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Centromere mitotic recombination in mammalian cells
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entromeres are special structures of eukaryotic

chromosomes that hold sister chromatid together

and ensure proper chromosome segregation dur-
ing cell division. Centromeres consist of repeated se-
quences, which have hindered the study of centromere
mitotic recombination and its consequences for centro-
meric function. We use a chromosome orientation fluo-
rescence in situ hybridization technique to visualize and
quantify recombination events at mouse centromeres.
We show that centromere mitotic recombination occurs in
normal cells to a higher frequency than telomere recombina-

Introduction

Centromeres are essential for the correct segregation and inher-
itance of genetic information by ensuring that each daughter
cell receives a copy of each chromosome during cell division
(Pidoux and Allshire, 2000). Mammalian centromeres are com-
posed of long arrays of tandemly repeated DNA sequences
(Sunkel and Coelho, 1995). The mouse genome contains at least
two types of repetitive elements at centromeres, the major satel-
lite repeats (6 Mb of 234-bp repeats) and the minor satellite re-
peats (~600 kb of 120-bp repeats, varying from 500 kb to 1.2 Mb
depending on the chromosome; Kipling et al., 1991, 1994;
Guenatri et al., 2004, Kuznetsova et al., 2005). The major satel-
lite repeats are located pericentrically, whereas the minor satel-
lite repeats coincide with the centric constriction (Wong and
Rattner, 1988). The centromere protein B (CENP-B) is found at
minor satellite DNA and alphoid DNA in mouse and human
cells, respectively (Horz and Altenburger, 1981; Earnshaw
et al., 1989; Kipling and Warburton, 1997).

In addition, centromeres contain epigenetic marks char-
acteristic of compacted heterochromatin domains, including
histone lysine trimethylation and DNA hypermethylation
(Lehnertz et al., 2003; Maison and Almouzni, 2004). Mainte-
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tion and to a much higher frequency than chromosome-arm
recombination. Furthermore, we show that centromere
mitotic recombination is increased in cells lacking the
Dnmt3a and Dnmt3b DNA methyltransferases, suggesting
that the epigenetic state of centromeric heterochromatin
controls recombination events at these regions. Increased
centromere recombination in Dnmt3a,3b-deficient cells is
accompanied by changes in the length of centromere
repeats, suggesting that prevention of illicit centromere
recombination is important to maintain centromere integ-
rity in the mouse.

nance of centromeric heterochromatin has been proposed to
be important for centromere function. In particular, loss of
DNA methylation at pericentromeric regions caused by abro-
gation of the DNA methyltransferase enzymes Dnmtl or
Dnmt3a and Dnmt3b (Okano et al., 1998, 1999; Chen et al., 2004)
results in defective centromere function (Chen et al., 2004;
Dodge et al., 2005), although the mechanisms responsible for
this are still largely unknown.

Similar to centromeres, telomeres (or the terminal ends of
chromosomes) are also repeated elements, which in all verte-
brates consist of tandem repeats of the TTAGGG sequence and
associated proteins (Blackburn, 2001). Telomeres have an es-
sential role in chromosome end protection and chromosomal
stability. A proper length of telomeric repeats is maintained by
the enzyme telomerase (Blackburn, 2001), as well as by the
recombination-based alternative lengthening of telomeres or ALT
mechanism (Muntoni and Reddel, 2005). Similarly to centric
and pericentric chromatin, telomeres, as well as the adjacent
subtelomeric regions, are enriched in epigenetic marks charac-
teristic of constitutive heterochromatin, including histone tri-
methylation marks and subtelomeric DNA hypermethylation
(Brock et al., 1999; Gonzalo et al., 2006; Blasco, 2007). Further-
more, these marks act as independent negative regulators of telo-
mere length and recombination (Gonzalo et al., 2006; Blasco,
2007; Benetti et al., 2007). In particular, in the absence of Dnmts,
telomeres become dramatically elongated concomitant with
increased telomere recombination and in the absence of loss of
histone trimethylation marks (Gonzalo et al., 2006).

