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Abstract—This review describes a novel type of genome instability, expansion of trinucleotide repeats. Orig-
inally discovered in 1991 upon cloning the gene responsible for the fragile X syndrome, it has proved to be a
general phenomenon responsible for a growing number of human neurological disorders. Besides apparent
medical importance, the discovery of trinuclectide repeat expansion unraveled a fundamental problem of
human genetics: a non-Mendelian type of inheritance called anticipation. Understanding the mechanisms of
repeat expansion and the molecular pathways leading from these expansions to human diseases became a for-
midable task for modern biology and one of its spectacular achievements. Here we discuss the major break-
throughs in this field made during the last decade, with an emphasis on molecular models of repeat expansion.
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OVERVIEW

The striking discovery of an ever-expanding world
of trinucleotide repeats originally came from the stud-
ies of an inherited human disease called fragile X syn-
drome. This is the most common form of inherited
mental retardation in humans, with incidence of
approximately 1 in 5000 [1]. Clinical symptoms of
this disease, which are usually not evident before mid-
childhood, include learning difficulties, low 1Q, mac-
roorchidism, and characteristic elongated face with
prominent ears [2]. The name for the syndrome came
from cytogenetic observations of a specific chromo-
somal constriction Xq27.3 in afraction of metaphases
inlymphocytes of affected individuals[3]. Thisfragil-
ity is folate-sensitive, i.e., induced in cell culture in
media depleted of folic acid, thymidine, or containing
the dihydrofolate reductase inhibitor methotrexate
[3]. The X chromosome fragility together with the
maternal transmission of the disease [4] strongly indi-
cated that the syndrome is caused by a mutation in the
X chromosome. At the same time, the inheritance pat-
tern of this disease was highly unusual in that the
probability, onset, and severity of the disease
increased as it passed through generations [5, 6]. This
phenomenon, called anticipation, was inconsistent
with Mendelian inheritance, and pointed to adynamic
nature of amutation causing fragile X syndrome. This
controversy was resolved upon positional cloning of
thefragile X sitein 19917, 8]. It appeared that, in the
vast majority of the cases, the disorder was caused by
an expansion of the (CGG), repeat within the 5'-
untranslated region (5'-UTR) of a gene called FMRL.
Normal individuals have 5 to 50 repeats that are stably

T Deceased.

transmitted through generations. Premutation carriers
with 50—200 repeat copies are not affected clinically,
but can, with certain probability, transmit expanded
repeats to their progeny. In the following generations,
expansions become more frequent so that each subse-
guent expansion has a higher probability than the pre-
vious one. Consequently, in individuals with the frag-
ile X syndrome, the number of repeats easily exceeds
200 and is often as high as several thousand. Thus, the
anticipation in the disease inheritance is due to the
expansion of the (CGG),, repeat.

The anticipation trait in the inheritance is not lim-
ited to the fragile X syndrome. In fact, the first obser-
vations of anticipation for another neurological dis-
ease, myotonic dystrophy, date back to 1918 [9]. It is
also true for several neurodegenerative diseases
including spinobulbar muscular atrophy [10], Hun-
tington disease [11], Friedreich’s ataxia [12], etc.
Moreover, it was even suggested that anticipation, at
least to some extent, characterize the inheritance of
such complex medical genetic traits as schizophrenia
[13, 14] and autism [15].

It is now totally clear that in the vast majority of
cases, anticipation in disease inheritance is due to the
expansion of simple DNA repeats. The table lists cur-
rent examples of such diseases together with their
important genetic characteristics. One can clearly see
that all these cases are similar in that they are caused
by an expansion of a simple DNA repeat beyond a
threshold length corresponding to 60—150 bp. In most
of the cases, expandable repeats are simple trinucle-
otide blocks. To date, three types of trinucleotide
repeats have been shown to be expansion-prone:
(CGG),-(CCG),, (CTG),:(CAG),, and (GAA),-(TTC),.
For those runs, the threshold expansion length is
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equivalent to 20-50 repeats. It is already obvious,
however, that the expansion phenomenon is not lim-
ited to trinucleotide repeats. One example is progres-
sive myoclonus epilepsy type 1 caused by an expan-
sion of a GC-rich dodecamer repeat in the promoter
region of the cystatin B gene [16].

Beyond repeat expansion, the genetics of these dis-
eases seem to have little in common. Genes carrying
expandabl e repeats can be situated on either sex chro-
mosomes or autosomes. The pattern of inheritance can
be both dominant and recessive. The gender bias can
be maternal, paternal, or nonexistent. Target genes
have no evident functional similarities. Repeats are
located in various parts of those genes, and both the
loss and gain of function can result from their expan-
sion.

Studies of triplet repeat diseases concentrated on
three major questions: (i) effects of expanded trinucle-
otide repeats on gene expression, (ii) molecular patho-
genesis of repeat-caused neurological disorders, and
(iii) mechanisms of repeats expansion. A priori these
questions might have different answers for different
repeats. To give just one example, while expanded tri-
nucleotide repeats ultimately offset carrier genes, this
transpires at transcription, RNA processing, transla-
tion, or posttranslational levels. Thisreview primarily
concentrates on the mechanisms of repeat expansion.
The effects of trinucleotide repeats on gene expres-
sion and consequent events leading to a disease will
only briefly be described below with the best studied
cases.

