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Abstract: The mechanism underlying CAG-CTG, CGG-CCG and GAA-TTC trinucleotide repeats expansion and contraction insta-
bilities has not been clearly understood. Investigations ir vitro have demonstrated that the disease causing repeats are capable of
adopting non-B secondary structures that mediate repeats expansion. However, in vivo, similar observations have not been easily
made so far. Investigations on the non-B secondary structure formation using E.coli, yeast etc cannot simulate the suggested repeats
expansion instability. These could leave a space to infer a disassociation of the suggested repeats non-B secondary structure forma-
tion and the repeats expansion in vivo. Although longer trinucleotide repeats may be theoretically easier to form non-B DNA sec-
ondary structures in replication or in post-replication, however such non-B secondary structures are likely to cause repeat fragility
rather than repeat expansion. In fact, repeat expansion as seen in patients may not necessarily require trinucleotide repeats to form
non-B secondary structures, instead the repeat expansions can be produced through a RNA transcription-stimulated local repeat
DNA replication and a subsequent DNA rearrangement.
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trans-acting factor

Trinucleotide repeats array distributed exclu-
sively in human genome, however the biological sig-
nificance of these distributions has not been clearly
understood. It is now known that expansion insta-
bilities of 4 in 10 possible trinucleotide repeats, e.g.
CAG-CTG, GAA-TTC, CGG-CCG and CGA'TCG,
can cause more than 15 human genetic diseases and
cancers. By using different model systems, many in-
vestigations have been carried out to understand the
molecular mechanisms underlying these DNA repeats
maintenance, mainly to test the paradigm that repeat
DNA non-B secondary structures mediating repeats
expansion. However, this expected correlation of re-
peats DNA non-B secondary structures and repeats

expansion could not be clearly demonstrated after
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more than ten years worldwide investigation. This
could suggest that the hypothesis itself might be
misleading. With this consideration, the necessities of
repeat non-B secondary structure in repeat expansions
in vivo and the roles of cellular trans-acting factors on
repeats expansion are discussed. In the same time, a
model of RNA transcription-stimulated additional
repeat DNA replication and subsequently a DNA
rearrangement produce repeats expansion in the absence

of non-B DNA secondary formation is proposed.

1 Trinucleotide Repeats Expansion Through
Repeats Non-B Secondary Structure
Formation: When and How?

Expansion and contraction instabilities associ-
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ated with the propagation of trinucleotide repeats
CAG-CTG, GAA-TTC, CGG-CCG are responsible for
more than 15 human neurological genetic diseases
(Table 1) "*. The underlying molecular mecha-
nisms have been investigated in vitro and in the
model systems. In vitro investigations suggested
that these disease-causing trinucleotide repeats can
form non-B DNA secondary structures, and which
could mediate repeat expansion and contraction
instabilities. It was recently found that repeat ex-
pansion and contraction instabilities are not solely
associated with CAG-CTG, GAA-TTC, CGG-CCG
repeats propagation, but also can be seen with the
propagation of a short CGA-TCG repeat array, of
which the repeats instability is responsible for
pseudoachondroplasia and multiple epiphyseal dys-
plasia™; and a 12-mer “CCCCGCCCCGCG” repeat
array instability, which is related to the progressive
myoclonus epilepsy ] The biochemical and bio-
physical investigations revealed that disease-causing
repeats (including the trinucleotide repeats and the
12-mer “CCCGCCCCGCG” repeats) own potentials
to adopt different types of non-B DNA structures,
such as pseudohairpins, H-DNA and G-quadruplex
etc., which are thought to be the intermediates for

repeats expansion 3. 791

, similar investigations have
been carried out irn vivo condition as well. Two re-
search groups have attempted to detect repeat DNA
secondary structure formations and their effects in
model systems. One group was to use an A-E.coli
system to evaluate the folding potential of short CGG
and CAG repeats during A phage-plating "%, and the
other was to use the artificially created CAG, CGG
loops and yeast cells to test the repair capacity for the
pre-existing CAG and CGG repeat loops "', The
first experiment was conducted by inserting short
CGG and CAG repeats into a palindrome DNA cen-
tre "%, As it was observed that the folding of a pal-
indrome DNA sequence into hairpin or cruciform
structures in vivo depends mainly on the context of
the DNA sequence in the palindrome centre. Indeed,
the CAG and CGG DNA sequences that fold in the

palindrome centre region can be the determinative

factors for the palindrome DNA sequence folding,
which then can be reflected through the phage
plaque variation in plating "”. The second report
showed that at a particular cellular stage (meiotic
cells), the pre-existing DNA loops couldn’t be en-
tirely corrected by any of the pathways of DNA re-
pair and recombination ", These put together ar-
gued that the disease-causing repeats can be foldable
in vivo, and once they are folded can also bypass
cellular corrections.