JCB 885



886

a minor satellite  120bp .

telomere

1.7 120
é X
1 [

......... NP-B

TTTTGTGTAAGCAACCTT

42
... TGAGTTACACTGA AAAACACATTCGTTGGAA ACGGGATTTGTAG...
.. ACTCAATGTGACT TTTT GTGTAAGCAACCTT TGCCCTAAACATC...

AAAACACATTCGTTGGAA

Centromere CO-FISH

normal

2-color CO-FISH

nick FISH
BrdU + (single-stranded
digestion probe)

A A:] (A
V)

| WYL F VN[l . — lagging strand probe

TTAGGG TTAGGG
AATCCC AATCCC

TTAGGG TTAGGG

« leading strand probe

Centromere-SCE

AN
i {

Unequal
exchange

C Minor satellite probe

leading

lagging leading + lagging

No recombination

Centromere SCE (C-SCE)

Figure 1. CO-FISH to measure recombination rates at minor satellite sequences. (a) A scheme of mouse minor satellite repeats and telomere repeats is
shown indicating the position of the CENP-B box (bp 62-78). PNA probes are also indicated. (b) A diagram explaining the CO-FISH procedure is shown.
Cells are allowed to replicate once in the presence of BrdU, giving rise to chromosomes with one BrdU-containing chromatid (dashed line). The BrdU-
containing DNA strand is digested and single-stranded minor satellite probes against the lagging (red) or the leading (green) strand are hybridized to the
remaining non-BrdU-labeled strand. Cen-CO-FISH labels centromeric minor satellite sequences from the lagging or leading strand. An SCE within minor
satellite sequences (C-SCE) will lead to two unequal signals per chromosome after hybridization with either the leading or lagging single-stranded probes.
(c) Representative Cen-CO-FISH images showing no recombination (top) or a C-SCE after hybridization with the leading and lagging minor satellite PNA

probes (bottom). Bars, 1 pm.

Although mitotic centromere recombination has been pre-
viously described in yeast (Liebman et al., 1988), very little is
known on the regulation of mammalian centromeric mitotic re-
combination and how this may impact on centromeric function
(Warburton and Willard, 1992; Warburton et al., 1993). In this
paper, we have established a technique based on chromosome
orientation FISH (CO-FISH; Bailey et al., 1996), which allows
measuring recombination frequencies specifically at centro-
meric repeats (cen-CO-FISH). Using this technique, we found
that centromeric repeats are highly recombinogenic compared
with the rest of the genome. In addition, we describe a role for
DNA methylation in preventing centromeric mitotic recombina-
tion, as well as in controlling the length of centromeric repeats.
Together, these results highlight a role for the epigenetic status
of centromeric heterochromatin, and in particular of DNA meth-
ylation, in regulating centromere recombination and centromere
length in mouse chromosome, which, if disrupted, may conceiv-
ably contribute to genomic instability.
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Results and discussion

A FISH-based technique to measure
centromere recombination

To study recombination events specifically at the centromeric
regions, we have adapted the previously described two-color
CO-FISH to centromeric repeats (cen-CO-FISH; Fig. 1; Materials
and methods). In particular, cells that have undergone a single
round of DNA replication in the presence of BrdU are used to
prepare chromosome spreads. After HOECHST staining, the
bromo-substituted strand is removed by nicking DNA with UV
light, followed by digestion with exonuclease III (Bailey et al.,
1996). Metaphases are then hybridized with strand-specific pep-
tide nucleic acid (PNA) probes against centromeric repeats.
In particular, mouse minor satellite is composed of DNA re-
peats of a 120-bp sequence, which contains the binding site
for the CENP-B protein, the so-called CENP-B box (bp 62-78;
Fig. 1 a; Wong and Rattner, 1988). To perform cen-CO-FISH,
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Figure 2.