FROM REPEAT EXPANSION TO DISEASE
Fragile X Syndrome

The mechanism of FMR1 inactivation following
(CGG),, expansion isreasonably well understood [17].
In normal- and premutation-sized alleles, the FMR1
gene is efficiently expressed, resulting in the produc-
tion of the protein product, FMRP. I nterestingly, mod-
erate expansion of CGG repeats|eadsto anincreasein
the amount of the FMR1 mRNA, but its translation
efficiency is low, resulting in the regular expression
level (G. Raca and E. Siyanova, unpublished results).
In full mutation alleles (n > 200), the whole promoter
region of the FMR1 gene, including, but not restricted
to, the (CGG), repeat, is hypermethylated and tran-
scription is shut down. In fact, methylation induced by
the repeat expansion spreads for asubstantial distance
from the repeat resulting in the heterochromatiniza-
tion of more than 1 Mb of adjacent DNA [18, 19].
Among other effects, hypermethylation leadsto avery
late replication of the whole FRAXA region which is
largely responsible for the fragility.

The lack of FMRP apparently causes the fragile
X syndrome. This notion is strongly supported by the
fact that a patient with a single point mutation within
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the functionally important domain of the FMRP has
the most severe case of this disease [20]. FMRP is a
highly evolutionarily conserved RNA-binding protein
which is expressed particularly strongly in neurons
and gonads [21]. It is predominantly localized in the
cytoplasm and associated with the active ribosomes
[22]. The protein contains two RNA-binding domains,
KH and RGG, as well as nuclear localization and
nuclear export signals [23]. The so-called shuttling
model [24] predictsthat FMRP istransported from the
cytoplasm into the nucleus where it isinvolved in the
formation of MRNP particles. Subsequently those par-
ticles are transported out of the nucleus via an active
process mediated by exportin 1. In the cytoplasm,
MRNP particles are transported to the polyribosomes.
While potentially important in every cell, the FMRP-
mediated transport should be particularly important
for neurons, where mRNA is transported along the
dendrite to the polyribosomes located near the syn-
apses [24]. In accord with this idea, FMR1 knockout
mice demonstrate the absence of spatial learning and
flawed synapse maturation [25].

Polyglutamine Diseases

Expansion of CAG repeats situated in the coding
regions of various human genesis linked to eight neu-
rodegenerative diseases, including Huntington dis-
ease (HD) [26], spinobulbar muscular atrophy
(SBMA) [27], severa spinocerebellar ataxias [28, 29],
and dentatorubropallidoluysian atrophy [30]. CAG
expansions in all those cases do not affect transcrip-
tion of target genes or translation of corresponding
MRNAS, but repeat-encoded polyglutamine stretches
in the respective protein products lead to their self-
aggregation and aggregation with other proteins[31, 32].
Two mechanisms might be responsible for the latter
phenomenon. The first one proposes that the enzyme
transglutaminase crosslinks polyglutamine tracts to
polypeptides containing lysyl groups [33, 34]. Conse-
guently aggregates consisting of polyglutamine
copolymers are formed. The second hypothesis states
that two antiparallel [-strands of polyglutamine
repeats can zip together through hydrogen bonds [35].
This so-caled polar zipper can be responsible for
multimerization and aggregation. Whatever the exact
mode, it seems certain that polyglutamine-containing
proteinsform aggregatesin all systems, so far studied,
including cell cultures [36—39], simple model organ-
isms [40-42], transgenic mice [38, 43-45], and
human patient’s neurons [46].

Aggregation of polyglutamine-containing proteins
appearsto induce all the above neurodegenerative dis-
orders, except for SBMA. First, aggregate formation
easily explains the toxic “gain of function” caused by
polyglutamine repeat expansion, which is a prerequi-
site for dominant inheritance. Second, there is a clear
correlation between aggregate formation in certain
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Human diseases caused by expansion of simple DNA repeats

Gend ch Repeat number
Disease Inheritance] ~Enaer Gene romosom- Protein Repeat position | Mutation type
bias al position
normal mutant
Fragile X syndrome | X-linked |Maternal |FMR1  |Xq27.3 FMRP (CGG) < 50 (CGG) > 200 5-UTR Loss of function
dominant
Fragile XE mental X-linked |None FMR2 Xq28 FMR2 protein  [(CCG) <35 (CCG) > 200 5-UTR Loss of function
retardation
Myotonic dystrophy | Autosomal|Maternal [DMPK {19913 MD protein (CTG) <35 (CTG)>50 3-UTR Gain of function
dominant kinase
Spinocerebellar ataxia| Autosomal " SCA8 13¢21 None (CTG) <40 (CTG) > 110 Antisense RNA | Gain of function
type 8 dominant
Friedrich’s ataxia Autosomal " X25 9q13-21.1 |Frataxin (GAA) <35 (GAA) > 100 Intron 1 Loss of function
recessive
Spinobulbar muscular | X-linked |None AR Xq13-21 Androgen (CAG) <30 (CAG) >40 Coding Gain of function
atrophy recessive receptor
Huntington disease | Autosomal |Paternal  [IT15 4p16.3 Huntingtin (CAG) <40 (CAG) >40 " "
dominant
Dentatorubral pallido- " " DRPLA |12p13.31 Atrophin-1 (CAG) <35 (CAG) >50 " "
luysian atrophy
Spinocerebellar ataxia " " SCA1 6p23 Ataxin-1 (CAG) <40 (CAG) >40 " "
typel
Spinocerebellar ataxia " " SCA2 12g24.1 Ataxin-2 (CAG) <30 (CAG) >35 " "
type 2
Spinocerebellar ataxia " " SCA3 14g32.1 Ataxin-3 (CAG) <40 (CAG) > 40 " "
type 3
Spinocerebellar ataxia " " SCA7 3p12-13 Ataxin-7 (CAG) <20 (CAG) >40 " "
type7
Spinocerebellar ataxia " None CACNAIA |19p13 alA voltage-de- |(CAG) <20 (CAG)>20 " Not detected
type 6 pendent Ca-chan-
nel subunit
Progressive myoclo- | Autosomal|None CSTB 21g22.3 Cydtatin B (C4,GC,4GCG) < 3 |(C4GCAGCG) > 60| Promoter Loss of function
nus epilepsy type recessive
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groups of neurons and their vulnerability to progres-
sive dysfunction and eventual loss characteristic for a
given disease [46]. Finally, overexpression of pure
polyglutamine tracts is toxic to both neurons and
peripheral cells, asdemonstrated in cell culture [36-38]
and animal systems [38, 4042, 44, 45]. The notable
expansion here is the SBMA, the recessive disease
caused by a polyglutamine repeat expansion within
the androgen receptor (AR) [27]. This expansion does
not increase protein aggregation, but rather it partially
negates the receptor function [47].

