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The formation of alternative DNA secondary structures can result in DNA breakage leading to cancer and
other diseases. Chromosomal fragile sites, which are regions of the genome that exhibit chromosomal break-
age under conditions of mild replication stress, are predicted to form stable DNA secondary structures. DNA
breakage at fragile sites is associated with regions that are deleted, amplified or rearranged in cancer.
Despite the correlation, unbiased examination of the ability to form secondary structures has not been eval-
uated in fragile sites. Here, using the Mfold program, we predict potential DNA secondary structure formation
on the human chromosome 10 sequence, and utilize this analysis to compare fragile and non-fragile DNA. We
found that aphidicolin (APH)-induced common fragile sites contain more sequence segments with potential
high secondary structure-forming ability, and these segments clustered more densely than those in non-
fragile DNA. Additionally, using a threshold of secondary structure-forming ability, we refined legitimate
fragile sites within the cytogenetically defined boundaries, and identified potential fragile regions within
non-fragile DNA. In vitro detection of alternative DNA structure formation and a DNA breakage cell assay
were used to validate the computational predictions. Many of the regions identified by our analysis coincide
with genes mutated in various diseases and regions of copy number alteration in cancer. This study supports
the role of DNA secondary structures in common fragile site instability, provides a systematic method for
their identification and suggests a mechanism by which DNA secondary structures can lead to human dis-
ease.

INTRODUCTION

Alternative DNA secondary structures, which vary in conform-

amplifications), ~50 human diseases (caused by genomic rear-
rangements and deletions) and several psychiatric diseases

ation from the customary right-handed B form, are suggested to
have arole both in biological processes such as transcription and
telomere maintenance and in genomic mutational events includ-
ing deletions, amplifications and chromosomal rearrangements
(1). Atleast 10 alternative conformations have been identified to
date, including hairpins/cruciforms, Z-DNA, triplexes, tetra-
plexes, slipped DNA and sticky DNA (2). Formation of these
structures can occur when the DNA duplex is unwound during
metabolic DNA processes such as DNA replication and
transcription, and cause abnormalities in these processes.
DNA secondary structures are strongly associated with ~20
hereditary neurological diseases (due to simple sequence

(resulting from polymorphisms in simple repeat sequences) (3).

Triplet repeats, which form hairpin loops or slipped confor-
mations, can give rise to expansions resulting in diseases such
as myotonic dystrophy, fragile X syndrome, Friedreich’s
ataxia and Huntington’s disease (4). Z-DNA, triplex and tetra-
plex formation potentials at the oncogene ¢-MYC correspond
to the major breakpoint hotspots found in lymphomas and leu-
kemias. Similarly, the major breakpoint cluster region in
BCL-2 follicular lymphomas can form triplex DNA structures
(5). Multiple stem-loop structures have been predicted or iden-
tified in several human fragile sites examined so far (6).
Genome-wide analysis of palindrome formation, due to large
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inverted repeats, revealed these sequences to cluster in cancer
cells at regions which undergo gene amplification, implicating
these alternative structures in tumor progression (7). Purine—
pyrimidine tracts and other repetitive elements capable of
forming alternative DNA structures are overrepresented in
DNA sequences surrounding breakpoints involved in chromo-
somal rearrangements (8—10). Detailed analysis of 11 gross
deletions resulting in various diseases revealed that alternative
DNA conformations could explain the formation of DNA
breaks at known breakpoints in patients (10). While these
studies provide further evidence supporting a role of various
alternative DNA secondary structures in disease development
and progression, no unbiased study has been performed ana-
lyzing the formation of multiple stem loop DNA secondary
structures.

Chromosomal fragile sites exhibit gaps or breaks on meta-
phase chromosomes under conditions that partially inhibit
DNA synthesis (11). Many genes deleted, amplified or rear-
ranged in cancer are located within the fragile sites (12). In
a comprehensive survey of simple recurrent cancer-specific
translocations, we found that over half of gene pairs involved
in these translocations have breakpoints of at least one gene
mapped to fragile sites (13). Bignell et al. also found that,
by deriving mutation signatures of unexplained homozygous
deletions in cancer cell lines, some matched those of recessive
cancer genes while others had signatures similar to fragile sites
(14). In addition to cancer, fragile site instability is associated
with neuropsychiatric diseases, including schizophrenia and
autism (15). More importantly, fragile site-induced DNA
breakage can produce deletions within the FHIT gene and
the formation of RET/PTCI rearrangements, resembling
those found in human tumors (16,17).

Fragile sites are divided into two classes, common or rare,
based on their frequency in the population, and are further
divided according to their mode of induction in cultured
cells. While rare fragile sites are present in <5% of the popu-
lation and inherited in a Mendelian manner, common fragile
sites are present in all individuals. Most common fragile
sites are induced by low doses of aphidicolin (APH) (18), an
inhibitor of DNA polymerases o, & and & (19,20). The
precise mechanism of instability at fragile sites remains
elusive, but analysis of several common fragile sites has
revealed AT-rich sequences displaying the potential to form
highly stable secondary structures (21,22), which may stall
DNA replication fork progression. The CGG repeats, which
are present in all rare, folate-sensitive fragile sites, can form
quadraplex (23) and hairpin (24) structures in vitro, and
display significant blocks to DNA replication both in vitro
(25) and in vivo (26). Our study of the AT-rich rare fragile
site FRA16B demonstrated the formation of secondary struc-
ture and DNA polymerase stalling within this sequence in
vitro, as well as reduced replication efficiency and increased
instability in human cells (27). The examination of replication
intermediates from cells containing AT-rich sequences within
common fragile site FRA16D in yeast showed site-specific
replication fork stalling depending on the length of the AT
repeat (28). DNA synthesis of the same fragile site by
human replicative polymerases & and o using an in vitro
primer extension assay confirmed polymerase stalling at sites

predicted to form inhibitory DNA structures (29). Similar find-
ings were observed for eukaryotic replicative polymerases at
hairpin and tetraplex structures formed within CGG repeat
expansions (30). Replication fork stalling also occurs at en-
dogenous AT-rich sequences within the common fragile site
FRA16C in human lymphoblastoid cells, which is enhanced
by APH treatment (31). These data suggest that the ability
of fragile sites to form stable secondary structures during
DNA replication likely contributes to their breakage by stal-
ling replication fork progression. Despite the connection
between DNA secondary structure formation and DNA fragil-
ity, no comprehensive study has evaluated the extent of DNA
secondary structure-forming potential at fragile versus non-
fragile regions.

