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ABSTRACT 

Friedreich’s ataxia (FRDA) is caused by expansions
of GAA •TTC repeats in the first intron of the hu-
man FXN gene that occur during both intergenera-
tional transmissions and in somatic cells. Here we
describe an experimental system to analyze large-
scale repeat expansions in cultured human cells. It
employs a shuttle plasmid that can replicate from the
SV40 origin in human cells or be stably maintained
in S. cerevisiae utilizing ARS4-CEN6. It also contains
a selectable cassette allowing us to detect repeat ex-
pansions that accumulated in human cells upon plas-
mid transformation into yeast. We indeed observed
massive expansions of GAA •TTC repeats, making it
the fir st geneticall y tractable e xperimental system to
stud y lar ge-scale repeat e xpansions in human cells.
Further, GAA •TTC repeats stall replication fork pro-
gression, while the frequency of repeat expansions
appears to depend on proteins implicated in replica-
tion fork stalling, re ver sal, and restart. Locked nu-
cleic acid (LNA)-DNA mixmer oligonucleotides and
peptide nucleic acid (PNA) oligomers, which inter-
fere with triplex formation at GAA •TTC repeats in
vitro , pre vented the e xpansion of these repeats in
human cells. We hypothesiz e , therefore , that triplex
f ormation b y GAA •TTC repeats stall replication fork
progression, ultimately leading to repeat expansions
during replication fork restart. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

Expansions of simple, tandem DNA repeats cause over 50
hereditary diseases in humans ( 1–3 ). One of these diseases is
Friedreich’s ataxia (FRDA): a rare, autosomal recessi v e de-
generati v e disease caused by the expansion of GAA •TTC
repeats in the first intron of the frataxin gene ( FXN ) ( 4 ).
Normal alleles contain from 7 to 22 repeats, while FRDA
patients have 66 to 1700 repeats in both alleles of the FXN
gene ( 5 ). Lengthening of GAA •TTC tracts results in a pro-
gressi v e reduction of the FXN mRNA ( 6–8 ), frataxin de-
ficiency, mitochondrial dysfunction and cell death ( 9 , 10 ).
Consequently, the lengths of GAA •TT C r epeats corr elate
directly with the se v erity of the disease and inversely with
its age-at-onset ( 11 ). 
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The nuclear FXN gene encodes the protein frataxin, 
 hich predominantl y localizes in mitochondria, but is also 

eakly expressed in nuclei, endoplasmic reticulum and mi- 
rosomes ( 12 , 13 ). It is responsible for iron-sulfur (Fe-S) 
luster biosynthesis , thus , diminished le v els of frataxin lead 

o toxic iron accumulation in mitochondria, elevation of 
ellular oxidati v e stress and subsequent cell death ( 14–16 ). 
eurodegeneration in FRDA is characterized by damage 

n the spinal cord, dorsal root ganglia (DRG) and cerebel- 
um ( 17 , 18 ). Patients often de v elop sensory and motor dys-
unction at puberty and e v entually lose their ability to walk. 
hey also suffer from progressi v e car diomyopathy, which is 

he leading cause of death ( 19 ). 
FXN downregulation by expanded GAA •TTC repeats 

s triggered by the formation of an intramolecular DNA 

riplex, H-DN A, w hich impedes transcription elongation 

 20–22 ), ultimately leading to local heter ochr omatinization 

nd gene silencing ( 23 ). Two types of triplex structures 
ere shown to be formed by pathogenic GAA •TT C r epeats 

n vitro : p yrimidine-purine-p yrimidine (H-y) or purine- 
urine-p yrimidine (H-r) wher e the third strand is homopy- 
imidine or homopurine, respecti v ely ( 24–29 ). Another, less 
haracterized structure called sticky-DNA involves a triplex 

ormed by two distant GAA •TTC runs ( 30 , 31 ) . 
GAA •TT C r epeats ar e unstable during germline trans- 
ission from parent to offspring, which can result in 

arge-scale repeat expansions or contractions between gen- 
ra tions ( 32 , 33 ). Pa thogenic GAA •TT C r epeats also ex-
and further in somatic cells resulting in disease pro- 
ression during the affected individual’s lifespan ( 34–36 ). 
he most prominent expansions occur in DRG followed 

y the cerebellum and heart ( 37 ). It was hypothesized 

ha t forma tion of triplex DNA could be responsible for 
AA •TT C r epeat expansions in FRDA patients ( 38 , 39 ).
ne argument supporting this hypothesis is the fact that 
 GAAGGA •T CCTT C r epeat, which cannot form an H- 
NA structure, in the FXN gene is stable and results in a 

ery mild and late-onset disease ( 40 ). 
Mechanisms responsible for GAA •TTC repeat expan- 

ions were primarily studied in model experimental systems. 
irst, these repeats were shown to block DN A pol ymeriza- 

ion in vitro ( 24 , 41 ) and stall replication fork progression 

n bacteria ( 35 ), yeast ( 42 ), mammalian cell culture ( 43 , 44 )
nd patient-deri v ed iPSC cells ( 45 ). Further, we have pre-
iously de v eloped an e xperimental system to measure the 
ate of large-scale expansions of GAA •TT C r epeats in yeast 
 46 ). A subsequent unbiassed, genome-wide genetic screen 

dentified se v er al dozens of genes affecting the r a te of repea t
xpansions, most of which encoded replication fork com- 
onents ( 47 ). Replicati v e DN A pol ymerases and proteins 

nvolved in Okazaki fragment ma tura tion strongly counter- 
ct repeat expansions ( 48–50 ). Finally, stabilization of H- 
NA formed by GAA •TTC repeats by an RNA transcript 

H-loop) additionally increases repeat instability ( 51 ). Al- 
ogether, these data led us to propose that GAA •TT C r e-
eat expansions in yeast occur while the replication fork 

truggles to progress through the structure-prone DNA 

lement. Replication was also implicated in the stability 

f GAA •TT C r epeats within the SV40-based mammalian 

pisome ( 52 ). 
Other machinery implicated in GAA •TT C r epeat in- 
tability is DNA mismatch repair (MMR). In yeast, the 

utL � complex appears to cleave H-DNA, which results in 

hromosomal fragility in dividing cells ( 53 ). Notably, most 
ffected cells in FRDA are post-mitotic, thus, repeat insta- 
ility in those cells is independent of DNA replication. In an 

xperimental yeast system to study GAA •TT C r epeat insta- 
ility in non-dividing, quiescent cells, MMR counteracted 

epeat expansions by triggering the formation of deletions 
r gene conversion events ( 54 ). Contrasting r esults wer e ob- 
ained in a human cell line characterized by progressi v e, 
mall-scale expansions of GAA •TT C r epeats: They appear 
o be independent of cell division and promoted by the mis- 
atch repair complex MutL � ( 55 ). Similarly, MMR pro- 
oted GAA •TT C r epeat expansions in iPSCs deri v ed from 

RDA patient fibroblasts ( 56 ). Expansions of GAA •TTC 

 epeats wer e also studied in humanized mice. In this system, 
ntergenerational expansions of GAA •TT C r epeats wer e in- 
ibited by a mismatch repair system, while somatic expan- 
ions in the cerebellum and DRG were promoted by MMR 

 57 , 58 ). 
In this paper, we aimed to study the mechanisms of large- 

cale expansions of GAA •TT C r epeats in human cells. 
o this end, we designed an experimental system that al- 

owed us to sim ultaneousl y anal yze DN A replication of 
AA •TT C r epeats and their large-scale expansions in cul- 

ured human cells. It is based on a shuttle plasmid that ex- 
resses T-antigen (Tag), driving its extremely efficient repli- 
ation from the SV40 origin in human cells ( 43 , 44 ). It also
ontains our previously described cassette for selecting re- 
eat expansions in yeast and can be stably maintained in 

acchar om y ces cer evisiae ( 46 ). Repea t expansions accumu- 
a ted during replica tion of this vector in mammalian cells 
re then detected upon its transformation into yeast. A sim- 
lar strategy has been successfully used in the Lahue lab 

o analyze mid-scale expansions of CAG •CTG repeats in 

uman astrocytes ( 59–61 ). Our system differs in two sig- 
ificant regards: ( 1 ) The presence of Tag in the plasmid 

agnifies its replication in human cells, making the elec- 
rophoretic analysis of the replication fork progression fea- 
ible; and ( 2 ) Our selectable cassette is tuned for studying 

arge-scale repeat expansions. 
We confirmed that GAA •TT C r epeats cause stalling 

nd re v ersal of the replication fork in human cells. Re- 
ar kab ly, large-scale e xpansions of GAA •TT C r epeats ef-

ciently occur in this system, making it the first experimen- 
al model for human cells. We conducted a candidate gene 
nalysis of large-scale repeat expansions using the siRNA- 
ediated gene silencing approach. The depletion of 8 of the 

0 proteins tested significantly impacted the frequency of 
AA •TT C r epeat e xpansions. Notab ly, those proteins were 

reviously implicated in the unwinding of triplex DNA, 
or k re v ersal, and for k restoration ( 62 ). 