Friedreich’sAtaxia

Friedreich’s ataxia, the most common form of
inherited ataxias, is caused by an expansion of the
GAA repeat within thefirst intron of the frataxin gene
[48]. Expansion of (GAA), repeats inhibits the
expression of the frataxin gene in patients at the level
of transcription so that thisinhibition isinversely pro-
portional to the size of an expanded repeat [49]. Clon-
ing of (GAA),-(TTC), repeats of increasing length in
both orientations into the intron of the reporter gene
led to transcription repression in transient transfection
assay [50] and in nuclear extracts [51]. The highest
inhibition was achieved when the GAA repeat wasin
the sense strand for transcription, asin the case of the
frataxin gene. It was suggested that formation of H-
DNA (see below) by this homopurine-homopyrimi-
dine repeat might be responsible for transcription
elongation blockage [50]. Recent in vitro studies
using T7 RNA polymerase generally support the idea
of H-DNA formation upon transcription through
(GAA),-(TTC), repesats [52]. This inactivation of the
frataxin gene expression apparently leads to Frie-
dreich’s ataxia. This follows from observations that
approximately 2% of the patients carry missense, non-
sense, or splicing mutations within the frataxin gene,
rather than expanded GAA repeats [53]. Interestingly,
in al studied cases, affected individuals were het-
erozygous for mutant frataxin allele, suggesting that
homozygotes for frataxin mutations are lethal.

Frataxin has no similarity with proteins of known
function. Yet it is strikingly conserved in Eukarya
from yeast to humans [48]. It is apparently a mito-
chondrial protein [49, 54]. The inactivation of yeast
frataxin homolog leads to the hyper-accumulation of
iron in mitochondria [55] and hypersensitivity to oxi-
dative stress [56]. It is believed, therefore, that excess
mitochondrial iron, by reacting with oxygen, causes
the oxidation of vital cellular components, loss of
mitochondrial DNA and ultimately irreversible cell
damage. It is not implausible that anomalous iron
metabolism might be responsible for Friedreich’s
ataxia pathogenesis in humans, however, the data are
still insufficient. Iron deposits were detected in myo-
cardial cells [57] and dentate nucleus [58] of FRDA
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patients. There are also profound respiratory chain
deficienciesin the heart tissue of FRDA patients [59].
Yet the loss of mitochondrial DNA in those patients
was never observed. Future studies are needed to val-
idate this very provocative hypothesis linking iron
metabolism and neurodegeneration.

Myotonic Dystrophy

Myotonic dystrophy, the most common muscular
dystrophy in humans, is caused by an expansion of the
CTG stretch located in the 3-UTR of the so-called
myotonic dystrophy protein kinase, DMPK, gene
[60, 61]. Notwithstanding the name of the gene, its
actual role in the development of myaotonic dystrophy
isfar from clear. At present, there are three conflicting
hypotheses explaining molecular pathogenesis of this
disease. The first hypothesis states that expansion of
CTG repeat in the DMPK 3'-UTR blocks the process-
ing of the DMPK primary transcript, resulting in the
lack of the kinase and disease. This hypothesisis sup-
ported by the data that repeat-containing DMPK RNA
is retained within the nuclei [62]. However, the data
on the DMPK knockout mice are largely contradic-
tory to this hypothesis: heterozygous DMPK knock-
outs have no muscle pathology, while homozygotes
develop only mild myopathy and cardiac arrhythmia,
and thisonly at old age [63, 64].

The second hypothesis states that expansion of
CTG repeats changes the structure of the surrounding
chromatin, resulting in repression of the downstream
gene called SIX5/DMAHP [65, 66]. SIX5 codes for
homeobox protein implicated in the regulation of
muscle cell differentiation. In heterozygous and
homozygous SI X5 knockout mice, frequent formation
of cataracts, which is one of the characteristic features
of muscular dystrophy, was detected [67, 68]. Note,
however, that major disease features, such as myoto-
nia and myopathy, were never observed in SIX5
knockouts.

