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Abstract
We have addressed the role of the F-box helicase 1 (Fbh1) protein during genome maintenance in
mammalian cells. For this, we generated two mouse embryonic stem cell lines deficient for Fbh1:
one with a homozygous deletion of the N-terminal F-box domain (Fbh1f/f), and the other with a
homozygous disruption (Fbh1−/−). Consistent with previous reports of Fbh1-deficiency in vertebrate
cells, we found that Fbh1−/− cells show a moderate increase in Rad51 localization to DNA damage,
but no clear defect in chromosome break repair. In contrast, we found that Fbh1f/f cells show a
decrease in Rad51 localization to DNA damage and increased cytoplasmic localization of Rad51.
However, these Fbh1f/f cells show no clear defects in chromosome break repair. Since some Rad51
partners and F-box-associated proteins (Skp1-Cul1) have been implicated in progression through
mitosis, we considered whether Fbh1 might play a role in this process. To test this hypothesis, we
disrupted mitosis using catalytic topoisomerase II inhibitors (bisdioxopiperazines), which inhibit
chromosome decatenation. We found that both Fbh1f/f and Fbh1−/− cells show hypersensitivity to
topoisomerase II catalytic inhibitors, even though the degree of decatenation stress was not affected.
Furthermore, following topoisomerase II catalytic inhibition, both Fbh1-deficient cell lines show
substantial defects in anaphase separation of chromosomes. These results indicate that Fbh1 is
important for restoration of normal mitotic progression following decatenation stress.
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1. Introduction
Ubiquitin E3 ligase complexes promote the degradation of target proteins by the 26S
proteasome, which is important for the regulation of protein stability during multiple cellular
processes. SCF (Skp1-Cul1-F-box protein) complexes are part of the E3 complex family, where
the F-box proteins function to recruit specific targets for ubiquitination [1,2]. Among the
approximately 70 F-box proteins in mammalian cells, one protein contains a known catalytic
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domain: Fbh1, for F-box helicase 1 [2]. Namely, in addition to an N-terminal F-box domain,
Fbh1 also contains a C-terminal superfamily I 3’ to 5’ helicase domain [3,4].

In yeast, Fbh1 appears to be important for DNA repair by regulating the strandexchange protein
Rad51. In S. pombe, Fbh1 forms nuclear foci after DNA damage and limits recombination at
blocked replication forks by directly modulating Rad51 loading onto DNA [5–7]. In S.
cerevisiae, expression of human Fbh1 suppresses recombination defects in srs2, which is a
regulator of Rad51 [8]. However, a ubiquitination target for Fbh1 in S. pombe, ATF1, has no
known role during DNA repair, suggesting that Fbh1 could be involved in additional cellular
processes [9].

In vertebrates, studies of chicken DT40 lymphocytes showed that Fbh1 disruption does not
affect either cellular sensitivity to DNA damaging agents or homology-directed repair (HDR)
of a chromosomal double-strand break (DSB), but causes a slight increase in the frequency of
sister chromatid exchanges (SCEs) [10]. In human U2OS cells, Fbh1-GFP fusion proteins co-
localize with the single-stranded DNA binding protein RPA after ionizing radiation [11]. Also
in U2OS cells, elevated levels of Fbh1 were shown to cause a decrease in both RAD51 ionizing-
radiation-induced foci and HDR, and RNAi disruption of Fbh1 led to a modest increase in
spontaneous RAD51 foci and SCEs [11].

Rad51 partners and SCF components have also been implicated in mitotic progression. Cells
defective for BRCA2 or BARD1 show abnormal cytokinesis [12,13], and BRCA1 participates
in DNA decatenation [14]. In addition, the Blm helicase promotes correct chromosome
segregation by resolving entangled DNA structures during anaphase [15]. Furthermore, Skp1
and Cul1 associate with centrosomes that form the mitotic spindle [16], and Cul1 appears
important for proper centrosome duplication during mitosis [17].

