Mcm10 dramatically elevates (GAA), repeat instability in a budding yeast
model by loss of proper CMG helicase interaction. Supporting this conclusion, live-cell
microscopy experiments reveal increased replication fork stalling at the repeat in mem10-1 cells.
Unexpectedly, the viability of strains containing a single (GAA)ioo repeat at an essential
chromosomal location strongly depends on Mcm10 function and cellular RPA levels. This
coincides with Rad9 checkpoint activation, which promotes cell viability, but initiates repeat
expansions via DNA synthesis by polymerase 6. When repair is inefficient, such as in the case of
RPA depletion, breakage of under-replicated repetitive DNA can occur during G2/M, leading to
loss of essential genes and cell death. We hypothesize that the CMG-Mcm10 interaction
promotes replication through hard-to-replicate regions, assuring genome stability and cell

survival.
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INTRODUCTION

Expandable DNA repeats are at the heart of over 50 diseases, spanning from neurodegenerative
disorders to cancer #??°. Expansions of (GAA), repeats are known to cause two diseases:
Friedreich’s ataxia (FRDA) upon biallelic repeat expansions in the 1% intron of the Frataxin
(FXN) gene ° and spinocerebellar ataxia 27B (SCA27B) caused by repeat expansions in the 1%
intron of the Fibroblast Growth Factor 14 (FGF14) gene 23%23!, (GAA), repeats are a subgroup of
homopurine-homopyrimidine mirror repeats that can fold into an alternative DNA secondary
structure called H-DNA — an intramolecular DNA triplex, which was shown to hinder both DNA

replication and transcription 28:2931,110.232,

Studies in S. cerevisiae and human cells collectively showed that (i) expanded (GAA),
repeats stall replication fork progression 30-°2:33-56233 " (ii) mutations in replication-associated
genes including replicative DNA polymerases promote (GAA), repeat instability 64383234 and
(ii1) processes that deal with stalled replication fork repair and restart, such as template switching
and restoration of reversed replication forks, modulate (GAA). repeat stability and trinucleotide
repeat stability generally 34686235 Nevertheless, much about the interaction between (GAA),

repeats, their structure, and the replication fork remains to be elucidated.

Natural replication impediments, including DNA structures, can cause physical
uncoupling of leading strand synthesis progression from CMG unwinding and lagging strand
synthesis 23242, As a result, single-stranded DNA (ssDNA) is exposed and coated by the ssDNA
binding protein RPA, triggering the activation of the intra S-phase checkpoint, which ultimately
leads to fork restoration and safeguards genome integrity 237-23%-243-246_ Therefore, physical and

functional coordination of the replication fork could be central to repeat length maintenance. In
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addition, components that might be dispensable for replication elongation during unperturbed
replication might become more important when replicating through repetitive sequences such as

long (GAA). repeats.

6

”"2”1 -

ssDNA/dsDNA
CMG mode switch

Helicase activation and CMG-Mcm10-Pol a
CMG helicases bypass coordination
N-terminal Internal domain C-terminal domain
domain (NTD) (ID) (CTD)
cc OB-fold PIP Znf1 WH ZnR ‘
105-138 238-388 327-333 390-415 A 816-836
H. sapiens I ﬂ
1 Hsp10 ‘ Znf2 875
348-355 783-802
cc OB-fold PIP Znf1 NLS
18-51 201-297 239-245 390-415 435-451
S. cerevisiae
1 Hsp10 NLS 571
261-268 512-527
Query 304 VTPQSVNSGKTFSIWKLNDLRDLTQCVSLFLFGEVH-KALWKTEQ AN--PMK 360 H. sapiens MCM10
+ +S K + + D + +++FG+ + + P +
Sbjct 217 SDIKFTSSEKPVKFFMFT-ITDFQHTLDVYIFGKKGVERYYNLRL PEVLPWR 275 S. cerevisiae MCM10
mcm10-1

mutation (P269L)

Figure 2-1: Roles of Mcm10 during DNA replication.

