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Common fragile sites (CFSs) are seen as chromosomal gaps and breaks brought about by inhibition of replication,
and it is thought that they cluster with tumor breakpoints. This study presents a comprehensive analysis using
conventional and molecular cytogenetic mapping of CFSs and their expression frequencies in two mouse strains,
BALB/c and C57BL/6, and in human probands. Here we show that induced mouse CFSs relate to sites of
spontaneous gaps and breaks and that CFS expression levels in chromosome bands are conserved between the two
mouse strains and between syntenic mouse and human DNA segments. Furthermore, four additional mouse CFSs
were found to be homologous to human CFSs on the molecular cytogenetic level (Fra2D-FRA2G, Fra4C2-FRA9E,
Fra6A3.1-FRA7G, and Fra6B1-FRA7H), increasing the number of such CFSs already described in the literature to
eight. Contrary to previous reports, DNA helix flexibility is not increased in the 15 human and eight mouse CFSs
molecularly defined so far, compared to large nonfragile control regions. Our findings suggest that the mechanisms
that provoke instability at CFSs are evolutionarily conserved. The role that large transcriptionally active genes may
play in CFS expression is discussed.

[Supplemental material is available online at www.genome.org.]

Common fragile sites (CFSs) are chromosomal loci that become
visible (expressed) as chromatid gaps or chromosome breaks in a
cell-type-dependent manner (Elder and Robinson 1989; Murano
et al. 1989a) after culturing cells under replicative stress. CFS ex-
pression has been observed in various mammalian species (Arlt
et al. 2003). Cytogenetic CFS mapping studies on murine lym-
phocytes revealed 19 CFSs defined as chromosome bands with
significantly elevated gap/break frequencies that expressed the
lesion homozygously as well (Elder and Robinson 1989). Com-
parative analysis in lymphocyte chromosomes of human, three
great apes (chimpanzee, gorilla, orangutan), and a simian mon-
key species (Macaca fascicularis) has demonstrated that a high
percentage of human CFSs were found in the equivalent location
on chromosomes of apes/monkeys, although with sometimes
significantly different expression frequencies (Yunis and Soreng
1984; Smeets and van de Klundert 1990; Ruiz-Herrera et al. 2002).
A possible coincidence of CFSs with evolutionarily rearranged
sites was also described (Smeets and van de Klundert 1990; Ruiz-
Herrera et al. 2002). However, considering only the most break-
age-prone sites of each primate, very few appeared to correspond
to a synteny break (SB). To summarize, cytogenetic studies gave
varying results and could not clarify to what degree CFSs were
conserved over species frontiers or if they colocalize with evolu-
tionary rearrangements. Until now only four mouse CFSs have

been molecularly defined. These are Fra6C1, which corresponds
to the human CFS FRA4F (Rozier et al. 2004); Fra8E1, the homo-
log of human FRA16D (Krummel et al. 2002); Fra12C1 in the
homologous region of FRA7K (Helmrich et al. 2006); and
Fra14A2 in the FRA3B corresponding region (Glover et al. 1998).
DNA sequence comparison detected highly conserved regions
between mouse and human homologous CFSs (Shiraishi et al.
2001; Krummel et al. 2002). It is therefore possible that despite
their instability, CFSs represent (at least over some time) evolu-
tionarily stable regions.

But what is the molecular mechanism that forces breakage
at specific sites? The amount and composition of repetitive ele-
ments within molecularly mapped CFSs were shown to be similar
to overall distributions found in mouse and human genomes
(Mishmar et al. 1998; Ried et al. 2000; Shiraishi et al. 2001; Krum-
mel et al. 2002; Morelli et al. 2002; Limongi et al. 2003; Mat-
suyama et al. 2003). Several publications present evidence for the
existence of areas with elevated DNA helix flexibility (potential
local conformational variations in the molecule) within the CFS
regions. Islands with high flexibility were found in all of the
currently analyzed nine human and three mouse CFS sequences
(Mishmar et al. 1998; Ried et al. 2000; Krummel et al. 2002;
Morelli et al. 2002; Limongi et al. 2003; Matsuyama et al. 2003;
Zlotorynski et al. 2003; Rozier et al. 2004). Unfortunately, an
appropriate number of analyzed stringently selected control re-
gions was always missing. The initial study summed up the re-
sults for 14 very small regions consisting of 1.1 Mb total length
(Mishmar et al. 1998). In a recent paper, 17.2 Mb of control
sequences were analyzed; however, these sequences were also
combined from smaller regions, and therefore their individual
helix flexibility values were not shown (Zlotorynski et al. 2003).
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All four molecularly defined mouse CFSs and their corre-
sponding human CFSs localize to genes that span >750 kb of
genomic sequence: Grid2/GRID2 (Fra6C1/FRA4F), Wwox/WWOX
(Fra8E1/FRA16D), Immp2l/IMMP2L (Fra12C1/FRA7K), and Fhit/
FHIT (Fra14A2/FRA3B). Moreover, three human CFSs span the
sequences of large genes: FRA6E (PARK2) (Denison et al. 2003),
FRA7H (EXOC4, formerly known as SEC8) (Mishmar et al. 1998),
and FRA7I (CNTNAP2) (Ciullo et al. 2002). Therefore, features
present in large genes were suggested to be causally related to CFS
formation (Rozier et al. 2004).