Unfortunately, these experiments cannot display
the relation of the repeats expansion and the repeat
secondary structures. It was therefore still unclear if
the repeats structures are the real intermediates for the
repeats expansion.

In principal, the folding of a repeated DNA se-
quence can be influenced by more than two parame-
ters. Firstly, loss of the interactions with re-
peat-binding proteins, such as histone proteins in eu-
karyotic cells, or the HU protein in E.coli, etc. ",
can change the states of the DNA molecules in vivo,
and which then might affect the repeats DNA fold
ability. In fact, the assembly of nucleosome proteins
onto short CTG or methylated CCG are actually be-
ing favored "¥), It has been reported that both short
(CTG), and (CGG), repeats containing the methy-
lated CpG dinucleotides can form very stable com-
plexes with histone proteins "*!, but long CGG tracts
(>76 repeats) cannot. More interestingly, the long
CGG tracts repel the histone binding when the CpG
dinucleotides were methylated ', Secondly, negative
supercoiling in DNA molecules can also be the de-
terminative factors in repeats DNA folding. Negative
supercoiling can be generated through either DNA

15161 which will

replication or DNA transcription
promote certain types of DNA repeats (sequences) to
form non-B secondary structures. For example, the
negative supercoiling accumulated in DNA replica-
tion and in RNA transcription can drive AT-rich DNA
repeats to form hairpin and/or cruciform structures in
vivo '], A similar observation has been made during
a (AAT) 4 trinucleotide repeat propagating in E.coli.

In this case, transcription of (AAT),s repeat has



PAN Xue-Feng et al.: Mechanism of Trinucleotide Repeats Instabilities: The Necessities of Repeat non-B Secondary...... 3

Table 1 Human genetic diseases associated with the trinucleotide repeats expansion and contraction instabilities

Diseases Repeats Location Repeats variation The affected gene
FragileX CGG Xq27.3 FMR1
Chronic lymphocytic lewkae- .y 112223 CCG8 no expansion Deletion
mia (CLL)
Oculopharyngeal muscular GCG 14q11 GCGo Pabp2
dystrophy GCG8-13
FragileXE CGG Xq28 FMR2
Jacobsen syndrome (FRA11B) CGG GCC7-35 GCC130-150GCC230-750
Myotonic dystrophy CTG 19q13 CTG5-37 CTG50-3000 3'-UTR
Friedreichi's ataxia GAA 9q13'2nll')1 R GAA6-34 GAASO to GAA112-1700  Intron! Frataxin
Spinobular muscular atrophy ~ CAG Xq13-g21 CAGI11-33 CAG38-66 Andmg;: recep-
Huntington’s disease CAG 4p16.3 CAG6-39 to CAG36-121 Huntingtin
Dematomz;a:;’:;hdd“ys'an CAG 12p13.31 CAG6-35 to CAG51-88 Atrophin-1
Friedreich’s ataxia GAA 9q13-q21.1 GAAG6-29 to GAA200-900 Frataxin
Multiplepiphyseal dysplasia CGA ? CGAS to CGA4-6 ?
Spinobulbar ataxia 1 CAG 6p23 CAG6-44 to CAG39-82 Ataxin-1
Spinobulbar ataxia 2 CAG 12q24.1 CAG14-31 to CAG34-59 Ataxin-2
Spinobulbar ataxia 3 CAG 14932.1 CAG13-44 to CAGS55-84 Ataxin-3
Spinobulbar ataxia 6 CAG 19p13 CAG4-18 to CAG21-33 Calcium channel
Spinobulbar ataxia 7 CAG 13p12-p13 CAG4-34 1o 37-306 Ataxin-7
Spinobulbar ataxia 8 CTG 13q21 CTG15-27? to 110-200 ?
Spinobulbar ataxia 12 CAG 5q31-q33 CAG7-28 to 66-78 ?
Haw river syndrome CAG 12q13-q21.1 CAG6-29 to 200-900 Polyglutamine

clearly shown as a reason for unusual DNA secondary
structures formation, and DNA propagation instability
generation, as well as repeats contraction instability
(Pan and Leach, to be published results).