Recombination events per chromosome at the indicated chromosomal regions in wild-type and Dnmi-deficient ES cells. (a) Error bars correspond

to two independent experiments (n = 2). The total number of C-SCE detected out of the total number of chromosomes analyzed per genotype is also indi-

cated on top of each bar. (b) Representative exa
Bars, 3 pm. (c) T-SCE data were obtained from
cells at the indicated passage number. One cult

mples of C-SCE in ES cells of the indicated passage and genotype. Yellow arrows point to the C-SCE event.
Gonzalo et al. (2006). (d) Quantification of global SCE events in wild-type and Dnmtdeficient mouse ES
ure of each genotype was used for the analysis. The total number of SCE events out of the total number of

chromosomes analyzed is indicated on top of each bar. (e) Representative images of SCE events. The arrows indicate chromosomes showing SCE events.
Bars, 10 pm. (f) Quantification of C-SCE frequencies in mouse wild+type ES cells and two independent wild-type MEF cells. No significant differences were

observed between the indicated cells. Numbers

above bars represent total C-SCE events out of the total number of chromosomes counted. (g) Representa-

tive CO-FISH images after labeling lagging (red) strand centromeres are shown. Yellow arrows indicate C-SCE events. Bars, 5 pm. Error bars represent

standard error.
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Figure 3. Centromeres are more recombinogenic than telomeres. (a and b)
Direct comparison of recombination events at centromeres and telomeres
per kilobase relative to global SCE events in kilobase (Tables I-ll) in wild-
type and Dnmtdeficient ES cells. Note that centromeres are sixfold more re-
combinogenic than telomeres. The T-SCE/SCE and C-SCE/SCE ratios also
indicate that both telomeres and centromeres are more recombinogenic
than the global genome. C-SCE and T-SCE, but not SCE (see Fig. 2d), are
further increased in the absence of Dnmts. Statistical significance compari-
sons with the respective wild-type value are indicated on top of each bar.

single-stranded PNA probes were designed to hybridize with the
lagging and leading strands of the mouse CENP-B box sequence
(Fig. 1, a and b; Materials and methods; Chen et al., 1999). In the
absence of recombination events at minor satellite repeats, only
one chromatid per chromosome will show a signal after hybrid-
ization with either the lagging or the leading probes (Fig. 1,
b and ¢). In contrast, if recombination occurs within minor satellite
sequences, labeling will split between the sister chromatids, giv-
ing rise to two signals of unequal intensity (Fig. 1, b and c).
We refer to these events as centromere sister chromatid exchange
(C-SCE) events. A C-SCE event is considered positive only
when the exchange is simultaneously detected with the leading
and lagging centromeric probes (Fig. 1 c). As controls for the
C-SCE CO-FISH technique, we determined that the frequency
of C-SCE events is similar for different slides of the same geno-
type processed in parallel, suggesting a similar efficiency of
ExollI digestions (Fig. S1 a, available at http://www.jcb.org/
cgi/content/full/jcb.200803042/DC1). Furthermore, the fact
that a significant percentage of metaphases (>10%) did not show
any C-SCE event indicates that C-SCE events are true re-
combination events and not consequences of the possible ex-
istence of inverted repeats at some chromosome centromeric
regions (Fig. S1b).

