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Abstract: DNA has the ability to form a variety of secondary structures that can interfere with normal cellular processes, 

and many of these structures have been associated with neurological diseases and cancer. Secondary structure-forming se-

quences are often found at chromosomal fragile sites, which are hotspots for sister chromatid exchange, chromosomal 

translocations, and deletions. Structures formed at fragile sites can lead to instability by disrupting normal cellular proc-

esses such as DNA replication and transcription. The instability caused by disruption of replication and transcription can 

lead to DNA breakage, resulting in gene rearrangements and deletions that cause disease. In this review, we discuss the 

role of DNA secondary structure at fragile sites in human disease. 
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INTRODUCTION 

DNA Secondary Structure in Human Disease 

 DNA is most commonly found as a right-handed double-
helical structure known as B-DNA. However, as DNA un-
dergoes dynamic processes, such as replication and tran-
scription, B-DNA is able to take on alternative conforma-
tions including Z-DNA, hairpins, cruciforms, triplex DNA 
and quadruplexes, among others (Fig. 1) [1]. These struc-
tures are associated with a number of human diseases 
through their role in repetitive sequence amplification, ge-
nomic rearrangements, gene deletions and gene expression 
[2-4].  

 Z-DNA is formed when purine bases within alternating 
purine-pyrimidine sequences adopt the syn conformation, 
allowing for left-handed helix formation. Bioinformatics 
studies have identified the co-localization of Z-DNA-
forming sequences with sites of chromosomal breakage and 
translocations. GC and GT repeats capable of forming Z-
DNA are commonly found in the promoters of oncogenes, 
such as in ADAM-12 and c-myc [5-7]. Additionally, translo-
cation breakpoints in lymphoid tumors and B-cell precursor 
acute lymphoblastoid leukemia map to Z-DNA-forming se-
quences [8, 9].  

 Inverted repeats have the ability to form hairpin struc-
tures with palindromes as short as 14bp in vivo [10], and 
play a role in deletions, amplifications and translocations [4, 
11-14]. Breakpoints in t(11;22) translocations found in par-
ents of children with Emmanuel syndrome occur in AT-rich 
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repeats at 11q23 and 22q11 [15-17]. A palindrome-mediated 

translocation, t(3:8)(p14.2;q24.1), is detected in renal carci-
noma [18]. 

 Polypurine or polypyrimidine sequences can form triplex 
DNA, and in sequences with mirror repeat symmetry, can 

form an intra-molecular triplex known as H-DNA [1]. These 
sequences localize with chromosomal breakpoint hotspots, 
such as those in Bcl-2 and c-myc [19-21], and sites of gene 
rearrangements [22-24]. The PKD1 gene, which is com-

monly mutated in autosomal dominant polycystic kidney 
disease, contains triplex DNA-forming sequences in the mu-
tation cluster region [22]. 

 Quadruplexes are formed in G-rich sequences by the 
Hoogsteen-bonding of four guanines, leading to a stack of 
guanine tetrads in a four-stranded structure [25]. High 
throughput sequencing of nascent DNA strands has shown 
that the majority of replication origins correspond to quadru-
plex motifs [26]. Quadruplex-forming sequences have been 
identified in mitotic and meiotic break sites and sites of in-
stability [25]. These sequences are enriched at the telomere 
and in the promoters of many genes, including oncogenes 
such as Bcl-2, c-myc, c-kit, H-Ras, N-Ras and VEGF, though 
the propensity for structure-formation at these sites in vivo is 
still unknown [25]. In the absence of Pif1 helicase, quadru-
plex structures lead to deletions and rearrangements during 
replication [27, 28]. Quadruplex structures formed in te-
lomere DNA are able to inhibit telomerase-dependent exten-
sion upon stabilization with structure-stabilizing compounds 
[29]. Genome-wide analysis of DNA breakpoints involved in 
cancer revealed that mutation breakpoints are enriched for 
quadruplex sequences, and that hypomethylation at these 
sites is associated with breakage [30]. Further, putative quad-
ruplex-forming sequences are enriched at germline copy 
number variation breakpoints in neurodevelopmental dis-
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eases [31]. An expanded GGGGCC hexanucleotide repeat at 
C9orf72 can form quadruplex structures [32, 33], and is the 
most common genetic cause for familial amyotrophic lateral 
sclerosis-frontotemporal dementia (ALS-FTD) [34, 35]. 
Several other quadruplex-forming sequences have also been 
implicated in neurological diseases, including GGCCT re-
peats at NOP56 in spinocerebellar ataxia type 36 [36], and 
longer GC-rich repeats at CSTB and PRNP in progressive 
myoclonus epilepsy type 1 and Creutzfeldt-Jakob disease, 
respectively [37, 38]. 