Using our in-house triplex-specific cleavage assay, 
 e show ed tha t H-DNA is ef ficiently formed by the 
AA •TT C r epeat in the supercoiled plasmid used for 

eplication / expansion studies in human cells. We have pre- 
iously reported that chemically modified oligonucleotides, 
hich bind sequence-specifically to the GAA •TT C r epeats, 
isrupt H-DNA formation in supercoiled plasmids ( 26 ). 
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Here, we examined the ability of these oligonucleotides to
affect the expansion of GAA •TT C r epeats in human cells.
We found that the LN A-DN A mixmer oligonucleotides,
her eafter r eferr ed to as LNA-ONs, and the corresponding
PN A oligomers dramaticall y reduce the expansion fre-
quency of GAA •TT C r epea ts. These da ta hold promise for
the de v elopment of these compounds for the treatment of
FRDA, which is currently incurable. 

Altogether, our data led us to hypothesize that triplex
formation by GAA •TT C r epeats impairs r eplication fork
pro gression, ultimatel y leading to their expansions during
replication fork restart. 

MATERIALS AND METHODS 

Plasmids 

The plasmid pJC GAA100 was constructed by conven-
tional cloning methods in se v eral steps using the pLM113
plasmid as a backbone ( 44 ). First, pRS316 ( 63 ) was di-
gested by SalI and SacI to excise the ARS4-CEN6 mod-
ule, which was inserted between SalI and SacI sites of the
pML113 plasmid, creating a plasmid called pJW12 (8835
bp-long). The pJC GAA100 plasmid (12408 bp) was ob-
tained by inserting the AleI-StuI fragment of pYes3-T269-
GAA100 ( 48 , 64 ) containing our selectable UR-GAA100-
A3-TRP1 cassette into the EcoRV site of pJW12. Note,
in the pJC GAA100 plasmid, GAA repeats are in the lag-
ging strand template for replication from the SV40 ori-
gin. The pJC GAA0 (no repeat) plasmid was obtained with
the same approach except for the using AleI-StuI fragment
from the no-repeat control pYES-TET644 plasmid ( 48 , 64 ).
Plasmids were maintained in the Esc heric hia coli SURE
str ain (Str a tagene), and the length of the repea ts in isola ted
plasmids was confirmed by sequencing. 

Oligonucleotides 

LN A-ONs and DN A oligonucleotides (ONs) and PN A
oligomers were purchased from Eurogentec S.A. The
oligonucleotides and oligomers were purified by using re-
versed phase HPLC, and quality control was performed by
using MALDI-TOF mass spectr ometry. Contr ol PNA was
kindly provided by Prof. Peter Nielsen, Department of Cel-
lular and Molecular Medicine, Uni v ersity of Copenhagen
( 65 ). 

Cell culture, transfection, siRNA and ON treatment 

HEK-293T (ATCC) were grown in Dulbecco’s modified Ea-
gle medium (DMEM, Gibco) supplemented with 10% fe-
tal bovine serum (FBS) and MycoZap 

TM Plus-CL (Lonza).
Cells were transfected with the pJC GAA100 plasmid by
using JetPRIME 

® (Polyplus-transfection) according to the
manufacturer’s protocol. Briefly, cells were seeded on day
0 and transfected on day 1 with siRNA. On day 2, cells
were co-transfected by siRN A to gether with pJC GAA100.
siRNA-mediated gene silencing was confirmed by West-
ern blot anal ysis. Alternativel y on day 1, cells were co-
transfected with the pJC GAA100 plasmid and LNA-ON,
or PNA, of interest. After additional two days, plasmid
DNA was isolated and used for the electrophoretic analysis
of replication intermediates (RIs) or transfection into yeast
to measure expansion frequencies. 

DNA isolation 

Plasmid DNA was r ecover ed 48 h post-transfection by a
modified Qiagen Miniprep protocol as described in ( 44 ).
Briefly, cells were washed with PBS and then resuspended
in Qiagen Buffer P1 and lysed in 0.66% sodium dodecyl
sulfate, 33 mM Tris–HCl, 6 mM EDTA, 66 �g / ml RNase
followed by digestion with 0.5 mg / ml proteinase K for 90
min a t 37 

◦C . Samples were subject to brief, 30 s, base extrac-
tion with 0.75 ml 0.1 M NaOH, and proteins were precipi-
tated upon addition of Qiagen Buffer P3 (4.2 M Gu-HCl,
0.9 M potassium acetate pH 4.8). Cell debris was pelleted
at 29,000 g for 45 min and supernatant was loaded onto
a Qiagen Miniprep spin column. Columns were washed
with Qiagen Buffer PB (5 M Gu-HCl, 30% ethanol, adding
10 mM Tris–HCl, pH 6.6) and 0.75 ml Qiagen Buffer PE
(10 mM Tris–HCl, pH 7.5, 80% ethanol) and plasmid DNA
was eluted using two volumes of 25 �l of Qia gen EB b uffer
(10 mM Tris-Cl, pH 8.0). 

Yeast tr ansf ormation 

Plasmid DNA from human cells was digested for one
hour with 50 DpnI (NEB) units to eliminate unrepli-
cated bacterial DNA, EtOH pr ecipitated, r esuspended in
TE buffer and transformed into yeast SMY537 strain
( MAT a, leu2- Δ1, trp1- Δ63, ura3–52, his3–200 , bar1::HIS3 ,
can1::KanMX ( 64 ) by the lithium acetate method ( 66 ). 5%
of each transformation mixture was plated onto SC-Trp
plates (synthetic complete, lacking tryptophan), and the re-
mainder 95% onto 5-FOA-Trp (synthetic complete, con-
taining 0.09% 5-FOA and lacking tryptophan) to score
for expansions. Colonies on each plate were counted after
three days of growth at 30 

◦C. All colonies from 5-FOA-Trp
plates were analyzed by single-colony PCR (described be-
low) to verify repeat expansions. Only colonies with PCR-
confirmed repeat expansions were tallied in the expansion
frequency calculations. 

To ensure that expansion events occurred during plasmid
replication in human cells and not during yeast transforma-
tion, we also established expansion-events baseline by trans-
forming yeast directly with 100 ng of pJC GAA100 plasmid
isolated from E. coli without passing through mammalian
cells. 

PCR analysis 

To v erify e xpansions and to determine their size, in-
dividual 5-FOA-resistant yeast colonies were disrupted
with Lyticase as described in (4). Subsequent PCR am-
plification by Phusion Polymerase (ThermoFisher) with
UC1 (5 

′ -GGT CCCAATT CTGCAGATAT CCAT CA CA C-
3 

′ ) and UC6 (5 

′ -GCAAGGAAT GGT GCAT GCTCGAT-
3 

′ ) primers flanking the repeat tract was conducted for 35
cycles: of 20 s at 98 

◦C, 2 min at 72 

◦C and 4 min at 72 

◦C. The
products were separated into 1.5% agarose gels. PCR prod-
uct sizes were determined by comparing them with a 50 bp
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NA ladder (New England Biolabs) using ImageLab ™ soft- 
are (Bio-Rad). 

wo-dimensional (2D) agarose gel electrophoresis 

lasmid replication intermediates, extracted from human 

ells as described above, were digested by DpnI, XbaI 
nd BrsGI restriction endonucleases (New England Bio- 
abs), EtOH precipitated and resuspended in TE buffer. The 
rst dimension of electrophoresis was conducted in a 0.4% 

garose gel in 1 × TBE buffer (89 mM Tris–borate, 2 mM 

DTA) at 1 V / cm at room temperature for 19 h. The sec-
nd dimension was in a 1.3% agarose gel in 1 × TBE buffer 
nd was run perpendicular to the first dimension. The dis- 
olved agarose was poured around the excised agarose lane 
rom the first dimension, and electrophoresis was at 5 V / cm 

n a 4 

◦C cold chamber for nine h in the presence of 0.3
g / ml ethidium bromide. Gels were washed for 15 min in 

.25 N HCl before an overnight transfer to a charged nylon 

embrane (Hybond-XL, GE Healthcare) in 0.4 N NaOH. 
he membrane was hybridized with a 

32 P-labeled radioac- 
i v e probe corresponding to a 533 bp sequence comprising 

he URA3 promoter and part of the CDS of the URA3 gene. 
embranes were washed sequentially twice with washing 

olution I (2 × SSC, 0.1% SDS) at 65 

◦C and twice with 

ashing solution II (0.1 × SSC, 0.1% SDS) at 42 

◦C, ex- 
osed on IR-sensiti v e screens f or 1–5 da ys, and detection
as performed on a Typhoon Imager (GE Healthcare). At 

east three independent transformants were tested for each 

iRNA knockdown. 