Mammalian centromeres are highly
recombinogenic

To determine the frequency of mitotic recombination at mamma-
lian centromeres, we first measured C-SCE events per chromo-
some in wild-type mouse embryonic stem (ES) cells (Fig. 2,
a and b) and compared these values to the frequency of SCE events
at telomeres (T-SCE), which were previously determined by us
using CO-FISH in the same cells (Fig. 2 c; Gonzalo et al., 2006),
as well as to the frequency of global SCE events determined by a
fluorescence-plus-giemsa protocol (Fig. 2, d and e; Materials and
methods). Next, we normalized C-SCE, T-SCE, and SCE values
by the approximate length of their respective DNA in kilobases
(Tables I-III; Materials and methods) and represented C-SCE
and T-SCE frequencies relative to SCE frequencies (Fig. 3 a;
Materials and methods). Notably, the frequency of C-SCE events
was sixfold higher than that of T-SCE events in wild-type ES
cells (Fig. 3 a). The differences in mitotic recombination at these
two highly repeated regions may be the result of their different
DNA sequence and/or their distinct chromatin organization.
In this regard, telomeres are bound by the so-called shelterin com-
plex, which safeguards telomeres from DNA repair activities
(de Lange, 2005). In contrast, centromeres are not bound by shel-
terin and have been described to have a more efficient DNA
repair than the rest of the genome (Rief and Lobrich, 2002).
Interestingly, when calculating the C-SCE/SCE and T-SCE/SCE
ratios, centromeres and telomeres appeared to be dramatically
more recombinogenic (~175-fold and 27-fold, respectively)
than the rest of the genome (Fig. 3 a). Although we cannot rule
out that the different nature of the CO-FISH (T-SCE and C-SCE)
and fluorescence-plus-giemsa (SCE) techniques could be under-
estimating the frequency of global SCE events, our results are in
agreement with a recent study showing a 20-fold increase in
T-SCE events compared with global SCE events (Bailey et al.,
2004). These findings suggest that repeated regions are hot spots
of recombination compared with the rest of the genome and that
mechanisms must exist that prevent illicit DNA recombination at
these regions to preserve their integrity.

DNA methylation is a negative regulator

of centromeric recombination

We recently described that abrogation of Dnmtl, or simultane-
ous deletion of Dnmt3a and 3b, results in increased recombina-
tion at mouse telomeres (Gonzalo et al., 2006), suggesting a
role for DNA methylation in preventing illicit recombination at
highly repetitive sequences in the genome. Mouse ES cells defi-
cient for DnmtI or both Dnmt3a and 3b show decreased DNA
methylation at both major and minor centromeric repeats in the

Table I.  Recombination frequencies as determined by SCE events at minor satellite repeats in the indicated genotypes

Recombination frequency per Mean kb per minor Minor satellite DNA per mouse C-SCE per kb

chromosome satellite chromosome
Dnmtwt p13 0.149 600 1,200 1.24 x 10~
Dnmt1~/~ p13 0.164 600 1,200 1.36 x 1074
Dnmt3a,3b7/"p8 0.243 600 1,200 2.02x 104
Dnmt3a,3b™/~p24 0.287 600 1,200 2.39x 1074

p, passage number.

JCB « VOLUME 181 « NUMBER 6 « 2008



Table Il.  Recombination frequencies as determined by SCE events at telomeric repeats in the indicated genotypes
Recombination frequency per Mean kb per telomere Telomeric DNA per mouse T-SCE per kb
chromosome® chromosome
Dnmtwt p13 0.004 51.7 206.8 1.93x10°°
Dnmt1=/~ p13 0.026 51.7 206.8 1.25x107*
Dnmt3a,3b/7p8 0.042 51.7 206.8 2.03 x 107*
Dnmt3a,3b/~p24 0.072 51.7 206.8 3.48 x 107*

p, passage number.
“Values obtained from Gonzalo et al. (2006).

absence of changes in histone heterochromatic marks (Chen
etal., 1999, 2004; Kuznetsova et al., 2005; Gonzalo et al., 2006).
In this paper, we set to determine whether decreased DNA meth-
ylation in Dnmt-deficient cells results in increased recombina-
tion rates at mouse minor satellite repeats as determined by
cen-CO-FISH (Materials and methods). Interestingly, Dnmt3a,3b-
deficient ES cells presented significantly increased frequencies
of C-SCE per chromosome compared with wild-type controls
(Fig. 2, aand b, x* test, P < 0.0001; and Fig. 3 b, C-SCE frequen-
cies corrected by global SCE frequencies), whereas cells defi-
cient for Dnmt1 showed a similar C-SCE frequency to wild-type
controls (Fig. 2 a, x> test, P = 0.2288, not significant; and Fig. 3 b,
C-SCE/SCE ratios). These results demonstrate that abrogation of
the Dnmt3a,3b enzymes, which are responsible for de novo DNA
methylation, leads to increased recombination at centromeric re-
peats in mammalian cells. As previously described (Gonzalo
et al., 2006), telomere recombination (T-SCE) was also increased
in Dnmt-deficient cells (Fig. 2 c, x* test, P < 0.0001 for all com-
parisons; and Fig. 3 b, T-SCE/SCE ratios). However, although
Dnmtl deficiency significantly increased recombination at telo-
meric repeats, this was not the case at minor satellite repeats, in-
dicating slightly different requirements for Dnmtl activity at
these two repeated regions.