 Trinucleotide repeat expansion diseases, including fragile 
X syndrome, polyglutamine diseases, myotonic dystrophy, 
and Friedrich’s ataxia are manifested from trinucleotide re-
peats, which have been demonstrated to form various DNA 
secondary structures. Triplet repeats such as CAG in poly-
glutamine diseases [39], and CTG in myotonic dystrophy 
[40], are capable of forming hairpin structures that undergo 
expansion or deletion events in vivo [41]. The expanded 
CGG repeat at the FMR1 gene found in fragile X syndrome 
is able to form both hairpin and quadruplex structures, which 
block replication in vitro and in vivo [42-45]. The neurode-
generative disease Friedrich’s ataxia is caused by expansion 
of a GAA repeat in the FXN gene, and the expanded GAA 
repeat has been shown to form triplex structure [46].  

 Interestingly, trinucleotide repeat expansion diseases 
display a repeat-length threshold for disease severity. Repeat 
length is polymorphic but stable in normal individuals; how-
ever, expansion above the threshold leads to symptoms. 
Trinucleotide repeats in the normal range do not form highly 

stable DNA secondary structures, but the expanded repeats 
can lead to formation of structures too stable to be resolved, 
leading to disruption of cellular function and disease pheno-
type. Formation of DNA secondary structures is associated 
only with the repeats that can expand, suggesting that struc-
ture formation is important for repeat expansion [43]. In ad-
dition to repeat length, repeat purity also influences disease 
outcome, with repeat interruptions lessening the disease 
symptoms [47-49]. Interruptions of repeating sequences can 
severely diminish the ability of DNA to form stable secon-
dary structure, suggesting that the ability to form structure is 
a key regulator of disease severity [43, 47-49]. 

Chromosomal Fragile Sites in Human Disease 

 Fragile sites are regions of the genome that are suscepti-
ble to breakage under conditions of replication stress [50]. 
They are defined cytogenetically as gaps or breaks in meta-
phase chromosomes, and can span up to several megabases 
in size. Fragile sites are classified based on their frequency 
in the population, as either common fragile sites, those pre-
sent in all individuals, or rare fragile sites, which are only 
present in less than 5% of the population [51]. Expression of 
fragile sites is typically induced by treatment of cells with 
low-dose aphidicolin, an inhibitor of the replicative DNA 
polymerases ,  and  [52, 53]. However, fragile site break-
age can also be induced by a number of chemotherapeutic 
and environmental chemicals [54], further demonstrating the 
importance in understanding the mechanism and conse-
quences of breakage. While fragile sites are normally stable 
in cells, replication stress increases their susceptibility to 

 

Fig. (1). Diseases associated with secondary structure formation. a) Left-handed Z-DNA-forming sequences are found in the promoters 

of oncogenes and at DNA breakpoints in lymphoid tumors and B-cell precursor acute lymphoblastoid leukemia. b) Hairpin structures are 

found at genes involved in various cancers and many neurological diseases, including fragile X syndrome, myotonic dystrophy, and polyglu-

tamine diseases such as Huntington’s disease. c) Triplex DNA is found at polypurine or polypyrimidine sequences, such as those found in 

cancer, Friedrich’s ataxia, and autosomal dominant polycystic kidney disease. d) Quadruplex structures are associated with oncogene pro-

moters in a number of cancers and in neurological diseases, such as ALS/FTD, progressive myoclonus epilepsy type 1, fragile X syndrome, 

spinocerebellar ataxia type 36, and Creutzfeldt-Jakob disease. 
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deletions, rearrangements and sister chromatid exchanges 
[54, 55], perhaps due to the presence of sequences able to 
form stable secondary structures, including CGG repeats or 
AT-rich minisatellites.  