In this study, we scored mouse CFSs, defined as chromo-
somal regions that express gaps, double-strand breaks, or ex-
change figures under induced replicative stress, and then used
statistics to classify the different chro-
mosomal bands as having low, middle,
or high CFS expression. We mapped
spontaneous gaps/breaks as well as in-
duced CFSs in the genomes of two
mouse strains (BALB/c and C57BL/6)
and then compared the expression of
CFSs between the mouse and the human
genomes. Furthermore, we characterized
at the molecular level several mouse
CFSs that showed synteny to human
CFSs. We also examined the DNA helix
flexibility for 23 mapped human and
mouse CFSs and large control regions,
and searched for tissue-specific gene ex-
pression of large genes that reside within
CFSs and control regions.

Results

Cytogenetic mapping of mouse and
human CFSs

We performed a comprehensive cytoge-
netic analysis of CFSs in lymphocytes of
the two mouse strains BALB/c and
C57BL/6 in comparison to human lym-

phocytes. In almost all of the mouse and
human (K. Stout-Weider, unpubl.) chro-
mosome bands observed at the 350–400
band level, we detected aphidicolin
(APC)-induced lesions with different fre-
quencies.

CFS expression levels are conserved in mouse
strains BALB/c and C57BL/6

Spectral karyotyping (SKY) was applied
in order to accomplish a reliable classifi-
cation of the mouse chromosomes;
chromosomal bands were identified
with DAPI banding.

All spontaneously occurring or
APC-induced chromatid gaps, deletions,
and translocations were mapped along
with their frequencies to their respective
chromosomal band location (Fig. 1).

Chromatid gaps (G) and double-
strand breaks (DB) including deletion
breakpoints and exchange figures oc-

curred at low frequencies of 0.2 � 0.1 (BALB/c) and 0.3 � 0.2
(C57BL/6) (events per metaphase, mean values �1.96 SE) in con-
trol cells not exposed to APC. CFS expression showed a clear
tendency to increase, with ascending APC concentrations, to
higher levels in BALB/c as compared to C57BL/6 mice (BALB/c,
G: 3.8 � 1.7 at 0.2 µM APC, DB: 2.6 � 0.6 at 0.4 µM APC;
C57BL/6, G: 1.5 � 1.3 at 0.2 µM APC, DB: 1.6 � 0.5 at 0.4 µM
APC; P < 0.05) (Fig. 2).

Correlation analysis of CFS frequencies of BALB/c and
C57BL/6 mice at 0.4 µM APC showed a significant relation of
medium strength (R = 0.67, P < 0.0001) (Fig. 3), that is, a conser-
vation of the band-specific CFS expression levels in the two
strains.

Figure 1. Example of mouse CFS mapping. The lesions appearing as chromatid gaps (black arrows),
chromosome breaks/deletions (blue arrows), or translocations (red arrows) were mapped to their
cytogenetic locations according to the SKY classification (left) and the DAPI banding pattern (right).
The figure shows an especially heavily rearranged metaphase with all three kinds of lesions.

Figure 2. Frequencies of chromatin gaps (G) and double-strand breaks (DB) at different APC con-
centrations in (B) BALB/c and (C) C57BL/6 mouse splenocytes. The y-axis shows the mean numbers of
G and DB per metaphase; for each strain and APC concentration, means � standard errors were
calculated from counts in 125 metaphases (five mice). Statistically significant differences (Mann-
Whitney U-test, P < 0.05) between strains are indicated with asterisks (*). The numbers of induced G
and DB are slightly higher in BALB/c compared to C57BL/6 cells.
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Spontaneous gaps and breaks in mouse occur preferentially
at chromosome bands with elevated APC-induced CFS expression

A detailed overview of the genome-wide CFS expression frequen-
cies in mouse lymphocytes is shown in Figure 4. We were
interested to see whether the rare spontaneous gaps and double-
strand breaks occurred preferentially in bands with high APC-
induced CFS expression. Therefore, we performed a mathemati-
cal calculation to divide the total of 392 chromosome bands into
groups of low, medium, and high levels of APC-induced CFS
expression using a nonrandom test (see Methods and Fig. 4).

When comparing centromere and non-centromere chromo-
some bands, we found that CFS expression increased after expo-
sure to APC in non-centromeric chromosome bands (paired Wil-
coxon test, P < 0.05) (data not shown), but not in centromeres

(P = 0.07). Whereas spontaneous fragility in centromeric bands
was relatively high (10 gaps/breaks in 21 centromeres), none of
the 21 bands showed a high APC-induced fragility. On the other
hand, all of the 48 spontaneous gaps/breaks that occurred in
non-centromeric bands were found within the group of 316
bands with elevated CFS expression, and none were found within
the group of 55 stable bands (Table 1; Fig. 4). Thus spontaneous
non-centromeric gaps/breaks lie preferentially at sites with el-
evated APC-induced CFS expression (�2 test, P < 0.0001).