In this study, we use computational predictions of the
chromosome 10 sequence to form multiple stem loop DNA
secondary structures, and compare the stability and clustering
of these structures at fragile sites versus non-fragile sites. On
chromosome 10, three APH-induced common fragile sites
contained more sequence segments with potential high sec-
ondary structure-forming ability compared with non-fragile
regions, and in the APH-induced sites these segments occurred
in more dense clusters than non-fragile regions. Traditionally,
fragile sites are defined cytogenetically as unstained gaps of an
average 3 Mb in size on metaphase chromosomes. However,
fragility is not present in the entire region. Using secondary
structure-forming ability in combination with the information
derived from molecularly defined rare and common fragile
sites, we developed a threshold to predict DNA fragility;
using this threshold, we can narrow down sites of true fragility
within the current cytogenetically defined fragile sites. These
computational analyses were further validated using an in
vitro alternative DNA structure formation assay and a DNA
breakage cell assay. Similarly applying this threshold, we
uncovered potential new fragile sites previously unidentified
or too small to be observed cytogenetically. Furthermore,
the regions identified by this DNA fragility prediction thresh-
old were correlated with regions known to be mutated in
human diseases and cancer.

RESULTS

Analysis of chromosome 10 for DNA secondary
structure-forming potential

Chromosome 10 was chosen to investigate the differences in
DNA secondary structure-forming ability between fragile
and non-fragile DNA, due to its moderate length and relatively
even distribution of non-fragile (~60%) versus fragile
(~40%) sequences (NCBI GeneBank, http://www.ncbi.nlm.
nih. gov/sites). In addition, the fragile sites present on chromo-
some 10 include both common and rare sites, as well as differ-
ent modes of induction [APH, bromodeoxyuridine (BrdU) and
folic acid] (Supplementary Material, Table S1). In contrast to
the rare fragile sites on chromosome 10, the common fragile
sites have yet to be defined on the molecular level, and a com-
putational approach would be beneficial for predicting their
underlying fragility.

The approximately 136 Mb sequence of chromosome 10
was used, and un-sequenced gap, centromeric (32) and
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Figure 1. Free-energy values for predicted DNA secondary structures on chromosome 10. The free-energy value for the most favorable Mfold-predicted DNA
secondary structure for each 300 nt segment, with 150 nt increments, of the chromosome 10 sequence is presented. The lower x-axis depicts the segment number
in the p- to g-arm direction on chromosome 10, the upper x-axis depicts the corresponding nucleotide number, and the y-axis displays the free-energy value of the
predicted structure. Un-sequenced gap, centromeric and subtelomeric sequences were removed. Non-fragile and fragile DNAs are depicted in gray and black,

respectively. The locations of fragile sites are marked by brackets.

subtelomeric (33) sequences were then removed. The second-
ary structure-forming potential of the remaining chromosome
10 sequence (131 Mb) was analyzed using the Mfold program
(34) by inputting sequentially 300 nt segments with a 150 nt
shift window (Fig. 1). We chose the 300 nt length because it
equals the Okazaki initiation zone of the DNA replication
fork in mammalian cells, which possesses a single-stranded
property during DNA replication (35,36). For each DNA
segment, the program predicts various potential DNA second-
ary structures along with a corresponding free-energy value. A
more negative free-energy value indicates a more stable DNA
secondary structure. Therefore, the most favorable structure
and free-energy value were selected for each segment. The
average free-energy value for chromosome 10 is —27.2 +
9.3 kcal/mol, with a range of —180.5 to +6.1 kcal/mol.

To examine whether there is clustering of sequences
capable of forming stable DNA secondary structures, 50 con-
secutive 300 nt segments were grouped into sections, with
each section consisting of 7650 nt. The level of clustering
was calculated based on the proportion of segments within
each section with a free-energy value less than —40 kcal/
mol. This value was chosen because it is approximately one
standard deviation (SD) below the mean free-energy value
of chromosome 10 and theoretically predicts a more energet-
ically favorable structure. A higher proportion indicates that
more segments are capable of forming highly stable secondary
structures. The mean proportion of segments per section below
—40 kcal/mol for chromosome 10 is 0.087 + 0.116, with a
range of 0—0.96.

Predicted DNA secondary structure-forming ability at
fragile sites compared with non-fragile region

Delayed replication within fragile sites due to the formation of
stable DNA secondary structures is suggested to contribute to
fragile site breakage (22). To investigate if fragile DNA can
form significantly more stable secondary structures than non-
fragile DNA, the 131 Mb chromosome 10 sequence was
divided into non-fragile or fragile regions, with the fragile se-
quence being further defined into individual fragile sites based
on class and mode of induction (Supplementary Material,
Fig. S1). A total of 373537 segments were analyzed for
fragile sites and 517301 segments for non-fragile regions
(Supplementary Material, Table S1). The mean free energies
of the predicted secondary structures in the non-fragile and
fragile regions are shown in Supplementary Material,
Table S2. While the non-fragile DNA exhibited a comparable
mean free-energy value to the entire chromosome 10, no sig-
nificant difference was seen between non-fragile and fragile
sites. This result is not unexpected, since the mean free-energy
values are averaged over very large regions and differences
between non-fragile and fragile sites may be masked.

Next, we examined the number of segments with free-
energy values less than —40 kcal/mol for each fragile site
and non-fragile DNA; such segments are energetically more
favorable to fold into secondary structures compared with
the overall chromosome 10 sequence. Three APH-induced
common fragile sites FRA10G, FRA10D and FRAI10F all
contain significantly more segments with free-energy values
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Table 1. Percentage of segments with free energy below —40 kcal/mol

Region Non-fragile FRA10G

FRA10C

FRA10D FRAI10A FRAI0B/E FRAI10F

Segments AG > —40 kcal/mol® 471257 (91.1%) 56047 (87.8%) 114086 (96.7%) 22991 (80.2%) 63094 (93.7%) 18724 (93.6%) 48948 (87.9%)

Segments AG < —40 kcal/mol® 46 044 (8.9%)
P-value* -

7820 (12.2%)
2.34E— 166

3914 (3.3%)
0

4241 (6.3%)
1.21E—133

1277 (6.4%)
7.04E—35

6717 (12.1%)

5677 (19.8%)
0 4.67E—133

*Total number of segments with a free-energy value higher or lower than —40 kcal/mol, with the percentage of the total in parentheses.
PFragile sites highlighted in gray have a significantly greater proportion of segments with a free-energy value less than —40 kcal/mol compared with non-fragile

DNA.

*P-value calculated by comparing each fragile site with non-fragile DNA using a chi-square test. A P-value of 0 represents a P < I[E—200.

less than —40 kcal/mol compared with non-fragile DNA
(P < 1E—100), indicating more stable DNA secondary struc-
tures forming within these regions (Table 1). In contrast, the
BrdU-induced common fragile site FRA10C, folate-sensitive
rare fragile site FRA10A and the co-mapped BrdU-induced
rare fragile site FRA10B and APH-induced common fragile
site. FRAIOE had fewer segments with free-energy values
less than —40 kcal/mol compared with non-fragile DNA.
Similar results were obtained when analyzing the percentage
of segments with free-energy values below —350 kcal/mol
(Supplementary Material, Table S3), which is approximately
2 SD below the mean free-energy value of chromosome 10,
suggesting increasing stability in the predicted secondary
structures.