Recovery from a mitotic stress is an important aspect of normal mitotic progression [18]. In
this study, we evaluated the response to a mitotic stress caused by inhibition of topoisomerase
II, which we refer to as a decatenation stress. Namely, catalytic inhibition of topoisomerase II
disrupts chromosome decatenation: a process that is important for chromosome condensation
and sister chromatid separation [19,20]. Bisdioxopiperazines are common catalytic inhibitors
of topoisomerase II used to protect cardiac tissue from the effects of clastogenic topoisomerase
II poisons during cancer chemotherapy [21,22]. In contrast to these poisons,
bisdioxopiperazines (e.g. ICRF-193 and razoxane) do not induce substantial levels of DSBs
[23,24]. Rather, these compounds are specific inhibitors of the ATPase function of
topoisomerase II, which causes a disruption in decatenation [22]. Given that stem cells do not
contain a decatenation checkpoint, such cells progress through mitosis without resolving DNA
topological problems induced by treatment with bisdioxopiperazines [25–27]. Because stem
cells are proposed to play a role in cancer development [28], it is important to characterize the
pathways that affect normal mitotic progression of stem cells after decatenation stress [19].

We sought to address the role of Fbh1 in chromosome break repair and mitotic progression in
mouse embryonic stem (ES) cells. For this, we established two Fbh1-deficient ES cell lines:
one containing a homozygous deletion of both the F-box and helicase domains (Fbh1−/−), and
another carrying a homozygous deletion of the F-box domain (Fbh1f/f). With these cell lines,
we found that Fbh1-deficient cells show moderate changes in Rad51 localization, but show no
defect in chromosome break repair. Importantly, following topoisomerase II catalytic
inhibition, we found that Fbh1-deficient cells show significant defects in clonogenic survival,
anaphase separation of chromosomes, and nuclear structure. We suggest that Fbh1 is important
for restoration of normal mitotic progression following decatenation stress.
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2. Material and Methods
2.1. Plasmids and cell lines

Targeting vectors were generated using pF2L2neoDTa [29] by PCR of mouse genomic DNA:
upstream arm 5’tgtaggaacacgggaacaca and 5’agatgctgcacactggacac, Fbh1f downstream arm
5’tacagcttttggatcttgctca and 5’gaggttcctcaacagaatggacm, Fbh1− downstream arm
5’gtcctcttcctccgtatgctttac and 5’gagacagatggctcttccgtact. SacII-linearized targeting vectors
were electroporated in J1 mouse ES cells (ATCC) at 730V 10uF. Integrants were selected in
G418 and targeting was assayed by PCR: p1 5’taagaccagcctcagctacttg, p2
5’taaaggtatgaaccaccacagc, p3 5’ggttccggatccactagttct, p4 5’tgcaaagaagaggcatacca, p5
5’agtgcatccagtcacactgc. The neo cassette was removed with electroporation of pCAGGS-CRE
[30], prior to targeting the second allele. RT-PCR was performed using random primed reverse
transcription of total RNA (Qiagen): e2 gcccttcagtcagagatgga, e5 gtcaacacttggggagcatt, e17
ttcgcttccagttccttgtc.

Expression vectors for Fbh1 (pCAG-Fbh1-3xFlag) and Fbh1f (pCAG-FBH1f-3xFlag) were
generated in pCAGGS-BSKX [31] using the above RT-PCR products and MGC37007
(ATCC). The DR-GFP reporter was integrated by targeting to the pim1 locus, as previously
described [32].

2.2. Sensitivity and HDR assays
Cells were seeded in a 12 well plate at different concentrations ranging from 1.5 to 9 ×104 cells
per well. 24 h later, cells were treated with camptothecin (CPT, CAS: 7689-03-4), etoposide
(CAS: 33419-42-0), ICRF-193 (CAS: 21416-88-6), razoxane (CAS: 21416-67-1) or with
vehicle (DMSO). After 20 hours, cells were washed with PBS and recovered in fresh media
for 5 days for all compounds except razoxane (4 days). For quantification of clonogenic
survival, cells were fixed in 10% methanol, 10% acetic acid, stained with 1% crystal violet.
Stained cells were dissolved with 0.1% SDS in methanol for quantification using a microplate
reader at 570 nm [33]. Each clonogenic survival value represents the mean of at least three
independent treatments. Cell survival was calculated relative to the mean value of the vehicle-
treated cells for each experiment. HDR was measured as described previously [31].