CFS expression levels are conserved in syntenic regions of mouse
and human chromosomes

In order to analyze if CFS expression was conserved between
mouse and human, as it was conserved between BALB/c and
C57BL/6 strains (Fig. 3), we searched the Ensembl Genome
Browser for large syntenic regions encompassing at least two
chromosome bands. We detected 17 such conserved segments
comprising a total of 77 bands (∼500 Mb of mouse and human
DNA, respectively). The median CFS expression frequencies of
each of these 77 bands were subjected to a pairwise comparison
between human and mouse. The Spearman test gave a correla-
tion coefficient of R = 0.538 (P < 0.0001), showing a medium-
strength correlation of CFS expression frequencies in homolo-
gous mouse and human bands (see also Fig. 5). This finding sup-
ports the view that CFS expression levels in syntenic regions are
conserved during evolution.

Variation of CFS expression in humans is not higher than that in inbred
mice

To estimate variability in CFS expression between different indi-
viduals of the same species, the coefficient of variation (CV) was
calculated for each chromosome band using CFS expression fre-
quency data of five BALB/c and five C57BL/6 mice and two hu-

Figure 3. Relation of CFS expression levels (including G and DB at
0.4 µM APC, shown as percent of analyzed chromosomes) in 392 cyto-
genetic bands of BALB/c and C57BL/6 mice. The line of best fit is shown.
R is the Spearman test correlation coefficient. CFS expression on the
chromosome band level is conserved in the two mouse strains.

Figure 4. Log scale CFS expression levels in 392 mouse chromosome bands. The mouse chromosome ideogram (D. Adler, Department of Pathology
at the University of Washington, supplemented according to http://www.ensembl.org/Mus_musculus/index.html) is displayed horizontally. All chro-
mosome bands (A–H), sub-bands (1–6), and sub-sub-bands (1–3) are labeled for chromosome 1; sub-bands of the remaining chromosomes are, for the
sake of clarity, not labeled and can be identified according to their position within chromosome bands and in relation to the indicated sub-sub-bands.
CFS expression data were obtained in BALB/c and C57BL/6 splenocytes treated with 0.2 µM and 0.4 µM APC and are shown as the percent of analyzed
chromosomes. Stable chromosome bands (S, white bars) with low APC sensitivity and bands with medium (gray) and high (black) CFS expression were
identified with a nonrandom test (see Methods). Each spontaneous gap (G) and double-strand break (DB) found in untreated control cells are indicated.
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man groups with five persons each. CVs of all bands correlated
between both human groups (R = 0.691) and between BALB/c
and C57BL/6 (R = 0.410; P-values < 0.0001). Medians of the CV
values including either all bands, all but stable bands, or only the
bands expressing the highest level of CFSs (identified with the
nonrandom test) were compared between the four groups. Each
comparison showed lower median CV values for the groups of
human probands as compared to the data obtained in mice (me-
dian CVs for all bands in human: 109 and 95; in BALB/c: 139; in
C57BL/6: 158; for all but stable bands in human: 82 and 69; in
BALB/c: 133; in C57BL/6: 153; for only high level CFS-expressing
bands in human: 47 and 40; in BALB/c: 80; in C57BL/6: 102).

Molecular characterization of mouse and human CFSs

Four mouse CFSs syntenic to human CFSs were mapped at the
DNA sequence level. Those newly mapped CFSs together with all
other known molecularly identified CFSs were then analyzed for
DNA helix flexibility, frequency of synteny breaks (SB), and pres-
ence of large genes, as well as gene expression levels of such

genes. Altogether 74 Mb of DNA in human and mouse CFSs and
243 Mb of DNA in nonfragile control regions were analyzed.

Four CFSs are shown to be homologous between human and mouse at the
molecular level

Multicolor FISH experiments with mouse BACs syntenic to hu-
man BACs located within the regions of CFSs FRA2G, FRA7G,
FRA7H, and FRA9E allowed for the identification of the corre-
sponding mouse CFSs (Table 2). Each of the four human CFSs has
its corresponding CFS in the mouse genome spanning the exact
homologous sequences. Together with the four already charac-
terized CFSs—FRA3B/Fra14A2 (Glover et al. 1998), FRA4F/Fra6C1
(Rozier et al. 2004), FRA7K/Fra12C1 (Helmrich et al. 2006), and
FRA16D/Fra8E1 (Krummel et al. 2002)—eight CFSs are now de-
scribed to be conserved at the molecular level. The CFS expres-
sion frequencies (representing percentages of gaps/breaks/
exchange figures among all analyzed human and mouse chro-
mosomes, respectively) of the syntenic chromosome bands
containing the molecularly defined homologous human and
mouse CFSs were 0.3%/0.2% for FRA2G/Fra2D, respectively,
3.3%/1.1% for FRA3B/Fra14A2, 0.8%/0.4% for FRA4F/Fra6C1,
2.0%/5.4% for FRA7K/Fra12C1, 0.1%/0.2% for FRA7G/Fra6A3.1,
2.4%/1.6% for FRA7H/Fra6B1, 0.7%/0.5% for FRA9E/Fra4C2, and
3.1%/1.8% for FRA16D/Fra8E1 (based on our human and mouse
mapping studies). Correlation analysis revealed a significant as-
sociation between the frequencies of CFS expression of these
eight homologous CFSs (R = 0.762, P = 0.028).