To examine any differences in the clustering of DNAs
capable of forming stable DNA secondary structures
between non-fragile and fragile regions, 50 consecutive
300 nt segments were grouped into sections and analyzed. A
total of 7069 sections were analyzed for fragile sites and
10 334 sections for non-fragile regions (Supplementary Mater-
ial, Table S1). The proportion of segments within each section
having a free-energy value less than —40 kcal/mol was then
calculated (Supplementary Material, Fig. S2) and averaged
for chromosome 10, non-fragile DNA and each fragile site
(Table 2). Analysis of variance revealed a significant differ-
ence in the proportion of segments below —40 kcal/mol
among all fragile and non-fragile sites (P = 7.7E—292). A
subsequent pairwise comparison of each fragile site with a
non-fragile site showed that APH-induced common fragile
sites FRA10G, FRA10D and FRA10F exhibited a significantly
greater proportion of low free-energy segments per section
when compared with non-fragile DNA (P < 1E — 13). Inverse-
ly, BrdU-induced common fragile site FRA10C, rare fragile
sitt FRA10A and co-mapped rare fragile site FRA10B and
APH-induced common fragile site FRAIOE each had a
lesser proportion of segments below —40 kcal/mol compared
with non-fragile DNA.

Interestingly, in both analyses only APH-induced common
fragile sites were statistically significant in favor of forming
a stable secondary structure compared with non-fragile
regions, except for FRAI0OE, an APH-induced common
fragile site co-located at a BrdU-induced rare fragile site
FRA10B. However, a literature search revealed that
FRAI10E was initially classified as a provisional common
fragile site (37) and has not been verified since. Therefore,
due to its overlap with a rare fragile site and poor classifica-
tion, this region may not be an APH-induced common
fragile site. Together, these results show that APH-induced

common fragile sites on chromosome 10 possess more
sequences with potential to form highly stable secondary
structures, and these structures cluster together more often
than non-fragile DNA.

Refining of cytogenetically defined fragile sites

Most fragile sites are identified by G-banding of metaphase
chromosomes (38,39), and therefore, not all regions within
these sites are indeed fragile due to the limited resolution of
determining fragile site boundaries cytogenetically. Therefore,
if highly stable secondary structure-forming ability is a con-
tributing factor to fragile site instability, this property could
be used to narrow down sites of fragility within cytogeneti-
cally defined fragile sites. Next, utilizing the Mfold DNA sec-
ondary structure data, we investigated the development of a
threshold to predict regions susceptible to fragile site break-
age. The formation of alternative DNA secondary structures
corresponding to disease-associated trinucleotide repeat
expansions has been well established at rare, folate-sensitive
fragile sites (6). All folate-sensitive fragile sites sequenced
to date consist of a CGG repeat, including FRA10A, the
most prevalent folate-sensitive rare fragile site in the human
genome (40). FRA10A has been characterized at 10923.3
(40) and 10q24.2 (37,41,42). Sequence analysis of FRA10A
at 10g23.3 suggested a minimum of approximately 250
CGG repeats for fragile site breakage (40). The reference se-
quence (hg build 37.2) that we used in this study has eight
CGG repeats within the FRA10A allele at 10g23.3. Mfold pre-
dictions of the reference sequence containing the non-
expanded repeats and surrounding sequence (7650-nt) do not
show any significant DNA secondary structure-forming poten-
tial (Fig. 2A). This is not surprising since the large repeat
expansions necessary for fragile site breakage are not
present in the reference sequence. To determine a threshold
of predicted DNA secondary structure-forming potential ne-
cessary to result in fragile site breakage, we artificially
inserted an additional 242 CGG repeats into the reference se-
quence, resulting in a total of 250 repeats. Mfold analysis then
revealed that the segments corresponding to the expanded
CGG repeat exhibit low free-energy values, where using a
95% confidence interval, we found seven consecutive 300 nt
segments below —43.61 kcal/mol (Fig. 2A). Since expanded
CGG repeats form stable secondary structures in vitro and at
least 250 repeats at FRA10A results in fragile site breakage,
we established a threshold for potential fragile site breakage
as having at least seven consecutive segments with a free-
energy value of below —43.61 kcal/mol.
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Table 2. Distribution of proportion of segments per section with free energy below —40 kcal/mol
Region Chr 10 Non-fragile FRA10G FRA10C FRA10D FRA10A FRA10B/E FRA10F
Number of sections 17403 10334 1272 2360 574 1349 401 1113
Mean 0.087 0.089 0.122 0.033 0.198 0.063 0.064 0.121
SD 0.116 0.119 0.144 0.047 0.153 0.081 0.073 0.122
Mean difference from non-fragile - - 0.033 —0.056 0.109 —0.026 —0.025 0.032
Standard error - - 0.0042 0.0015 0.0065 0.0025 0.0038 0.0038
P-value* — - 2.27E—14 8.19E—-279 1.17E—51 1.11E—23 1.39E—4 2.77TE=15

*Overall, the mean difference among fragile and non-fragile sites analyzed by analysis of variance is highly significant (P = 7.7E —292). Subsequently, post-hoc
Student’s r-tests (two-tailed) were performed between each fragile site and non-fragile DNA. The P-values were adjusted for multiple comparisons by Bonferroni’s
correction.

**Fragile sites highlighted in gray have a significantly greater proportion of segments per section with a free-energy value less than —40 kcal/mol.

Figure 2. Establishment and validation of a threshold for Mfold prediction of chromosomal fragility. (A) The free-energy values for the most favorable Mfold-
predicted DNA secondary structure for each 300 nt segment with 150 nt increments are shown for FRA10A at 10g23.3 with eight CGG repeats and surrounding
sequence found in the reference sequence (gray dots) and artificially inserted CGG repeats to total 250 repeats (black dots). The (CGG)8-containing sequence is
not predicted to form significant DNA secondary structures. A minimum of 250 CGG repeats is necessary for FRA10A breakage, and this sequence is predicted
to form stable DNA secondary structures. When using a 95% confidence interval for chromosome 10, these expanded repeats exhibit seven consecutive segments
below —43.61 kcal/mol (horizontal black line). (B) Applying the fragility prediction threshold to Mfold-predicted DNA structures for FRA3B and FRA16D,
eight and three regions were identified, respectively. Overlap with gene sequences and the percentage of GC content are indicated for each of the regions.