2.3. Immunoblot
Transfections were performed using Lipofectamine 2000 (Invitrogen) with empty vector,
pCAG-Fbh1-3xFlag, or pCAG-FBH1f-3xFlag. After two days, proteins were isolated by
repeated freeze/thawing in NETN buffer (20mM Tris pH8, 100mM NaCl, 1mM EDTA, 0.5%
IGEPAL, 1mM DTT) with Protease inhibitor cocktail (Roche). Equal amounts of total protein
(8 µg) from each sample was separated on 4–12% SDS-PAGE, and probed with HRP
conjugated anti-Flag M2 antibody (Sigma).

2.4. Immunofluorescence staining and time-lapse microscopy
To quantify Rad51 foci, cells were treated for 2 hours with CPT, then fixed in 2%
paraformaldehyde for immunostaining with anti-Rad51 antibody (EMD4Biosciences PC130)
and Alexa fluor 568 goat anti-rabbit IgG (Invitrogen). Images were acquired using an AX-70
microscope (Olympus). For real-time analysis of chromosome segregation, cells were stably
transfected with pEGFP-N1-H2B [34]. Time-lapse microscopy was performed using a Zeiss
Observer inverted microscope on untreated cells, and cells treated with ICRF-193 (100nM) for
20 hours, followed by 20 hours of recovery. Images were collected using Image-Pro software
(Media Cybernetics) and a 40x NA 0.75 UPlanFl objective.
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2.5. Metaphase chromosomes and nuclear morphology analysis
For mitotic chromosome analysis, after a 2-hour treatment with colcemid (1µg/ml) (Gibco),
cells were incubated in hypotonic solution (0.075 M KCl) for 6 min at 37 °C, followed by 2
rounds of wash in fixative solution (3:1 methanol/glacial acetic acid). Cells were then spread
on slides and chromosomes were stained with 4% Giemsa (Gibco). To quantify aberrant nuclei,
we used the same hypotonic solution and fixative solution treatment as described above, before
nuclei were spread on slides. 800 to 1300 nuclei were analyzed in 5 independent experiments.

2.6. Statistical analysis
Error bars represent the standard deviation from the mean. Statistical analysis was performed
using the unpaired t-test for Rad51 foci, HDR, clonogenic survival, metaphase duration, and
nuclear abnormality experiments. The two-tailed Fisher’s exact test was used for statistical
analysis of the anaphase separation experiments.

3. Results
3.1. Generation of two homozygous Fbh1-deficient mouse ES cell lines

We sought to address the role of Fbh1 in mammalian cells by generating mouse ES cell lines
with homozygous mutations for two distinct alleles of Fbh1. The first allele, Fbh1−, is a
deletion of exons 3–12 including both the F-box and helicase domains (Fig. 1A). The other
allele, Fbh1f, contains a deletion of exon 3, which encodes the F-box domain. In the absence
of exon 3, the splicing of exons 2 and 4 would generate an mRNA that contains an alternative
translation start codon positioned in exon 2, which could encode an N-terminal deleted Fbh1
protein (Fbh1f, Fig. 1A). Using targeting vectors for these deletion alleles, we generated
homozygous mutant cell lines for both the Fbh1f and Fbh1− alleles in WT mouse ES cells, by
performing two rounds of targeting (Fig. 1A, B). Subsequently, we confirmed expression of
the predicted mRNA product in the resultant Fbh1f/f and Fbh1−/− cell lines using RT-PCR and
sequencing of the amplification products (Fig. 1C, data not shown). Unfortunately, using three
distinct antibodies directed against Fbh1, we were unable to detect Fbh1 signal in WT cells by
either immunoblotting or indirect immunofluorescence (data not shown).

To test the potential coding capacity of the Fbh1f allele, we constructed Fbh1 expression
plasmids carrying the wild-type (Fbh1+) and Fbh1f cDNAs, with a 3xFlag-tag sequence at the
3' end. After transient transfection of mouse ES cells, Fbh1 expression was measured by
immunoblotting using an anti-Flag antibody (Fig. 1D). Both Fbh1+ and Fbh1f were efficiently
expressed, confirming that the alternative translation start in exon 2 of Fbh1f is functional.
Moreover, the expression level of the Fbh1f protein appears higher than for Fbh1+ (5-fold, Fig.
1D). This finding is consistent with analysis of human Fbh1 expressed in S. cerevisiae, which
showed an increased stability of an F-box-deficient protein compared to FBH1+ [8]. These
results indicate that the Fbh1f allele can express an N-terminal truncated protein that lacks the
F-box but retains the conserved helicase domain.

