DE GRUYTER

BioMol Concepts 2016; 7(5-6): 331-340

Short Conceptual Overview

Pei Guo and Sik Lok Lam*

Unusual structures of CCTG repeats and their
participation in repeat expansion

DOI10.1515/bmc-2016-0024
Received September 2, 2016; accepted November 1, 2016

Abstract: CCTG repeat expansion in intron 1 of the cellular
nucleic acid-binding protein (CNBP) gene has been identi-
fied to be the genetic cause of myotonic dystrophy type 2
(DM2). Yet the underlying reasons for the genetic instabil-
ity in CCTG repeats remain elusive. In recent years, CCTG
repeats have been found to form various types of unusual
secondary structures including mini-dumbbell (MDB),
hairpin and dumbbell, revealing that there is a high struc-
tural diversity in CCTG repeats intrinsically. Upon strand
slippage, the formation of unusual structures in the nas-
cent strand during DNA replication has been proposed to
be the culprit of CCTG repeat expansions. On the one hand,
the thermodynamic stability, size, and conformational
dynamics of these unusual structures affect the propen-
sity of strand slippage. On the other hand, these structural
properties determine whether the unusual structure can
successfully escape from DNA repair. In this short over-
view, we first summarize the recent advances in elucidating
the solution structures of CCTG repeats. We then discuss
the potential pathways by which these unusual structures
bring about variable sizes of repeat expansion, high strand
slippage propensity and efficient repair escape.

Keywords: CCTG repeats; myotonic dystrophy type 2;
repeat expansion; unusual DNA structure.

Introduction

Tetranucleotide CCTG repeats belong to a class of short
tandem repeats or microsatellites containing one to nine
nucleotides that are repeated in a head-to-tail manner.
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In the human genome, expansions of CCTG repeats in
intron 1 of the cellular nucleic acid-binding protein (CNBP)
gene on chromosome 3¢21, which is previously known as
the zinc finger protein 9 (ZNF9) gene, bring about myo-
tonic dystrophy type 2 (DM2) (1). DM2 is a complex mul-
tisystem disorder characterized by myotonia and muscle
dysfunction including weakness, pain and stiffness (2, 3).
Some DM2 patients also show cardiac conduction defects,
iridescent posterior subcapsular cataracts, insulin insen-
sitive type 2 diabetes mellitus and testicular failure. Apart
from DM2, there is another subtype of myotonic dystro-
phy, namely myotonic dystrophy type 1 (DM1), which is
caused by trinucleotide CTG repeat expansions in the 3
untranslated region of the dystrophia myotonica protein
kinase (DMPK) gene (4). According to the data provided in
the European Neuromuscular Centre International Work-
shop, there has been an increasing trend of DM2 and the
incidence has already been very close to that of DM1 (5, 6).

Although DM2 is considered to be milder than DM1
in terms of their clinical phenotypes (3, 7), CCTG repeat
expansions are extremely unstable and variable (8). In
intron 1 of the CNBP gene, there are different numbers (n)
of CCTG repeats located in a part of the complex repetitive
motif (TG),, ,,(TCTG), ,,(CCTG), (1, 9, 10). In DM2 patients,
the repeat tract is uninterrupted and the repeat size can
vary between 55 and ~ 11 000 repeats (11). In normal indi-
viduals, the CCTG repeat tract generally contains less than
30 repeats and is interrupted by one or more A/G/TCTG
motifs (Figure 1). The unprecedented large-size of expan-
sion yields variable clinical phenotypes, making the diag-
nosis of DM2 difficult (12).

Currently, the underlying causes for CCTG repeat
expansions remain unclear although the pathogenic
mechanism of DM2 has been suggested to associate with
the long CCUG-containing RNA transcripts that recruit
the muscleblind-like (MBNL) proteins. Upon binding
with the RNA transcripts, the MBNL proteins lose their
normal functions to splice pre-mRNAs (13). As the RNA-
protein binding complexes cannot be transported from the
cell nucleus to cytoplasm, there will be an accumulation
of these complexes as discrete nuclear foci, thus increas-
ing the level of RNA toxicity (3). Despite the overwhelming
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Figure 1: CCTG repeats in intron 1 of the CNBP gene.

For DM2 patients, the CCTG repeat tract is uninterrupted and the
repeat length can vary between 55 and ~11 000 repeats. For normal
individuals, the CCTG repeat tract is interrupted by A/G/TCTG motifs,
making the tract contains short segments of CCTG repeats.

evidence showing the critical roles of MBNL proteins in
the DM2 pathology, the downstream pathways by which
these proteins cause muscle wasting and weakness are
not well understood. Recently, the molecular pathways
by which mutations may cause muscle atrophy have been
reviewed (14). Although there have been some progress in
developing therapeutic interventions for muscle wasting
and weakness in DM1 (15, 16), no significant achievement
has been made for DM2. As a result, a better understand-
ing of the genetic instability of CCTG repeats will benefit
the development of DM2 therapy.