Next, we examined the validity of this threshold by analyzing secondary structure-forming potential, using the Mfold

common fragile sites characterized on the molecular level. The
two most active common fragile sites in the genome, FRA3B
and FRA16D (18) display fragility in the regions of 4.5 (43)
and 2.8 Mb (44), respectively. The DNA sequence correspond-
ing to these characterized regions was analyzed for DNA

program in the same manner as the chromosome 10 sequence.
Upon applying the DNA fragility threshold, we identified
eight regions within FRA3B and three within FRA16D, encod-
ing for six and three genes, respectively (Fig. 2B and Supple-
mentary Material, Fig. S3). Together, these regions account
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for 0.23 and 0.13% of the defined FRA3B and FRA16D
sequences, respectively. One FRA3B region is within a previ-
ously defined ‘active’ region located within tumor suppressor
gene FHIT (45,46) and corresponds to APH-induced hybrid
deletions (16), a hereditary renal cell carcinoma translocation
breakpoint (47) and deletions found in gastric (48), lung (49),
cervical (50,51), breast, acute lymphoblastic leukemia, esopha-
geal, liver, brain, skin and prostate cancers and cancer cell lines
(Tumorscape). Within FRA16D, we identified a region corre-
sponding to the tumor suppressor gene WIWOX, which contains
heterozygous deletions found in gastric and colorectal adeno-
carcinomas (52) and frequent loss-of-heterozygosity in breast
cancer (53). Additionally, all the three regions identified in
FRA16D correspond to deletions observed in colorectal,
breast, lung, brain, skin and prostate cancers (Tumorscape).
Therefore, these findings indicate the ability of the DNA fragil-
ity threshold to predict regions with the potential of fragile site
breakage.

We next applied the DNA fragility threshold to the chromo-
some 10 sequence, and identified a total of 615 potential fragile
regions (Supplementary Material, Table S4), with an average of
9.6 + 3.4 consecutive segments below —43.61 kcal/mol and a
range of 7-39. These regions account for 0.74% of the
overall chromosome 10 sequence. Approximately 31% of the
predicted fragile regions are located within the cytogenetic
boundaries of previously detected common fragile sites, and
the remaining regions are located within the non-fragile
regions. The latter group may represent potential new fragile
sites not detected previously or too small to be detected on the
cytogenetic level. The former group, including 172 regions
within APH-induced sites and 15 within a BrdU-induced site,
can be used to refine potential sites of fragility within previously
known fragile sites. For example, within FRA10G, the largest
(~10 Mb) of all four APH-induced sites on chromosome 10,
there are 74 regions with at least seven consecutive segments
below —43.61 kcal/mol (Supplementary Material, Table S4
and Fig. S4), and their distribution revealed variations in the
presence of the predicted fragile regions (Supplementary Mater-
ial, Fig. S5), with a cluster of regions possessing a high number
of consecutive segments below —43.61 kcal/mol located at the
5’ portion of the sequence.

RET, an oncogene involved in 12 translocations that result
in papillary thyroid carcinoma, known as RET/PTC rearrange-
ments (54), is located within the cluster at the 5" portion of the
FRA10G sequence (Supplementary Material, Fig. S5). The
average free energy of the entire RET sequence is —41.0 +
11.9 kcal/mol, which is significantly lower than the remaining
chromosome 10 sequence (—27.2 4+ 9.3 kcal/mol) (P =
4.77E—68), and the RET gene contains five predicted fragile
regions with a range of 9—-16 consecutive segments below
—43.61 kcal/mol (Supplementary Material, Table S4 and
Fig.S4). In each of the reported RET/PTC rearrangements,
RET fuses with a different partner gene. NCOA4, one
genetic partner of RET which participates in the RET/PTC3
translocation (55), is also located in FRA10G. In contrast,
NCOA4 is located within a region devoid of predicted
fragile regions identified by the threshold (Supplementary Ma-
terial, Fig. S5). The average free energy of the NCOA4 se-
quence is —26.8 + 8.2 kcal/mol, comparable with the value
for the overall chromosome 10 sequence.

Studies of RET/PTC tumors indicate that patient breakpoint
cluster regions are located in intron 11 of RET and intron 7 of
NCOA4 (55). As with the overall free-energy values for RET
and NCOA4, intron 11 of RET has a significantly more ener-
getically favorable free-energy value (—48.5 + 7.9 kcal/mol)
compared with the average predicted free-energy value of
chromosome 10 (—27.2 + 9.3 kcal/mol) (P = 1.60E—17),
and is within the predicted fragile regions, while intron 7 of
NCOA4 (—25.9 £+ 6.7 kcal/mol) exhibits a value similar to
the chromosome 10 average (Fig. 3A). Further supporting its
secondary structure formation predictions and its involvement
in APH-induced DNA fragility, RET, but not NCOA4, exhibits
high levels of chromosomal breakage following APH treat-
ment in the HTori-3 human thyroid epithelial cell line (17).
In these experiments using fluorescence in situ hybridization
assays, we observed RET breakage at a rate of 6% of chromo-
somes with 0.4 pm APH treatment compared with only 0.62%
of chromosomes for NCOA4. DNA breakage within intron 11
of RET has also been confirmed on the nucleotide level fol-
lowing APH treatment. We detected 0.024 + 0.015 breaks
per 100 cells within intron 11 with 0.4 um APH treatment,
compared with 0.004 + 0.009 breaks per 100 cells without
treatment (P = 0.010) (17).

These data suggest that the ability to potentially form a
highly stable DNA secondary structure contributes to the
observed fragile site-induced breakage at RET and to some
extent chromosomal breakage in patients leading to RET/
PTC rearrangements, which ultimately result in papillary
thyroid carcinoma. Using DNA secondary structure predic-
tions and the established threshold, we have refined regions
of fragility within the cytogenetic boundaries of FRA10G
and other common fragile sites, as well as predict potential
new fragile sites.