 Fragile site breakage is associated with a number of neu-
rological diseases and cancer. Expanded CGG repeats were 
identified as the cause of disease at FRAXA, FRAXE, and 
FRA11B. FRAXA is expressed in patients with fragile X 
syndrome [56-58], and FRAXE is associated with a rare 
form of mental retardation [59]. Jacobsen syndrome is 
caused by deletion of the long arm of chromosome 11 due to 
breakage at FRA11B which contains an expanded CGG re-
peat located in the 5’-UTR of the CBL2 proto-oncogene [60]. 
In cells of patients with bipolar disorder, the rate of fragile 
site breakage is higher than in non-affected individuals [61]. 
Additionally, nearly half of genes linked to schizophrenia are 
located at fragile sites [62]. Cells from schizophrenia pa-
tients grown in the absence of folate display a higher fre-
quency of fragile site breakage compared to cells from nor-
mal individuals [62]. Interestingly, schizophrenia and autism 
have been linked to folate metabolism genes [62], which can 
affect fragile site instability.  

 Over half of gene pairs involved in cancer-specific trans-
locations contain at least one gene within a fragile site, sug-
gesting a role for fragile site breakage in formation of gene 
rearrangements [63]. DNA breakage at fragile sites FRA3B 
and FRA16D can lead to deletions within tumor suppressor 
genes FHIT and WWOX, respectively, which are found in 
many cancers [64, 65]. Colorectal cancer patients show dele-
tions within the PARK2 gene in FRA6E, and loss of PARK2 
expression cooperates with APC mutations to cause colorec-
tal cancer in mice [66]. Tumor cells of patients with oro-
pharyngeal squamous cell carcinoma show decreased ex-
pression of six large genes, CTNNA3, DLG2, DMD, FHIT, 
NBEA and PARK2 (which are all located within fragile 
sites), in tumors, compared with matched normal samples 
[67]. Further, oncogenic viruses hepatitis B and human pa-
pillomavirus-16 preferentially integrate at fragile sites [68-
72]. In addition to these associations between fragile sites 
and cancer, studies have revealed the direct involvement of 
fragile sites in oncogenesis. Treatment of cells with low 
doses of aphidicolin induces deletions within FHIT at the 
breakpoint cluster region of FRA3B, consistent with dele-
tions seen in esophageal cancer, small-cell and non-small-
cell lung cancers, and breast cancer [64]. Exposure of thyroid 
epithelial cells to fragile site-inducing conditions leads to 
formation of the RET/PTC rearrangement that causes papil-
lary thyroid carcinoma [73]. Additionally, aphidicolin-
induced breakpoints within the RET gene co-localize with 
the breakpoint cluster region found in papillary thyroid car-
cinoma patients with RET/PTC rearrangements [73].  

 These studies suggest that fragile site breakage can di-
rectly contribute to disease pathogenesis. Further under-
standing of the mechanisms for and consequences of fragile 
site breakage will be vital for prevention and/or treatment of 
fragile site-related disease. 

The Role of Secondary Structures at Fragile Sites 

 The ability to form stable DNA secondary structure is 
one underlying feature of many fragile sites that appears to 

play a role in their instability. During DNA replication, as 
double-stranded DNA is unwound, such as at the Okazaki 
initiation zone, single-stranded DNA is exposed and stable 
secondary structures can form. Replication through 
trinucleotide repeat DNA demonstrates that instability in-
creases when the structure-forming sequence is on the lag-
ging strand template [40, 74-76]. Studies have shown that 
the CGG repeat at rare, folate-sensitive fragile sites can form 
hairpin and quadruplex structures, which were subsequently 
shown to perturb replication both in vitro and in vivo [42-
45]. An AT-rich region within FRA16D was able to block 
replication in yeast [77], while the AT-rich FRA16B se-
quence was able to form secondary structure in vitro, which 
aligned with polymerase stall sites [74]. Additionally, 
FRA16B DNA showed instability during replication which 
is dependent on distance from the origin of replication and 
orientation of the sequence relative to the origin [74]. 