QQ-OP mediated DNA cleavage of H-DNA forming 

AA •TTC repeats in the presence of LNA-ON oligonu- 
leotides 

lasmids pJC-GAA100, pJC TTC100 and pJC GAA0 (1 

g) were incubated with 10 mM of either GAA or CTT 

NA-ONs (Supplementary Table S3) in a buffer containing 

0 mM sodium cacod yla te, 100 mM NaCl and 2 mM MgCl 2 
t PH 7.5. As a control, plasmid with no oligonucleotide 
ddition was treated in the same way. The incubations were 
arried out at 37 

◦C for 16 h. BQQ-OP (1.5 �M) and CuSO 4 
2.25 �M) wer e mix ed and incubated at room temperature 
or 15 min. The BQQ-OP / CuSO 4 mixture was then added 

o plasmid / oligonucleotide mixture and incubated at room 

emperature for 45 min. The cleavage reaction was initiated 

y adding 2 mM 3-mercaptopropionic acid (MPA) and car- 
ied out for 3 h a t 37 

◦C . DNA samples were purified with
iniprep kit (Qiagen), digested with 1U SacI (Thermosci- 

ntific) for 1 h at 37 

◦C and separated in 0.7% agarose gel 
lectrophoresis (90 V, 1 h) followed by SYBR-gold (Invitro- 
en) staining. Gels were analyzed and quantified with Ver- 
aDoc MP system (Bio-Rad) and Quantity One software 
Bio-Rad), respecti v ely. 

tatistical analysis 

t least three independent experiments were conducted 

or each data point. Statistical analysis was performed 

ia Welch ANOVA test using GraphPad Prism version 8, 
raphP ad Softwar e, San Diego, California USA. 
ESULTS 

xperimental system to study large-scale expansions of 
AA •TTC repeats in cultured human cells 

ur ne w e xperimental stra tegy to stud y large-scale ex- 
ansions of GAA •TT C r epeats and repeat-mediated fork 

talling in cultured human cells is schematically presented 

n Figure 1 . We created a shuttle plasmid (Figure 1 A) that 
ncodes Tag for ef ficient replica tion from the SV40 origin 

n human cells, an ARS4-CEN6 module for stable main- 
enance in yeast , and ColE1 replication origin to conduct 
loning in E. coli . Importantly, it also contains our well- 
haracterized cassette to detect large-scale repeat expan- 
ions, which consists of an artificially split URA3 reporter 
ene with the (GAA) 100 •(TT C) 100 r epeat in its intron fol- 
owed by the TRP1 gene ( UR -GAA100- A3 TRP1 in Figure 
 B). The addition of 10 or more repeats within the intron 

brogates splicing of the URA3 r eporter, r endering yeast r e- 
istant to 5-fluor oor otic acid (5-FOA 

r ) (Figure 1 B). Note 
hat in our plasmid, the homopurine (GAA) 100 run is in 

he lagging strand template for DNA replication from the 
V40 origin (Figure 1 A), which is the orientation that is 
ost prone for repeat instability ( 35 , 42 , 46 , 67–72 ). 
This plasmid was first transfected into human HEK- 

93T cells, where it was allowed to replicate for 48 h. Plas- 
id DNA was then isola ted, trea ted with the restriction en- 

yme DpnI to remove unreplicated bacterial plasmid DNA, 
nd transformed into yeast that served as a read-out for re- 
eat expansions occurring in human cells. Yeast transfor- 
ants were plated onto either synthetic complete medium 

acking tryptophan (SC-Trp), or to the SC-Trp medium 

ith 0.09% 5-FOA. As a rule, all colonies on the 5-FOA- 
ontaining plates were further analyzed by single-colony 

CR to verify repeat expansions (Figure 1 C). The latter 
tep was important since besides expansions, mutations and 

eletions within the URA3 gene can also result in a 5-FOA- 
esistant phenotype. 

haracterization and genetic controls of GAA •TTC repeat 
xpansions in human cells 

ingle cell PCR analysis of colonies from 5-FOA plates con- 
rmed that large-scale expansions of GAA •TT C r epeats 
id occur in human cells (Figure 2 A). The mean number of 
dded repeats corresponds to 65 (Figure 2 B), and we were 
ble to detect up to 300 added repeats when the plasmid 

eplicated in HEK-293T cells. To the best of our knowledge, 
his is the first system detecting large-scale expansions in 

ammalian cells after just 48 h in human cell culture. 
The frequency of repeat expansions was estimated as the 

umber of 5-FOA-r colonies with PCR-confirmed expan- 
ions divided by total number of Trp 

+ transformants using 

luCalc calculator ( 70 ). These data were compared with the 
aseline frequency of expansions that either originated in 

acteria or in the process of yeast transformation by trans- 
orming plasmid DNA isolated from bacteria directly into 

east. Figure 2 C shows that the frequency of repeat ex- 
ansions in HEK-293T significantly ( ∼6-fold) exceeded the 
aseline frequency. 
To identify proteins involved in large-scale GAA •TTC 

epeat expansions, we used candidate-gene analysis. We and 
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Figure 1. An experimental system to study genome instability and fork stalling caused by GAA •TT C r epeats. ( A ) pJC GAA100 plasmid used in this study. 
The relati v e positions of its most rele vant featur es ar e indica ted inside: The centromeric sequence CEN6, the Autonomous Replica tion Sequence (ARS4), 
the ColE1 unidirectional origin (ColE1 Ori), the ampicillin resistance gene (Amp R ), the Large T antigen gene, the SV40 origin of replication (SV40 ori) and 
the selectable cassette for repeat expansions ( UR-GAA 100 -A3-TRP1 : depicted in B). Outside, the relati v e positions of sites recognized by specific restriction 
endonucleases are indica ted. ( B ) Schema tic of the system to select for repeat expansion in yeast. An artificially split URA3 gene contains 100 GAA •TTC 

repea ts such tha t e xpansion e v ents abrogate splicing and result in resistance to a 5-fluor oor otic acid (5-FOA-r). The addition of more than 10 repeats 
increased the overall length of the intron beyond the splicing threshold. The selectable cassette was cloned into the pJC GAA100 plasmid. TRP1 - an 
auxotrophic marker for the selection of yeast transformants bearing the plasmids. ( C ) Schematic r epr esentation of the assay. Plasmids for the study were 
transfected into HEK-293T cells, and after culturing them for 48 h, DNA was isolated and digested with DpnI. Repeat expansions were detected upon 
DNA transformation into yeast. Single-colony PCR was performed for 5-FOA-r clones to confirm expansion events. Expansion frequency was calculated 
by dividing the number of colonies with repeat expansions by the total number of TRP 

+ transformants. To calculate background expansion frequency, 
pJC GAA100 plasmid isolated from E. coli was transformed directly into yeast. To study DNA replication through the repeats, DNA was digested with 
appropriate restriction enzymes and replication intermediates were analyzed by 2-dimensional (2D) agarose gel electrophoresis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

others hav e pre viousl y identified m ultiple genes and pro-
teins involved in repeat expansions in various model sys-
tems ranging from yeast ( 42 , 53 ) to human cells ( 43–45 ). Dif-
ferent proteins were identified in different studies depending
on the repeat type, expansion scale, cell type and an organ-
ism (re vie wed in ( 1 , 71–73 )). Notab ly, most of these proteins
were the components of DNA replication and repair ma-
chineries. We selected 20 candidate genes that encode for
proteins involved in DNA replication and post-replication
repair. The selected genes were knocked down using pooled
siRNAs (Supplementary Figure S1A, B), followed by mea-
suring repeat expansion frequency. 

Our candidate genes can be divided into several func-
tional groups. The first group of genes –– FEN1, TIME-
LESS and CLASPIN –– encodes replication fork compo-
nents previously implicated in repeat expansions and in-
stability. Flap endonuclease 1 (FEN1), which is r equir ed
for the flap-removal during Okazaki fragments matu-
ration and is involved in various DNA repair path-
w ays, w as shown to pre v ent e xpansions of multiple re-
peats in a yeast experimental system ( 1 ), while its role
in mammalian cells remains questionable ( 74 , 75 ). TIME-
LESS (ScTof1) and CLASPIN (ScMrc1) proteins, which
are components of the for k–stabilizing comple x, were
shown to pre v ent CAG •CTG repeat instability and ex-
pansions in yeast and human cells ( 76 , 77 ), as well as
GAA •TT C r epeat instability in yeast ( 46 , 47 , 77 ). In our
system, howe v er, siRNA knockdown of these proteins
did not affect repeat expansion frequency (Supplementary
Figure S2A). 