Despite these non-B DNA structure formation in
vivo, subsequent genetic effects they might cause will
still depend on the thermodynamic stability of the
structure. Ongoing DNA polymerases can be stalled
by a stable repeats DNA secondary structure, and
further, the DNA replication fork can sometimes also
be stalled, or to be converted into other DNA sub-
strates, such as single-stranded gaps or double strand
breaks "¥). In the last few years, as revealed from the
investigations, cells can manage to resume the stalled
DNA replication with the assistance of some of the

homologous recombination proteins ' to repair or

bypass the single-stranded gap by DNA translesion
synthesis or homologous recombination ®”, and to
repair the double strand break damages by homologous
recombination or non-homologous end joining 21,
Failure in any of these repair pathways may elevate
the genomic instabilities, either lose the replicating
DNA molecules, cause cell viability, or lead to the
aberrant DNA rearrangements. The unviable cell may
hide trinucleotide repeats instabilities, and the aber-
rant DNA rearrangements may cause repeats expan-
sions. By contrast, non-B secondary structures
formed through RNA transcription may not directly
threaten DNA duplication and cell proliferation, but
may still be a possible pathway causing repeats ex-
pansion (will be discussed in the following).
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2 Dose trinucleotide repeats expansion
really need repeat non-B secondary
structure to be intermediates?

Recent investigations found that the repeats in-
stabilities in mammals can happen in the
non-proliferation cells, which seemed do not involve
any genomic DNA replication >, and cells isolated
from the fragile X patients did not show any in-
creased sensitivity to DNA damaging reagents, indi-
cating that DNA damage repair functions in patients
are normal . Moreover, the disease-causing CTG,
CGG and GAA duplex DNA sequences appear to be
no reason to adopt non-B secondary structures unless
that they are in DNA replication or transcription.
Taken these together, it is suggesting that the repeat
expansion and contraction instabilities are unlikely
relevant to cell proliferation, genomic DNA replica-
tion and DNA damage repair pathways as well as
repeats non-B DNA secondary structure formation.

As being demonstrated in vitro and in vivo, gene
locus carrying disease causing repeats are normally the
active chromosomal sites, where in most situations
need to be transcribed for gene expression. Interest-
ingly, most of the expanding repeats were likely to stall
DNA polymerase and RNA polymerase in replication
and transcription 4. 241 These may be suggestive for a
reasonable repeat expansion mechanism, which in this
paper was called as RNA transcription-stimulated local
repeats DNA replication (TSLDR) and an unequal
crossing-over recombination (Fig.1A). In such a proc-
ess, RNA transcription passing through the trinucleo-
tide repeats is suggested to be interrupted by the repeat
DNA conformation, however, which may not be nec-
essarily any typical non-B DNA secondary structures.
The interrupted RNA transcription in turn leaves an
RNA moiety for DNA polymerase(s) to initiate a local
DNA replication. The repeats expansion can be made
through the newly synthesized repeat fragment as if it
was “being inserted” into the non-template repeat
strand (Fig.1 A, A;and Ay). Given this happens, the
non-template repeat strand would need to be broken by
at least one of many single-stranded endonucleases,

such as Mrell-Rad50 etc (Fig.1 Ag). Alternatively,
repeats expansion can also be made through a double
strand breaks rearrangement pathway. This might hap-
pen once if the second DNA replication was also being
initiated on the non-template strand of transcription
bulb (Fig.1A, Bg). In these situations, Mrell-Rad50
and many other DNA nucleases that are capable of
processing the double strand breaks might become
essential for generating and repairing the repeats dou-
ble strand breaks (Fig.1A). As can be seen in. Fig.1B,
these repeats expansion pathways do not necessarily
need the trinucleotide repeats to form any non-B sec-
ondary structures for the expansion, and do not neces-
sarily need the whole genomic DNA replication and
cell proliferation. However, on such repeat expansion
mechanism, cells do need the functional DNA repairs
and recombination. All of these are consistent with the
present findings as described in the references (22, 23]
(Fig.1A). In addition to the TSLDR repeat expansion
mechanism, other possible routes in repeats expansion
while do not necessarily need non-B secondary struc-
tures intermediates may be associate with the actions
of certain types of transposable elements, the transpo-
sition process can also generate tandem repeats at each
ends of a transposon. Interestingly we have found
that IS1E inserting elements could recognize AAT re-
peats for target (Pan and leach unpublished results),
and recently Mu phage was also found to target the
CGG repeats =,