 While over half of cancer-specific translocations contain 
at least one gene within a fragile site, many genes involved 
in cancer-specific copy number variations or translocations 
are not located within cytogenetically-defined fragile sites 
[63]. With the exception of a small number of fragile sites 
characterized at the molecular level [78], most fragile sites 
are identified by the appearance of gaps or breaks on meta-
phase chromosomes, and thus, can stretch up to several 
megabases in length. However, fragility is not present 
throughout the entire region, as evidenced by the difference 
between aphidicolin-induced breakage in RET and NCOA4, 
both located within FRA10G [73]. Conversely, non-fragile 
regions may contain “micro” fragile sites, which are too 
small to be observed cytogenetically. To better define fragile 
sites and to test whether the ability to form secondary struc-
tures correlates with DNA fragility, we analyzed DNA sec-
ondary structure-forming potential along chromosome 10 
using the MFold program [79], which predicts the ability of 
DNA sequences to form multiple stem-loop structures, and 
estimates a free energy value for structure formation [80]. 
We found that aphidicolin-induced common fragile sites 
contain more secondary structure-forming segments, and 
these segments are clustered more densely than non-fragile 
DNA. Based on the secondary structure-forming ability, the 
previous cytogenetically-defined large fragile sites can be 
refined, and additional fragile sites in non-fragile regions 
identified. In in vitro re-duplexing assays, the RET intron 11 
and PTEN exon 1 sequences have significantly more secon-
dary structure formation than intron 7 of NCOA4 and exon 9 
of PTEN, agreeing with the differential folding propensity 
predicted by the MFold program [79]. Further cell type-
specific, genome-wide studies are needed to determine DNA 
breakage patterns at each of these sites, and to understand 
how each of these sites fit into the currently proposed models 
of fragility. These efforts are geared toward compiling a list 
of legitimate fragile sites for evaluation of disease suscepti-
bility. 

 To further investigate the possibility of “micro” fragile 
sites that are undetected by cytogenetic methods, we ana-
lyzed the secondary structure-forming ability of the ABL 
gene, which is involved in the recurrent cancer-specific 
BCR-ABL translocation, and is not located within a cytoge-
netically-defined fragile site. Using the MFold program, we 
found that the breakpoint cluster region stretching from exon 
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1 to exon 2 of ABL shows the potential to form highly stable 
secondary structures (Fig. 2). Nearly fifty 300-nucleotide 
segments in the ABL breakpoint cluster region have folding 
free energy values within the same range as the most favor-
able 5% of the entire chromosome 9. Furthermore, two clus-
ters of significant structure-forming segments contained 10 
segments within the most favorable 1% of all free energy 
values measured on chromosome 9, suggesting that this re-
gion has the potential to form stable secondary structures 
that may play a role in breakage at ABL. 

 

Fig. (2). Secondary structure formation within the breakpoint 

cluster region of ABL. The MFold program predicted secondary 

structure formation in the breakpoint cluster region (exons 1-2, with 

13 kb flanking sequence upstream) of the ABL gene (chr9: 

133,576,165-133,729,624; hg19). Segments of 300 nt were ana-

lyzed with 150 nt shift windows along the gene sequence. Data is 

presented as predicted free energy of structure formation ( G) 

along the gene (megabases). Dashed and dotted lines, respectively, 

represent the threshold for the most favorable 5% and 1% of free 

energy values on chromosome 9. 

 One limitation of the MFold program is that it is not able 
to assess the potential of DNA to form quadruplex structures, 
such as those able to be formed by expanded CGG repeats at 
fragile site FRAXA. Bioinformatics analysis of the human 
genome identified 375,000 potential quadruplex-forming 
sequences, but it is not known how many of these sites are 
able to actually form structures in vivo [81]. Several potential 
quadruplex-forming sequences identified were mapped to 
cytogenetically-defined fragile sites. Further genome-wide 
sequence analysis found that quadruplex-forming sequences 
were found to be enriched near sites of chromosomal rear-
rangement breakpoints, and were located within 70% of 
genes involved in lymphoid cancer rearrangements [82]. 