Sites of evolutionary DNA rearrangements between the mouse and human
genomes do not cluster in the 23 known CFS sequences

Since CFSs appear to represent genomic sites that are prone to
DNA breakage, we opted to search in the human and mouse
genomes for a possible coincidence of CFSs with regions that
were rearranged during chromosome evolution. Out of the 15
human and eight mouse molecularly mapped CFSs, only two
human CFSs and one mouse CFS contained a synteny break (SB)
between the human and mouse genomes (the positions of SBs
were defined based on the Ensembl Genome Browser) (see

Figure 5. CFS expression levels in chromosome bands of 17 large (two or more cytogenetic bands) syntenic regions of the human and mouse (BALB/c
and C57BL/6) genomes. x-axis: mouse and human chromosome bands; y-axis: frequency of CFS expression in percentages.

Table 1. Number of spontaneous gaps/breaks in mouse
chromosome bands with low, medium, and high APC-induced
CFS expression

Chromosome bands
(total n = 392)

classified according
to APC sensitivity

Number of
spontaneous

gaps and breaks
(total n = 58)

Centromeric bands (a) Low (n = 9) 5
(b) Medium (n = 12) 5
(c) High (n = 0) 0

Noncentromeric bands (d) Low (n = 55) 0
(e) Medium (n = 270) 26
(f) High (n = 46) 22

Spontaneous gaps/breaks were counted in untreated control cells. Chro-
mosome bands with low, medium, and high CFS expression were iden-
tified with a nonrandom test (see Methods) in BALB/c and C57BL/6 sple-
nocytes treated with 0.2 µM and 0.4 µM APC. The chromosome bands
belonging to groups a to f are shown in Figure 4.
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Supplemental Table S1). The average frequency of synteny breaks
was lower in the CFS regions (one SB every 22.9 Mb in human
and every 28.4 Mb in mouse) than in the control regions (one SB
every 11.4 Mb in human and every 18.4 Mb in mouse). The
control regions comprised 10 human and 10 mouse chromosome
bands with the lowest CFS expression levels based on the 10
lowest Pd-values in the nonrandom test. Also, a part of human
band 7q31 centromeric to FRA7K was included, where FISH ex-
periments on APC-treated metaphase chromosomes detected no
CFS expression (Helmrich et al. 2006). These data indicate that
synteny breaks between the human and the mouse genome ap-
parently do not cluster in CFSs.

DNA helix flexibility is not increased in mouse and human CFSs

Using the software package TwistFlex developed by B. Kerem, we
analyzed the helix flexibility of 74.2 Mb of DNA covering the 15
human and eight mouse precisely mapped CFSs and 243.1 Mb of
DNA in control regions (defined by the nonrandom test). For
every CFS and control region, the number of flexibility islands
and their clusters per megabase were calculated (Supplemental
Table S1). Since average numbers of flexibility islands in G-bands
are higher than in R-bands owing to their higher AT content, we
analyzed G- and R-bands separately.

Our analysis did not reveal significantly higher numbers of
islands or clusters with increased helix flexibility in CFS regions
compared to nonfragile regions (P � 0.14) (Table 3). Moreover,
neither in human nor in mouse did the number of flexibility
islands relate to the expression frequency of the distinct CFSs
(Spearman test; human: G-band CFSs, R = �0.476, P = 0.233; R-
band CFSs, R = 0.071, P = 0.879; mouse: G-band CFSs, R = 0.500,
P = 0.667; R-band CFSs, R = 0.100, P = 0.873). The same was
found comparing the number of flexibility clusters to the CFS
frequencies.

Comparing eight pairs of syntenic CFSs between human and
mouse, the numbers of islands with increased flexibility were

found to be conserved (Spearman R = 0.786, P = 0.021). However,
the number of high flexibility clusters did not correlate
(R = 0.265, P = 0.526).