The third hypothesis, which currently looks most
plausible, argues that the expanded CUG repeat
within the DMPK RNA sequesters certain CUG-bind-
ing proteins, resulting in altered processing or transla-
tion of muscle-specific RNAs[69]. Thiswould lead to
the toxic gain of function for the DMPK RNA,
explaining dominant inheritance. At present, several
proteins were shown to bind CUG repeats in RNA.
One, called CUGBPL [70], plays an important role in
functioning of RNAs containing CUG repeats in their
regulatory parts. It was shown to affect splicing of
several muscle-specific RNAs including cardiac
troponin T and DMPK itself [71]. It also affects trans-
lation of the C/EBP [72], atranscription factor impli-
cated in muscle differentiation. Another such protein
is a kinase activated by double-stranded RNA (PKR)
that binds to expanded CUG repeats due to their abil-
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ity tofold into stable hairpins[73]. If correct, the third
hypothesisimpliesthat any muscle-specific RNA con-
taining expanded CUG repeats would cause myotonic
dystrophy. Quite recently this was proven to be the
case: atransgenic mouse containing 250 CUG repeats
in the 3-UTR of the skeletal actin had both myopathy
and myotonia characteristic for the myotonic dystro-

phy [74].

The case of myotonic dystrophy vividly demon-
strates that expanded CUG repeats might affect quite
a number of different aspects of gene functioning,
including transcription, nuclear transport and splic-
ing. Interestingly, other potential effects of CUG
repeats on gene expression appear to emerge. For
example, we have recently found that moderately
expanded CUG repeats, when situated within the 5'-
UTR of areporter gene, downregulate its expression
by blocking the scanning step of translation [75]. It is
guite possible that other expandable trinucleotide
repeats may also affect different stages of gene
expression. Thus, searching for genes containing
potentially expandable repeats in their regulatory
regions may lead to revealing new human genetic dis-
orders.

MOLECULAR MECHANISMS
OF TRINUCLEOTIDE REPEAT EXPANSION

As one can see from the above discussion, the
effects of expandable repeats on the expression of
their carrier genes vary dramatically and, conse-
quently, molecular pathogenesis pathways are quite
different for different diseases. It is generaly
believed, however, that there should be a unique
mechanism responsible for expansion of various
repeats. This belief is grounded in two striking fea-
tures characteristic for all these expansions: (i) a
unique threshold of approximately 30 repeats and
(i) accumulation of alarge number of arepeat’s extra
copies at a single step [76]. At present, however, the
exact mechanism(s) of repeat expansion remains
unknown and several distinct hypotheses that are most
actively pursued are considered below.

The length dependency of repeat expansion might
suggest that an unusual DNA secondary structure of
these repeats is involved. This concept comes from
studies of unusual DNA structures in supercoiled
DNA, where the probability for agiven DNA repeat to
adopt an unusual conformation depends exponentially
on itslength [77]. Experimental data for trinucleotide
repeatsindeed show their unusual structural potential.
Even in a double-stranded linear DNA, chemical
probing revealed that repeated d(CNG), differs in
reactivity from the canonical B-DNA [78]. Analysis
of individual DNA strands of different trinucleotide
repeats by various approaches, including thermal
denaturation and electrophoretic mobility, showed
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that they can fold into defined, compact structures
[79-82]. NMR analysis directly proved that the
expandable repeats d(CGG),, d(CCG),,, d(CTG),, and
d(CAG), fold into imperfect hairpins, stabilized by
both WC and non-WC base pairs (Fig. 1a) [83-85].
For trinucleotide repeats which are not known to
expand, hairpin formation was found to be less likely.
Consequently, it was hypothesized that the threshold
length for expansion in these cases may reflect the
threshold energy of hairpin formation [84]. Note that
hairpins formed by the above four repeats differ in the
nature of non-WC base pairs. Stability of these hair-
pins varies due to a differential contribution from dif-
ferent mismatchesin the following way CGG > CCG ~
CTG > CAG[84].

Trinucleotide repeats can also adopt other unusual
DNA conformation. Single-stranded (CGG), repeats
fold into a stable tetrahelical conformation stabilized
by intertwining G*G*G*G and C*C*C*C quartets
(Fig. 1b) [86]. (GAA),-(TTC),, repeats can adopt tri-
ple-helical H-DNA conformation under the influence
of negative superhelicity (Fig. 1c) [87, 88]. Note,
however, the two groups responsible for the above
observation made opposing claims with regard to the
fine structure of thetriplex: H-y structure (i.e., pyrim-
idine/purine/pyrimidine triplex) in one case [87], but
H-r (pyrimidine/purine/purine triplex) structure in the
another [88].

Formation of these unusual structures by trinucle-
otide repeats may obscure various DNA transactions
ultimately leading to the repeat expansion. For exam-
ple, it is long known that DNA polymerases can be
slowed down or stopped altogether by stable hairpins
[89-94], triplexes [95-98] and G-quartets [99-101].
At the same time, unusual DNA structures are
believed to increase the efficiency of genetic recombi-
nation [102-106]. What is unclear, however, is how
the alterations in various DNA transactions can con-
vert into a repeat expansion.