 The GGGGCC hexanucleotide repeat expansion at 
C9orf72 in ALS-FTD [34, 35] is mapped within rare, folate-
sensitive fragile site FRA9A, and common, BrdU-induced 
fragile site FRA9C, both cytogenetically located at 9p21. 
The hexanucleotide repeat has the ability to form quadruplex 
structure in vitro with as few as four repeats [32, 33]. The 
disease is associated with repeats that number from hundreds 
to thousands, while normal alleles contain between 2 and 25 
repeats. The features of this repeat are very similar to CGG 
repeat-containing fragile sites, such as FRAXA, but more 

studies will be needed to identify the consequences of struc-
ture formation. 

 In addition to the secondary structure-forming ability, a 
genome-wide association study found that fragile sites are 
located away from centromeres, are enriched in Alu repeats, 
and are highly flexible [83]. Conversely, fragile sites were 
found to be negatively associated with CpG islands, H3K4 
mono-methylation, and transcription start sites [83]. These 
studies will help to better define fragile sites by using mo-
lecular features possibly contributing to fragility. By more 
closely determining the constitution of a fragile site, we can 
begin to understand how breakage occurs, and identify ways 
to prevent or repair disease-causing fragility. 

Mechanisms for Fragile Site Breakage 

 Most fragile sites studied to date are late-replicating, with 
replication further stalled in the presence of fragile-site in-
ducing chemicals. Fragile site DNA is capable of stalling the 
replicative polymerase in vitro [74, 84], blocking replication 
fork progression [77] and inducing instability in yeast [76]. 
One working model of fragility postulates that during DNA 
replication, stress, such as low-dose aphidicolin, can cause 
uncoupling of the DNA helicase-topoisomerase complex 
from the replicative polymerase [55]. This uncoupling can 
lead to longer stretches of single-stranded DNA at the repli-
cation fork. Within fragile sites, the long single-stranded 
DNA has the ability to form a stable secondary structure, 
which can cause replication fork stall and collapse, resulting 
in DNA breakage. Loss of proteins involved in DNA repair 
and secondary structure resolution compounds the effects of 
sequence-specific fragility and increases instability (Fig. 3). 

Proteins Involved in DNA Fragility 

 Glover and colleagues have elegantly shown the critical 
role of ATR in maintenance of DNA fragility [85, 86]. ATR 
kinase responds to DNA damage and stalled and collapsed 
replication forks by activating a downstream pathway that 
leads to repair [87]. Reduction of ATR, and more particu-
larly, its kinase activity leads to an increase in fragile site 
breakage, even in the absence of aphidicolin [85]. ATR is 
able to preferentially interact with fragile site FRA3B upon 
replication stress, with its kinase activity being necessary for 
this interaction [88]. Individuals with the genetic condition 
Seckel syndrome, caused by a mutation in the ATR gene re-
sulting in hypomorphic expression, display an increase in 
fragile site breakage relative to unaffected individuals [86]. 
The kinase ATM is activated and forms foci with H2AX 
upon aphidicolin exposure; however, loss of ATM alone 
does not lead to increased fragile site breakage [85, 89]. Loss 
of both ATM and ATR significantly increases fragile site 
breakage relative to ATR inhibition alone [89], suggesting 
that ATM is able to compensate for ATR inactivation to pre-
vent further damage. 