CFSs preferentially colocalize with large active genes

Nine of the 15 human and six of the eight mouse molecularly
characterized CFSs include the coding regions of large genes (see
Table 4 and Supplemental Table S1). Within 45.85 Mb of human
CFS sequence, 10 genes >650 kb were found that map preferen-
tially in the regions of the most frequently expressed CFSs. In
contrast, among the 151.26 Mb of control sequence, only six
large genes were found. In mouse, six large genes map within the
28.35 Mb of known CFS sequence compared to none within

Table 2. BAC hybridization signals relative to the respective homologous human and mouse CFSs

Human CFSs Mouse CFSs

Probe name Proximal Crossing Distal Probe name Proximal Crossing Distal

FRA2G (Limongi et al. 2003), 0.3% Fra2D, 0.2%
RP11–285f23 34 26 2 RP23–10n12 5 0 4
RP11–527a7 19 38 26 RP23–451m16 0 0 1
RP11–551o2 20 43 33 RP23–357k4 4 0 6
RP11–724o16 2 42 68 RP23–431m12 2 1 7

FRA7G (Hellman et al. 2002), 0.1% Fra6A3.1, 0.2%
AC002066 12 1 21 RP23–117h11 5 1 6
c169h6 2 1 17 RP23–73g15 5 1 6

FRA7H (Mishmar et al. 1998), 2.4% Fra6B1, 1.6%
HSC7E-752 9 0 0 RP23–385j22 33 0 2
HSC7E-464 15 7 0 RP23–114h23 11 0 0
HSC7E-125/587 20 0 0 RP23–194e21 25 1 1
HSC7E-648 0 7 9 RP23–255i14 5 1 28

FRA9E (Callahan et al. 2003), 0.7% Fra4C2, 0.5%
RP11–444k11 5 0 5 RP23–6a13 15 1 2
RP11–58c3 7 0 13 RP23–426j14 21 1 4
— RP23–30g7 26 2 9
— RP23–395a21 17 0 15

Human and mouse clones that are in the same row represent homologous regions. Hybridization results of BACs representing human DNA sequences
were taken from the cited literature, and the results of BACs representing mouse sequences were obtained in the present study. For each CFS, the
band-specific CFS expression frequency at 0.4 µM APC is shown in percent related to the total number of CFSs observed in unpublished data (human)
(K. Stout-Weider, unpubl.) and in this study (mouse).

Table 3. Mean densities of islands and clusters of high DNA helix
flexibility in 15 human and eight mouse CFSs and human and
mouse control regions

Mean flexibility
islands (Mb)

Mean flexibility
clusters (Mb)

G-bands R-bands G-bands R-bands

Human CFSs 41.1 31.0 2.2 0.8
Human control regionsa 39.6 41.6 1.7 2.2

(P = 0.86) (P = 0.49) (P = 0.29) (P = 0.17)
Mouse CFSs 47.7 40.2 3.4 1.2
Mouse control regionsa 49.3 50.9 2.4 2.7

(P = 0.31) (P = 0.46) (P = 0.25) (P = 0.14)

Flexibility clusters are defined as three or more flexibility islands in which
the distance between any two adjacent islands is �5 kb. P-values were
calculated for the difference between fragile and nonfragile sequences
using the Mann-Whitney U-test.
aTen human and 10 mouse control regions comprised stable chromo-
some bands with the 10 lowest Pd-values in the nonrandom test (see
Methods). A part of human band 7q31 centromeric to FRA7K where FISH
experiments did not show CFS expression is also included as a control.
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91.80 Mb of control sequence. Thus, large genes are found pref-
erentially within CFS regions.

We determined the transcriptional activity of these large
genes for human lymphocytes using RNA expression data pub-
lished in the GNF SymAtlas (Fig. 6). Expression values >200 are
common for genes at sites with frequent CFS expression. For
example, the expression value of FHIT, which lies within the
most frequent human lymphocyte CFS, FRA3B, is the highest
among the analyzed large genes (Fig. 6; Supplemental Table S1).
CNTNAP2, the large gene within FRA7I, is the only example
showing an expression value close to the background level of
100. In agreement with the low CNTNAP2 expression, FRA7I is
not detectable in lymphocytes. For all large genes in control re-
gions except one (TCBA1 in 6q22), expression values below 200
were found. Moreover, we found a strong positive correlation
between the expression values of large genes and the frequency
of CFS formation at these sites (R = 0.857, P = 0.014).

Discussion
In this work we present a whole-genome mapping study for CFSs
in lymphocytes of mouse strains BALB/c and C57BL/6. Both
mouse strains expressed a similar number of CFSs in control cells
that were not subjected to APC treatment during cell culture. We
show here that these spontaneous aberrations occur preferen-
tially in the same non-centromeric bands that also show elevated
levels of induced CFS expression, which means that APC in-
creases the expression of natural fragile sites and does not accu-
mulate artifacts. Interestingly, centromeric bands showed
slightly higher levels of spontaneous gaps and breaks than non-
centromeric bands, but the expression of centromeric CFSs did
not increase after APC treatment. This
suggests that gaps/breaks in centromeres
occur via separate mechanisms. Follow-
ing APC induction, we found an el-
evated overall CFS expression in BALB/c
compared to C57BL/6 mice. This might
bear a relation to the high post-
irradiation breast cancer risk of BALB/c
animals (Storer et al. 1988) that is due to
strain-specific polymorphisms in the
coding region of Prkdc, causing chroma-
tid-type aberrations (Ponnaiya et al.
1997; Yu et al. 2001). The Prkdc gene en-
codes the DNA-dependent protein ki-
nase catalytic subunit, which is known
to be involved in DNA double-stranded
break repair and post-IR signal transduc-
tion (Yu et al. 2001). Furthermore, de-
fects in different repair mechanisms
were shown to increase the expression of

CFSs (Turner et al. 2002), so that the Prkdc deficiency may con-
tribute to the observed high number of CFSs induced by APC in
BALB/c mice.