Validating the formation of secondary structures

To validate the prediction of the Mfold program, we investi-
gated secondary structure formation within the breakpoint
cluster regions of RET and NCOA4 by subjecting these
DNA fragments to re-duplexing with various concentrations
of NaCl to allow re-annealing of the single strands following
denaturation. This in vitro re-duplexing assay has been used
to analyze the formation of DNA secondary structures gener-
ated by CTG (56,57) and CGG (58) repeats, as well as the
FRA16B AT-rich repeat sequence (27). Here, in addition to
the two sequences derived from FRA10G, two regions (exon
1 and exon 9) within the tumor suppressor gene PTEN were
also examined. PTEN, one of the most highly mutated tumor
suppressor genes (59), contains one predicted fragile region
with eight consecutive segments below —43.61 kcal/mol
(Supplementary Material, Table S4). Mutations within PTEN
are found throughout the gene and its promoter region, with
few mutations located after exon 8 (60). The region identified
in this study contains exon 1 and the promoter sequence of
PTEN, where high levels of mutations have been observed.
The average free energy for exon 1 of PTEN (—58.4 +
21.3 kcal/mol) is significantly more energetically favorable
compared with the average free energy of chromosome 10
(—27.2 + 9.3 kcal/mol) (P =1.25E-3) (Fig. 3A). Exon 9
of PTEN is located within a region lacking mutations (60),
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Figure 3. DNA secondary structure prediction and in vitro detection within the regions predicted to exhibit fragile site instability. (A) The computed lowest
free-energy value of the predicted DNA secondary structures from segments analyzed by the Mfold program was fit to a curve for regions isolated by the thresh-
old for potential fragility within RET (red) and PTEN exon 1 (green), and regions not isolated by the threshold within NCOA4 (blue) and PTEN exon 9 (orange).
The Matlab function polyfit found coefficients of a polynomial P(X) of degree N that fit the raw data best in a least-squares sense. Intron 11 of RET (solid line),
exon 1 of PTEN (solid line), intron 7 of NCOA4 (solid line) and exon 9 of PTEN (solid line) plus flanking sequences (dashed) are depicted. The mean free energy
of chromosome 10 (—27.2 kcal/mol) is depicted by the horizontal black line. The x-axis indicates the size of the sequences and the y-axis displays the free energy
of the predicted structure. (B) Representative gel electrophoresis analysis of re-annealed RET intron 11, PTEN exon 1, NCOA4 intron 7 and PTEN exon 9 DNAs.
DNA fragments were denatured and subjected to re-duplexing in the presence of 0.1 M NaCl and analyzed by native 4% PAGE. When compared with untreated
samples, slower-migrating products suggest the formation of a secondary structure during re-duplexing of these DNAs. (C) Average percentages of DNA sec-
ondary structures for DNA fragments of RET (n = 12), PTEN exon 1 (n = 7), NCOA4 (n = 12) and PTEN exon 9 (n = 5) are shown with + SD. The intensity of
all bands was measured by densimetric analysis, and the percentage of shifted bands were calculated and averaged over 5—12 individual experiments performed

over a range of NaCl concentrations (50 mM—1 m). Statistical analysis was performed using a Student’s #-test (two-tailed), where * refers to P < 2E—3.

and like NCOA4, has an average free energy (—21.2 +
4.0 kcal/mol) similar to chromosome 10 (Fig. 3A).

The 366 bp RET intron 11 and 317 bp PTEN exon 1 DNA
fragments predicted to form highly stable secondary structures
(with free-energy values —74.5 and —73.2 kcal/mol, respect-
ively), and the 348 bp NCOA4 intron 7 and 289 bp PTEN
exon 9 DNA fragments predicted to form less stable structures
(—20.1 and —23.2 kcal/mol, respectively) (Supplementary
Material, Fig. S6), were subjected to the re-duplexing reaction
to observe the formation of DNA secondary structures. We
observed slower migrating products in the re-duplexed
samples, but not in the untreated samples (Fig. 3B), suggesting
the formation of secondary structures during re-duplexing of
these DNAs. RET, PTEN exon 1, NCOA4 and PTEN exon 9
all exhibited the formation of secondary structures to varying
degrees (Fig. 3B). While the concentration of NaCl (0.05—
1 M) had no impact on the amount of the secondary structure for-
mation, DNA sequence did. RET and PTEN exon 1 showed

significantly greater secondary structure formation compared
with NCOA4 (P =4.8E—10 and 3.0E—5, respectively) and
PTEN exon 9 (P=5.7E-8 and 1.6E-3, respectively)
(Fig. 3C). No significant difference was observed in the level
of secondary structure formation between RET and PTEN
exon 1 or between NCOA4 and PTEN exon 9. Therefore,
these data confirm that an energetically favorable free-energy
value predicted by Mfold program corresponds to greater
DNA secondary structure formation, validating the differential
folding propensity of the Mfold program predictions. These
results demonstrate the validity of Mfold secondary structure
predictions.

Analysis of regions capable of forming highly stable
secondary structures

The co-localization of these predicted fragile regions with
genes was next compared. Of these 615 regions, 426 (69%)
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are located within regions encoding for 258 genes (Supple-
mentary Material, Table S4). Among them, 47 genes (posses-
sing 71 predicted fragile regions) have known mutations of
insertions, deletions, translocation, or point mutations that
result in cancer or other diseases in humans (Table 3; Supple-
mentary Material, Table S5). Specifically, six of the 22 genes
with mutations consisting of insertions, deletions, or transloca-
tions are specifically found in cancer (Fig. 4). Included within
these genes are RET and PTEN, which form significant levels
of DNA secondary structure in vitro. CCDC6, the partner gene
of RET in the RET/PTCI rearrangement in PTC (54), was also
identified. Located within the BrdU-induced common fragile
site. FRA10C, CCDC6 exhibits chromosomal breakage in
HTori-3 cells at a rate of 2.72% of chromosomes following
BrdU treatment (17). Additionally, the region predicted in
this study to form high levels of secondary structure corre-
sponds to intron 1 of CCDC6, the breakpoint cluster region
isolated in RET/PTC patient tumors (55). Also among these
genes are ZMIZ1 (61), ADD3 (62) and NFKB2 (63), all
known to be disrupted in chromosomal translocations resulting
in leukemia. In B-cell acute lymphoblastic leukemia, ZMIZ1
rearranges with ABLI (61), and translocations of 4ADD3 with
NUP9S (62) are detected in T-cell acute lymphoblastic leuke-
mia. NFKB?2 rearranges with INA, resulting in B-cell chronic
lymphocytic leukemia and cutaneous T-cell lymphoma (64);
with TBXASI, resulting in multiple myeloma and with
IGH@, resulting in B-cell non-Hodgkin’s lymphoma (65).
NFKB? also displays deletions, point mutations and gene amp-
lification found in B- and T-cell leukemias and lymphomas
(63).

The location of these predicted fragile regions was also
compared with copy number alterations observed in various
tumors and cancer cell lines (66) (Tumorscape). We found
that the regions identified by the fragility prediction threshold
mostly overlap with the regions containing deletions in breast,
colorectal, non-small-cell (NSC) lung and prostate cancers;
glioma; melanoma; and amplifications in breast, ovarian and
prostate cancers (Fig. 4; Supplementary Material, Table S6).
Deletions in breast, colorectal, glioma and melanoma are
found in the region identified to contain PTEN exon 1, in
which deletions, insertions and point mutations have been
sequenced in various cancers (59), and stable DNA secondary
structures were observed in vitro (described above). The
region identified within NFKB2 is included in the locations
of deletions found in colorectal and breast cancers, and the
predicted fragile region within ADD3 overlaps with deletions
found in NSC lung, colorectal and breast cancers. Deletions
found in melanoma, NSC lung, colorectal and breast
cancers, and glioma span the identified regions within the
APH-induced common fragile site FRA10F, and sequences
located near the telomere on the g-arm of chromosome 10
(10g26.2-qter), which constitutes 33% of the predicted
fragile regions but was not previously identified as a fragile
site. Amplifications found in breast, ovarian and prostate
cancers include regions of predicted DNA secondary structure
that cluster within 10g22.2—-3, which contains the ZMIZI
gene, and borders the cytogenetic boundaries of the
APH-induced common fragile site FRA10D (10g22.1). Add-
itionally, 86 significant regions were identified on the p-arm
of chromosome 10, where no chromosomal fragile site was