 Proteins downstream of the ATR pathway, including 
BRCA1, CHK1, Claspin, FANCD2, HUS1, SMC1 and 
WRN, are all involved in stability of common fragile sites. 
Loss of expression of ATR substrates BRCA1 [90], CHK1 
[91], and SMC1 [92] results in an increase of fragile site 
breakage. Proteins required for phosphorylation of ATR sub-
strates such as HUS1 [93] and Claspin [94] are also impor-
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tant in stability of fragile sites. Cells with loss of FANCD2 
expression or those from Fanconi anemia patients show in-
creased fragile site breakage upon treatment with aphidicolin 
[95]. In addition to the ATR pathway, proteins from both 
homologous recombination (Rad51) and non-homologous 
end joining (DNA-PKcs, Ligase IV, and XLF) pathways are 
important in fragile site stability [96]. Translesion synthesis 
proteins pol  and pol -Rev3 are essential for stability of 
fragile sites in human cells [97, 98]. Furthermore, in vitro 
synthesis of repetitive sequences within FRA16D and 
FRA3B suggest a role for DNA polymerase pol  in fragile 
site replication [99]. These studies suggest that fragile sites 
are inherently recognized as DNA damage, and we postulate 
that their ability to form stable secondary structures not only 
licenses them to stall replication fork progression, but also to 
evade proper DNA repair, leading to DNA breaks or ille-
gitimate repairs. 

 RPA-coated single-stranded DNA at sites of DNA dam-
age is necessary for efficient TopBP1-dependent ATR acti-
vation, leading to downstream CHK1 phosphorylation [87, 
100-102]. RPA binding requires roughly 30 nucleotides of 
single-stranded DNA to bind [103], while secondary struc-
tures can form on much shorter stretches [10]. DNA secon-
dary structure formation at fragile sites may cause insuffi-
cient ATR pathway activation, due to a lack of RPA-bound 
DNA. Moreover, upon replication stress, excessive replica-
tion origin firing results in a depletion of free RPA in the 
nucleus, leaving single-stranded DNA at newly active ori-
gins exposed and prone to breakage [104, 105]. These stud-
ies suggest that a depletion of RPA, leading to stretches of 
unbound single-stranded DNA at fragile sites, can promote 
the formation of DNA secondary structures, and lead to 
breakage. 

 Interestingly, several proteins known to recognize DNA 
secondary structure also play a role in fragile site stability, 

including DNA helicases (BLM, RecQ1 and WRN), struc-
ture-specific endonucleases (CtIP, ERCC1 and MUS81), and 
an exonuclease (SNM1B). In cells of patients with Werner 
syndrome (deficient in WRN) or Bloom’s syndrome (defi-
cient in BLM), fragile site breakage is increased following 
exposure to aphidicolin [84, 106]. Both BLM and WRN are 
able to resolve a variety of DNA secondary structures [107-
110]. RecQ1, a helicase involved in repair of stalled replica-
tion forks, preferentially binds to fragile sites upon replica-
tion stress, and is necessary for fragile site stability [111]. 
ERCC1 and MUS81 endonucleases, which recognize DNA 
structures, interstrand crosslinks, and replication intermedi-
ates, promote fragile site breakage, possibly due to DNA 
cleavage at sites of stalled replication forks or secondary 
structures within fragile sites [112-115]. The noncatalytic 
partner of MUS81 is important, however, as MUS81-EME1 
is essential for fragile site stability, while the MUS81-EME2 
complex, which promotes replication fork cleavage and re-
start, is not [115]. Recently, the endonuclease activity of 
CtIP, involved in homologous recombination-mediated DNA 
repair, was shown to be required for repair of double-
stranded DNA breaks at a secondary structure-forming AT-
rich sequence in FRA16D [114, 116]. The SNM1B exonu-
clease recognizes interstrand crosslinks, and is necessary for 
resolution of replication fork stalling at fragile sites [117]. 
Finally, in transfection assays, the Holliday-junction resol-
vase GEN1 can generate breaks at palindromic AT-rich re-
peats [118]. 

 DNA topoisomerases are a family of proteins responsible 
for resolving the supercoiling of DNA that occurs during 
replication and transcription [119]. Both topoisomerase I and 
II  are also able to recognize and cleave DNA at sites of 
secondary structure formation [120-122]. Topoisomerases 
play multiple roles in fragile site stability, such as in the un-
coupling of DNA polymerase and helicase/topoisomerase 

Fig. (3). Proteins involved in chromosomal fragility. During replication fork progression, replication stress can uncouple the helicase com-

plex from the DNA polymerase, allowing for single-stranded DNA to form stable secondary structure that can cause fork stall and collapse. 