Next, we addressed whether increased recombination at
pericentric and telomeric repeats in Dnmt3a,3b-deficient cells
was specific to these repeated regions or, instead, was accompa-
nied by a global increase in SCEs throughout the genome. To this
end, we analyzed the frequency of global SCE in ES cells defi-
cient for either Dnmtl or Dnmt3a,3b compared with wild-type
controls. Interestingly, no significant differences in global SCE
frequencies were found between genotypes (Fig. 2, d and e).
Finally, we did not detect significant differences in C-CSE
frequencies when comparing pluripotent mouse ES cells to dif-
ferentiated mouse embryonic fibroblasts (MEFs; Fig. 2, f and g),

suggesting that centromere recombination is not significantly
decreased when associated with differentiation. Collectively, these
results support the notion that DNA methylation has an important
role in preventing mitotic recombination specifically at highly re-
petitive regions but does not have a major impact on global geno-
mic recombination.

DNA methylation of centromeric repeats
influences centromere length

Increased recombination frequencies at telomeric sequences are
associated with activation of telomerase-independent alternative
pathways for telomere maintenance or alternative lengthening of
telomeres (Bailey et al., 2004; Bechter et al., 2004). In particu-
lar, in the absence of either Dnmtl or Dnmt3a,3b activity, there
is a dramatic telomere elongation concomitant with increased
telomere recombination frequencies in these cells (Gonzalo
et al., 2006). To evaluate whether increased recombination
at Dnmit3a,3b-deficient centromeres was also associated with
changes in the length of centromeric repeats, we performed cen-
tromere quantitative FISH (Q-FISH) on metaphase spreads from
wild-type and Dnmt-deficient ES cells using a minor satellite-
specific PNA probe (Materials and methods). Interestingly,
mouse ES cells deficient for either Dnmt1 or Dnmt3a,3b, showed
decreased minor satellite fluorescence compared with wild-type
controls. These differences were highly significant for both
Dnmtl- and Dnmt3a,3b-deficient cells (Fig. 4, P < 0.001 for ev-
ery comparison). Furthermore, the decrease in minor satellite
fluorescence was accompanied by higher frequencies of centro-
meres showing very low minor satellite fluorescence (<500 arbi-
trary units of fluorescence; Fig. 4), which is in agreement with
shorter centromeres in Dnmt3a,3b-deficient cells. The fluctua-
tions of centromere fluorescence with increasing passages of
Dnmt3a,3b-deficient may be an additional indication of centro-
meric instability associated with DNA hypomethylation and

Table lll.  Global recombination frequencies as determined by SCE events in the indicated genotypes.
Recombination frequency per Mouse genome (kb) DNA per mouse chromosome® SCE per kb
chromosome
Dnmtwt p13 0.106 3,000,000 150,000 7.06 x 107
Dnmt1=/~ p13 0.115 3,000,000 150,000 7.66 x 1077
Dnmt3a,3b~/~p8 0.134 3,000,000 150,000 8.93 x 1077
Dnmt3a,3b™/"p24 0.122 3,000,000 150,000 8.13x 1077

p, passage number.