As shown in Figure 2, differences between CFS levels in
BALB/c and C57BL/6 mice reached statistical significance for the
number of gaps at 0.2 µM APC but not at 0.4 µM APC and for the
number of DBs at 0.4 µM APC but not at 0.2 µM APC. Mecha-
nistically, this could mean that the gaps seen at lower dose are
converted to DBs at higher dose. Despite different sensitivities to
APC between BALB/c and C57BL/6, we showed a high degree of
conservation of CFS expression frequencies per chromosome
band. A strain-overlapping conservation was furthermore af-
firmed in a comparison of our data to published results from
APC-treated lymphocytes of ICR mice (Elder and Robinson
1989). Out of the 19 bands cited, 14 belong to the 23 most fre-
quently observed CFSs in our study at comparable conditions of
induction. In addition to the conservation of CFS expression lev-
els among different mouse strains, we found the same for syn-
tenic regions of the mouse and human genomes. Such conserva-
tion was already described for the most frequent human CFSs
compared to the genomes of different great apes (Yunis and
Soreng 1984; Smeets and van de Klundert 1990). Our data shown
in Figure 5 support the conclusion that a conservation is also true
for less frequent CFSs. Therefore, since every chromosome seg-
ment apparently has its specific tendency to form a CFS that is
conserved during evolution, we suggest basing the fragility clas-
sification on the whole continuum of CFS expression levels (e.g.,
low, medium, and high) rather than on division into fragile or
nonfragile DNA regions.

On a molecular basis, we showed four CFSs to be conserved
between the human and mouse genomes (FRA2G/Fra2D, FRA7G/
Fra6A3.1, FRA7H/Fra6B1, and FRA9E/Fra4C2). Thus, together
with FRA3B, FRA4F, FRA7K, and FRA16D, which correspond to
mouse Fra14A2 (Glover et al. 1998), Fra6C1 (Rozier et al. 2004),
Fra12C1 (Helmrich et al. 2006), and Fra8E1 (Krummel et al.
2002), respectively, eight CFSs are now found to be conserved on
the DNA sequence level. Their mouse versus human expression
frequencies correlate significantly.

To answer the question whether SBs might have occurred as
a consequence of breakage at CFSs, we looked for SBs between
mouse and human genomes in mapped fragile sequences and in
low-fragility areas and found CFSs without SBs as well as control

Figure 6. Expression levels of large human genes (�650 kb) in CFSs and stable control regions.
Shown on the x-axis are the large genes situated in nine of 15 CFSs and in five of 11 control regions.
Gray bars indicate the frequency of CFS expression (left y-axis); black bars show the extent of gene
expression (right y-axis, based on RNA expression array data from http://symatlas.gnf.org/SymAtlas/).

Table 4. Number of large genes in 15 human and eight mouse
CFSs as well as 10 human and 10 mouse control regions

Size
(Mb)

Number
of genes
>650 kb

Number
of genes

>650 kb/Mb

Human CFSs 45.85 10 0.22
Human control regions 151.26 6 0.04
Mouse CFSs 28.35 6 0.21
Mouse control regions 91.80 0 0
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regions with SBs. The comparison of SB frequencies between CFSs
and control regions revealed no elevation in CFSs. Still, the prob-
lem remains that to date we only have 15 CFS sequences to in-
clude in the analysis, representing only a small population of the
total number of CFSs. Clearly, the analysis needs to be extended
in the future when additional CFSs are precisely mapped on the
DNA sequence level. Yet our results include some of the most
frequently expressed CFSs (as FRA3B, 16D, XB, 7H, 7K, 13A),
adding weight to the observation that SBs do not cluster into this
group of 15 CFSs. To explain the observed result, one can specu-
late that mechanisms different from CFS expression are involved
in the formation of evolutionary chromosomal rearrangements,
for example, random breakage as proposed by Nadeau and Taylor
(1984). However, it is also possible that synteny breaks do occur
in CFSs but as a result of the breakage reduce or lose the ability to
appear as a CFS in the split regions.