Over the past three decades, extensive studies have
been carried out to investigate trinucleotide (17-23) and
tetranucleotide (12, 24-29) repeat expansions. One com-
monly accepted expansion pathway involves the forma-
tion of an unusual structure in the nascent strand during
DNA replication (30-32) although this can also occur in
DNA repair or recombination (20, 28, 33-36). The forma-
tion of unusual structure promotes strand slippage via
stabilizing the slipped strand (Figure 2A). In general,
the unusual structure formed in the nascent strand can
be recognized and removed by mismatch repair (MMR),
which is a post-replication repair system to maintain the
fidelity of DNA replication. If the unusual structure suc-
cessfully escapes from MMR, the nascent strand will be
lengthened (Figure 2B). As a result, repeat expansions
will occur if there are both (i) strand slippage and (ii)
repair escape.

Despite the torsional stress resulting from supercoil-
ing induced by the replication activity of downstream
genes (37), the formation of unusual structure is largely
dependent on its intrinsic sequence and structural prop-
erties (38, 39). These include (i) the structural diversity of
the repeating sequence, i.e. the ability of the sequence to
form different types of structures, (ii) the thermodynamic
stability of the unusual structure, (iii) the size of the
unusual structure, i.e. the number of repeats involved,
and (iv) the conformational dynamics, i.e. the feasibility
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of exchange between different structural conformers
(Figure 2C). A higher propensity of strand slippage will be
expected if the sequence has a higher level of structural
diversity, the unusual structure formed is more stable,
contains more repeats, or undergoes conformational
exchange more feasibly. However, less efficient repair
escape will be expected for the above properties except
the one related to conformational exchange. Therefore,
these sequence and structural properties play critical
roles in determining whether there will be repeat expan-
sion mutations.

At present, the hairpins formed by CTG repeats (19),
tetraplexes formed by GCC and CGG repeats (40, 41), and
triplexes formed by GAA repeats (23) have been proposed
to be the culprits of different types of trinucleotide repeat
expansions. In the following sections, we first summa-
rize the recent findings on the unusual structures of DNA
sequences containing CCTG repeats. Then we discuss how
these structures participate in the potential pathways that
lead to variable sizes of repeat expansion, and different
levels of strand slippage and repair escape.

Detailed structural information
of CCTG repeats

About a decade ago, it was shown by enzymatic and chem-
ical probing experiments that a DNA sequence contain-
ing 26 CCTG repeats did not adopt any stable secondary
structures (29). As suggested by the presence of multi-
ple cleavage sites, CCTG repeats were proposed to adopt
hairpin structures containing different sizes of loops and
various lengths of overhangs. Conformational exchanges
among these different hairpins were thought to be feasi-
ble because there were unpaired residues in the loops and
also T-T and C-T mismatches in the stems. Since then, no
significant advance has been made in understanding the
genetic instability of CCTG repeats. For studying nucleic
acid structures, there are two high resolution techniques,
namely, X-ray crystallography and nuclear magnetic reso-
nance (NMR) spectroscopy, that can provide atomic level
structural information. However, owing to the intrinsic
conformational dynamics, growing DNA crystals contain-
ing CCTG repeats is expected to be difficult, thus limiting
the use of X-ray diffraction technique. For NMR investiga-
tions, there are challenges due to (i) the repetitive nature
of CCTG repeating sequence which leads to serious spec-
tral overlap and ambiguous resonance assignment, and
(ii) the presence of conformational exchange which brings
about peak broadening (42).
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Figure 2: A proposed pathway of repeat expansion during DNA replication.

(A) Slippage occurs at the 3’-terminal of the nascent strand. The formation of an unusual structure promotes strand slippage via stabilizing
the slipped strand. (B) Repeat expansion occurs if the unusual structure successfully escapes from DNA repair. (C) This table summarizes the
sequence and structural properties that lead to a higher strand slippage propensity and more efficient repair escape.

Despite the abovementioned limitations and chal-
lenges, it has been demonstrated that single-site substitu-
tion experiments could successfully differentiate the NMR
signals from different DNA conformers of CTG repeats
(19). Therefore, single-site substitution experiments have
recently been attempted on CCTG repeats and high reso-
lution structural information have been obtained (25, 27).
Figure 3 shows a summary of the detailed structural infor-
mation successfully obtained in CCTG repeats with differ-
ent repeat lengths.