(a) Mcm10 promotes CMG helicase isomerization and bypass during replication initiation. (b)
Mcml10 allows for a CMG mode switch between encircling ssDNA and dsDNA, which is
important for replication restart. (¢) Mcm10 interacts with both the CMG helicase and Pol a during
replication elongation, stabilizing Pol a and coordinating leading and lagging strand synthesis. (d)
Schematic of the domains of human and budding yeast Mcm10 proteins. (e) Partial amino-acid
BLAST alignment of human and budding yeast Mcm10. Residyes in orange indicate the Hsp10-
like domain where the mcem 10-1 mutation is located. Created with BioRender.com
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The integrity of the replication fork during elongation and coordination between leading
and lagging strand synthesis are promoted by accessory replication fork proteins — including
Ctf4ANP-1 and Mcm10 — which have roles in both replication initiation and elongation 247233,
Both Ctf4 and Mcm10 interact with the CMG helicase as well as with Pol o-primase 231:234-263,
and Mcm10 also contacts the PCNA clamp 2¢*. Ctf4 and Mcm10 interact with each other both in
mammalian cells and in yeast, and Mcm10 stabilizes Ctf4 on chromatin 237265, While Ctf4 is
non-essential in yeast and only becomes crucial for replication in the context of low Pol a levels
232 Mcm10 is essential for replication in all organisms in which it is present. It is important to
note that direct interactions between the CMG helicase and Pol a-primase have recently been
shown to recruit the complex to the lagging-strand template and promote priming without the

need for Ctf4 or Mcm10 266-267,

Mcm10 comprises an N-terminal coiled-coil domain important for oligomerization, an
internal domain that includes an OB-fold with a PIP box and an Hsp10-like domain, which are
highly conserved from yeast to humans (Figure 2-1 d). Metazoans have an additional C-terminal
domain mediates further interactions with DNA and proteins (reviewed in 2°°). During
replication initiation, Mcm10 contributes to the activation of the assembled CMG helicase and
origin unwinding by facilitating the bypass of the two CMG hexamers 26827 (Figure 2-1 a). The
ssDNA/dsDNA gate function of Mcm10 has also been implicated in promoting bypass of
lagging strand blocks in a manner mediated by its interactions with MCM 271-273 (Figure 2-1 b),
but whether Mcm10 has a more prominent role in elongation as part of the replisome through its
interactions with Pol a and under which conditions remains to be determined (Figure 2-1 c).
Deficiencies in Mcm10 lead to impaired replication initiation, slower replication, increased

ssDNA exposure, DNA damage and checkpoint activation 236274277, Furthermore, MCM10
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haploinsufficiency leads to telomere erosion and micronuclei formation in iPSC cells, indicating

that it has an important role in preventing genome instability 278.

In this chapter, we focused on the role of the replication factor Mcm10 in the stability of
expanded (GAA), repeats in a yeast model system. We found that the Mcm10 protein strongly
counteracts both repeat expansions and contractions. Strikingly, the viability of yeast strains
containing unique expanded (GAA), repeats at an essential portion of a chromosome arm is
substantially decreased in Mcm10-deficient strains. Cell survival in this case is ensured by the
Rad9 checkpoint activity, which facilitates DNA repair synthesis by DNA polymerase ¢ while

simultaneously promoting expansions.

RESULTS

Mcm10 deficiency elevates (GAA), repeat instability due to impaired interactions with the

CMG helicase

To study the role of Mcm10 on (GAA), repeat instability we used an experimental system
previously established in the lab . In this system, a (GAA)o repeat is located within the intron
of an artificially split URA3 gene on chromosome III adjacent to the ARS306 origin. The repeat
is flanked by non-repetitive sequences, for a total intron length of 974 bp. In S. cerevisiae, only
introns shorter than ~1 kb can be spliced efficiently 2”°. Thus, repeat expansions that bring the
total intron length over this threshold result in the inactivation of the URA3 gene, making the
yeast cells resistant to 5-fluoroorotic acid (5-FOA). Other events, such as mutations and various
recombinational events can also result in URA3 loss 828 (Figure 2-2 a). Therefore, repeat

expansions were confirmed by PCR using repeat-flanking primers (Source Data file). In the
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contraction assay, a longer (GAA)124 tract is inserted in the intron, bringing the total intron
length to 1108 bp. Contractions of more than 20 repeat units reactivate the URA3 gene making
the yeast cells URA™ % (Figure 2-2 b). In both the expansion and contraction cassettes, the