The characterization of 15 human and eight mouse CFS-
expressing sequences and large nonfragile regions provides a
powerful tool to search for further molecular features of CFSs. To
date, the cellular mechanisms leading to the formation of CFSs
are still largely unknown. Several recent studies showed that ar-
eas with elevated DNA helix flexibility lie within CFS sequences
(Mishmar et al. 1998; Zlotorynski et al. 2003; Rozier et al. 2004).
However, these studies lack a sufficient number of nonfragile
control regions. We used stringent criteria to choose control re-
gions (243 Mb) and showed that human and mouse CFS regions
do not contain an elevated number of highly flexible structures
in comparison to large low-fragility control regions. It has to be
noted that the mouse DNA sequence still shows gaps that might
lead to false results, even though the number of these gaps is
similar for CFS and control regions. Thus, our comprehensive
analysis demonstrated that, in contrast to the current view in the
literature, elevated DNA helix flexibility is obviously not related
to the formation of CFSs. Also, because of the following obser-
vations, it is rather improbable that the DNA sequence per se
accounts for the expression of CFSs. Firstly, the interindividual
CFS expression frequency variation (expressed as median CV val-
ues of all chromosome bands) in humans is not higher than
among inbred mouse strains that are characterized by genomic
sequence identities of almost 100%. Secondly, CFSs were found
to be expressed in a tissue-dependent manner (Elder and Robin-
son 1989; Murano et al. 1989b; Simonic and Gericke 1996). Here
we showed that human CFSs differ from nonfragile regions in
that the former frequently house transcriptionally active genes
that span >650 kb of genomic sequence. Large genes appear also
very frequently in the mouse CFS regions and were absent in
control areas. Owing to the lack of gene expression data for
mouse tissues, we are not able to conclude on the transcriptional
activity of these genes in mouse lymphocytes.

The large genes located within CFSs (see Supplemental Table
S1) encode very different proteins varying from neurotransmitter
receptors (GRID2), mediators of cell–cell interactions in the ner-
vous system (CNTNAP2 and EXOC4), enzymes in uracil and thy-
midine catabolism (DPYD), or mediators of protein kinase A sub-
cellular location (NBEA) to proteins involved in protein degrada-
tion (PARK2) and cell cycle control (FHIT). Some of the proteins
are thought to act as tumor suppressors (FHIT, WWOX, PTPRG).
However, all these genes are similar in that they are expressed in
the tissue in which the CFSs are inducible. This clearly separates
the large genes of the CFS regions from those in control areas.

The concept of an association of the localization of CFSs
with active gene regions is furthermore supported by the expres-

sion of a CFS at Xp22.3 (a region escaping X-inactivation) in both
homologous chromosomes in females, whereas the CFS at
Xq22.1 is expressed only in the transcriptionally active X (Austin
et al. 1992).

It is known that the DNA polymerase inhibitor APC acts
during S phase by reducing or stopping DNA synthesis (Pedrali-
Noy et al. 1981). Furthermore, CFSs have always been studied in
mitotic chromosomes, which means in cells that have been ex-
posed to APC in S phase and (erroneously) have passed the G2/M
checkpoint. The function of proteins that are involved in check-
point control such as ATR or BRCA1 was described to be essential
for the integrity of the CFS regions (Casper et al. 2002; Turner et
al. 2002; Arlt et al. 2004). Therefore, we conclude that stalled
replication forks at large transcriptionally active sites coupled
with escape of checkpoint control may contribute to CFS expres-
sion and the induction of DNA double-strand breaks. However,
this concept needs further experimental validation. To date, we
can only speculate what molecular mechanisms might link CFSs
to regions of large active genes. A direct interaction with the
transcription machinery, which has also been found to be active
during (mammalian) S phase (Jensen et al. 1993), might slow
down the replicating polymerase, rendering the sites of interac-
tion favored for replication stagnation. The probability of such
interaction may increase with the size of the actively transcribed
gene. Evidence for delayed replication (in late-replicating DNA)
has been shown for CFSs FRA3B and FRA16D (Wang et al. 1999;
Palakodeti et al. 2004). Furthermore, recent genome-wide
studies addressing the issue of interplay between nuclear RNA
and DNA synthesis showed a strong link between transcription
and replication timing (Schubeler et al. 2002; Woodfine et al.
2004). Therefore, CFSs may represent regions where the temporal
coordination of the two processes is especially critical and sensi-
tive to problems.

Methods

Metaphase chromosome preparation and induction of CFSs
Mouse splenocytes from five BALB/c and five C57BL/6 mice
(BALB/c: three female and two male; C57BL/6: two female and
three male) were cultured for 48 h in RPMI 1640 medium plus
20% FCS and 0.0006% �-mercaptoethanol. T-lymphocytes were
stimulated using 6 ng/µL Concanavalin A, B-lymphocytes by 2.5
ng/µL lipopolysaccharide. CFSs were induced by adding aphidi-
colin (APC) at concentrations of 0.0 µM, 0.2 µM, or 0.4 µM to the
cell culture medium 24 h prior to the harvest. Human T-
lymphocytes were obtained from peripheral blood of 10 unre-
lated volunteers and cultured for 72 h in RPMI medium 1640,
20% FBS, and 3 µg/mL phytohemaglutinine (Biochrom) supple-
mented with 0.4 µM APC for 24 h.