In 2011, the first piece of high resolution structural
information was reported (27). Based on the solution NMR
results, a DNA sequence containing three CCTG repeats
was found to adopt an hairpin which comprises (i) a
CCTG type II loop, and (ii) a flexible stem containing a
shifting C-bulge between C9 and C10, and a T-T mismatch.

For the CCTG type II loop, the structure was found to be
similar to that formed in the DNA hairpin d(CG CCTG CG)
(43) in which the third loop residue, thymine, stacks over
the base plane of C-G loop-closing base pair, while the
second loop residue, cytosine, is located in the minor
groove. The C9-bulge conformer was found to be more
populated than the C10-bulge conformer because a cyto-
sine bulge flanked by two Watson-Crick C-G base pairs is
less destabilizing than the one flanked by a T-T mismatch
and a C-G base pair.

For a DNA sequence containing four CCTG repeats,
it was found to adopt a predominant dumbbell structure
exchanging with an hairpin structure (27). The dumbbell
comprises two CCTG type II loops formed by the second
and fourth repeats and a stem containing a C-bulge and a
T-T mismatch. For the hairpin, it contains a CCTG type II
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Figure 3: A summary of the diverse unusual structures formed by CCTG repeats.

Depending on the repeat length, CCTG repeats can adopt MDB, hairpi
of each repeat in the unusual structures, an outlined font is used for t

loop formed by the third repeat. Conformational exchange
between the dumbbell and hairpin structures reveals the
second, third and fourth repeats to have the ability to fold
into type II loops.

As the conformational space of CCTG repeats
increases with the repeat length, it is possible that mul-
tiple forms of hairpins and dumbbells can be adopted by
longer CCTG repeats. For DNA sequences containing 5-10
repeats, they also showed characteristic ‘H and *P NMR
signals of a typical CCTG type II loop. The results from
3PP exchange spectroscopy provide important pieces
of evidence supporting the presence of conformational
exchange in these longer repeats (27). With the aid of
single-site substitution samples, dynamic exchange was
found between the dumbbell and hairpin conformers (27).
Depending on the repeat length, the dumbbell conformer
can be formed by the last four repeats with a 5’-overhang
containing different number of repeat(s). Alternatively, a
realignment of the repetitive strand can occur, leading to
the formation of larger dumbbell conformers with shorter
5’-overhangs.

In addition to the hairpin and dumbbell conform-
ers, a mini-dumbbell (MDB) structure containing only
two CCTG type II loops has recently been reported (25),
revealing the high structural diversity of CCTG repeats. In
this MDB structure, the first (C1 and C5) and fourth (G4
and G8) loop residues of the two CCTG repeats form two

n and/or dumbbell structures. For better illustrating the participation
he first cytosine residue of each repeat.

loop-closing base pairs. The second loop residues (C2 and
C6) fold into the minor groove and form hydrogen bond(s)
with each other. The third loop residues T3 and T7 stack
on C1-G4 and C5-G8, respectively. From the detailed MDB
structural features (44), various types of stabilizing inter-
actions were found (Figure 4A). These include (i) the 3’5
terminal stacking between the two C-G Watson-Crick loop-
closing base pairs, (ii) the stacking between the third loop
residues and the loop-closing base pairs, (iii) the hydro-
phobic interactions between the third loop residues and
their two preceding residues, (iv) the hydrogen bond(s)
between the two minor groove residues C2 and C6, and (v)
the hydrogen bonds between the minor groove residues
and the loop-closing base pairs/phosphodiester back-
bone. Among these, there are extensive loop-loop interac-
tions in this MDB structure (Figure 4B), which are absent
in the larger dumbbell structures formed by four or more
repeats (27).

Based on the above structural features, any two adja-
cent repeats in a CCTG repeat tract are capable of forming
an MDB. Yet no MDB was observed in the NMR studies
of three or longer CCTG repeats (27). As revealed by the
single-site substitution experiments (25), the formation of
MDB was hindered by the formation of a more competitive
hairpinin the sequence containing three CCTG repeats. This
hairpin can be formed due to a feasible realignment of the
5" and 3’-terminal repeats which maximizes the stabilizing
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Figure 4: A schematic representation of the MDB structure formed by two CCTG repeats.