The second group of genes –– ATR (yMEC1) and ATM
(yTEL1) –– triggers DNA damage response (DDR) caused
by the replication stress. They were previously shown to sta-
bilize CAG •CTG repeats in yeast, mice and human cells
( 78 ). siRNA knockdown of those genes in our system did
not show a statistically significant effect on GAA •TTC
repeat expansions, albeit the depletion of ATM slightly
(1.6-fold) incr eased r epeat expansions (Supplementary
Figure S2A). 

The third group of genes –– RAD51, RAD52, BRCA1
and BRCA2 –– includes the key components of homol-
ogous recombination (HR) and DSB-repair ( 79 , 80 ).
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Figure 2. GAA •TT C r epea t expansion upon candida te gene knockdown by siRNA. ( A ) Confirma tion of GAA •TTC expansions in HEK-293T cells. Repeat 
lengths in 5-FOA-resistant colonies from independent experiments were analyzed by PCR. On the upper part, a cartoon r epr esentation of a cassette with 
a bar above the GAA •TT C r epea ts indica tes the product of single-colony PCR, used to determine the repeat length. The red arrow points to the length of 
the PCR product carrying the starting (GAA) 100 •(TTC)100 repeat. ‘*’ marks large-scale GAA •TTC expansions. Only clones with expansions were used 
to calculate expansion frequencies in (D). ( B ) Distribution of repeats added to the (GAA) 100 •(TTC) 100 repeat during plasmid replication in HEK-293T 

cells (dark grey bars). The geometric mean of repeats added is 65 repeats (interquartile range 44.5–100.5). ( C ) Expansion frequencies for pJC GAA100 
plasmid deri v ed from E. coli (baseline) and HEK-293T cells. Error bars indicate the standard error of the mean. ‘*’ P < 0.05 and ‘**’ indicates a P < 0.001 
in two-way Welch ANOVA test. ( D ) Expansion frequencies following siRNA gene knockdown in HEK293T cells. The baseline expansion frequency upon 
y east tr ansforma tion by plasmid DNA isola ted from E. coli (white bar) is shown for the comparison. Error bars indicate the standard error of the mean. 
Significance compared to the siControl frequency value was determined using a two-way Welch ANOVA test, ‘#’ P < 0.05 versus baseline, ‘*’ P < 0.05, 
‘**’ indicates a P < 0.001 versus siControl. See Supplementary Table S1 for details. 
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omologous recombination has been implicated in both 

he promotion and suppression of repeat expansions and 

nstability in various experimental systems ( 81 ). In our 
ase, knocking down RAD51, BR CA1 or BR CA2 did 

ot affect GAA •TT C r epeat expansions (Supplementary 

igure S2A). At the same time, knocking down RAD52 

ignificantly decreased GAA •TTC repeat expansions 
Figure 2 D). Besides canonical HR ( 82–84 ), RAD52 is 
lso implicated in the pathway of DSB repair called break- 
nduced replication (BIR) ( 85 , 86 ). BIR, and specifically 

AD52, were shown to promote CAG and CGG repeat 
xpansions in yeast and cultured human cells ( 87 , 88 ). 
OLD3 (yPol32), a small subunit of DN A pol ymerase �, 

s an essential protein r equir ed for DNA synthesis during 

IR ( 89 ). In our system, the depletion of POLD3 did not 
hange the frequency of GAA •TT C r epeat expansions, 
rguing against the role of BIR. Finally, RAD52 was shown 

o protect re v ersed replication for ks from degradation by 

 xonucleases ( 90 ). We belie v e that this function of RAD52
ight be essential for GAA •TT C r epeat expansions in our 

ystem (see below and Discussion). 
The fourth group of genes –– HLTF and 

HPRH –– encodes ubiquitin ligases involved in the 
oly-ubiquitination of PCNA critical for DNA damage 
olerance, specifically fork reversal and template switching 

 91 , 92 ). The yeast homolog of these genes, RAD5, was 
hown to promote GAA •TTC and A TTCT •AGAA T 

epeat expansions ( 46 , 93 ). In addition, the helicase activity 
f HLTF has been implicated in fork reversal ( 94 ). The 
nockdown of HLTF, but not SHPRH, has been shown 

o elevate CAG repeat expansions several folds in human 

ells ( 95 ). Here we show that HLTF knockdown increases 
AA •TT C r epeat expansion fr equency (Figur e 2 D), sim- 

larl y to w ha t was observed for CAG repea ts. At the same
ime, the knockdown of SHPRH dramatically reduced 

AA •TT C r epeat expansion fr equency (Figur e 2 D). 
The fifth group of genes –– SMARCAL1 and 

RANB3 –– encodes SWI / SNF helicases and ATPases, 
 hich catal yze replication fork reversal and restart ( 96– 

00 ). Consequently, depletion or inactivation of these 
roteins hinders the ability of a replication fork to re- 
over from replication stress, particularly by increasing 

he frequency of double-strand breaks ( 96 , 101–103 ). We 
er e inter ested in these proteins because of their role in 

eplication fork re v ersal and restart, the role of which in 

romoting repeat expansions in various experimental sys- 
ems has been widely discussed ( 1 , 44 , 104 , 105 ). In line with
hose data, depletion of either SMARCAL1 or ZRANB3 

roteins pre v ented GAA •TTC repeat e xpansion in our 
ystem (Figure 2 D). 

The sixth group, DDX11, FANCJ, and RTEL1 are mem- 
ers of a family of iron-sulfur–containing DNA helicases 
 106 , 107 ) that pre v ent r eplication str ess and mediate HR
 epair by dir ectly interacting with Pol � ( 108 , 109 ). We
ere particularly interested in the DDX11 helicase, as we 
nd others have previously shown that it unwinds triplex 
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structures in vitro ( 110 , 111 ). Here, we show that the deple-
tion of DDX11 dramatically decreased repeat expansions
(Figure 2 D). At the same time, depletion of FANCJ or
RTEL1 did not affect GAA •TT C r epeat expansions (Sup-
plementary Figure S2A). 

We then look at two members of the RecQ family DNA
helicases: RECQ1 and WRN that were implicated in the
r eplication fork r estart. RECQ1 helicase interacts with
PCNA, RPA and DNA polymerase � ( 112–117 ), and has a
3 

′ -5 

′ directed DN A unwinding ca pacity r estoring r e v ersed
forks to their original three-armed configuration in vitro
and in vivo ( 118 ). WRN helicase is involved in resolving
a variety of DNA substrates: three-way junctions, replica-
tion forks , flaps , D-loops , bubbles , Holliday junctions , and
G-quadruplexes (G4) ( 119 , 120 ). Here, we show that the
depletion of both RECQ1 and WRN helicases increases
GAA •TT C r epeat expansions (Figure 2 D). Besides the
RecQ family of helicases, DNA2 is also involved in the pro-
cessing of re v ersed for ks mediating DNA end resection to-
gether other proteins ( 121 ). In our system, the depletion of
DNA2 did not influence repeat expansions (Supplementary
Figure S2A). 

As for the mismatch repair, the MLH1 gene is known
to be epigenetically silenced by promoter h ypermeth ylation
in HEK-293T cells ( 122 ). This is not the case, howe v er, in
the parental HEK-293 cells. In our system, the frequency
of large-scale expansions did not drastically differ between
the two cell lines (Supplementary Figure S2B). This argues
against the role of MutL complexes in the expansion process
in our system, but it does not rule out other components of
the MMR machinery (see Discussion). 

In summary, out of 20 candidates tested, fiv e proteins,
SHPRH, DDX11, SMARCAL1, RAD52 and ZRANB3
appeared to promote GAA •TTC repeat expansions in our
experimental human system, while three proteins, HLTF,
WRN and RECQ1 appeared to counteract them (Figure
2 D and Supplementary Table S1). 