“The 150,000 value corresponds to the size of the mouse genome divided by the number of chromosomes multiplied by two diploid cells (300,000 kb/40 x 2 =

150 kb).
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Figure 4. Quantification of minor satellite
length in wild-type and Dnm#-deficient ES cells.
Minor satellite fluorescence distribution in arbi- 60
trary units of fluorescence (a.u.f) of wildtype
(wt), Dnmt1~/~, and Dnmt3a,3b™/~ ES cells at
the indicated passage number as determined
by Q-FISH using a mouse minor satellite PNA
probe (left]. Representative images of meta-
phase spreads of the indicated genotypes are
also shown (right). A nonparametric ANOVA
test, the Kruskall-wallis test (P < 0.0001), in-
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increased recombination (Fig. 4). Interestingly, abnormal size of
centromeric fragments as detected by Southern blotting after di-
gestion with Mspl was previously reported by us with increasing
passages of Dnmt3a,3b-deficient cells (see Fig. S2 a in Gonzalo
etal., 2006). Collectively, these results suggest that repression of
centromeric recombination by DNA methylation is an important
mechanism for maintaining centromere integrity. In particular,
increased mitotic recombination at centromeric sequences as the
result of loss of DNA methylation may lead to altered length of
centromere repeats, which in turn may affect the binding of im-
portant centromeric proteins, such as CENP-B, resulting in geno-
mic instability. In this regard, although CENP-B is not essential
for mouse development (Hudson et al., 1998; Perez-Castro et al.,
1998), it has been recently described to be necessary for de novo
centromere formation by recruiting other CENPs as well as epi-
genetic factors (Okada et al., 2007).

In this paper, we describe a FISH-based technique that allows
the measurement of SCE events specifically at mammalian centro-
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meric repeats. Our results suggest that centromeres are highly
recombinogenic compared with chromosome arms as well as with
telomeric repeats. In addition, we demonstrate that loss of DNA
methylation leads to increased centromere recombination, sug-
gesting that the epigenetic status of centromeric heterochromatin
is important to maintain centromere integrity. Importantly, de-
fective DNA methylation did not affect global recombination
frequencies, suggesting a specific role of this epigenetic mark
repressing illicit recombination at repeated elements but not
elsewhere in the genome. We further show that loss of DNA
methylation leads to abnormal centromere length, which con-
ceivably could alter the binding of centromeric proteins leading
to abnormal centromeric function (Okada et al., 2007). Interest-
ingly, the CENP-B box contains CpG residues, which are poten-
tial targets of the Dnmt enzymes and whose methylation
status has been previously reported to affect the binding of the
CENP-B protein (Mitchell et al., 1996; Tanaka et al., 2005).
Furthermore, a recent study shows that PTEN-dependent ex-
pression of the centromeric protein CENP-C can lead to centro-
mere breaks and genomic instability (Shen et al., 2007).



Collectively, these findings support a model where the loss of
DNA methylation at centromeric repeats may favor illicit DNA
recombination, which in turn could favor genomic instability.

Materials and methods

Cell culture

Wild4ype J1 and Dnmt1~/~ mutant ES cells or Dnmt3a,3b™/~ double mu-
tant ES cells were generated and maintained as described previously
(Gonzalo et al., 2006). Wildtype ES cells, MEF 1 (129 sv/C57BLé back-
ground), and MEF 2 (C57BL6 background) were used.

Mouse minor satellite Q-FISH

A PNA probe was designed to hybridize with an 18-bp sequence from the
following mouse minor satellite consensus sequence: Cy3-OO-TTC CAA
CGA ATG TGT TIT (bp 55-72). Metaphases were prepared and hybrid-
ized with the Cy3-labeled minor satellite PNA probe, together with DAPI
counterstaining of DNA, as previously described (Samper et al., 2000).
Samples were mounted on Vectashield (Vector Laboratories) imaging
medium and stored at 4°C in the dark for 1 d until image acquisition using
a charge-coupled device camera (COHU4912; COHU, Inc.) with a res-
olution of 700 x 500 pixels on a fluorescence microscope (Leitz DMRB;
Leica). A 100 W/2 lamp (HBO; Osram) was used as a source. The images
were acquired at room temperature using the Q-FISH software (Leica) and
an HCX PL APO 100x 1.4 NA old immersion objective (Leica) with the fol-
lowing filters: Cy3, Y3 (excitation, band pass 570/20 nm; dicroic, 565 nm;
emission, band pass 610/75 nm; Leica); DAPI, A (excitation, band pass
340-380 nm; dicroic, 400 nm; emission, long pass 425 nm; Leica).
We used the TFL-Telo software (gift from P. Lansdorp, Terry Fox Laboratory,
Vancouver, Canada) to quantify the fluorescence infensity of minor satellite
from at least 10 metaphases for each data point. All metaphases were
captured the day after hybridization at room temperature, in parallel,
blindly, and with the same image acquisition conditions.