Proteins involved in the ATR pathway (light green box) are important for fragile site stability, as loss of expression leads to an increase in 

breakage. Several proteins able to recognize and resolve DNA secondary structures (purple box) are also essential for fragility. Repair path-

way proteins, such as those in NHEJ (dark green box) and translesion synthesis (blue box), also stabilize fragile sites. 
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complex after replication perturbation [123], in resolving 
replication and transcription collision [124], and in yeast, 
mediating breakage at Mec1/ATR-sensitive fragile sites 
[125]. We showed that fragile site breakpoints within the 
RET gene were located near predicted topoisomerase I 
and/or II  cleavage sites [126], and these sites displayed 
secondary structural features preferentially cleaved by both 
topoisomerase I and II . We further demonstrated that RET 
breakage was significantly decreased upon exposure to 
aphidicolin, in combination with topoisomerase catalytic 
inhibitors betulinic acid and merbarone. These data suggest 
that DNA topoisomerases I and II recognize secondary struc-
tures formed during replication of fragile sites, and initiate 
breakage at these sites.  

 The number and variety of proteins involved in fragile 
site stability suggests a complex mechanism involving many 
cellular processes, including DNA replication, transcription, 
DNA structure resolution, and DNA repair. These studies 
suggest that replication through fragile sites is a delicate 
process, with obstacles such as DNA secondary structure 
and/or replication stress leading to a perturbation at the repli-
cation fork. If any of the proteins involved in stabilizing the 
replication fork and repairing the damage are compromised, 
this stress can lead to fragile site breakage.  

The Consequences of Replication and Transcription of 

Fragile Sites 

 In addition to the replication-stalled model, paucity of 
replication initiation in fragile site regions [127, 128] and the 
presence of transcription-derived R-loops during DNA repli-
cation of fragile sites [124] are also suggested to be involved 
in the mechanism of fragility [129]. However, they are not 
mutually exclusive (Fig. 4). 

 Replication fork stalling was directly demonstrated at a 
common fragile site FRA16C (Fig. 4a) [127]. Under normal 
growth conditions, replication forks progress slowly and 
frequently stall at AT-rich regions of FRA16C. Upon repli-
cation stress, replication is further perturbed, and fork stall-
ing is increased; however, unlike other regions of the ge-
nome, additional replication origins are not activated to 
compensate for replication fork stalling at FRA16C [127]. 
This suggests that replication machinery must travel through 
long stretches of structure-forming fragile site DNA se-
quences, without the ability to fire additional origins able to 
compensate for stalled or slowed replication forks, poten-
tially leading to replication fork collapse and DNA breakage 
(Fig. 4a).  

 Debatisse and colleagues showed that at fragile sites 
FRA3B and FRA16D, the most commonly expressed fragile 
sites in human lymphoblastoid cells, lack of replication ini-
tiation causes fragility (Fig. 4b) [128]. Molecular combing 
showed that in lymphoblastoid cells, but not in fibroblasts, 
replication initiation events were excluded from FRA3B, 
meaning that replication of this region required convergence 
of replication forks originating from flanking regions. Com-
pounding on this effect, origins in flanking regions fired in 
mid-S phase, and left little time to replicate a large origin-
scarce region. This study suggests that a combination of rep-
lication origin scarcity and late replication completion are 
the cause of fragility, and that fragility occurs in a cell type-
specific manner [128]. 

 

Fig. (4). Mechanisms for fragility during replication and tran-

scription. A) Single-stranded DNA exposed during replication fork 

opening forms stable secondary structure, which can block replica-

tion and lead to fork collapse. B) Scarcity of replication origins 

within fragile sites causes replication to progress over long stretches 

of unstable DNA, which can slow the replicative polymerase. While 

non-fragile regions can overcome replication stress by firing addi-

tional replication origins, fragile sites are unable to do so. C) Colli-

sion of replication and transcription machinery at large genes leads 

to formation of DNA-RNA hybrids known as R-loops which are 

able to cause breakage. Although it has not yet been investigated, 

the potential of fragile site sequences to form highly stable secon-

dary structures could participate in the latter two mechanisms as 

well. For example, the formation of R-loops promotes trinucleotide 

repeat instability. The ability of trinucleotide repeats to form stable 

secondary structures stabilizes the presence of R-loops by adopting 

a hairpin structure on the non-template DNA strand, thus favoring 

hybrid formation between RNA transcripts and the DNA template 

strand [130-133]. 