Table 3. Genes located in regions capable of forming highly stable secondary
structures and disease associations

Gene Chromosomal  Fragile site  Insertion, Point
position deletion, mutation®
translocation®

PHYH 10p13 +
NMT2 10p13 +

VIM 10p13 +
CACNB2 10p12.33 +
NEBL 10p12.31 +

BMII 10p12.2 +
PTF1A 10p12.2 +
MAP3K8 10p11.23 +
ZEBI1 10p11.22 +
RET 10q11.21 FRA10G + +
CXCL12 10gq11.21 FRA10G +
ALOXS 10q11.21 FRA10G +
CHAT 10gq11.23 FRA10G +
CCDC6 10g21.2 FRA10C +

RHOBTBI1 10g21.2 FRA10C +
STOX1 10g21.3 FRA10C +
HK1 10g22.1 FRA10D +

NEUROG3  10q22.1 FRA10D +
PCBD1 10g22.1 FRA10D +
CDH23 10g22.1 FRA10D +
CHST3 10g22.1 FRA10D +
KCNMALI 10g22.3 +
ZMIZ1 10g22.3 +

CDHRI1 10g23.1 +
LDB3 10g23.2 +
BMPRIA 10g23.2 + +
GLUDI1 10g23.2 +
PTEN 10g23.31 FRA10A + +
RBP4 10g23.33 FRA10A +
HPS1 10g24.2 FRAT0A +

ABCC2 10g24.2 FRA10A + +
PAX2 10g24.31 + +
PDZD7 10g24.31 +

FGF8 10g24.32 +
HPS6 10g24.32 + +
PITX3 10g24.32 + +
NFKB2 10q24.32 +

CNNM2 10g24.32 + +
COLI17A1 10g24.33 + +
ADD3 10g25.1 +

ADRBI 10q25.3 + +
BAG3 10g26.11 FRA10F + +
FGFR2 10926.13 FRA10F + +
PLEKHA1 10g26.13 FRA10F +
HTRA1 10926.13 FRA10F +
OAT 10g26.13 FRA10F + +
ADAMI12 10g26.2 +

“Detailed descriptions of diseases and references are found in Supplementary
Material, Table S5.

previously defined. These regions on the p-arm coincide
with deletions found in breast, prostate, NSC lung and colorec-
tal cancers, as well as amplifications found in breast cancer.
Therefore, using the ability to form highly stable secondary
structures within a given threshold defined by the analysis of
molecularly defined fragile sites, we have narrowed down
cytogenetically defined fragile sites; identified possible new
fragile sites in previously unidentified regions on chromosome
10 and correlated these sites both with known mutations in
human disease and regions of copy number alterations in
cancer. We suggest that the secondary structure-forming/
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Figure 4. Location of regions predicted to exhibit fragile site instability and correlation with cancer-associated chromosomal aberrations. Regions on chromo-
some 10 with at least seven consecutive segments below —43.61 kcal/mol are presented. The lower x-axis depicts the number of the first 300 nt segment of the
consecutive segments identified by the threshold, the upper x-axis displays the corresponding chromosome 10 nucleotide number and the y-axis depicts the
number of consecutive segments within the each identified region. The locations of the six genes with insertion, deletion or translocation mutations
in cancer that coincide with regions isolated by the threshold are marked by red diamonds. Regions of copy number alterations (Tumorscape) across
various tumor types that overlap with regions identified by the threshold are depicted in horizontal lines. Black lines represent deletions and gray lines represent

amplifications.

replication stalling mechanism for DNA breakage could occur
within these regions to generate the respective cancer-specific
gene rearrangements.

DISCUSSION

In this study, we analyzed the differences in multiple stem
loop DNA secondary structure-forming potential between
fragile and non-fragile DNA on chromosome 10 using the
DNA secondary structure prediction program, Mfold.
APH-induced common fragile sites, FRA10G, FRA10D and
FRAT10F, had a greater potential to form stable DNA second-
ary structures compared with non-fragile DNA (Table 1). Add-
itionally, DNA capable of forming these stable secondary
structures clustered more densely in these APH-induced
common fragile sites compared with non-fragile DNA
(Table 2). FRAIOE, although classified as an APH-induced
common fragile site, did not have a greater potential to form
stable DNA secondary structures compared with non-fragile
DNA (Table 1, Table 2). However, the original classification
of this fragile site was listed as provisional (67), and further
experiments to confirm its fragility have not been performed.
Therefore, we suggest that this region may not be a true
APH-induced common fragile site. To our knowledge, this is
the first unbiased demonstration supporting secondary
structure formation at proven APH-induced common fragile
sites as a distinguishing feature of these regions from non-
fragile sites.

We also confirmed the validity of the secondary structure
predictions using an in vitro re-duplexing assay of RET,

PTEN and NCOA4 sequences. Intron 11 of RET and exon 1
of PTEN are located within the regions identified by the fragil-
ity prediction threshold (Supplementary Material, Table S4),
and are predicted to form secondary structures with energetic-
ally favorable free-energy values significantly lower than the
average value of the chromosome 10 sequence (Fig. 3A). In
contrast, intron 7 of NCOA4 and exon 9 of PTEN were not iso-
lated in our study and are predicted to form secondary struc-
tures with free-energy values similar to the overall
chromosome 10 sequence (Fig. 3A). The in vitro re-duplexing
assay showed that RET intron 11 and PTEN exon 1 DNA form
a significantly higher amount of stable secondary structures
than NCOA4 intron 7 and PTEN exon 9 DNA (Fig. 3B and
C), agreeing with the differential folding propensity predicted
by the Mfold program. Further, we previously found that RET,
but not NCOA4, exhibits high levels of chromosomal breakage
following APH treatment (17), and the formation of DNA
breaks within intron 11 of RET (the major patient breakpoint
cluster region found in human tumors) was also detected at
the nucleotide level following APH treatment (17). Interest-
ingly, NCOA4 1is located within the same APH-induced
fragile site, FRA10G, as RET. However, NCOA4, due to its in-
ability to form highly stable secondary structures and, more
importantly, the absence of chromosomal breakage in response
to APH, does not fit the criteria for a bona fide APH-induced
site, unlike the RET sequence. Rearrangements in NCOA4 are
most frequent in patients with a history of radiation exposure,
ranging from 63 to 76% of the total RET/PTC rearrangements
in pediatric tumors (68—71), suggesting that radiation, not
DNA secondary structures, causes DNA breakage at this
site. Mutations within the PTEN gene, including deletions,

Zz0z 1snbny Lz uo1senb Aq S61y6S/EST YL/ L/2Z/211e/Buwy/woo dno-olwepeoe//:sdyy woly papeojumoq


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds561/-/DC1

1452 Human Molecular Genetics, 2013, Vol. 22, No. 7

are found in many types of cancer. While mutations are com-
monly found in exon 1 of PTEN, they are fairly devoid within
exon 9 (60), agreeing with our secondary structure predictions
and observations by the in vitro re-duplexing assay. These
results validate the Mfold analysis as a method for predicting
potential regions of DNA fragility, and support the role of al-
ternative DNA secondary structure in the mechanism of
APH-induced common fragile site instability.