3.2. Fbh1 affects Rad51 localization, but has no apparent role during chromosome break
repair

We considered that Fbh1-deficiency in mouse ES cells could affect Rad51 localization and/or
chromosome break repair. Recently, in U2OS cells, RNAi-mediated depletion of Fbh1 caused
a modest increase in spontaneous Rad51 foci, and elevated levels of WT Fbh1 showed
diminished Rad51 foci following DNA damage [11]. As well, Fbh1-deficient S. pombe were
shown to exhibit elevated levels of spontaneous Rad51 foci [5]. Thus, we analyzed the ability
of Fbh1f/f and Fbh1−/− ES cells to form Rad51 foci after treatment with CPT. Cells were
incubated for 2 hours with 50nM CPT and Rad51 foci formation was measured by
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immunofluorescence (Fig. 2A). This CPT treatment caused a significant induction of Rad51
foci in wild-type (WT) cells (31% of cells), and an even greater induction in Fbh1−/− cells
(48% of cells). Thus, loss of Fbh1 causes a modest increase in Rad51 foci formation compared
to WT cells (1.5-fold, p=0.014). In contrast to this elevation in Fbh1−/− cells, Fbh1f/f cells
showed reduced levels of Rad51 foci (11% of cells, 2.8-fold reduction relative to WT,
p=0.0003). Furthermore, we observed an increase in cytoplasmic staining of Rad51 in
Fbh1f/f cells (Fig. 2B), compared to WT (6-fold, p<0.001). Thus, endogenous expression of
an Fbh1 protein that lacks the F-box domain, but retains the conserved helicase domain, reduces
Rad51 recruitment to CPT-induced damage. These results indicate that F-box-mediated
functions of Fbh1 are important for efficient localization of Rad51 to DNA damage. Such F-
box mediated functions could include regulation of Fbh1 expression levels and/or helicase
activity, among other possible mechanisms.

Because Rad51 is a key factor in homologous recombination [35], we then addressed whether
Fbh1-deficiency might affect HDR of DSBs, using the DR-GFP reporter [32]. Repair of an I-
SceI endonuclease-generated DSB in DR-GFP by the HDR pathway results in restoration of
a functional GFP cassette. This method was used in a recent report to show that elevated levels
of Fbh1 cause a decrease in HDR in human U2OS cells [11], and a similar method was used
to show that Fbh1−/− chicken DT40 cells exhibit no change in HDR compared to WT [10]. To
test the effect of Fbh1-disruption and F-box-deletion on HDR in mammalian cells, we
integrated DR-GFP at the pim1 locus of the Fbh1−/−, Fbh1f/f, and WT cell lines. With these
cell lines, we measured the frequency of GFP+ cells following transient expression of I-SceI.
From these experiments, we found no difference between the Fbh1−/−, Fbh1f/f, and WT cell
lines in the efficiency of HDR (Fig. 2C).

To further address chromosome break repair in Fbh1-deficient ES cells, we determined their
sensitivity to clastogenic agents. Specifically, we treated cells for 20 hours with varying
concentrations of either CPT or etoposide, which poisons topoisomerase II, causing DSBs. We
then measured clonogenic survival after 5 days of recovery. From these experiments, we found
that the sensitivity of Fbh1f/f and Fbh1−/− cells to both CPT and etoposide was
indistinguishable from WT cells (Figs. 2D and 2E, respectively). Thus, Fbh1-deficiency does
not affect cellular sensitivity to chromosome breaks formed by topoisomerase poisons. These
data suggest that while Fbh1 modestly affects Rad51 localization to CPT-induced damage,
neither Fbh1-disruption nor F-box-deletion appear to significantly affect chromosome break
repair in mammalian cells. These results are consistent with previous findings that WT and
Fbh1−/− chicken DT40 cells show similar sensitivity to a number of DNA damaging agents
[10].

3.3. Fbh1 is important for survival following decatenation stress
We next searched for another role for Fbh1 during chromosome maintenance. As several Rad51
partners, as well as SCF components, have been implicated in multiple aspects of mitosis
[12–15,36], we considered that Fbh1 might affect mitotic progression. To address this
hypothesis, we characterized the consequences of a mitotic stress induced by two
bisdioxopiperazines (ICRF-193 and razoxane), which inhibit topoisomerase II catalytic
activity, resulting in the disruption of chromosome decatenation [22,27].