(GAA). repeats serve as the lagging strand template.

a
Expansion Assay
P Intron < 1.1 kb
> — 974bp — Ura* cells
Chr lll .
r UR | [(GAA)1e| | A3 >— — 5FOA*cells
5-FOA —» 5-FU &
P | Expansion
URA3
— 21004 bp — Intra:]a?;e.l?skb
Chr lll AR
UR (GAA)>110 A3>— — 5-FOAR cells
b .
Contraction Assa
Pecati Intron > 1.1 kb

— 1108 bp — Ura cells ‘
Chrul/mé\ |T UR ||(GAA)124 | | A3>— p cells die

W on -URA
P | Contraction  Intron < 1.1 kb
|_G£L1 <1030 bp— Ura* cells
Chr lll AR cells survive
RS UR ||[(GAA)w || A3 >— — €SN

Figure 2-2: Schematic of the instability assays used in this Chapter and Chapter 3.

(a) Genetic assay system to measure repeat expansion rates. (b) Genetic assay system to measure
repeat contraction rates. Created with BioRender.com

To determine how Mcm10 affects repeat instability in these systems, we introduced a
previously characterized mcm10-1 mutation. This P269L substitution lies in the structurally and
functionally conserved Hsp10-like domain — a part of the larger internal domain of Mcm10

responsible for its interactions with DNA, Pol a. and PCNA (Figure 2-1 e) 28!, This mutation
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results in a temperature-sensitive (z5) phenotype, owing to both Mcm10 and Pol o degradation at
restrictive temperatures 2. We found that the mcm10-1 mutation led to a 33-fold increase in
expansion rate at the semi-permissive temperature (27°C), and a 6-fold increase even at the
permissive temperature (23°C) (Figure 2-3 a). We also observed a 10-fold increase in repeat
contractions at the semi-permissive temperature (Figure 2-3 b). We conclude that Mcm10 is an

important replication factor in preventing the instability of long (GAA). repeats, especially their

expansion.
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Figure 2-3: Effects of the mcm10-1 mutation on (GAA)n repeat instability.

(a) Expansion rates in the mcm0-1 mutant at the permissive (23°C) and semi-permissive (27°C)
temperatures. (b) Contraction rates for the mcmi0-1 mutant at the permissive (23°C) and semi-
permissive (27°C) temperatures. Plotted values indicate the corrected rate calculated with FluCalc
(https:/flucalc.ase.tufts.edu/) 4’ and the error bars represent 95% confidence intervals. Numbers
within bars indicate fold increase over the respective wild-type value. Expansion rates were
determined by PCR of at least 96 FOAR colonies derived from two biological replicates. An event
was considered an expansion when at least 10 repeats were added as detected by PCR. All
expansion and contraction data for this chapter can be found in Table 7 and Table 8.

Mcm10 has been shown to interact with the CMG helicase, thereby promoting both

replication initiation and elongation 22268271272 Tt specifically interacts with a conserved motif
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in Mcm?2, as well as with other MCM subunits of the CMG helicase 27%2%. To study the role of
Mcm10-CMG interactions in repeat instability, we looked at the effects of a previously identified
dominant suppressor mutation in the Mcm2 subunit of the CMG helicase (mcm2G400D), which
was shown to rescue the temperature-sensitive phenotype of the mcm 10-1 mutant, minimizes
ssDNA exposure and restores Pol a stability, particularly rescuing the elongation defects
observed in the mcm10-1 mutant 274, This mutation is located in the allosteric control loop of the
Mcm?2 subunit, which is important to couple activities between CMG subunits 2%3, thus, on its
own, it results in a decrease in the unwinding activity of the helicase 2’4. We found that the
mcm2G400D mutation alone did not affect repeat instability (Figure 2-4 a and b), indicating
that a decrease in the helicase unwinding rate alone is insufficient to trigger repeat instability. At
the same time, we observed a near complete rescue of the elevated expansion and contraction
rates in the mem10-1 mem2G400D double mutant compared to the mcm 10-1 mutant alone
(Figure 2-4 a and b). At the permissive temperature (23°C), expansions are only partially
rescued (Figure 2-4 ¢), whereas contractions are completely rescues in this case as well (Figure
2-4 d). Together, these data suggest that Mcm10 prevents repeat instability through its

interaction with the CMG helicase during replication through the repeat.
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Figure 2-4: A suppressor mutation in the Mcm?2 subunit of the CMG helicase rescues
instability of mcm10-1.