The boundaries of fragile sites have traditionally been
defined cytogenetically, and to date only 23 common fragile
sites have been cloned and characterized. Rare fragile sites
are the result of CGG trinucleotide repeats or AT-rich minis-
atellite repeats occupied only a small area of the cytogeneti-
cally defined regions (72). Unlike rare fragile sites, no
consensus sequence has been identified for common fragile
sites to narrow down regions of fragility, but it is unlikely
that these regions are fragile throughout the -currently
defined cytogenetic boundaries. Additionally, cloning and
characterization of fragile sites is time-consuming. Here,
through Mfold analysis of FRA10A, we observed a signature
of fragility when comparing the reference sequence to a
fully expanded repeat sequence known to produce chromo-
somal breaks, thereby establishing a threshold for predicting
potential fragile sites (Fig. 2A). This threshold was demon-
strated by the analysis of the two most active fragile sites in
the genome, FRA3B and FRA16D, which have been defined
on the molecular level. Within FRA3B and FRA16D, FHIT
and WWOX, respectively, exhibits highly frequent fragile
site breakage as identified previously, and each contains one
of the predicted fragile regions. Other predicted regions of
FRA3B and FRA16D correspond to the gene location of dele-
tions and amplifications found in cancer (73)(Supplementary
Material, Fig. S3C). Although breakage of these regions is
not highly induced by APH, they may contribute to the fragil-
ity of regions within FHIT and WWOX, even if they them-
selves do not show much direct chromosome breakage.
Using this threshold, we could pinpoint sites of potential fra-
gility within the cytogenetic boundaries of fragile sites on
chromosome 10 (Fig. 4; Supplementary Material, Table S4).
We isolated a total of 172 regions within APH-induced
common fragile sites, effectively narrowing down fragility
within these regions, as in the example of FRA10G described
above. We also identified 15 regions within the BrdU-induced
common fragile site FRAIOC. Interestingly, in a global
screening study of APH-induced fragile sites, FRA10C
showed levels of chromosomal breakage in peripheral blood
lymphocytes in the presence of APH, at least half that of the
APH-induced common fragile sites on chromosome 10 (74).
Therefore, FRA10C may have characteristics of both APH
and BrdU-induced fragile site breakage, and the regions that
we identified in this study may be responsible for the APH
breakage (74).

Another drawback of defining DNA fragility cytogeneti-
cally at metaphase chromosomes is that some fragile regions
are too small to be detected or are difficult to locate by
G-banding. Therefore, using the ability to form highly stable
secondary structures, we can predict ‘micro’-fragile sites or
previously unidentified fragile sites within non-fragile
regions. Using the same threshold as used to narrow down
cytogenetically defined fragile sites, we predicted an

additional 428 potential regions of fragility within non-fragile
regions (Fig. 4; Supplementary Material, Table S4). A total of
86 of these regions are located on the p-arm, where no fragile
sites have been well established. Interestingly, 75 of these
regions correspond to the locations of chromosome breaks
observed by Mrasek et al. in their global study (74).

The sequence composition of the 615 predicted fragile
regions (Supplementary Material, Table S4), analyzed by
RepeatMasker program (http://www.repeatmasker.org), con-
tains 13.5% of repetitive elements, including LINEs (3%),
SINEs (2.5%), LTR retrotransposons (4.5%), DNA transpo-
sons (0.8%) and simple sequence repeats (2.7%). Comparison
of the analyzed sequences with the human genome showed no
over-representation of any elements at these predicted fragile
regions (human genome: LINEs—21%, SINEs—13%,
LTRs—8%, DNA transposons—3% and simple repeats—
3%, (75)). This suggests that no obvious repeat sequences
can account for these fragile regions. The nucleotide compos-
ition of these regions is generally GC rich (average GC content
65.1 + 6.9%, range 8—79%). Interestingly, only a few regions
were AT rich. Previous analyses of several common fragile
sites revealed AT-rich sequences with an inherent higher flexi-
bility (21,22). Although most sequences we identified are GC
rich, those that are not are instead AT rich. The GC richness of
the sequences was also found in the regions identified within
FRA3B and FRAI16D (Fig. 2B), where one sequence was
AT rich and all the rest were GC rich. In a global analysis
of sequence content and DNA flexibility, Tsantoulis et al.
found common fragile site sequences to be on average more
GC rich and less flexible than non-fragile sequences (76).
Our results agree with those observations, and further
support DNA secondary structure-forming potential rather
than DNA flexibility as an important feature of common
fragile sites.

Extensive studies (21-31) have suggested that the ability of
fragile sites to form stable secondary structures during DNA
replication likely contributes to their breakage by stalling rep-
lication fork progression. In addition to replication fork stal-
ling, paucity of replication initiation in fragile site regions
(77) and the presence of transcription-derived R-loops
during DNA replication of fragile sites (78), are also suggested
to be involved in the mechanism of fragility. However, it is not
clear whether the potential of fragile site sequences to form
highly stable secondary structures participates in the latter
two mechanisms. Interestingly, the formation of R-loops pro-
motes trinucleotide repeat instability. The ability of trinucleo-
tide repeats to form stable secondary structure may stabilize
the presence of R-loops by adopting hairpin structure on the
non-template DNA strand, and therefore, favoring hybrid for-
mation between RNA transcripts and the DNA template strand
(79-82). Further investigation of the specific role of second-
ary structure-forming ability of fragile sites in the mechanism
of fragility is needed.

This study is the first unbiased investigation of DNA second-
ary structure-forming potential at fragile sites versus non-fragile
regions, and supports the role of DNA secondary structure for-
mation in the mechanism of APH-induced common fragile site
instability. Additionally, we have established a method whereby
sites of fragility can be predicted, allowing systematic identifi-
cation of common fragile sites. The co-localization of fragile
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sites and genes deleted, amplified or rearranged in cancer is well
documented (12). Also, genomic and epigenomic instability in
neuropsychiatric diseases such as schizophrenia and autism
has been linked to fragile sites (15). Therefore, the ultimate
goal is to create a list of legitimate sites that are prone to
DNA breakage caused by the secondary structure-forming
mechanism(s), to evaluate genomic stress caused by endogen-
ous and exogenous insults. To create a panel of such regions
and measure their fragility could tailor diagnosis and therapy
based on direct knowledge of DNA damage.