3  What Roles of Cellular Trans-acting
Factors Can Play in Repeats Expansion?

The less involvement of the repeats expansion to
cell proliferation, genomic DNA replication and DNA
repair and recombination pathways in patients can be
nicely interpreted by using a TSLDR mechanism.
Therefore, it becomes interesting to discuss the roles
of the cellular trans-acting factors in repeats expan-
sion combining to the TSLDR mechanism.

3.1 Effects of DNA replication and DNA replica-
tion components

Investigations with the model systems, such as
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Fig.1 Pathways of trinucleotide repeat expansion

A: Transcription-promoted local DNA replication (TSLDR) leads to repeat expansion. RNA transcription through the repeats array
generates a RNA moiety after being interrupted that can be recognized as a primer RNA for local repeats DNA replication. Abol-

ishment of this repeats DNA replication by DNA nucleases through making single strand breaks leads to the extra repeats array

being “inserted” into the non-template repeats strand and produce single strand expansion (Ag to As). Alternatively, double strand

breaks can also be made (B to By). B: Pathways of repeats expansion through the repair of single strand and double strand break-

age. Single-stranded gaps (SSGs) and double strand breaks (DSBs) may be generated during repeats propagation (either by a stalled
DNA replication fork or by the repair of the repeat non-B secondary structure etc.). Repair for these SSGs and DSBs leads to re-

peats expansion.

E.coli, yeast etc., have already suggested a correlation
between the generations of trinucleotide repeat ex-
pansion and contraction instabilities and the unfaith-
ful DNA replication. Indeed several reports with these
model systems have suggested that mutations in
dnaQ (mutD), the proof-reading activity, dna E, the
polymerase activity of E.coli polll complex, pol |
in Haemophilus influenza and polé in eukaryotic or-
(26-30

ganisms affected some repeats instability | Simi-

larly, mutations in helicases, which was known to
cause replication fork stalling, such as dnaB, helD,
rep etc., also provoke repeats instabilities. The re-
maining question will be if these mutants also affect
trinucleotide repeats instability 1o, Recently, several
new DNA polymerases have been characterised in
E.coli and in other eukaryotic cells, e.g. DNA poly-
merase [V and V in E.coli; Y family DNA poly-

merases in yeast and mammalian cells 1321 1t is be-
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lieved that some DNA polymerases worked in the
different types of DNA replications, such as the DNA
polV and DNA pollll in E.coli DNA translesion

synthesis etc BU These alternative DNA replications,
though have not been fully understood either in pro-

karyotic or in eukaryotic cells P

, may start to
suggest a possibility that one of the DNA replication
modes might be critical in trinucleotide repeat expan-
sion and contraction instability, such as in the pro-

posed TSLDR pathway.
3.2 Okazaki fragment and DNA flap processing

In theory, unfaithful DNA replication also in-
cludes the abnormal processing of the Okazaki frag-
ments in the lagging strand DNA replication. It has
long been clear that the nascent DNA strand on a
conventional lagging strand DNA replication is repli-
cated through making pieces of Okazaki fragments.
Maturation of these discontinues Okazaki DNA
fragments then require several gene products to
process, such as the RAD2 and Rth1/Rad 27 in
yeast, the Fenl in humans, and the RnhA/B/
DNA polymerase 1 in E.coli (33331 In yeast, de-
ficient in rthl/rad 27 gene increases trinucleotide
repeats instability has been demonstrated B¢ Simi-
larly, the yeast DNA ligase mutants that known to
ligate the Okazaki fragments, e.g. cdc9-1 and cdc9-2
were also found to increase the CAG repeat instabil-
ity 7). These findings infer that the DNA replicative
intermediates, like unprocessed Okazaki fragment can
mediate the trinucleotide repeats instability in repeats