First, we determined the effect of ICRF-193 and razoxane on clonogenic survival of WT,
Fbh1f/f, and Fbh1−/− cell lines. Cells were exposed to ICRF-193 or razoxane for 20 hours,
followed by several days of recovery before determining clonogenic survival (4 days for
razoxane, 5 days for ICRF-193). From these experiments, we found that both Fbh1−/− and
Fbh1f/f cells showed significant hypersensitivity to ICRF-193 as compared to WT (Fig. 3A left
panel, survival reduced 2-fold and 5-fold respectively following 200nM ICRF-193, p=0.0002).
Similarly, we found that Fbh1−/− and Fbh1f/f cells showed hypersensitivity to razoxane as
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compared to WT (Fig. 3A right panel, survival for both reduced 5-fold following treatment
with 10µM razoxane, p=0.03). These results indicate that Fbh1 is important for survival after
a decatenation stress induced by two different catalytic inhibitors of topoisomerase II.

3.4. ICRF-193 treatment causes a similar decatenation stress in WT and Fbh1-deficient cells
We next sought to examine the cause of the above hypersensitivity to topoisomerase II
inhibition. For the below analyses, we used ICRF-193, which is the most potent topoisomerase
II inhibitor among bisdioxopiperazines compounds [37,38], and affects clonogenic survival at
a much lower dose than razoxane (see Figure 3A, Section 3.3).

First, we determined the effect of Fbh1-deficiency on chromosome condensation during
mitosis, which requires topoisomerase II activity [39]. ES cells were left untreated or were
treated for 2 hours with ICRF-193. We then analyzed the degree of chromosome condensation
on metaphase spreads, as determined by the relative compaction of chromosomes. Without
treatment, we found normal chromosome compaction in all of the cell lines (Fig. 3B). After
ICRF-193 treatment, we observed the appearance of undercondensed chromosomal segments
at the centromeric extremity (mouse chromosomes are telocentric, Fig. 3B). Regarding
frequency, at least 70% of metaphase spreads from each cell line showed evidence of
undercondensed chromosomes after ICRF-193 treatment (Fig. 3B). Furthermore, we found no
statistical difference between WT and Fbh1-deficient cells in the frequency of these events.
Thus, Fbh1-deficiency does not appear to affect the degree of chromosome undercondensation
caused by ICRF-193 treatment.

For a second measure of the degree of decatenation stress, we analyzed the localization of
PICH (Plk1-Interacting Checkpoint Helicase) during metaphase. PICH is a member of the
SWI/SNF2 family of DNA-dependent ATPases [40]. Interestingly, PICH associates in threads
at chromosomal regions that undergo a late decatenation during mitosis [41,42]. Using this
method, we observed an equivalent induction of metaphases with PICH threads after treatment
with ICRF-193 in WT, Fbh1f/f and Fbh1−/− cells (Fig. 3C). These results indicate that
ICRF-193 treatment causes a similar decatenation stress in WT, Fbh1f/f, and Fbh1−/− cells.

3.5. Fbh1-deficient cells fail to restore a normal mitosis after decatenation stress
Since ICRF-193 treatment causes disruption of mitotic chromosome condensation and
separation at anaphase [25,43], survival following this decatenation stress likely requires
restoration of normal mitotic progression in subsequent divisions, particularly since ES cells
lack a decatenation checkpoint [26]. Thus, we hypothesized that Fbh1 might be important for
this recovery process. To address this, we established WT, Fbh1f/f, and Fbh1−/− cell lines that
stably express the GFP-tagged histone H2B. GFP-H2B expression enables real-time
visualization of chromosome dynamics [34]. With these cell lines, we acquired images every
2 minutes for 3 hours, and each cell showing evidence of chromosome condensation was then
scored for clear separation of chromosomes at anaphase (Fig. 4A left panels, Movie S1). Mitotic
cells that failed to resolve into two distinct daughter nuclei were scored as showing abnormal
anaphase separation (Fig. 4A right panels, Movie S2).