(a) Expansion rates in the mcm 10-1 and mem2-G400D mutants at the semi-permissive temperature
(27°C). RPA OE indicates RPA overexpression via 2pu multicopy plasmid containing all three RPA
genes: RFAI, RFA2 and RFA3. (b) Contraction rates in the mcem10-1 and mcem2-G400D mutants
at 27°C. (c¢) Expansion rates of the mem2-G400D mutants at the permissive temperature (23°C).
(d) Contraction rates of the mcm2-G400D mutants at 23°C. (e) Contraction rates of
(GAGAAGAAA)41GAG repeat in the mcm10-1 and mem10-1 RPA overexpression conditions at
27°C. (f) Western blot analysis of various strains either containing the 2u multicopy plasmid
containing all three RPA genes (RFAI, RFA2 and RFA3), or without plasmid. The RPA antibody
(AS07-214) detects all three RPA subunits: Rfalp (70 kDa), Rfa2p (30 kDa) and Rfa3p (14 kDa).
Ponceau S staining was used as a control for total protein loading. For a-e the plotted values
indicate the corrected rate and the error bars represent 95% confidence intervals. Numbers within
bars indicate fold increase over the respective wild-type value.

42



(GAA), repeat instability in mcm10-1 is not caused by lower levels of DNA polymerase o-

primase

Mcm10 function has been proposed to be important for the stability of the Pol a-primase
complex both in yeast and human cells 2°>2°, We investigated whether the phenotypes of the
mcm10-1 mutants resulted from Pol a-primase complex degradation. The Poll subunit of Pol o.-
primase was tagged with a 3x Flag-tag and protein levels were measured by western blotting. We
indeed observed lower levels of Poll in mcm10-1 mutants compared to wild-type at the
restrictive temperature (37°C), but not at the semi-permissive temperature of 30°C, which is
higher than the temperature we conducted the instability assays at (Figure 2-5 a). In addition,
Pol a-deficient cells were previously shown to have larger expansions, likely resulting from
longer Okazaki fragments ®3. We do not observe a meaningful difference in the median number
of repeats added in the case of the mcem 10-1 mutant (60 repeat units) when compared to the wild-
type (62 repeat units) (Figure 2-5 b), albeit two sample Kolmogorov—Smirnov test shows a

small but significant difference in the shape of repeat distribution compared to WT.
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Figure 2-5: Effects of the mecm10-1 on Pol o levels in the tested strains.

(a) Western blot of Poll (Cdc17) tagged with a 3xFLAG tag in WT and mcm0-1 strains at the
semi-permissive (30°C) and at the restrictive (37°C) temperatures. Ponceau S staining was used
as a control for total protein loading. (b) Distribution of the number of added repeats units in the
WT and mcmi0-1 from fluctuation assay experiments in (Figure 2-3 a). Dashed lines represent
the median number of repeats added and quartiles, numbers above bars are the median. Pairwise
comparisons of distributions were conducted using the nonparametric goodness-of-fit
Kolmogorov-Smirnov test. p=0.039.

Finally, we tested a different Mcm10 mutant, mcm10-G261D, which was previously
shown to lead to a decrease in Poll levels while maintaining Mcm10 levels 284, In this mutant,
we did not observe an increase in instability over wild-type levels for either type of instability
(Figure 2-6 a and b). We note, however, that we did not determine the Poll protein levels in our
hands in the case of this mutant, which would be needed to make a stronger conclusion based on

this set of experiments.

Altogether, the results presented in this section indicate that lower Pol a levels are not

responsible for increased instability in the mcem10-1 context.
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Figure 2-6: (GAA), repeat expansion (a) and contraction (b) rates in the mcm10-G261D
mutant. Plotted values indicate the corrected rate and the error bars represent 95% confidence
intervals.