This brings us to the second general feature of
repeat expansion, its large-scale character. It was
long-known that simple tandem repeats of any base
composition exhibit length polymorphism. These
length changes, however, are small-scale, i.e., one or
two elementary repeated units. They are commonly
explained by strand slippage during replication of
multiply repeated DNAs [107]. In the trinucleotide
repeat case, on the contrary, dozens or even hundreds
of elementary repeated units are added at asingle step.
Thisrules out trivial slippage as a mechanism. A dra-
matic increase in repetitive DNA length can be
explained a priori by two mechanisms: a major inac-
curacy during replication of a repeat, or a form of
unequal crossingover between similar repeated
stretches on homologous chromosomes/sister chro-
matids.
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Fig. 1. Unusual DNA structures formed by trinucleotide repeats. () Hairpin, (b) quadruplex, (c) H-DNA.

So far most of the data points to the replication
mode of expansion. DNA polymerization in vitro
through various trinucl eotide repeats was shown to be
compromised. In double-stranded DNA templates,
different pro- and eukaryotic DNA polymerases
stopped at specific sites within (CTG),-(CAG),, and
(CGG),-(CCG),, repeats, and the termination rate
increased with the length of the repeat [108]. In sin-
gle-stranded DNA templates, (CGG),, blocks caused a

K*-dependent polymerization arrest, presumably due
to quadruplex formation [109]. (GAA),-(TTC),
repeats represent the most potent block for DNA poly-
merases both in single- and double-stranded DNA
templates due to H-DNA formation during polymer-
ization [87]. Therefore, it is believed that unusual
DNA structures of trinucleotide repeats could account
for DNA polymerization blockage. Such blockage
could facilitate a misalignment between the newly
synthesized and the template DNA strands [110].
Resumption of DNA polymerization might then lead
to the repeat expansion or contraction depending on
whether the newly-synthesized or template DNA
chains, respectively, folded into a secondary structure
(Fig. 2a). Two alternative models, presented in Fig. 2,
suggest that expansion might occur due to the synthe-
sis of an extra Okazaki fragment initiated at the loop
of the hairpin formed by arepeat (Fig. 2b) [76], or for-
mation of an H-DNA-like structure upon folding back
the newly synthesized strand of the (CTG),:(CAG),

repeat (Fig. 2¢) [87].

All these models imply that repeats expansion
occur during the lagging strand synthesis. This notion
is supported by studies of trinucleotide repeat mainte-
nance in model bacterial and yeast systems. Stability
of different repeats was found to dramatically depend
on their length and orientation with regard to the rep-
lication origin [111-113]. Long (CTG), or (CGG),
stretches in the lagging strand template efficiently
deleted, while the same stretches in the leading strand
template tended to expand. It is believed, therefore,
that formation of hairpin-like structures by structure-
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prone repeats in either the lagging strand template or
the newly synthesized lagging strand caused replica-
tion disorder and consequent deletion or expansion,
respectively (Fig. 2a).

Additional support for this lagging strand expan-
sion came from the studies of yeast rad27 mutants.
Rad27 encodes the so-called *“flap-endonuclease,”
involved in the replacement of RNA primersin Oka-
zaki fragments [114], required for the completion of
the lagging strand synthesis. The frequency of differ-
ent trinucleotide repeat expansion in rad27 deletion
mutants was found to be drastically increased
[115-117]. It was suggested that the repeat-contain-
ing primer for the Okazaki fragment is not degraded
in the absence of the flap endonuclease, but simply
displaced by DNA polymerase. Its subsequent religa-
tion with the 3'-end of the next Okazaki fragment
resultsin expansion (Fig. 2d). Note however, that this
model can adequately explain only relatively small
expansions of a size of an Okazaki primer (~20 bp).
Also, an increased instability in rad27 mutants is not
limited to trinucleotide repeats but is observed for all
microsatellites studied [118, 119].

In addition to model systems, astrong argument in
favor of the replication model comes from the DNA
sequence analysis of familieswith trinucleotide repeat
diseases. In normal individuals from fragile X fami-
lies, (CGG),, stretches are usually interrupted by sev-
eral dispersed AGG triplets [120-122]. These
sequences are observed to have expanded on the 3' but
not onthe 5' flank of therepeat in carriers and afflicted
individuals. Further, the expanded part lacks the AGG
interruptions [121, 122]. Similar polar and cryptic
variations were reported for spinocerebellar ataxia
(CAG),, repeat expansion [123]. This striking polarity
can be explained by anomalous repeat replication
from a single adjacent replication origin, assuming
that the fidelity of the leading and lagging strand syn-
thesis of repeated DNA isdifferent. It isindeed known
that mutations within certain DNA repeats preferen-
tially occur in the lagging strand [124].
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Fig. 2. Proposed mechanismsfor trinucleotide repeat expansion during replication. (a) Expansion caused by the formation of ahair-
pin during the lagging strand synthesis. (b) Expansion due to the initiation of an extra Okazaki fragment at the hairpin loop in the
lagging strand template. (¢) Expansion upon triplex formation during thelagging strand synthesis. (d) Expansion upon displacement
of the primer for an Okazaki fragment followed by hairpin formation. Repeated stretches are shown by black rectangles. Arrows
show the direction of DNA synthesis. Hatched lines show primers of Okazaki fragments.