To begin with, we analyzed mitotic progression of individual cells without any stress. For each
of the cell lines, the vast majority of cells showed clear anaphase separation into two daughter
cells (95% for WT, 91% for Fbhlf/f, and 86% for Fbh1−/−, Fig. 4B and Table 1). The
Fbh1−/− cells showed a slightly lower percentage of normal anaphase progression compared
to WT, but this difference was not statistically significant since abnormal anaphase separation
is an uncommon event in all the cell lines.
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We next determined the ability of cells to restore normal mitotic progression following a
decatenation stress. Cells were treated with 100nM ICRF-193 for 20 hours, followed by another
20 hours for recovery. We used a low dose of ICRF-193, as we predicted that WT cells should
mostly be able to recover from this decatenation stress (see Fig. 3A, Section 3.3), whereas a
higher dose of ICRF-193 (e.g. >2 µM) would cause a complete defect in chromosome
condensation [26,43]. Indeed, only 10.2% of WT cells showed abnormal anaphase separation
following this decatenation stress, which was not statistically different from untreated cells
(5.6%, Fig. 4B and Table 1). Thus, WT cells are proficient at recovering normal anaphase
separation following the decatenation stress. In contrast, Fbhlf/f and Fbh1−/− cells treated with
decatenation stress showed a striking percentage of mitotic cells with abnormal anaphase
separation (33.9% and 30.7%, respectively, Fig. 4B and Table 1), which was statistically
different both from the untreated cells (p=0.001, and p=0.009, respectively), as well as treated
WT cells (p=0.004, and p=0.001, respectively). These results indicate that Fbh1 is important
to restore normal anaphase separation after decatenation stress.

Many cells also showed a delay in the completion of metaphase following decatenation stress
(Fig. 4A and 4B). We observed increased metaphase duration following decatenation stress in
WT (p=0.0003), Fbhlf/f (p=0.003), and Fbh1−/− (p=0.006) cells, compared to untreated cells.
Importantly, this increase in metaphase duration was more substantial in Fbh1-deficient cells,
as compared to WT (p=0.01 for Fbhlf/f, p=0.02 for Fbh1−/−). Thus, by the measures of both
anaphase separation and the duration of mitosis, Fbh1 appears important to restore normal
mitotic progression after decatenation stress.

We next sought to determine the consequences of Fbh1 deficiency on the outcome of mitosis
by quantifying nuclear aberrations. In particular, massive chromosome segregation defects can
be assayed by the formation of multilobed nuclei [44]. So, we wanted to determine whether
the defect in mitotic progression in Fbh1-deficienct cells is associated with the formation of
multilobed nuclei. For this, cells were treated with the same decatenation stress and recovery
period as for the time-lapse microscopy experiments. Again, we used a low dose of ICRF-193,
as we predicted that WT cells would mostly be able to recover from this decatenation stress
(see Fig. 3A, Section 3.3); whereas a high dose of ICRF-193 (e.g. >2 µM) would cause
significant induction of multilobed nuclei even in WT cells [43]. Using these samples, we
spread nuclei onto slides, and scored individual nuclei as normal or multilobed (Fig. 4C). In
these experiments, the decatenation stress did not induce the formation of multilobed nuclei in
WT cells (less than 1% of nuclei, Fig. 4D). In contrast, we observed a significant induction of
multilobed nuclei in Fbhlf/f and Fbh1−/− cell lines (more than 5% of nuclei, Fbh1-deficient
cells different from WT at p<0.0002, Fig. 4D). Thus, Fbh1 appears important to limit the
formation of multilobed nuclei following decatenation stress.

During the above analysis of nuclear abnormality, we also quantified the formation of
micronuclei, which are proposed to result from lagging chromosomes and anaphase bridges
[45]. From this analysis, we found that all the cell lines showed an increase in micronuclei
following decatenation stress, although the Fbh1-deficient cells showed a higher frequency
than WT (12% for Fbh1f/f, 13% for Fbh1−/−, and 7% for WT, Fbh1-deficient cells different
from WT at p<0.003, Fig. 4D). In summary, Fbh1-deficient cells exposed to a decatenation
stress, relative to WT cells, show substantial increases in defective anaphase separation and
multilobed nuclei, as well as moderate increases in metaphase duration and micronuclei. These
findings indicate that Fbh1 in mammalian cells is important to restore normal mitotic
progression following decatenation stress.
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4. Discussion
Our study is the first description of Fbh1 gene disruption in mammalian cells, and provides
evidence for a novel role of Fbh1 during the restoration of normal mitotic progression after
decatenation stress. Furthermore, we characterized the role of Fbh1 during Rad51 recruitment
to CPT-induced DNA damage, as well as chromosome break repair. Consistent with previous
reports in vertebrate cells, Fbh1-deficiency caused a mild increase in Rad51 recruitment to
DNA damage [11]. In addition, we show that deletion of the F-box domain causes a defect in
Rad51 nuclear localization and recruitment to DNA damage. Thus, given that the Fbh1f protein
is expressed at elevated levels compared to the WT protein, F-box-dependent suppression of
Fbh1 expression levels and/or helicase activity might be important for efficient localization of
Rad51 to DNA damage. Accordingly, it was previously shown that Fbh1 over-expression in
U2OS and S. Pombe results in reduced localization of Rad51 to DNA damages [5,11].
Nevertheless, we find that neither the Fbh1−/− nor the Fbh1f/f cells show a clear defect in
chromosome break repair, which is consistent with previous findings with Fbh1−/− DT40
chicken lymphocytes [10]. We suggest that the modest alterations in Rad51 localization
mediated by Fbh1 are not sufficient to substantially affect chromosome break repair in
mammalian cells.