Mcm10 facilitates replication elongation through (GAA). repeats

Mcml10 is both an initiation and an elongation factor, and multiple studies showed that it is
needed for efficient and complete DNA replication 2%, Since expanded (GAA), repeats were
previously shown to cause replication fork stalling >33, and our current data suggest that
Mcml10 is needed for stable repeat maintenance, we decided to investigate replication fork

progression through the (GAA)1oo repeats in the mcm10-1 context.

To this end, we adopted a method for live-cell imaging of replication fork progression
(Figure 2-7 a) 2%, In this system, a non-repetitive 128xlacO and 128xtetO arrays are placed ~3
kb and ~37 kb downstream from the 4RS413 replication origin, respectively. These arrays are
bound by their cognate Lacl-Envy and TetR-tdTomato, resulting in a green and red focus,

respectively. Replication of each array coincides with an increase in intensity of the respective
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focus. The time difference between replication of the lacO and tetO arrays is used to monitor

fork progression through the repeat sequences in live cells. Inserting the repeat in the sequence

between the two arrays allowed us to monitor fork progression through the repeats and determine

the effect of mem10-1 with (GAA)100 serving as the lagging-strand template (Figure 2-7 b).
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Figure 2-7: Live-cell microscopy of replication fork progression through (GAA)100 repeats

in WT and mcm10-1 cells.

(a) Schematic of the live-microscopy assay to measure replication fork progression (created with
BioRender.com), including a representative image from the microscopy measurements. Scale bar
represents 2 um. (b) Replication fork directionality chart for the wild-type live-cell microscopy
strain containing the expansion cassette with the (GAA)q repeat (strain CM454). Cells were
counted as “lacO before tetO” (left-to-right fork) if the A time between the doubling in intensity
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of the lacO and tetO was > + 5 min, as “simultaneous” if the A time was between -5 and + 5 min
and as “tetO before lacO” (right-to-left fork) if the A time was < - 5 min. Data is represented in %
of cells in each category. (¢) Time required to replicate a region of 28.4 kb, in WT and mcm10-1
strains containing the expansion cassette with either no repeat or the (GAA)9; repeat at 30°C. The
plotted numbers represent the median value and bars represent the interquartile range. Statistical
analysis of replication rates was performed using Monte Carlo resampling with 1,000,000
iterations. p values are indicated for significant comparisons.

We compared strains carrying the expansion cassette with the (GAA)100 repeat to a those
carrying the same cassette but with a filler sequence in place of the repeat (no repeat control).
Wild-type and mcm10-1 derivatives of those strains were analyzed at the semi-permissive
temperature of 30°C. In accordance with our previous data ¢, there was repeat-mediated slowing
of replication in the wild-type strains (Figure 2-7 ¢). There was a small, non-significant
slowdown caused by the mcm 10-1 mutation in the no repeat control, but the difference between
WT and mem10-1 became significant in the case of the (GAA)100 repeat (Figure 2-7 ¢). This
comparison indicates that Mcm10 promotes replication elongation, especially when replicating

through the expanded (GAA), repeats.

Single-stranded DNA at the replication fork primarily promotes repeat contractions

Exposure of ssDNA during replication promotes the formation of non-B DNA structures and
overexpression of the single-stranded DNA-binding RPA complex counteracts contractions of
long (GAA), repeats *. The mcm10-1 mutation was shown to cause an increase in RPA foci at
the non-permissive temperature, pointing to the accumulation of ssDNA 274, We therefore
hypothesized that an increased single-strandedness of the (GAA), repeat in the mcm 10-1 mutant
could result in its instability. To test this hypothesis, we overexpressed all three RPA subunits on

a multicopy 2u plasmid ¢ and verified their overexpression via western blot (Figure 2-4 f). In
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line with our hypothesis, RPA overexpression rescued the elevated contraction rate observed in
the mem10-1 mutant (Figure 2-4 b). In contrast, the expansion rate in the mcm0-1 mutant was

not rescued at all by RPA overexpression (Figure 2-4 a).