Scoring of CFSs
CFSs, defined as lesions that appeared as gaps, double-strand
breaks, or exchange figures, were mapped by analyzing the DAPI
images of 25 complete metaphase spreads of each mouse and for
three different APC concentrations (750 metaphases in total). To
ensure the proper identification of the mouse chromosomes,
Spectral Karyotyping was performed as previously described
(Schrock et al. 1996). Each lesion observed was taken into con-
sideration to define the CFS expression frequencies of individual
chromosomal bands (with a resolution of ∼5–20 Mb). A subse-
quent statistical calculation was done to distinguish between
bands with high, medium, or low CFS levels (see below).
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Preparation of BACs and their use for fluorescence in situ
hybridization (FISH)
BACs were obtained from the library RP23 (see http://genomics.
roswellpark.org/). DNA was prepared following standard proto-
cols. BAC DNA was labeled via nick translation with Biotin-16-
dUTP, DEAC-dUTP, Digoxygenin-dUTP, or TAMRA-dUTP. Hy-
bridization and detection procedures were performed as de-
scribed (Schrock et al. 1996).

Statistical analysis
The nonrandom test (Dahm et al. 2002) was applied to identify
chromosome regions with extremely low, medium, and high CFS
expression frequencies. For this, the CFS mapping data from 0.2
µM and 0.4 µM APC-treated lymphocytes of mouse strains
BALB/c and C57BL/6 were combined. For each of the 392 mouse
chromosome bands, the number of observed APC-induced CFSs
(a), the number of analyzed chromosomes (b), and the size of the
band in megabases (obtained from http://www.ensembl.org) (c)
were regarded. Because b was slightly varying for different chro-
mosomes and close to 1000, a was normalized to d: d = (1000/
b) � a. The expected number of CFSs for a specific band (e) was
calculated taking into account the size of chromosomal bands:
e = (sum of d-values) � [c/(sum of all c-values)]. Using Microsoft
Excel and applying the binomial distribution, P-values were cal-
culated for increased CFS expression: Pi = 1-BINOMVERT(a,b,e/
1000,TRUE) + BINOMVERT(a,b,e/1000,FALSE), and for decreased
CFS expression: Pd = BINOMVERT(a,b,e/1000,TRUE). Bands were
considered to show extremely low or high CFS expression fre-
quencies if their Pd or Pi values, respectively, were below the
Bonferroni bound of 1.28 � 10�4 (0.05/392). All other bands
were classified as medium fragile.

Furthermore, standard statistical tests such as the Mann-
Whitney U-test, the paired Wilcoxon test, and the Spearman test
were applied using the software package Statistica for Windows
Version 5.5 (StatSoft Inc.). Coefficient of variation (CV) values
were calculated as 100 � SD/(mean value).

Use of databases
Positions of BACs and genes as well as DNA sequence data of CFSs
and control regions were taken from http://genome.ucsc.edu,
version May 2004. Human/mouse syntenic segments were de-
fined by use of the Ensembl Genome Browser (http://www.
ensembl.org, July 2004 version).

Mouse sequences were allocated to their chromosome loca-
tion based on gene mapping data as indicated in the NCBI-
LocusLink. The exact boundaries of mouse G- and R-bands were
determined according to gene and CpG-island densities as shown
in the UCSC Genome Browser.

Evolutionary breakpoints were identified by analyzing data
from http://www.ensembl.org (version July 2004). Human gene
expression data were obtained from the GNF SymAtlas (http://
symatlas.gnf.org/SymAtlas/, Version 1.2.4) (Su et al. 2002). Be-
cause the data were based on hybridization of fixed amounts of
overall mRNA, values of different genes within one tissue can be
compared directly. Values were obtained from Pb-CD4 + Tcells
and Pb-CD8 + Tcells (T-lymphocytes). For genes with more than
one given RNA expression result, mean values were calculated.
Gene expression values were compared to the CFS frequencies
using the Spearman correlation test; at regions including two
large genes, only the gene with the higher expression value was
taken into account (FHIT but not PTPRG, and GPC5 but not
GPC6). Mouse gene expression analysis data are not included
because of the lack of large genes in mouse control regions.

Analysis of DNA helix flexibility
To evaluate DNA flexibility, we used a measure of the potential
local variations in the DNA structure, expressed as fluctuations in
the twist angle (Sarai et al. 1989). This measure provides average
twist angle fluctuations for each of the possible dinucleotides
and thus enables the evaluation of the flexibility of a DNA se-
quence by summation of these values. To carry out the analysis,
TwistFlex was used as provided by B. Kerem at http://www.
jail.cs.huji.ac.il/∼netab/index.html. The analysis was performed
according to B. Kerem and coworkers (Zlotorynski et al. 2003) in
windows of 100 bp with a shift increment of 1 bp. Dinucleotide
values were summed along the window and averaged by the win-
dow length. Windows with values >13.7° were considered as flex-
ibility peaks. Since the window length is 100 bp, flexibility peaks
that were <100 bp apart were considered as one flexibility peak.
Flexibility peaks as well as clusters of flexibility peaks (defined as
at least three flexibility peaks in which the distance between any
two adjacent peaks is �5 kb) were calculated. As a control, we
recalculated the helix flexibility for published DNA sequences
submitted to flexibility analysis (Zlotorynski et al. 2003) and ob-
tained identical results.
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