[38]

replication, either directly ', or by the homologous

recombination repair of the single strand gaps and/or
double strand breaks that subsequently converted B9,
Otto et al.*°

ington disease patients as that is as normal as the

! have examined the fenl gene in Hunt-

wildtype gene. However, several demonstrations have
argued that the repeat Okazaki fragment was capable

of forming Fenl- resisting hairpin structure o,

3.3 Mismatch repair function and its proteins

Mismatch repair functions are conserved in both
prokaryotic and eukaryotic organisms. Mismatch re-

pair functions correct either mismatched base pairs or

small DNA loops that appeared in DNA replication,
DNA damage, repair and recombination “"*?. In hu-
mans, it has been known that loss of mismatch repair
function caused hereditary nonpolyposis colon cancer,
which was believed due to an increased risk of mi-
crosatellite instability in genes playing caretaker and
gatekeeper roles 3] The effects of mismatch repair
on trinucleotide repeat expansion and contraction
instabilities have been examined. To date, there were
two roles of the mismatch repair: the binding activi-
ties of the mismatch repair proteins, MutS and Msh2,
as well as the repair functions as the whole versus
repeat secondary structure formation and the final
output of repeat instability have been found. Sin-
den’s lab found that Msh2, the common subunit of the
MutSo and MutSp recognition protein complex in the
yeast and human mismatch repair pathway recognised
the mismatched base pairs in a CAG repeats
pseudo-hairpin structure 41 This finding made con-
sistency with the Jarwarse et al.’s observation that the
increased repeats instabilities in plasmid in E.coli
required the presence of methyl-directed mismatch
repair components, MutS/L/H, in a repeats size de-

454
pendent manner' S.461,

Mismatch repair proteins
seemed to be capable of stimulating repeats larger
deletions by binding onto the repeats secondary
structure while decrease the small slippage instability
by the repair function (4471 This two opposing roles
have further observed as that MMR influenced the
CAG-CTG larger deletion instability in an orientation
dependent manner, while preventing its small slippage
instability in an orientation-independent manner **.
More recently, it was also found that the Msh2 in
mouse increased the repeats instability in somatic and
post-meiotic sperm cells, otherwise caused repeat

4301 The significance of these

deletions when absent !
findings is that the mismatch repair proteins, such as
MutS and Msh2 may directly contribute to the repeat
larger instabilitics presumably by acting with the re-
peat secondary structure in the way of doing the re-
pair. Interestingly, the MutS-binding activity was
found to be separated from its repair function. We

found that the binding activity of MutS, plus the nu-
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clease activity of SbcCD upon the TGG trinucleotide
repeat secondary structure during the lagging strand
replication in plasmid in E.coli was detrimental. In
our hands, the involvement of MutS, SbcCD (the
structural-specific nuclease activity) and RecA (the
recombination protein) are found to reside in a syn-
thesised event, which caused TGG repeat propagation
instability but not the expansion and contraction in-
stabilities °!!. Since the homologous proteins of MutS,
SbcCD and RecA proteins are conserved in mammal-
ian cells, and the expanded CGG trinucleotide repeats
in human cause fragile X syndrome, it therefore be-
comes interesting to suggest a similar synthesised
repair process may also be implicated in human frag-

ile disease.
3.4 Recombination and recombination proteins

The homologous recombination in prokary-
otic and eukaryotic cells plays major roles in
DNA damage tolerance, repair and replication %,
Homologous recombination can repair both the
DNA single-stranded gaps and the double strand
breaks '* % Moreover, some homologous recom-
bination proteins are also being required for the sal-
vage for the stalled replication forks while not doing

[20. 331 Apparently,

the conventional recombination
there are connections between DNA homologous re-
combination and DNA replication in vivo . The
roles of recombination and recombination-related
proteins in trinucleotide repeat instabilities have been
thoroughly examined in E.coli, yeast and mammalian