(A) Five types of stabilizing interactions are present in this MDB, including (i) the stacking between C1-G4 and C5-G8 base pairs, (ii) the
stacking between T3/T7 and its loop-closing base pair, (iii) the hydrophobic interactions between T3/T7 and its two preceding residues,
(iv) the hydrogen bond(s) between C2 and C6, and (v) the hydrogen bonds between C2/Cé and the loop-closing base pairs/phosphodies-
ter backbone. (B) Extensive loop-loop interactions, including the stacking between the two loop-closing base pairs, the hydrogen bonds
between C2 and C6/G8, and between C6 and T3/G4, are present in this MDB.

interactions in the stem region. Upon weakening these
stabilizing interactions through substituting C10 with T10
in the observed hairpin, the formation of an MDB with a
5’-overhang was shown to become possible (Figure 5A).
In intron 1 of the CNBP gene, CCTG repeats do not appear
in a 5’ or 3’-terminal position. In addition, the 5-terminal
of CCTG repeats in the nascent strand is hybridized with

A 5’
C
T

ece)

0 G)-OE

3 GTC GT T10to C10

0’5'
T C
C. 5 ~

Téde TG ge Ca :

(e ;)= (ccc ) CCTG-3
Figure 5: MDB can possibly be formed in a DNA sequence contain-
ing three CCTG repeats.
(A) Substituting C10 with T10 in the hairpin promotes the formation
of an MDB with a 5”-overhang. (B) Two types of MDB conformers can
be formed in a DNA segment containing three CCTG repeats. Fast
exchange between them results in a mini-loop structure (red box)

because the middle repeat remains folded as a type Il loop in both
conformers.
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the template strand, making it less flexible to interact with
the 3’-terminal repeat. Therefore, it is expected that there
will be the formation of MDB in the slipped nascent strand.
In principle, the formation of an MDB with a 3’-overhang
is also possible. Since the formation of these two types
of MDBs involves the folding of the middle repeat, fast
exchange between these MDBs will result in the forma-
tion of a mini-loop (Figure 5B). Such exchange between
two competing MDBs has recently been observed in a DNA
sequence containing three TTTA repeats (24).

Participation of unusual structures
in variable sizes of repeat expansion

Although the genetic cause of DM2 has been identified
(1), the underlying reasons for the extremely unstable
CCTG repeat expansions remain elusive. The sizes of
CCTG repeat expansion can vary from one repeat in an
in vitro primer extension assay (45) to ~11 000 repeats in
DM2 patients (11). Owing to the high structural diversity
of CCTG repeats, the MDB, hairpin and dumbbell struc-
tures can serve as structural intermediates leading to
the occurrence of two, three and four-repeat expansions,
respectively, in a single strand slippage event (25, 27). In
addition, fast exchange between two adjacent competing
MDBs results in a mini-loop that can lead to one-repeat
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Figure 6: Multiple unusual CCTG structures can co-exist in the
nascent strand.

The presence of one or more of these unusual CCTG structures can
lead to any sizes of repeat expansion.

expansion. Re-occurrence of the mini-loop in additional
strand slippage events is also possible, providing a
pathway for any larger sizes of repeat expansion. Alterna-
tively, the presence of one or more of these unusual struc-
tures in the nascent strand can also bring about larger
sizes of repeat expansion (Figure 6). It has been shown
that the amount and number of different types of slipped
structures were proportional to the repeat tract length and
the homogeneity of sequence (46-48). Therefore, for the
long and uninterrupted CCTG repeats in DM2 patients, it is
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likely that there will be multiple unusual structures in the
nascent CCTG strand during DNA replication.

Interconversion between different
structures promotes both strand
slippage and repair escape

As revealed in Figure 3, CCTG repeats can adopt the
MDB, hairpin and dumbbell structures. It has also been
demonstrated that conformational exchange between
two adjacent competing MDBs can lead to the formation
of a mini-loop (25). Indeed, conformational exchanges
between the (i) mini-loop and MDB, (ii) MDB and hairpin,
and (iii) hairpin and dumbbell are also possible via the
participation of an additional CCTG repeat (Figure 7A),
thus increasing the conformational dynamics of CCTG
repeats. On the one hand, interconversion between differ-
ent structures promotes strand slippage as this involves
a realignment process that requires the nascent strand to
partially dissociate from the template. On the other hand,
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Figure 7: Interconversion between different types of unusual CCTG structures.
(A) Conversion to a larger and more stable unusual structure will lead to a higher propensity of strand slippage. (B) Conversion from a larger
unusual structure to multiple smaller structures will bring about more efficient repair escape.



DE GRUYTER

P. Guo and S.L. Lam: Unusual structures of CCTG repeats = 337

Expansion

No expansion

BN CCTG EECAGG

B Interrupting motif |

Figure 8: Shifting of the mini-loop provides more efficient escape from MMR.