Replication fork progression through the GAA •TTC repeat 

We and others hav e pre viously shown that expanded
GAA •TT C r epeats stall r eplication fork progr ession in
yeast and human cells ( 42–45 ). Here, to compare repeat
expansions with their replication, we analyzed the replica-
tion fork progression through the (GAA) 100 •(TT C) 100 r e-
peat using 2D electrophoretic analysis of replication in-
termediates. In brief, DNA plasmids with and without
the (GAA) 100 •(TT C) 100 r epeat wer e transfected into HEK-
293T cells, replica tion intermedia tes were isola ted 48 h
post-transfection, treated with DpnI to get rid of unrepli-
cated bacterial plasmid DNA, digested by BsrGI and XbaI
restriction endonucleases (Figure 3 A) and separated by
2D agar ose gel electr ophoresis followed by Southern hy-
bridization. This digestion scheme deliberately positioned
the repeat on the descending part of the replicati v e Y-arc
(Figure 3 B). 

The simulation program for 2D gels ( 123 ) was used to
predict the shape of the replication intermediates (RIs) re-
sponsible for the patterns observed. The pattern detected
for the control plasmid corresponded to that expected for
unconstrained replication of the circular plasmid, where the
initia tion occurs a t SV40 origin in a bi-directional man-
ner (simple-Ys’s shape) (Figure 3 B). Howe v er, the repeat-
containing plasmid produced a different pattern. In this
case, replica tion would initia te a t the SV40 origin bidirec-
tionally, creating a bubble. The leftward (counterclockwise
in Figure 1 A) moving fork progresses unconstrained, while
the rightward (clockwise in Figure 1 A) moving fork stalls at
GAA •TT C r epeats, r esulting in the accumulation of sim-
ple Y RIs with a mass of ∼1.65 ×. If this stalling is indef-
inite, replication will be completed by the leftward repli-
cation fork, leading to the accumulation of double-Y RIs
migrating above the descending arc. The stalled fork can
also re v erse , forming chicken feet RIs , which should migrate
somewhere in between the stall site and double-Y RIs. The
for k re v ersed a t the repea t can be r estor ed, or plasmid r epli-
cation will be completed by the opposite replication fork
( 104 ). 

Experimental data shown in Figure 3 B clearly demon-
strate the presence of the stall site at the expected position
on the descending arm and the tangent curv e e xiting from
the stall site linking it to a spindle-shape spot. Based on
its electrophoretic mobility, this spindle spot likely r epr e-
sents a mixture of stalled and / or re v ersed for ks, replication
of which is completed by the con verging f ork resulting in
double-Y RIs. These results confirm that GAA •TTC re-
peats strongly stall replication in HEK-293T cells leading
to fork reversal and completion of replication by an oppo-
site replication fork in agreement with ( 44 ). Note that pre-
viously, we and others analyzed GAA •TTC-mediated stall
sites on the ascending portion of the Y-arc. This setting
makes it somewhat difficult to quantitati v el y anal yze inter-
media tes a t dif fer ent stages of fork r e v ersal, as they can mi-
grate closely to the ascending ar c (compar e Figur es 3 B and
Supplementary Figure S3). 

To quantify our results, we first normalized the sig-
nal at the stall site on the descending arm to the sig-
nal of the r eplication ar c underneath. This quantification
showed that ∼20% of all replication forks stall at the
(GAA) 100 •(TT C) 100 r epeat, while no stalling at this position
was observed for the no-repeat control plasmid (Figure 3 C).
The spindle-shaped spot was quantified by comparing its in-
tensity to the rest of the Y-arc (Supplementary Figure S4). It
accounted for a ∼17% of RIs in the repeat-containing plas-
mid and it was not present at all in for the no-repeat control
plasmid (Figure 3 D). 

We then analyzed whether proteins tha t af fected
GAA •TT C r epeat expansions in our system (Figure
2 D) influenced replication fork progression through this
repeat as well. To this end, we used 2D electrophoretic
analysis of RIs isolated from cells depleted of RAD52,
ZRANB3, SMARCAL1, SHPRH, HLTF, DDX11, WRN
and RECQ1 proteins via siRNA (Figure 4 A). Note that
depletion of se v eral of these proteins changed the shape of
the stall site on the descending arc from the well-defined
spot observed in the non-treated cells (Figure 4 A control)
to a more dispersed signal (see ZRANB3, WRN, RECQ1,
SMARCAL1 in Figure 4 A). This made the comparison
of the stall sites between different siRNA treatments
somewhat ambiguous. Thus, we decided to quantitate
spindle-shaped RIs that were clearly present in e v ery case,
which we considered a proxy for termination RIs, in which
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Figur e 3. Anal ysis of pJC GAA replication in HEK-293T cells by 2D gel electrophoresis. ( A ) Linear map of pJC GAA100 restriction fragment. ( B ) 
Representati v e 2D gels of replication through zero and 100 GAA •TT C r epeats ar e shown in the far-left column with their corr esponding interpr etati v e 
diagrams to their right. DNA was isolated, digested with BsrGI, XbaI, and DpnI, and analyzed by 2D gel electrophoresis. The simulation program 2D 

gel ( 123 ) was used to predict the shape of twelve consecutive replication intermediates (RIs). A linear map is shown on top of each series of RIs, showing 
the relati v e positions of SV40 ori (green) UR (b lue). The red arrow points to the location of the stall at the (GAA) 100 •(TT C) 100 r epea t. ( C ) Quantifica tion 
of the fraction of stalled forks. The ratio of radioactivity in the peak area to that corr esponding ar ea of a smooth r eplication ar c r eflects the extent of 
replica tion slowing. Quantifica tion was done with ImageJ (NIH). N.A., non-applicable. ( D ) Quantification of spindle spot intensity compared to the whole 
arc. The ratio of radioactivity signal at the spindle spot was compared to the radioactivity signal of the whole arc on Image Lab ®. N.A., non-applicable. 
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ne of the two forks was reversed at the GAA •TT C r epeat,
ut not properly r estor ed (Figur e 4 B and Supplementary 

able S2). This reasoning is in-line with the data that 
ffecti v e re v ersal of one fork is a pr e-r equisite for the
pposite fork to reach the termination site ( 124 ). The 
raction of those RIs was strongly decreased upon SHPRH 

nd ZRANB3 depletion, but increased upon DDX11, 
MARCAL1 and RECQ1 depletion. 
In sum, fiv e out of the eight proteins that affected repeat 

xpansions in human cells also changed the character of the 
eplication fork progression through the GAA •TTC repeat. 
his partial correlation points to a link between replication 

nd large-scale expansions of GAA •TT C r epeats in human 

ells. 

NA-ONs and PNA oligomers bind and disrupt the in- 
r amolecular triplex f ormed by the (GAA) 100 •(TTC) 100 
epeat 

e hav e pre viousl y shown that LN A-modified ONs, w hich
re complementary to either the CTT or GAA strand (GAA 

NA-ONs and CTT LNA-ONs, respecti v ely) (Supplemen- 
ary Table S3) interact with expanded GAA •TT C r epeats 
eri v ed from FRDA patient cells. The GAA LNA-ON sig- 
ificantly disrupted and abolished the pyrimidine-motif H- 
N A (H-y DN A) pr esent in super coiled DNA ( 26 ) by
 orming a duplex-in vasion complex. On the other hand, 
he CTT LNA-ON was able to bind either the remaining 

AA single strand of the H-DNA forming Watson-Crick 

ydrogen bonds or the B-DNA duplex, which resulted in 

he formation of an intermolecular triplex. These stud- 
es were performed using a different plasmid where longer 

AA •TT C r epeats and additional FXN deri v ed flanking 

equences where included. 
To assess the ability of the (GAA) 100 •(TT C) 100 r epeat 

n the pJC GAA100 plasmid to form a triplex structure 
e used the BQQ-OP triplex-specific cleavage assay. We 
av e pre viousl y reported H-DN A forma tion a t FRDA ex-
anded GAA •TT C r epeats using the BQQ-OP triplex- 
pecific cleavage assay ( 26 , 28 , 125 ). BQQ-OP is a low-
olecular weight compound that consists of a benzoquino- 

uinoxaline deri vati v e (BQQ) conjugated to a 1,10- ortho - 
henanthroline (OP) (Figure 5 D). BQQ-OP recognizes and 

ntercalates into both inter- and intramolecular triplex 

tructures, which produces double-strand DNA breaks 
pecifically at the site of triplex for mation. Further more, 
e have used the BQQ-OP assay to examine the sequence- 

pecific binding of LNA-ONs and PNA oligomers to the 
riplex-forming (GAA) 100 •(TT C) 100 r epeat (Supplementary 