The (GAGAAGAAA)41GAG repeat is a homopurine-homopyrimidine repeat of the same
length and GC-content as the (GAA)124 repeat, but lacks the mirror symmetry required for the
formation of a stable triplex structure®. In accordance with our previous data ®, its contraction
rate is about 10-fold lower than the one of the (GAA)124 repeat (Figure 2-4 e). However, the
mcm10-1 mutation led to a similar fold increase in contraction rate for the
(GAGAAGAAA)41GAG repeat as for the (GAA)124 repeat and this effect is similarly rescued by
RPA overexpression. Altogether, these results show that an excess of uncoated ssDNA at the
repeat, rather than strong triplex formation, accounts for the elevated contraction rate in the
mcm10-1 mutant. An increase in overall ssDNA exposure in the mcm10-1 mutant has been
observed previously?’4, and is likely due to the mis-coordination between the helicase and the

lagging-strand synthesis machinery.

To explore this further, we first triggered replication fork uncoupling of the CMG
helicase and polymerase ¢ using hydroxyurea (HU). HU depletes the deoxyribonucleotide pool
available during replication resulting in fork uncoupling, replication stress and increased ssDNA
exposure 287, Treatment with 100 mM HU moderately increased (GAA)io0 expansions (3.4-fold)
(Figure 2-8 a) and had a more substantial increase on repeat contractions (8.3-fold) (Figure 2-8
b). We then looked at the role of the Ctf4 protein trimer, which was proposed to have a role in
replication fork coordination similar to Mcm10 by coordinating CMG and Polymerase o
257.260.265 Deletion of the CTF4 gene had no effect on repeat expansions and only had a modest

3.6-fold increase in repeat contraction rate (Figure 2-8 ¢ and d).
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Finally, we also mutated the Rfc1 subunit of the RFC clamp loader complex. Loading of
the PCNA clamp by the RFC complex promotes processivity of Polymerase & (reviewed in 28%).
The cold-sensitive rfcl-1 mutation (D5 13N) resides in the putative nucleotide binding domain of
the protein and causes defective kinetics in PCNA loading and unloading, which should
primarily affect lagging strand synthesis processes 282°!. At the permissive temperature (30°C),
rfcl-1 had no effect on (GAA)100 expansions but caused a 15-fold increase in repeat contractions
(Figure 2-8 e and f). Under semi-permissive conditions (27°C), both expansion and contraction
rates were elevated, with the effect on contractions being further exacerbated (Figure 2-8 e and
f). Since PCNA needs to be continuously reloaded during lagging strand synthesis, we conclude
that expansions, unlike contractions, do not primarily occur during lagging strand synthesis and
are not strongly affected by its processivity. Altogether, these results indicate that the observed
phenotypes are intrinsic to Mcm10 and are not shared with other replication fork coupling
modalities, which seem to be predominantly preventing repeat contractions. This indicates that in
the mem10-1 mutant, the temporary increase of ssDNA at the replication fork (especially on the
lagging-strand template) is not the driving force responsible for the expansion events. This could
mean that 1) there is persistence of ssDNA accumulation in mcm10-1 and/or 2) the ssDNA gaps

mostly affect the leading strand template and are processed through a different mechanism.
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Figure 2-8: Effects of hydroxyurea and mutations affecting fork coordination on (GAA),
repeat instability.

(a) Rates of expansion in vehicle (H20) versus 100 mM HU treatment conditions (30°C). (b) Rates
of contraction in vehicle (H20) versus 100 mM HU treatment conditions (30°C). (¢) Rate of
expansion in ctf4 strains at 30°C. (d) Rate of contraction in in c#f4 strains at 30°C. (e) Rates of
expansion for the rfc/-1 mutation at the permissive (30°C) and semi-permissive (27°C). (f) Rates
of contraction for the rfc/-1 mutation at the permissive (30°C) and semi-permissive (27°C). For
a-f, the plotted values indicate the corrected rate and the error bars represent 95% confidence
intervals. Numbers within bars indicate fold increase over the respective wild-type value.