MATERIALS AND METHODS
DNA secondary structure prediction

The nucleotide sequence of chromosome 10 was obtained from
the Human Genome Project build 37.2 (hg37.2) as FASTA text
files. The downloaded contig sequences were assembled se-
quentially, in the p- to g-arm direction, with unsequenced gap
nucleotides between contigs assigned a sequence of ‘N’. A list
of known fragile sites on chromosome 10 and their location
was obtained from NCBI GeneBank (http://www.ncbi.nlm.
nih.gov/sites/entrez?db=gene using "fragile site" as a search
term). For example, FRA10G is located at cytogenetic position
10q11.2, corresponding to nucleotides 42 300 001-52 900 000.
Fragile sites were then assigned based on common or rare, and
mode of induction (APH, BrdU or folic acid). Non-fragile
regions were defined by removing all known fragile sites,
centromeric (32), subtelomeric (33) and gap sequences.

Using the Mfold program (34), the potential of single-
stranded DNA to form a stable secondary structure can be pre-
dicted along with its free-energy value. The secondary
structure-forming potential of the entire chromosome 10 was
analyzed by inputting 300 nt segments with a 150 nt shift
window into the Mfold program. We chose the 300 nt length
because it equals the Okazaki initiation zone of the DNA rep-
lication fork in mammalian cells, which possesses a single-
stranded property during DNA replication (35,36). The
default [Na™], [Mg?"] and temperature used were 1.0, 0.0 M
and 37°C, respectively. The free-energy value of the most
stable predicted secondary structure for each segment was
used in the analyses. A section was arbitrarily defined as 50
consecutive segments for evaluation whether segments with
a low predicted free-energy value clustered within a region.

Analyses of DNA secondary structure within FRA3B and
FRA16D were performed using the Mfold program in the
same manner as above. The FRA3B sequence, defined by
Becker et al. (43), is located between nucleotides 59 619 291
and 64206 880 of chromosome 3. The FRA16D sequence,
defined by Krummel et al. (44), is located between nucleotides
76 517 028 and 79 359 665 on chromosome 16.

Statistical analysis

The mean and SD of the predicted free-energy values were
first calculated for the entire chromosome to generate the
threshold values significantly deviating from the overall se-
quence (<1 SD or 2 SD). The average predicted free-energy
value of the entire chromosome 10 is —27.25 4+ 9.35 kcal/
mol. Therefore, we defined two threshold values of —40
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and —50 kcal/mol that correspond to ~1 and 2 SD below
the average predicted free energy. A free-energy value of
each segment below these two thresholds indicates theoretical-
ly that it is energetically more favorable to fold into secondary
structures compared with the overall sequence. The mean and
SD were then calculated for each fragile site as well as the
non-fragile regions, using the predicted free-energy values
for the 300 nt segments contained within those regions. Seg-
ments containing sequences overlapping with other regions
or ‘N’ gap sequence were not used in analyses. To compare
the overall ability of each fragile or non-fragile region to
form stable secondary structures, the percentage of segments
within each region with free-energy value less than —40 or
— 50 kcal/mol was calculated. Using a chi-square test, the per-
centage of segments below each threshold was compared
between the non-fragile region and each fragile site.

To investigate whether low free-energy segments form clus-
ters, 50 consecutive 300 nt segments were grouped into one
section and numbered consecutively from the p- to g-arm dir-
ection. The proportion of segments with a free-energy value
less than —40 kcal/mol within each section was calculated.
A high proportion suggests that the low free-energy segments
tend to cluster together in that section when compared with
other sections. The mean and SD of the proportion of seg-
ments were calculated for the sections contained within each
fragile site and the non-fragile regions. The sections contain-
ing sequences overlapping with other regions or ‘N’ gap se-
quence were not used in analyses. We first assessed for
overall difference in proportion of low free-energy segments
among the seven non-fragile and fragile regions by analysis
of variance. Then, we performed post-hoc comparisons for
the mean difference in the proportion of segments per
section for each fragile site versus the non-fragile DNA
using a Student’s #-test (two-tailed). The P-values were calcu-
lated after Bonferroni correction for multiple comparisons. All
statistical analyses were performed using IBM SPSS Statistics
v.19 (SPSS, Chicago, IL, USA).

Plasmids

The plasmid containing intron 11 of human RET sequence,
pRETS3, was constructed by first generating a 2177 bp fragment
produced by polymerase chain reaction (PCR) of human
genomic DNA using primers (5-TACCCTGCTCTGCC
TTTCAGATGG-3" and 5'-CTGTCCTCTTCTCCTTCATC-3')
flanking intron 11 of RET, and then cloning into the Smal site of
the pPGEM3zf(+) vector (Promega Co.).

The plasmid containing intron 7 of human NCOA4 sequence,
pELEL, was constructed by first generating a 2262 bp fragment
produced by PCR of human genomic DNA using primers
(5'-AGACCTTGGAGAACAGTCAG-3' and 5-CAGAGCCT
CCTTCTCACAATTC-3') flanking intron 7 of NCOA4, and
then cloning into the pGEM3zf(+) vector.

Re-duplexing assay

Re-duplexing reactions were performed as previously
described (27,56,57) with slight modifications. The 366 bp
RET fragment (corresponding to 43 610 126—43 610492 of
chromosome 10 from hg37.2) was obtained by digesting
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pRET3 with restriction enzymes Pstl and Nael. The 348 bp
NCOA4 fragment (corresponding to 51 583 022—-51 583 371)
was obtained by digesting pELE1 with restriction enzymes
Swal and Hincll. The 317 bp PTEN exon 1 fragment (corre-
sponding to 89 623 390—89 623 693) was obtained by digest-
ing a PTEN cDNA clone (Open Biosystems, Catalog #
MHS1011-61412) with restriction enzymes EcoRI and
Banl. The 289 bp PTEN exon 9 fragment (corresponding to
89 725202—-89 725489) was obtained by digesting the
PTEN c¢DNA clone with Dpnl and Asel. The fragments
were then gel-purified, dephosphorylated at the 5’ end with
calf intestinal alkaline phosphatase, and end-labeled with
[a-**P] ATP (PerkinElmer) using T4 kinase. End-labeled
DNA (1 ng) was added to 10 pl denaturing solution (0.5 M
NaOH, 1.5 M NaCl) and incubated at room temperature for
5 min. Following denaturation, 490 wl 5x TE buffer contain-
ing NaCl (ranging from 0.05 to 1 m) was added to the reaction
mixture and incubated at 37°C for 3 h. DNA was ethanol-
precipitated in the presence of glycogen (Roche). The DNA
pellets were then air-dried and resuspended in TE buffer.
DNA samples were electrophoresed in a 4% polyacrylamide
gel cast in tris-borate-EDTA at 150 V for 3 h at room tempera-
ture. The gel was dried and visualized by phosphorimaging
(GE Healthcare). All enzymes were purchased from New
England Biolabs.

Copy Number Alterations

Regions of copy number alteration on chromosome 10
were obtained from Tumorscape (www.broadinstitute.org/
tumorscape).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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