(55611 1 1998, Freudenreich et al. reported

cells
that a CTG repeat propagation in yeast caused double
strand breakage in the absence of Rad27[56], and short
after, several groups have found that such double strand
breaks produced repeat expansion and contraction insta-
bilities, especially when the Mrell-Rad50-Xrs2 and
Rad5?2 proteins were absent” "), These findings turned
to be that the aberrant homologous recombination for
the repeats double strand breaks repair causes repeats
expansion and contraction instabilities. However, the
similar effect of the mammalian homologous recom-
bination on myotonic dystrophy CTG repeats insta-

bilities has failed to be seen °Y,

3.5 DNA secondary structure processing proteins

As discussed above, once the speculated non-B
DNA secondary structures have been formed in vivo,
cells cannot always correct them. In E.coli, the struc-
tural-specific protein SbcCD has been found to cleave
the palindrome DNA hairpin structures °>. SbcCD
introduced double strand breaks by cleaving the pal-
indromic DNA hairpin structure, which in turn left
to the functional homologous recombination to re-
pair. It is known that the SbcCD is the functional
homologues of Rad50-Mrell-Xrs2 (yeast) or
Rad50-Mrell1-Nbsl (mammalian). However, these
Rad50-Mrell1-Xrs2 (Nbsl) proteins play rather com-
plex roles in DNA replication, repair, and cell cycle
control %, Considering the Rad50-Mrell-Xrs2 mu-
tants generating significant CAG repeat instabilities
137591 it should be cautious to correlate the non-B sec-
ondary structure formation of the trinucleotide repeats

sequences.
3.6 Repeats location

Interestingly, even in the patients, it is not all
their CAG, CGG or GAA trinucleotide repeats in
chromosomes went to expand and contract. In fact,
the expandable trinucleotide repeat arrays of CAG,
CGG and GAA need to reside in the particular gene
loci (Table 1). This implied that the location of the
disease-causing repeat in patients could also be im-
portant in affecting the repeat expansion and contrac-
In 1999, Brock et al. reported a
positive correlation between the CAG-CTG repeat

tion instabilities.

expandability and its flanking sequences. They found
that the most expandable repeats appeared to be lo-
cated within CpG islands . Recently Cleary et al.
reported that a trinucleotide repeat location versus its
replication origin might be responsible for this
“site-specific” effect *". Conceivably, the flanking
DNA sequences might be capable of influencing the

repeat conformation in DNA replication '),

3.7 Repeat- binding proteins

Non-B DNA structure-binding proteins have
been reported in literature, including Z-DNA binding
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proteins, triplex-DNA binding proteins, NSEP-1,
cruciform-DNA binding proteins, HMG1 etc . The
CGG repeat-binding proteins have also been isolated
from human cell lines. These CGG repeat-binding
proteins can bind to the unmethylated CGG repeated
array specifically. In particular, the expanded long
CGQG repeats can be poorly methylated in their CpG
dinucleotides (unmethylation or hypomethylation
problem), and can be bound by CGG repeat-binding
proteins (not the histone proteins). However, the sig-

nificance of this protein-binding is not clear (67-69),

4 Concluding Remarks

Molecular mechanisms underlying the CAG
CGG and GAA trinucleotide repeats expansion and
contraction instabilities in certain chromosome loci
(Table 1) have not been fully understood after more
than 10 years investigations. To date, lots of efforts
have been made to investigate whether or not these
disease-causing trinucleotide repeats can form non-B
secondary structures in vivo, and whether or not the
non-B secondary structures can lead to repeat expan-
sion and contraction instabilities. As discussed here, it
appears to be that multiple factors and pathways relat-
ing to DNA replication repair and recombination may
influence repeat instabilities. An expansion model has
thus been proposed in Fig.1A 701 As can be seen in
Fig.1B, trinucleotide repeats expansion may not be
necessarily involving any significant non-B secondary
structures, cell proliferation, genomic DNA replication
and the loss of any DNA repair and recombination

(22231 "an RNA transcription stimulated local

functions
repeat DNA replication may be capable of making re-
peats expansion. As a comparison, the present model
for repeats expansion was also outlined in Fig.1B,
which relay on the cell proliferation, genomic DNA
replication and the loss of any DNA repair and recom-
bination functions. As Fig.1B indicated that DNA sin-
gle strand gaps and/or the double strand breaks could
be generated in trinucleotide repeats replication or in
repeats DNA damage repair and recombination. Trinu-
cleotide repeats may be capable of forming non-B

secondary structures through loss of interaction with

repeat-binding proteins or through the drive of super-
coiling. Repair for these DNA structures may cause
repeat expansion and contraction instabilities as well as

fragility (Fig.1).
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