(A) In the uninterrupted CCTG repeat tract of DM2 patients, the mini-loop can shift in both the 5" and 3’ directions, making it more easily to
escape from MMR. (B) In normal individuals, the presence of interrupting motif(s) in the CCTG repeat tract will hinder the shifting of mini-
loop. Thereby, the mini-loop can be recognized and removed more efficiently by the MMR proteins.

conformational exchange also enhances the efficiency of
repair escape as the recognition of a dynamically exchang-
ing structure is more difficult.

In the uninterrupted CCTG repeat tract of DM2
patients, the high propensity of strand slippage may origi-
nate from the formation of any unusual structure that will
subsequently be converted to larger unusual structures.
To increase the chance of successful escape from MMR,
these larger unusual structures can be converted back to
multiple smaller unusual structures (Figure 7B). Previ-
ously, it has been shown that multiple short loops con-
taining one to three CTG repeats along a single repeat tract
can escape from MMR (17). Therefore, we believe that the
extremely unstable and variable CCTG repeat expansions
in DM2 patients originate from (i) the high strand slippage
propensity of uninterrupted CCTG repeats and (ii) the
efficient repair escape due to the feasible conversion of a
large unusual structure to multiple smaller structures.

Shifting of mini-loop provides a
more efficient repair escape pathway

As revealed by the structural features of CCTG repeats, a
mini-loop structural intermediate can be formed due to
fast exchange between two adjacent competing MDBs.
In the uninterrupted CCTG repeat tract of DM2 patients,

MDBs can be formed by any two adjacent repeats in the
nascent CCTG strand during DNA replication. Therefore,
we expect the resulting mini-loop can shift in both the 5
and 3'-directions along the tract, enhancing the capabil-
ity of the mini-loop to escape from MMR (Figure 8A). In
normal individuals, intron 1 of the CNBP gene contains
only a short CCTG repeat tract interrupted by A/G/TCTG
motifs. As a consequence, shifting of the mini-loop will
be hindered and thereby the mini-loop can be recognized
and removed more efficiently by MMR (Figure 8B).

Outlook

The high structural diversity of CCTG repeats brings about
the unusual conformational dynamics which plays criti-
cal roles in various potential pathways of CCTG repeat
expansions. In addition to the research efforts that have
been devoted to understand the intrinsic structural
behaviors of CCTG repeats, we foresee that there will be
extensive works to understand (i) the environmental effect
on the unusual structures of CCTG repeats, and (ii) how
exactly these unusual CCTG structures bring about repeat
expansions.

First, it is well known that solution structures of DNA
are affected by crowding agents (49), salt (50) and pH
(51). In the nucleus of a human cell, there are abundant
macromolecules which exhibit molecular crowding effect
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on DNA. In addition, variations of nuclear salt concentra-
tion and pH are not uncommon during different phases of
the cell cycle (52, 53). Therefore, the effects of crowding
agents, salt and pH on the unusual structure formation
propensities of CCTG repeats need to be studied in order to
obtain more reliable structural information in a condition
mimicking the cell nucleus. In addition to in vitro experi-
ments, a further step is to reveal the presence of unusual
CCTG structures in vivo.

Second, as interconversion between different unusual
CCTG structures has been proposed to bring about dif-
ferent levels of strand slippage and repair escape, it will
be interesting to know how exactly different types of
unusual CCTG structures participate in repeat expan-
sions. Through using different lengths of CCTG repeats
and/or single site substitution sample, a specific type of
unusual structures can be built on the nascent strand of
a DNA primer-template model. Therefore, the impact of
each type of unusual structures can be investigated via in
vitro replication extension assays.

Third, in order to understand the underlying reasons
for the efficient repair escape of unusual CCTG structures,
the specificity and repair efficiency of different types of
MMR heterodimer proteins including hMSH2-hMSH3 and
hMSH2-hMSHS6 on different types of unusual CCTG struc-
tures need to be investigated. As we have proposed that
more efficient repair escape can be achieved through con-
versions to smaller or less stable unusual structures or a
shifting of mini-loop, it will be worthwhile to investigate
whether the presence of interrupting motifs in the CCTG
repeat tract in normal individuals can really reduce the
formation of larger or more stable unusual structures and/
or hinder the shifting of mini-loop.
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List of abbreviations

CNBP nucleic acid-binding protein

DM1 myotonic dystrophy type 1

DM2 myotonic dystrophy type 2

DMPK dystrophia myotonica protein kinase
MBNL muscleblind-like
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MDB mini-dumbbell

MMR mismatch repair

NMR nuclear magnetic resonance
ZNF9 zinc finger protein 9.
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