able S3). 
In the case of H-DNA or intermolecular triplex forma- 

ion at the (GAA) 100 •(TT C) 100 r epeat DNA sequence in the 
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Figur e 4. Anal ysis of replication through GAA •TT C r epeats by two-dimensional (2D) agarose gel electrophoresis upon candidate gene knockdown by 
siRNA. ( A ) Representati v e 2D gels of replication through the (GAA) 100 •(TT C) 100 r epea ts in HEK-293T cells. DNA was isola ted, digested with BsrG1 , 
DpnI and XbaI, and analyzed by 2D gel. The red arrow points to the location of the stalling at the GAA •TT C r epeats. At least thr ee experiments wer e 
analyzed for each siRNA treatment. ( B ) Quantification of the spindle spot at the replication fork. The ratio of radioactivity signal at the spindle spot was 
compared to the radioactivity signal of the whole arc using Image Lab ®. Error bars indicate the standard error of the mean. ‘*’ P < 0.05, ‘***’ indicates 
a P < 0.0001 versus siControl. See Supplementary Table S2 for details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

super coiled pJC GAA •TT C plasmid, the BQQ-OP triplex-
specific double-strand DNA cleavage followed by a unique
site cleavage using the SacI restriction enzyme would pro-
duce two DNA fragments ( ∼8431 and 3997 bp-long), which
are marked as X and Y in Figure 5 A. On the other hand,
treatment of the control plasmid, which lacks the repeat se-
quence (pJC-GAA0), with BQQ-OP and SacI should only
produce a single, 12 406 bp-long linear DNA fragment cor-
responding to the full-length plasmid cleaved by SacI (Fig-
ure 5 A). Indeed, the two expected DNA fragments were de-
tected after BQQ-OP treatment of pJC GAA100 plasmid,
confir ming triplex for ma tion a t the repea t (Figure 5 B , lane
3). At the same time, the control plasmid did not show any
cleav age b y the BQQ-OP (Figure 5 B, lane 6). 

Incubation of the repeat-containing plasmid with GAA
LN A-ON dramaticall y ( ∼10-fold) decreased BQQ-OP
cleavage (Figure 5 B, lane 1). These data show that the
GAA LN A-ONs essentiall y pre v ented H-DNA formation,
in agreement with our previous findings ( 26 , 126 ). On the
other hand, CTT LN A-ON onl y marginall y affected the
triplex-specific DNA cleavage (Figure 5 B, lane 2). It is im-
portant to note that BQQ-OP cannot distinguish between
an intermolecular triplex, where the CTT LNA-ON acts
as the third strand targeting the double-strand DNA re-
peat and the H-DNA ( 26 , 126 ). The difference between
the current and previous CTT LNA-ONs data ( 26 ) could
be due to the variation in the length of the GAA •TTC
repeat and the presence of flanking DNA sequences,
which might affect the nature and / or the stability of the
triplex. 
We obtained similar results using GAA PNA and CTT
PNA oligomers (Supplementary Figure S5). 

LNA-ONs inhibit GAA •TTC repeat expansions occurring
during replication in human HEK-293T cells 

As discussed above, the frequency of the
(GAA) 100 •(TT C) 100 r epeat expansions incr eased ∼6-fold
over the baseline upon plasmid replication in HEK-293T
cells ( P = 0.0043). Here we examined the effect of the
chemically modified oligonucleotides, which we previously
reported to affect H-DNA formation, on repeat expansions
in human cells. To this end, HEK-293T cells were trans-
fected with the pJC GAA100 plasmid preincubated with
either the GAA LNA-ON or CTT LNA-ON (Supplemen-
tary Table S3). Strikingly, both oligonucleotides reduced
the frequency of repeat expansions essentially down to the
baseline le v el, w hereas a control oligonucleotide, w hich
does not bind to the target sequence, had no effect (Figure
6 A). We conclude, ther efor e, that r epeat-specific LNA–
DNA mixmer oligonucleotides pre v ent repeat expansions
in human cells. 

Inhibition of GAA •TTC repeat expansions in HEK-293T
cells by PNA oligomers 

To examine whether binding of another class of modified
oligomers to the (GAA) 100 •(TT C) 100 r epeat would also af-
fect its expansion frequency in human cells, we studied pep-
tide nucleic acid (PNA) oligomers designed to bind this



Nucleic Acids Research, 2023, Vol. 51, No. 16 8541 

Figur e 5. BQQ-OP mediated DN A cleavage of the (GAA) 100 •(TT C) 100 r epeat in the presence of LNA oligomers. ( A ) Schematic illustration of pJC- 
GAA100 and pJC-GAA0. The H-DNA forming site in pJC-GAA100 is indicated as [GAA 100 ]; there is no H-DNA forming site in pJC-GAA0 plasmid. 
The two DNA fragments generated triplex cleavage by BQQ-OP (benzoquinoquinoxaline 1,10-ortho-phenanthroline) followed by unique site restriction 
digestion are indicated as X (8431 bp) and Y (3997 bp) in pJC-GAA •TTC and the same reaction would result in a linearized fragment only in pJC- 
GAA0. ( B ) Representati v e agarose gel for pJC-GAA100 and pJC-GAA0 plasmids incubated with 10 �M GAA (LN A-DN A) mixmer (lanes 1 and 4 
respecti v el y), or CTT (LN A-DN A) mixmer (lanes 2 and 5 respecti v ely), or in the absence of LNAs (lanes 3 and 6 respecti v ely). BQQ-OP-mediated triple x 
specific cleavage of pJC-GAA100 and pJC-GAA0 was performed in the presence of Cu 2+ and 3-mercaptopropionic acid (MPA) followed by unique site 
restriction digestion with SacI. As controls, supercoiled (Sc) and linearized (Lin) variants of both plasmids and molecular weight DNA ladder (M) are 
sho wn. ( C ) Graph sho wing the percenta ge of BQQ-OP-mediated triplex specific cleava ge of pJC-GAA100 in the presence of GAA and CTT (LN A-DN A) 
mixmers or in the absence of LN A-DN A mixmers (pJC-GAA100). The values r epr esent the ratio between the intensity of DNA double strand cleavage 
(X + Y) to the total band intensity of the particular lane and are shown as mean with S.D. ( n = 2). No cleavage was obtained in pJC-GAA0 and not 
included in the graph. ** indicate P ≤ 0.01 compared to the plasmid in the absence of LNA oligomers. ( D ) Chemical structure of benzoquinoquinoxaline 
1,10- ortho -phenanthroline (BQQ-OP). 
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 epeat. PNAs ar e DNA mimic oligomers with a pseudopep- 
ide backbone ( 65 ) that are capable of binding and invad- 
ng dsDNA in a sequence-specific manner and with high 

ffinity owing to the lack of phosphate repulsion ( 127 ). We 
av e pre viously studied the molecular interaction and bind- 

ng mode of GAA - and CTT- PNAs (Supplementary Table 
3, GAA-PN A and CTT-PN A, respecti v ely) to e xpanded 

AA •TT C r epeats in plasmid DNA in vitro ( 26 ). We have
howed that GAA-PNA binds via a duplex-invasion mech- 
nism and completely pre v ent H-DNA formation by the 
RDA expanded repeats. CTT- PNA, on the other hand, 

ormed either a triple x-invasion comple x or a Watson-Crick 

uplex when binding to the complementary polypurine 
trand of the DNA duplex ( 26 ). 

Using the same experimental setting as in the pre- 
ious section, HEK-293T cells carrying the replicating 

JC GAA100 plasmid were incubated with either GAA- 
N A or CTT-PN A. This was followed by plasmid DN A iso- 

ation and transformation into yeast to detect the frequency 

f e xpansion e v ents tha t accumula ted in human cells. Figure
 B shows that similarly to LN A-ONs, both PN A oligomers 
 educed r epeat expansions in human cells to the baseline 
e v el, while a control PNA oligomer, which does not bind 

o the target sequence had only a modest inhibitory effect, 
hich is not statistically significant. We conclude, ther efor e, 
ha t repea t-specific PNAs abolish expansion of GAA •TTC 

epeats in human cells. 

ose dependent inhibition of GAA •TTC repeat expansions 
n human HEK-293T cells by BQQ 

ur genetic analysis showed that DDX11 helicase is needed 

or GAA •TT C r epeat expansions in human cells (Figur e 
 D). Since this helicase is known to unwind a triplex struc- 
ure formed by the GAA •TT C r epea t in vitr o ( 111 ), we
easoned that extra-stabilization of triplex DNA by chem- 
cal compounds might pre v ent e xpansions as well. To test 
his hypothesis, we employed the benzoquinoquinoxaline 
eri vati v e (BQQ) shown in Figure 7 B. We have previously 

eported on the efficiency of this heterocyclic compound to 

ind DN A pol ypurine •pol ypyrimidine sequences once they 

orm an inter- or intramolecular triplex es. BQQ inter calates 
n the triplex structures with its aminopropyl side chain po- 
itioned in the minor groove ( 128 , 129 ). BQQ has also been
sed to demonstrate the effect of H-DNA formation on 

ranscription in a reporter model in bacteria ( 130 ) as well 
s triplex formation on a genomic le v el in mammalian cells 
 111 ) and its dissociation by the DDX11(ChlR1) helicase. 