The replication model for expansion assumes that
replication of trinucleotide repeats proceeds abnor-
mally with a certain degree of miscoordination
between the leading and lagging DNA strands. Yet
direct data on the replication of trinucleotide repeats
in vivo were strikingly scarce. This encouraged us to
study the mode of replication fork progression
through trinucleotide repeats in vivo [125]. We
expected that those repeats might somewhat slow the
replication fork progression. Unfortunately, this is a
difficult problem to study, since the normal replication
rateisvery fast, ranging from 1000 bp/sin bacteriato
hundreds bp/sin eukaryotes[126]. For example, given
that a 100 bp-long repeat in pBR322 slows the repli-
cation fork progression 10 times, the overall plasmid
replication would only be slowed from 5to 6 s. There-
fore, most conventional methods of DNA replication
analysis are not applicable to this problem.

To solve this problem we analyzed the effects of
different DNA repeats on the replication of bacterial
plasmids in vivo using an approach called 2-dimen-

sional neutral/neutral electrophoresis of replication
intermediates. This technique was developed for map-
ping of thereplication origins[127, 128] but |ately has
become instrumental in defining replication termina-
tion sites as well [129-131]. Bacterial plasmids were
chosen for two reasons: (i) they replicate unidirection-
ally, which unequivocally determines leading and lag-
ging strands during DNA replication; and (ii) they
replicate very efficiently, which allows for the easy
isolation and analysis of replication intermediates.

The idea of electrophoretic analysis of replication
intermediates applied to unidirectional replication is
presented in Fig. 3. Intermediate products of plasmid
replication are Q-shaped. Upon cleaving these inter-
mediates with a restriction enzyme upstream of the
replication origin, they convert into bubble-shaped
molecules, where the size of the bubble correlates
with the duration of replication. Bubble intermediates
differ in their molecular mass (ranging from 1 to
2 plasmid masses) and shape. They are separated in
two dimensions: first by mass (low percentage agar-
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Fig. 3. Detection of repeat-caused replication blocksby 2D gel electrophoresis. Upper left panel showsthe structure of the linearized
plasmid DNA. The black triangle corresponds to the replication origin, the black box corresponds to cloned, repeated DNA. The
lower left panel shows the shapes of different replication intermediates. The bold intermediate corresponds to the one that preferen-
tially accumulates owing to repeat-caused replication blockage. The right panel schematically shows the bubble arc with a bulge

reflecting the replication stop site.

ose) and second by mass and shape (high percentage
agarose with ethidium bromide). Southern-blotting
hybridization with aradioactive plasmid probe reveals
a so-called “bubble arc.” If there are no roadblocks
during DNA replication, thisarc is smooth. Stalling of
the replication fork at the (CGG), repeat, however,
leads to the accumulation of an intermediate of a
given size and shape, generating a bulge on the arc.
Theratio of the signal of thisbulgeto the signal of the
corresponding area of a smooth replication arc (rela-
tive stop strength, RSS) is an index of replication fork
retardation caused by the repeat.

Our data for the replication fork progression
through (CGG),, (CCG),, repeats in E. coli cells are
shown in Fig. 4a. Owing to the unidirectional charac-
ter of plasmid replication, we knew precisely whether
(CGG),, or (CCG), repeats were in the lagging strand
template, and the plasmids are named accordingly.
One can see that lengthening (CGG),,- (CCG),, repeats
lead to the appearance of prominent stop signals
(shown by arrows) in the bubble arc. Quantitation of
the above datais shownin Fig. 4b. One can clearly see
that the efficiency of replication blockage is depen-
dent on therepeat length and orientation relative to the
replication origin. Most strikingly, the repeat length
responsible for significant (5-fold) replication stalling
in bacteria appeared to be similar to the threshold
length for repeat expansion in humans.

To prove that the replication fork is indeed stalled
within (CGG), (CCG), repeats, we mapped replica-
tion stop sites using a modified version of the electro-
phoretic analysis of replication intermediates [132].
After the first dimension of electrophoresis, replica-
tion intermediates were digested with a restriction
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enzymein the gel. The enzymes selected for this anal-
ysis cut the plasmid either upstream or downstream of
the repeat. As a result, a fraction of bubble-shaped
intermediates converted into identical y-shaped inter-
mediates (Fig. 5). In the second dimension of electro-
phoresis, these intermediates migrate similarly and
can be detected as ahorizontal line upon hybridization
with a probe adjacent to the replication ori. Asisclear
from Fig. 5, restriction cleavage downstream of the
repeat (relativeto theori) would leave the bulge on the
bubble-arc, while upstream cleavage shifts the bulge
from the bubble-arc onto the horizontal line.

Our experimental data for the (CGG)g;z- (CCG)gs
insert are presented in Fig. 6. One can see that cleav-
age of replication intermediates with EcoRI (located
downstream from the insert) leaves the replication
stop on the bubble arc. By contrast, cleavage by
Hindlll shiftsthe stop onto the horizontal line (spot 1).
It is plausible to conclude, therefore, that the replica-
tion fork is stalled within the (CGG)g;:(CCG)g3
stretch. Notably, however, that Hindlll cleavage also
resultsin the appearance of an additional spot (spot 2)
comigrating with spot 1 in the first dimension but
migrating slower in the second dimension, i.e, the
shape of this intermediate is more complex than “y”
but less complex than bubble. To explain the appear-
ance of spot 2, we speculate that it may reflect the
fraction of replication intermediates in which the lag-
ging strand around the Hindl | sitewas not yet synthe-
sized. Partial HindlIl digestion of such intermediates
would lead to the accumulation of butterfly-like DNA
molecules (shown on adiagram). If true, the existence
of the spot 2 indicates underreplication of the lagging
strand within the repeated DNA.
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Fig. 4. Effects of (CGG),(CCG),, repeats on the replication fork progression in vivo. (8) Analysis of replication intermediates of
plasmids with (CGG),,-(CCG),, inserts by 2D electrophoresis. Plasmids are named according to the sequence of the lagging strand
template. Arrows show replication stop sites. (b) Quantitative analysis of the replication-stop intensity from several experiments.
The strength of the stop is characterized by theratio of the observed density of the stop signal to the expected density of the smooth
arc at this position. Filled squares represent (CGG),, runs and open sguares represent (CCG),, runs in the lagging strand template.