 In the case of large genes, a model in which the collision 
between replication and transcription machineries leads to 
fragility is proposed (Fig. 4c) [124]. Transcription of large 
genes takes longer than one complete cell cycle, and can lead 
to collision of replication and transcription machinery result-
ing in formation of R-loops. Interestingly, RNase H1, which 
specifically degrades the RNA strands of R-loops, is able to 
suppress the instability of fragile sites containing long genes 
[124]. Although it has not yet been investigated, the potential 
of fragile site sequences to form highly stable secondary 
structures could participate in this mechanism as well. For 
example, the formation of R-loops promotes trinucleotide 
repeat instability. The ability of trinucleotide repeats to form 
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stable secondary structures stabilizes the presence of R-loops 
by adopting a hairpin structure on the non-template DNA 
strand, thus favoring hybrid formation between RNA tran-
scripts and the DNA template strand [130-133]. 

 Recently, a new class of fragile sites was identified in 
mouse cells by genome-wide association with RPA [134]. 
These sites, termed early replicating fragile sites (ERFSs), 
co-localized with actively transcribed genes, and were en-
riched with BRCA1, H2AX, and SMC5, indicating sites of 
replication fork collapse and DNA damage response activa-
tion. Interestingly, ERFSs were located at different genomic 
loci than late-replicating common fragile sites, but they were 
similarly prone to chromosomal breakage following ATR 
inhibition or oncogenic stress. The ERFSs identified in this 
study were bound by RPA, and replicated early in the cell 
cycle, while common fragile sites are typically late-
replicating and not preferentially bound by RPA. We suggest 
that the lack of RPA binding at common fragile sites is due 
to the ability of these sites to form stable secondary struc-
tures. RPA-bound single-stranded DNA is an essential me-
diator of the ATR repair pathway [87, 100-102], but late 
replication at CFSs facilitates the formation of stable secon-
dary structures which can diminish RPA binding and down-
stream ATR signaling, allowing for the structure to remain in 
place during replication and transcription, leading to fragil-
ity. 

 These models for the mechanism of fragile site breakage, 
though not mutually exclusive, appear to differ on a cell-to-
cell basis based on a number of factors, including replication 
patterns, transcription levels, and protein expression. The 
relationship of the replication origins to the fragile site se-
quence, both in distance and orientation, is important in the 
stability of fragile sites, as a change in origin activation pat-
terns is extensively linked to fragility in a cell type-specific 
manner [74, 76, 127-129, 135-139]. Further complication 
occurs when the variability in transcriptional activity across 
multiple cell types is considered, as collision of the replica-
tion and transcription machinery can also lead to instability 
[124]. The extensive interaction of proteins involved in a 
number of cellular processes, including replication, tran-
scription and DNA repair, and how they negotiate DNA sec-
ondary structures, adds another layer of complexity [54, 140, 
141]. All of these factors can vary from one cell to the next, 
making it clear that the cell types can be a major determinant 
in patterns of fragility. 

CONCLUSION/PERSPECTIVES 

 Work in recent years has demonstrated the complexity of 
chromosomal fragility by suggesting several conflicting 
models to explain the mechanisms involved. These models 
suggest fragility to be cell type- and site-specific, but more 
work needs to be done to determine their prevalence. One 
shared feature of all fragile sites studied to date is their abil-
ity to form secondary structure. Upon closer examination of 
fragile sites, it is clear that hotspots of fragility coincide with 
sites where secondary structure is predicted to occur. Addi-
tionally, non-fragile regions display potential secondary 
structure-forming sites that coincide with disease-related 
DNA breakage, suggesting that the current cytogenetic defi-
nition of fragility is outdated. Further study on the preva-

lence of secondary structure throughout the genome may 
offer a clearer picture of chromosomal fragility. 
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FTD = Frontotemporal dementia 
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