However, such changes in Rad51 localization could be linked to the mitotic progression defects
of Fbh1-deficient cells. This model is supported by recent evidence that Rad51-regulation is
important for mitosis, in that another Rad51 modulator, Brca2, is important for mitotic
progression [46]. Regarding our findings with Fbh1, decatenation stress could generate
replication intermediates that require Fbh1-mediated regulation of Rad51 for their resolution,
which subsequently could be important for mitotic progression. Since both cell lines show
hypersensitivity to ICRF-193, it is important to consider that either inhibition or over-activation
of Rad51 could disrupt Rad51-mediated functions during decatenation stress.

Alternatively, Fbh1 could affect recovery from decatenation stress by other mechanisms. For
instance, Fbh1 could function similarly to other factors important for clonogenic survival after
decatenation stress, which include BLM and proteins implicated in NHEJ, such as Ku, Ligase
4 and Metnase [15,47,48]. As has been proposed for BLM [15], Fbh1 could be involved the
resolution of anaphase chromatin bridges that appear during decatenation stress. Fbh1 could
also play a similar role as the NHEJ factors, though this may be unlikely given that Fbh1-
deficient cells showed no hypersensitivity to etoposide treatment, which is distinct from NHEJ-
deficient cells [47]. More generally, Fbh1 could be important for the resolution of topological
problems that accumulate after topoisomerase II inhibition, thereby suppressing formation of
aberrant DNA structures that could affect chromosome segregation. Apart from any DNA
replication/repair function, Fbh1 may act directly in the regulation of mitotic progression
through F-box-dependent recruitment of target proteins for SCF-mediated ubiquitination.
Consistent with this latter possibility, deletion of the Fbh1 F-box domain alone is sufficient to
induce hypersensitivity to ICRF-193.

Decatenation stress can lead to abnormal chromosome segregation and aneuploidy [49], which
has long been proposed to contribute to the etiology of cancer [50]. To limit the genotoxic
consequences of decatenation stress, many mammalian cells activate the decatenation
checkpoint to delay mitosis onset [24,51]. However, this decatenation checkpoint is defective
in stem cells [26]. Thus, stem cells may rely on alternative pathways to ensure normal mitotic
progression following decatenation stress. Here we have presented evidence that Fbh1 is an
important factor for this process. As bisdioxopiperazines are used during cancer therapy [21],
it will be important to further characterize the range of mechanisms that protect the genomic
integrity of stem cells from decatenation stress.
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Fig. 1. Fbh1-deficient cell lines
A. Shown are diagrams of predicted transcripts (numbered boxes) and translation products
(grey boxes) produced by different Fbh1 alleles from two different start codons. The Fbh1+