Mcm10 deficiency causes repeat length- and position-dependent viability defects

During our instability assays with the mcm 10-1 mutants, we observed a viability defect more

pronounced than previously described in the literature 27422, We wondered if the presence of the
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long repeat could be responsible for this phenotype. We conducted serial dilutions and observed
that at the semi-permissive temperature of 30°C, strains containing both the mcm10-1 mutation
and the (GAA)1o repeat on the lagging strand template on our chromosome III location had a
viability defect when compared to the mcm10-1 strain without the repeats, which only showed a
delay in growth (Figure 2-9 a). In a more quantitative assay, we compared colony-forming units
(CFUs) at 30°C and 23°C and saw that a carrier length of (GAA )40 repeats already caused a
significant decrease in viability compared to the no-repeat strain. This effect was further
exacerbated at the disease-causing lengths of (GAA)i100 and (GAA)124, leading to a striking ~80%
loss of viability (Figure 2-9 c). This effect was also observed, albeit in a milder form, when the
(TTC)a run serves as the lagging strand template (Figure 2-9 d). To establish if the viability
defects are caused by the triplex-forming potential of the (GAA). repeat, we analyzed the
viability of mcm10-1 strains carrying the (GAGAAGAAA)41GAG repeat, and we observed a
viability decrease comparable to that of the (GAA)124 repeat (Figure 2-9 ¢). As was observed in
the case of repeat instability, the mcem 10-1 mem2G400D double mutant fully rescued the viability
defects for both types of homopurine-homopyrimidine repeats. Minimizing the presence of
uncoated ssDNA at the repeat by overexpressing the RPA complex also led to a viability rescue
for both repeats (Figure 2-9 ¢). The formation of ssDNA at the repeat in mcm10-1, which is due
to fork miscoordination, therefore affects repeat viability independently of formation of a strong

DNA triplex.

Notably, our instability cassettes are historically located within the essential arm of
chromosome III, where loss of telomeric-proximal DNA would lead to loss of cell viability. We
then moved our expansion cassette adjacent to the ARS507 replication origin in a non-essential

location on a chromosome V arm, making the loss of the telomere-proximal chromosome arm
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possible 122293 In this case, the viability of the mcmI0-1 strains bearing the (GAA )10 repeat was
the same as the no-repeat control in the same location (Figure 2-9 b), albeit the rate of cell
growth was slower. Altogether, these results imply that cells containing expanded homopurine-
homopyrimidine repeats rely on Mcm10 function for survival only when the repeats are located

on an essential chromosome arm.
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Figure 2-9: The mcm10-1 mutation causes repeat-length dependent viability defects due to
the loss of an essential chromosome arm.

(a) Spot tests of strains containing either a no repeat cassette or the expansion (GAA)ioo repeat
cassette located at an essential region on chromosome III (ARS306) in wild-type and mcmi0-1
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backgrounds at the permissive (23°C), semi-permissive (27°C) and semi-restrictive (30°C)
temperatures. Cells were grown to an ODgoo=1 in YPDUA medium at the permissive temperature
and then spotted as a 1:10 serial dilution on YPDUA plates and grown for 3 days. (b) Spot tests of
strains containing either a no repeat cassette or the expansion (GAA)ioo repeat cassette located at
a non-essential region on chromosome V (4RS507). Assay conducted as in (a). (¢) Viability assay
of strains containing no repeats or repeats of various lengths and compositions. The same number
of cells was plated in duplicates at the semi-restrictive temperature (30°C) and at the permissive
temperature (23°C) and grown for 3 days. Each datapoint represents the percent relative survival
as determined by colony forming unit (CFU) counts. Each assay was conducted using at least two
biological replicates. Plotted value indicated the mean and the bars indicate standard deviation.
Statistical analysis was performed using unpaired t-test, *p < 0.05, **p < 0.01 and ***p < 0.001.
(d) Viability assays for strains containing the expansion cassette represented in (Figure 2-2 b)
with an inverted repeat, in which (TTC)100 is the lagging-strand template. Assay conducted as in

(c).

Viability defects in mcm10-1 (GAA)10 cells are exacerbated in DNA repair and Polymerase

o mutants

We conducted candidate gene analysis to decipher which cellular pathways contribute to the
observed viability defect in the mcm10-1 strains carrying the (GAA)100 repeats. Rad51 and
Rad52 are both involved in the homologous recombination and template switching (TS)
processes 24, We observed a minor exacerbation of the viability defect in mcm10-1 rad514 and a
much stronger effect in the mecm10-