We treated HEK-293T cells transfected with the 
JC GAA •TTC100 plasmid with BQQ at different 
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Figure 6. Inhibition of GAA •TT C r epeat expansions occurring during replication in human HEK-293T cells by LNA oligonucleotides and PNA oligomers. 
( A ) Baseline r epr esents the frequency of the (GAA) 100 •(TT C) 100 r epeat expansion when bacterial pJC GAA100 plasmid transformed directly into yeast. 
Other bars in the chart show the frequency of GAA •TTC repeat expansions occurring during plasmid replication in HEK-293T cells in the presence or 
absence of various LN A-DN A mixmers. Error bars indicate standard error of the mean. Significance relati v e to the Scramb le LN A-DN A mixmer control se- 
quence frequency value was determined using a two-way Welch ANOVA test. ‘*’ P ≤ 0.05. ( B ) Baseline r epr esents the fr equency of the (GAA) 100 •(TTC) 100 
repeat expansion upon bacterial pJC GAA100 plasmid transformed directly into yeast. Other columns show the frequency of GAA •TTC repeat expan- 
sions that occurred during plasmid replication in HEK-293T cells in the presence or absence of various PNAs. Error bars indicate standard error of the 
mean. Significance relati v e to the Scramble PNA sequence frequency value was determined using a two-way Welch ANOVA test. ‘*’ P ≤ 0.005. 

Figure 7. Dose-dependent inhibition of GAA •TT C •TT C r epeat expansions in human HEK-293T cells by BQQ. ( A ) Baseline r epr esents the fr equency of 
the (GAA) 100 •(TT C) 100 r epeat expansion when bacterial pJC GAA100 plasmid was tr ansformed directly into y east. Other columns show the frequency of 
GAA •TT C r epeat expansions that occurred during plasmid replication in HEK-293T cells at two BQQ (benzoquinoquinoxaline) concentrations (20 and 
40 nM). Error bars indicate standard error of the mean. Significance relati v e to the HEK-293T frequency value was determined using a two-way Welch 
ANOVA test (for 20 nM BQQ-OP concentration P value is ≤ 0.05 for 40 nM, P ≤ 0.005). ( B ) Chemical structure of Benzoquinoquinoxaline deri vati v e 
(BQQ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

concentrations. Figure 7 A shows that BQQ treatment
significantly decreased the frequency of the GAA •TTC
repeat expansion as compared to untreated cells. The BQQ
inhibitory effect was dose-dependent: ∼2-fold at 20 nM,
and down to the baseline le v el at 40 nM. We conclude,
ther efor e, that strong BQQ-mediated stabilization of the
triplex formed by the (GAA) 100 •(TT C) 100 r epeat impedes
repeat expansion in human cells. 

DISCUSSION 

In this study, we describe an experimental system to study
GAA •TT C r epeat instability, in which repeat expansions
that occurred during replication of the SV40-based plas-
mid in human cells were detected upon transformation into
yeast (Figure 1 ). Remar kab ly, we observ ed that large-scale
repeat expansions occurred very efficiently in this system:
up to 300 repeats could be added, while the mean number
of added repeats was 65 (Figure 2 B). Our experimental set-
ting is similar to that previously developed by Lahue et al.
for stud ying CAG •CTG repea t instability ( 59–61 ) tha t was
tuned to detect mid-scale (10-to-15 trinucleotides) expan-
sions. The only known instance where massi v e repeat e x-
pansions were observed in a mammalian experimental sys-
tem was a specific transgenic DM1 mouse ( 131 ), yet the
reasons for big jumps in the number of CTG repeats in
these mice remains unclear. Thus, our experimental system
is unique in allowing the study of mechanisms and genetic
controls of large-scale repeat expansions in human cells. 

We and others hav e pre viously found that GAA •TTC
r epeats cause r eplication fork stalling in various experi-
mental systems, including SV40-based plasmids ( 42–45 ). In
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ccord with these observations, we detected repeat- 
edia ted replica tion for k stalling and re v ersal in our e x-

erimental plasmid (Figure 3 ). This data prompted us to 

nvestigate various candidate genes that affect DNA repli- 
ation and post-replicati v e repair, and / or were previously 

mplicated in repeat expansions in different experimental 
ystems. Alto gether, we anal yzed twenty candidates and 

ound that siRNA depletion of eight candidates signifi- 
antly affected the frequency of repeat expansions (Fig- 
re 2 D). Strikingly, se v en of these candidate genes (SH- 
RH, RAD52, RECQ1, SMARCAL1, WRN, HLTF and 

RANB3) wer e pr eviously implicated in r eplication fork 

e v ersal / restoration ( 97–100 , 118–120 , 132–141 ), while the
emaining DDX11 is a DNA-helicase unwinding DNA 

riplex structures in vitro ( 110 , 111 ). 
We then looked at changes in the replication fork pro- 

ression through the GAA •TTC repeat upon depletion of 
he proteins encoded by these eight candidate genes. Inacti- 
ation of SHPRH and ZRANB3 decreased, while DDX11, 
MARCAL1 and RECQ1 depletion increased the intensity 

f termination RIs, in which one of the two forks is reversed 

t the GAA •TT C r epeat, but not properly r estor ed. While
his is only a partial correlation, a combination of genetic 
nd biochemical data point to the role of the replication 

or k stalling, re v ersal, and restart in GAA •TTC repeat ex-
ansions during plasmid replication in human cells. 
The instability of FRDA GAA •TTC repeats and their 

ole in the disease progression was linked to their abil- 
ty to form triple-helix H-DNA conformation (re vie wed 

n ( 142 )). This structure is formed when DNA strands in 

alf of the repeat dissociate, and one of them (either poly- 
urine (R) or polypyrimidine (Y)) folds back to form Hoog- 
teen or re v erse-Hoo gsteen hydro gen bonds with the re- 
aining duplex, while the complementary strand remains 

ingle-stranded ( 25 , 31 , 143 ). Formation of both H-y and H-
 triplex was reported for GAA •TTC repeats at various 
mbient conditions in supercoiled DNA ( 25 , 28 , 144 , 145 ). 
ere using the BQQ-OP triplex-specific cleavage assay, we 

onfirmed that the (GAA) 100 •(TT C) 100 r epeat forms an H- 
NA in our supercoiled pJC GAA100 plasmid in vitro 

Figure 5 ). We reasoned, therefore, that if triplex formation 

y the GAA •TT C r epeat is r esponsible for its instability, 
hemical compounds that interfere with triplex formation 

hould affect repeat instability. 
We , thus , examined the effect of two distinct classes of 
odified oligonucleotides LNA-ONs and PNA oligomers, 

n the repeat expansion frequency. PNA oligomers or 
NA-modified oligonucleotides were previously shown to 

nvade the DNA duplex at FRDA GAA •TT C r epeats 
nd completely dissolve the preformed triplex structures 
 26 ). Here we confirmed that GAA LNA-ONs and GAA- 
N A abolished H-DN A formation. In our previous study, 
 e w ere able to show that CTT LNA-ONs enhanced the 
mount of triplex formed in the plasmid with FRDA 

AA •TT C r epeats due to either binding to the remain- 
ng GAA single-strand of the H-DNA (H-y) or to the du- 
lex DNA forming an intermolecular triplex. In both cases, 
TT LNA-ON binding would lead to the two DNA frag- 
ents produced by the BQQ-OP double-strand cleavage. 
lthough the detected effect in the BQQ-OP in vitro as- 

ay is lower in the current study, our results are still in 
greement with the previously reported findings. On the 
ther hand, CTT-PNA, as we have reported earlier, form 

 triplex invasion complex with expanded GAA •TT C r e- 
eats in supercoiled plasmids, which would not be possible 
o detect using the BQQ-OP assay analyzed by agarose gel 
lectrophoresis. In all cases, it is important to remember that 
he triplex structures formed during replication are different 
rom those formed in supercoiled plasmids in vitro . Ne v er- 
heless, the in vitro assay demonstrates the capacity of the 
N A-DN A oligonucleotides and PN A oligomers to target 

he GAA •TT C r epeats, either through DNA duplex inva- 
ion or triplex formation. 