mRNA encodes a complete protein when the first start codon is used, the Fbh1− mRNA encodes
a protein lacking both the F-box and helicase (DEAQD) domains, whereas the Fbh1f mRNA
encodes an F-box-deleted protein when the second start codon is used. Also shown is the
genomic structure of the Fbh1f (upper-right panel) and Fbh1− (lower-right panel) alleles. B.
Establishment of homozygous Fbh1f/f and Fbh1−/− ES cell lines by gene targeting. Shown is
genotype analysis of the WT, heterozygous, and homozygous mutant cell lines for each allele,
using the primers depicted in A. C. The Fbh1− and Fbh1f alleles generate the predicted mRNA
products. Shown are RT-PCR products from the WT, Fbh1f/f, and Fbh1−/− cell lines, using
the primers depicted in the diagrams. D. The Fbh1f mRNA is efficiently translated. Shown are
immunoblot signals for the Flag-epitope from transfections with empty vector (EV),
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Fbh1-3xFlag (+), and Fbh1f-3xFlag (f) expression plasmids in WT ES cells. (*) denotes a non-
specific band from the Flag antibody.
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Fig. 2. Fbh1 deficiency affects Rad51 foci formation but not chromosome break repair
A. Top panel shows a representative image of WT cells without (left picture) or with (right
picture) Rad51 foci after a 2-hour treatment with 50nM CPT. Bottom panel shows the
percentage of cells with more than ten Rad51 foci for each sample. (*) denotes a statistical
difference from WT (p=0.014). (†) denotes a statistical difference from WT (p<0.001). B. Top
panel shows a representative image of Fbh1f/f cells with cytoplasmic Rad51 immunostaining
(◊). Bottom panel shows the percentage of cells with cytoplasmic Rad51 immunostaining
without treatment or after 2 hours of 50nM CPT treatment. (*) denotes a statistical difference
from WT (p<0.001). C. HDR is not affected by Fbh1-deficiency. The diagram shows the
parental DR-GFP reporter, along with the HDR product of an I-SceI induced DSB, which
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restores the GFP cassette. Shown is repair by HDR relative to WT. D. Camptothecin sensitivity
is not affected by Fbh1-deficiency. Shown is the clonogenic survival of each cell line to the
topoisomerase I poison, camptothecin. E. Etoposide sensitivity is not affected by Fbh1-
deficiency. Shown is the clonogenic survival of each cell line to the topoisomerase II poison,
etoposide.
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Fig. 3. Fbh1-deficient cells are sensitive to decatenation stress induced by ICRF-193 and razoxane
A. Clonogenic survival of each cell line to the bisdioxopiperazines ICRF-193 (left panel) and
razoxane (right panel). (†) denotes hypersensitivity compared to WT (p=0.0002), and (*)
denotes hypersensitivity compared to WT (p=0.03). B. Low-dose ICRF-193 treatment
primarily causes undercondensed centromeres. Left panel shows representative examples of
mitotic spreads from WT cells treated for 2 hours with ICRF-193 (200nM) or left untreated.
Arrows indicate two undercondensed centromeres. Right panel shows the percent of mitotic
spreads with evidence of at least three undercondensed chromosomes. For each sample, more
than 30 cells were analyzed. C. ICRF-193 treatment causes persistence of PICH threads in
mitosis. Left panel shows representative examples of mitotic cells with, or without, PICH
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threads after a 2 hour treatment with ICRF-193 (200nM). Right panel shows the percentage of
mitotic cells with PICH treads. For each sample, more than 30 cells were analyzed.
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Fig. 4. Fbh1-deficient cells show defects in mitotic progression following decatenation stress
A. Real-time imaging of cells expressing H2B-GFP. Representative pictures of a normal
mitosis in WT cells (left panel) and of an abnormal mitosis in Fbh1f/f cells after 20 hours
treatment with ICRF-193 (100nM) followed by 20 hours of recovery. Time of acquisition is
indicated in minutes. The white lines delineate aberrant nuclei resulting from abnormal
anaphase separation. B. Fbh1 is important to restore normal mitotic progression after
decatenation stress. WT and Fbh1-deficient cells were treated with ICRF-193 as in A, or left
untreated, and chromosome dynamics were analyzed by time-lapse microscopy as shown in
A. Shown for each cell line and treatment condition are individual cells scored for normal (○)
and abnormal (●) anaphase separation. The metaphase duration is represented by the placement
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of each cell along the Y-axis. C. Representative images of normal nuclei, along with two classes
of aberrant nuclei: micronuclei and multilobed nuclei. D. Fbh1-deficient cells show a marked
elevation of aberrant nuclei following ICRF-193 treatment, compared to WT cells. Cells were
treated with ICRF-193 as in A, or left untreated, and the morphology of individual nuclei was
scored. Shown is the percentage of micronuclei and multilobed nuclei. (*) denotes a statistical
difference from the untreated condition (p<0.001). (†) denotes a statistical difference from WT
cells (p<0.003).
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