Centromere and telomere CO-FISH

Confluent MEF and ES cells were subcultured in the presence of BrdU
(Sigma-Aldrich) at a final concentration of 107> M and were then allowed
to replicate their DNA once at 37°C for 24 and 12 h, respectively. Colce-
mid was added in a concentration of 0.2 pg/ml for MEFs and 1 pg/ml
for ES cells for the last 4 and 1 h, respectively. CO-FISH was performed
as previously described (Bailey et al., 1996) with some modifications.
In brief, slides were hybridized with a minor satellite PNA probe labeled
with Cy3 (Cy3-00-TTC CAA CGA ATG TGT TTT), which hybridizes with the
lagging DNA strand, followed by a second hybridization with a minor satel-
lite PNA probe labeled with FITC (Flu-oo-AAA ACA CAT TCG TTG GAA),
which hybridizes with the leading DNA strand. Data on telomere CO-FISH
in the same cells were obtained from a previous study (Gonzalo et al.,
2006). Metaphases were captured on a fluorescence microscope (Leitz
DMRB) using the conditions as described in Mouse minor satellite Q-FISH,
with an additional filter for FITC detection, L5 (excitation, BP 480/40 nm;
dicroic, 505 nm; emission, BP 527/30 nm; Leica).

Differential staining technique for SCE determinations

Genomic SCEs were visualized using an adapted fluorescence-plus-giemsa
protocol (Perry and Wolf, 1974). Metaphases were prepared as described
for the Q-FISH (Samper et al., 2000) and captured using a bright field micro-
scope (AX70; Olympus), using a 60x immersion objective. Images were
captured using a color camera (DP70; Olympus) and ImagePro Plus high-end
image acquisition and analysis software (Media Cybernetics, Inc.). All the
captures were performed at room temperature. Metaphases were analyzed
for harlequin staining. Each color switch was scored as one SCE.

Calculation of recombination frequency per kilobase of DNA

To determine the recombination frequencies per kilobase, the mean
length of mouse ES cell telomeres was considered to be 51.7 kb per telo-
mere (as determined by us using Q-FISH), hence the total length of telo-
meres per chromosome was 4 x 51.7 = 206.8 kb (Table Il). The length
of minor satellite repeats was considered to be ~600 kb (Guenatri et al.,
2004), hence the total length of minor satellite repeats per chromosome
was 2 x 600 = 1,200 kb (Table I). The length of the mouse genome is
3 x 10° kb, therefore we estimated that the mean length of a mouse chromo-
some is 150,000 kb (Table Ill). For direct comparison of recombination
events at centromeres and telomeres, T-SCE and C-SCE per kilobase were
expressed relative to global SCE events per kilobase (Fig. 3).

Statistical analysis

A non-parametric ANOVA test, the Kruskall-wallis test, and the Dunn’s post
test were used to calculate the statistical significance for each individual
comparison of minor satellite fluorescence (Fig. 4, centromere Q-FISH).
To calculate statistical significance of changes in SCE, T-SCE, and C-SCE
frequency, we used the x? test. The two-sided p-values were obtained from
2 x 2 contingency table analyzed by x? test (including Yates’ continuity
correction). InStat v.2.03 (GraphPad Software, Inc.) was used for the cal-
culations. In all cases, differences are significant for P < 0.05, very signifi-
cantfor P < 0.01, highly significant for P < 0.001, and extremely significant
for P < 0.0001.

Online supplemental material

Fig. S1 shows controls for the centromeric CO-FISH technique. Online sup-
plemental material is available at http://www.jcb.org/cgi/content/full/
jcb.200803042/DC1.
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