Aretheseresults on replication in bacteriarelevant
to the repeat expansion in humans? As discussed
above, analysis of fragile X repeats from individual
human DNAsrevealed that (CGG),, stretches are com-
monly interrupted by several AGG trinucleotides pre-
venting expansion [121]. We, therefore, studied how
AGG interruptions within the (CGG),, stretches affect
their replication in our system. It appeared that AGG
interruptions indeed abolish the replication arrest.

Thus, there seemsto be alink between peculiarities of
(CGG),, repeat replication in bacteria and their pro-
pensity to expand in humans.

We concluded that fragile X CGG repeats directly
affect replication fork movement in vivo in a length
and orientation dependent manner, being most promi-
nent when the structure-prone strands of the repeated
DNA, i.e, (CGG),, isin the lagging strand template.
In view of the length-dependence, it is likely that
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Fig. 5. Mapping of replication stop sitesusing restriction digestion after thefirst direction of 2D electrophoresis (seetext for details).

some unusua structure rather than primary DNA
sequence per se is responsible for replication fork
arrest. Discontinuous synthesis of the lagging strand
implies that a portion of the lagging strand template
(of an Okazaki-fragment size) must be at least tran-
siently single-stranded. Thus, a (CGG), repeat has a
better chance to form a secondary structure when in
the lagging, but not in the leading strand template.
Since synthesis of both DNA strands during replica-
tion is believed to be coordinated [126], arrest of the
lagging strand synthesis would instantly resonate on
the replication fork as awhole (Fig. 7).

Since the above studies were performed in bacte-
rial cells, a legitimate question is whether trinucle-
otide repeats affect the eukaryotic replication fork
progression as well. In order to address this question,
we have recently expanded our studies of replication
through trinucleotide repeats into a yeast experimen-
tal system using the same approach, electrophoretic
analysis of replication intermediates. To our satisfac-
tion, (CGG),,-(CCG), repeats appear to stall the yeast
replication fork similarly to the bacterial case
(M. Krasilnikova and G. Samadashwily, unpublished
results). We believe therefore, that the effects of trinu-
cleotide repeats on DNA replication in vivo are prin-
cipally the same in both pro- and eukaryotes.

An alternative to replication could be expansion of
trinucleotide repeats viathe process of recombination.
First, an unequal crossingover can generate length
variation for tandemly repeated sequences (Fig. 8a).
However, this mechanism is not likely to account for
the repeat expansion. Unequal crossingover during
meiosis can be efficiently ruled out, since exchange of
very close flanking markers consecutive to the expan-
sion does not occur [133]. Unequal crossingover
between the sister chromatids in mitosis can not be
decisively ruled out, but it should generate equal num-
bers of expanded and contracted versions of a trinu-
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cleotide repeat which was never observed experimen-
tally.

Second, a gene conversion event driven by a dou-
ble strand break within or adjacent to the repeated
seguence can promote its expansion (Fig. 8b). Simi-
larly to a sister chromatid exchange, this should gen-
erate both expanded and contracted alleles. Gene con-
version, however, is often biased [134] so that it can
lead to a predominance of expansions over contrac-
tions. A gene conversion model has recently attracted
wide attention after it was shown that a trinucleotide
repeat, (CTG),-(CAG),, is highly recombinogenic in
E. coli [135] and likely expands via double-strand
break-recombination in yeast [136].

One can think of a link between stimulation of
gene conversion by the repeats with their replication
abnormalities. It is well documented that the replica-
tion fork slowing or stopping at specific DNA sites
can stimulate recombination [137]. This recombina-
tional activity can, inturn, help in restarting the repli-
cation fork progression. While the mechanisms of this
interplay between replication and recombination are
not yet understood in fine detail, two models are most
commonly considered. First, stalling of the replica-
tion fork produces a stably exposed, single-stranded
piece of the lagging strand template (Fig. 9a). Nicking
within this single-stranded part can generate a sub-
strate for recombinational invasion into a different
DNA duplex. Second, replication fork stalling can
lead to the dissociation of both newly synthesized
DNA strands and their self annealing. This would
result in the so-called collapsed replication fork [138]
that greatly resembles a Holliday junction possibly
stabilized by RuvAB complex (Fig. 9b). Subsequent
processing of this pseudo-Holliday junction by
recombination enzymes can lead to repeats expan-
sions/contractions.

It should be noted, however, that neither replica-
tion nor recombination models can satisfactorily
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Fig. 6. Fine mapping of the replication stop sitein the p(CGG)g3 plasmid. Central panel, no digestion; right panel, EcoRI digestion;
left panel, Hindl Il digestion. Small arrows show stop sites on the bubble arc. Long arrows show stop sites moving towards the hor-
izontal line. Schematic representation of the structure of the intermediates in spots 1 and 2 are presented (see text for details).

explain the striking bias towards expansion during
intergenerational transmission of trinucleotide repeats
in humans. This phenomenon was not so far repro-
duced in available experimental systems. In cultured
somatic cells the length of trinucleotide repeats are
fairly stably maintained. In model systems, including
bacteria and yeast, the expansion frequencies for var-
ious trinucleotide repeats were relatively low and
there was no bias towards expansion. In fact the oppo-
site was true: repeat contractions were much more
common than expansion. We can think of three possi-
ble explanations for this discrepancy.