Strikingly, we found that both GAA- and CTT- LNAs 
nd PN As dramaticall y decreased the expansion frequency 

n mammalian cells as compared to control oligomers. 
hese data argue against the role of preformed H-y DNA 

n repeat instability in our system. Rather, both oligomers 
ould pre v ent transient triple x forma tion by the repea t in
ront of the fork ( 42 ) or upon for k re v ersal. Also, BQQ that
s known to stabilize DNA triplex structures, counteracted 

AA •TT C r epeat expansions in a dose-dependent manner. 
ltogether, chemical compounds that interact with triplex- 

orming repeat sequences appeared to preclude repeat ex- 
ansions. 
Genetic contr ol results, electr ophoretic analysis of repli- 

a tion intermedia tes, and triplex stability da ta altogether 
ed us to speculate on the model of GAA •TT C r epeat 
xpansions in our system (Figure 8 ). During SV40-based 

eplication, the T-antigen serves as a helicase, both the 
eading and lagging strands are synthesized by DNA Pol 

( 146 , 147 ), and there is a relati v ely poor coupling be-
ween the helicase (T-antigen) and DN A-pol ymerase delta 

Pol �) ( 148 ), making it prone to fork reversal and restart 
 148 , 149 ). We propose that a triplex transiently formed by 

he GAA •TT C r epeat during DNA r eplication in front of 
he fork causes its stalling (Figure 8 A), ultimately leading 

o repeat expansions during replication restart and comple- 
ion. Triplex formation can be counteracted by LN A-DN A 

ixmers, PNAs and DDX11 helicase, thus, precluding sub- 
equent steps leading to repeat expansions. 

Triple x-mediated for k stalling in the SV40-based plas- 
ids was previously shown to cause for k re v ersal ( 44 ).
ur data show that depletion of SHPRH ( 91 ), involved in 

CNA ubiquitination, and of DNA helicase ZRANB3 re- 
uces repeat expansions and decreases corresponding RIs 
Figures 2 D and 4B ), implicating the two proteins at this 
tep (Figure 8 B). Also, RAD52, which is known to pro- 
ect re v ersed for ks, promotes repeat e xpansions in our sys- 
em ( 90 ). We suggest, ther efor e, that fork reversal driven by
hese proteins is a pr er equisite for repeat expansions. In con- 
rast, the presence of triplex stabilizing BQQ makes triplex 

nwinding and fork r eversal difficult, pr ecluding r epeat ex- 
ansions. We are aware that e xtensi v e for k re v ersal usually
 equir es RAD51 protein ( 150 , 151 ). Since we don’t see any
ffect from the depletion of RAD51 on repeat expansions, 
e speculate that fork r egr ession in our case might be lim- 

ted to the repetiti v e DNA segment. 
We show that inactivation of the RECQ1 helicase in- 

r eases r epeat expansion fr equency and causes accumula- 
ion of RIs corresponding to re v ersed for ks (Figures 2 D 

nd 4 B). Since RECQ1 is known to efficiently r estor e 
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Figure 8. Proposed model for GAA •TTC large-scale expansions. ( A ) The (GAA) 100 •(TT C) 100 r epeat (r ed – purine strand, blue – pyrimidine strand) can 
form a triplex during the replication causing fork stalling. This process might be counteracted by repeat-specific LNA-ONs and PNAs, as well as by 
DDX11 helicase. ( B ) Fork reversal is promoted by SHPRH and ZRANB3, while triplex stabilization by BQQ prevents fork reversal, and the reversed 
fork is protected from degradation by the RAD52. ( C ) The re v ersed for k can be r estor ed via an error-free mechanism involving RECQ1 helicase. ( D ) 
Occasionally, a nascent leading strand can fold back to form a triplex at the tip of reversed fork. This process would be counteracted by HLTF and WRN 

helicases or in the presence of CTT LNA or PNA. ( E ) Re v ersed for k capped by the triple x can be r estor ed by an alternati v e, less precise pathwa y in volving 
DDX11 and SMARCAL1 helicases, which is accompanied by out of register realignment of repetiti v e DNA strands, ultimately resulting in expansions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

re v ersed for ks ( 100 , 118 , 152 ), we belie v e that it counteracts
addition of extra repeats upon faithful fork restart (Figure
8 C). Occasionally, howe v er, a single-stranded ov erhang of
the re v ersed nascent leading strand can fold back, form-
ing a YR*R triplex at a tip of the re v ersed for k (Figure
8 D). HLTF and WRN helicases are expected to counter-
act this de v elopment, as they are known to bind to single-
stranded 3 

′ -overhangs ( 135 , 139 , 140 , 153–156 ). Thus, deple-
tion of both helicases would shift the equilibrium towards
the re v ersed for k capped by a triplex. At the same time,
by occluding a single-stranded overhangs CTT LNA-ON
and PNA would pre v ent it from folding back to form DNA
triplex. 

We hypothesize that if DNA triplex at a tip of the re-
v ersed for k is not unraveled by the concerted action of the
above helicases, an alternative pathway of fork restoration
might take place. Depletion of DDX11 and SMARCAL1
decr eases GAA •TT C r epeat expansions while leading to a
significant accumulation of RIs corresponding to re v ersed
forks (Figures 2 D and 4 B) Both helicases are known to ef-
ficiently unwind various non-B DNA secondary structures,
including triplex DNA ( 96 , 100 , 108 , 109 ). We propose, there-
fore, that DDX11 and / or SMARCAL1 helicases might
dri v e an alternati v e, imprecise pathwa y of f ork restoration,
during which complementary strands of the repeat could
r ealign out-of-r egister, ultimately leading to its expansion
(Figure 8 D). 

Alternati v ely, having one for k re v ersed at the GAA •TTC
repeat intrinsically bears the risk of r e-r eplicating this r e-
peat by the con verging f ork, w hich could ultimatel y lead to
repeat expansions. A possibility for re-replication of a DNA
segment within the re v ersed for k was pre viously proposed
in ( 104 ). 

How do our data and a model compare to other studies
of GAA •TT C r epeat expansions in mammalian systems?
Progressi v e accumulation of GAA •TT C r epeats in a spe-
cific HEK-293T cell line that depended on the MutL � was
observed in ( 55 ). In this case, only 1-to-2 r epeats wer e added
per cell generation. Small-scale GAA •TT C r epeat expan-
sions were also observed during propagation of iPSCs cells,
and they were impeded by silencing of the MutS � complex
( 56 , 157 ). In the humanized transgenic FRDA mouse, inter-
generational expansions of GAA •TT C r epeats wer e inhib-
ited in the presence of a mismatch repair system ( 158 ), while
somatic expansions were promoted by the MMR ( 159 ). In
our case, the MLH1 gene in the HEK-293T cells is epigenet-
ically silenced ( 122 ). Furthermore, we see similar frequen-
cies of repeat expansions in HEK293 cell, where MLH1 is
acti v e (Supplementary Figure S2B). On the surface, these
data argue against the involvement of MutL complexes in
repeat expansions in our system. Clearly, however, more
studies with various MMR-deficient cell lines are needed
to elucidate the role of other components the MMR sys-
tem and to decipher the role of MutL in the large-scale
GAA •TT C r epeat e xpansions observ ed by us. 

At the same time, our interpretations of the data are in-
line with the study that analyzed replication of GAA •TTC
repeats in cells from FRDA patients ( 45 ). The authors
showed that expanded GAA •TT C r epeats in iPSCs de-
ri v ed from FRDA patients caused profound replication fork
stalling. Notabl y, GAA •TTC-specific pol yamides that were
previously shown to alleviate expansion of the GAA •TTC
repeats ( 56 ) rescued DNA replication as well ( 45 ). 

Finally, ther e ar e evident similarities between our data
and the data on smaller-scale CAG •CTG repeat expan-
sions in mammalian cells implicating fork reversal and
restart ( 76 , 160 , 161 ). It is foreseeable that in our case, ini-
tial smaller-size expansions of GAA •TT C r epeats occur-
ring during fork reversal and restart become larger during
subsequent rounds of plasmid replication. 

In summary, we de v eloped a first of a kind, genetically
tractab le e xperimental system to study large-scale e xpan-
sions of FRDA GAA •TT C r epeats in cultur ed human
cells. Our candidate gene analysis implicates fork reversal
and restoration in the process. We belie v e that this sys-
tem could be a valuable tool for elucidating the mecha-
nisms of large-scale expansions in humans and for evaluat-
ing the efficiency of perspecti v e FRDA drugs targeting the
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nstability of GAA •TT C r epeats. Finally, we have showed 

hat LNA-modified oligonucleotides and PNA oligomers 
argeting the GAA •TT C r epeats pr e v ent their e xpansion
olding a promise to be de v eloped as future therapeutics 

or the treatment of FRDA. 
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