First, repeat expansion may preferably occur only
in specialized cell lineages and/or at specific stages of
human development. For example, it is foreseeable
that expansions specifically occur during gametogen-
esis. Thishypothesisisgenerally supported by the sin-
gle-sperm analysis of repeat length polymorphism. It
was found that repeat length polymorphism is greatly
increased in sperm compared to somatic cells in
spinocerebellar ataxias types 1 and 7 [139, 140],
spinobulbar muscular atrophy [141], and Huntington

5v

3v

Fig. 7. Themodel of thereplication fork blockage caused by
a hairpin on the lagging strand template. Arrows show the
direction of DNA synthesis. Hairpin on the lagging strand
template is shown by the black rectangle. Leading and lag-
ging strand DNA polymerases are shown by shaded ellipses,
black circle standsfor protein(s) linking leading and lagging
strand polymerases, such as T subunits of the DNA poly-
merase |11 holoenzymein E. coli.

disease [142, 143]. Moreover, there was a clear bias
towards expansion. The fact that trinucleotide repeats
preferably expand during spermatogenesis can easily
explain the paternal pattern of disease transmission
characteristic for those diseases. Maternal transmis-
sion, in turn, can be explained by preponderance for
repeat expansions during oogenesis. A somewhat
more complicated case of the maternal transmission
provides the fragile X syndrome. In premutation
males, there is a bias towards expansion during sper-
matogenesis [144], while in sperm of males with full
mutations, repeats contract back to the premutation
size [145]. It is plausible to speculate therefore that
during spermatogenesis there is a selection for certain
level of the FMR1 expression, e.g., against expansion
beyond the premutation size. Consequently, transmis-
sion of expanded repeats from fathers to daughters
does not occur.

Expansions can also happen during the very early
stages of embryonic development. At these stages rep-
lication proceeds extremely rapidly [146], which may
compromiseitsfidelity resulting in repeats expansion.
In order for this hypothesis to explain the gender bias
in disease transmission, one should assume imprint-
ing of either paternal or maternal alele of a repeat-
containing gene.

The second explanation comes from the data that
certain mutationsin the replication apparatus increase
the rate of repeat expansion. One might assume that
families with triplet repeat diseases carry some addi-
tional mutations in the replication apparatus that pre-
dispose them to expansion. An illustration could be
the rad27 mutation that only marginally affects the
overall replication efficiency in yeast, yet drastically
elevates the expansion rate for various trinucleotide
repeats. Thisideais not without potential pitfalls. For
example, in agiven family, only one type of repeatsis
expanding, stipulating that various “silent” replication
mutations should differentially affect the expansion of
different repeats. At present, the examples of such
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Fig. 8. Recombination models for a trinucleotide repeat
expansion. (a) Viaunequal crossingover, (b) viabiased gene
conversion. Lines correspond to double-stranded DNA mol-
ecules. Repeated areas are shown as black rectangles.

replication mutations are unknown. Note, that the first
and the second explanations are not self-excluding. It
is entirely possible that “silent” replication mutations
preferably affect repeats replication during gametoge-
nesis or early embryogenesis.

Finally, there might be a certain selection for an
expansion of agiven repeat in individuals predisposed
to distinct triplet repeat diseases. Such selection could
result, for example, from a mutation causing overex-
pression of arepeat-binding protein that have a nega-
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tive effect on gametogenesis and/or embryonic devel-
opment. This would give an advantage for gametes or
early embryos carrying expanded alleles. Proteins that
specifically bind to triplet repeats either in DNA [147,
148] or in RNA [70, 149] have been described. As
described above, at least one of them, CUGBPL,
might affect expression of a variety of genes at the
splicing level [71]. Overexpression of repeat-binding
proteins that are involved in regulation of important
cellular genes is likely to be disadvantageous, but
could be counterbalanced by the expansion of acorre-
sponding repeat.

Summarizing, there exist several models explain-
ing potential mechanisms of repeat expansion. At
present, however, none of these models can satisfacto-
rily explain why only a single trinucleotide repeat is
expanding in a human pedigree, given the large num-
ber of other repeats of the same sequence in the
human genome. Thus, the final molecular details of
repeat expansion remain to be understood. Another
crucial goal isto establish alink between the data on
repeat expansion obtained either in vitro or in model
systems and the etiology of repeat expansion in
humans. Given the speed of development of this novel

Fig. 9. Replication blockage during the lagging strand synthesis can stimul ate recombination leading to repeat expansion. (a) A nick
in the lagging strand template at the repeated run can initiate strand invasion in a homologous duplex followed by expansion.
(b) Collapse of astalled replication fork leads to the formation of a Holliday-like junction which can then be processed by recom-
bination machinery. Black rectangles show trinucleotide repeats. Arrows show the direction of DNA synthesis. Newly synthesized
DNA strands that annealed upon the replication fork collapse are shown by hatched lines.
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field of genetics, one might fully expect major break-
throughs in both directions in the near future.
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