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Spindle poisons represent an important class of anticancer drugs that act by interfering with microtubule
polymerization and dynamics and thereby induce mitotic checkpoints and apoptosis. Here we show that
mammalian SNM1 functions in an early mitotic stress checkpoint that is distinct from the well-characterized
spindle checkpoint that regulates the metaphase-to-anaphase transition. Specifically, we found that compared
to wild-type cells, Snm1-deficient mouse embryonic fibroblasts exposed to spindle poisons exhibited elevated
levels of micronucleus formation, decreased mitotic delay, a failure to arrest in mitosis prior to chromosome
condensation, supernumerary centrosomes, and decreased viability. In addition, we show that both Snm1 and
53BP1, previously shown to interact, coimmunoprecipitate with components of the anaphase-promoting com-
plex (APC)/cyclosome. These findings suggest that Snm1 is a component of a mitotic stress checkpoint that
negatively targets the APC prior to chromosome condensation.

SNM1 (sensitivity to nitrogen mustard) is a member of a
small gene family that includes four other known mammalian
homologs: Artemis, SNM1B, CPSF73, and ELAC2 (9, 14, 23,
37). The archetypal member of this family, SNM1/PSO2, was
originally identified in Saccharomyces cerevisiae as defective in
mutants that were highly sensitive to interstrand cross-linking
agents such as nitrogen mustard or psoralen plus UVA but not
to other forms of DNA damage such as ionizing radiation (IR)
or UV radiation (11, 28). The biochemical function of S. cer-
evisiae Snm1 has not been determined, although snm1 mutants
appeared to perform the initial incisions at sites of cross-links
normally but were deficient in a later step of restoration of
high-molecular-weight DNA from fragmented DNA. This re-
sult suggested a defect in the repair of double-strand break
(DSB) intermediates that are presumed to occur during cross-
link repair (19, 20). All of the SNM1 family members have in
common a region of homology that encodes a metallo-�-lac-
tamase fold (4, 23), while outside of this domain the sequences
of the various members are largely divergent. The character-
ization of the function of the mammalian homologs is largely in
the early stages. Gene-targeting methods have been used in
mouse embryonic stem (ES) cells to disrupt the Snm1 gene (9).
In contrast to the highly interstrand cross-link sensitive yeast
snm1 mutant, the ES cells in which Snm1 was disrupted were
shown to be only twofold sensitive to mitomycin C and not
significantly sensitive to other DNA interstrand cross-linking
agents or to IR. Mice homozygous for the disrupted allele were
viable and fertile and exhibited no obvious abnormalities; how-

ever, treatment of these mice with mitomycin C resulted in
increased lethality compared to that of mice heterozygous for
the disrupted allele. Nevertheless, these studies appeared to
suggest that the function of mammalian SNM1 differs from
that of the yeast gene.

Recently, a novel mitotic stress checkpoint pathway that
delays entry into metaphase in the presence of spindle poisons
has been identified in mammalian cells (30). This pathway was
discovered through characterization of the Chfr (checkpoint
with FHA and ring finger) gene. In the presence of drugs such
as nocodazole or taxol, wild-type cells were found to arrest in
prophase, whereas Chfr-deficient cells progressed into meta-
phase. This checkpoint is distinct from the mitotic spindle
checkpoint involving Mad and Bub proteins that functions to
delay the metaphase-to-anaphase transition in the presence of
unattached kinetochores (5, 7, 31, 33).

We show here that Snm1-deficient mouse embryonic fibro-
blasts (MEFs) exhibit a phenotype similar to that of Chfr-
deficient cells in that upon exposure to spindle poisons, they
exhibited elevated levels of mitotic catastrophe, an overall de-
creased mitotic delay, a failure to arrest prior to chromosome
condensation, supernumerary centrosomes, and decreased vi-
ability. We also show that both Snm1 and p53 binding protein
1 (53BP1), previously shown to coimmunoprecipitate, interact
with the anaphase-promoting complex (APC), a major regula-
tor of mitotic transitions. These findings establish mammalian
Snm1 as a checkpoint protein that functions in response to
mitotic stress.

MATERIALS AND METHODS

Generation of Snm1 mutant ES cells and mice. A mouse Snm1 cDNA clone
was used to screen a lambda phage mouse (129/SvEv) genomic library to obtain
a fragment of the Snm1 locus. The Snm1 targeting construct was designed to
replace exons 2 to 7 with a loxP-flanked PGKneobpA cassette in the opposite
transcriptional orientation. Gene targeting in AB1 ES cells and microinjection of
targeted clones into C57BL/6J blastocysts were performed as described previ-
ously (12). Targeted recombinants were verified by Southern blot analysis using
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5� and 3� external probes and by PCR analysis. The sequences of PCR primers
are as follows: S1, 5�-CATAGAAAATTCCCCTTGGACTATG; S2, 5�-GCCA
ATGCATCCGAGGGGCTG; N1, 5�-AGCAAGGGGGAGGATTGGGAAG
ACA.

Cell culture. Snm1�/� and Snm1�/� MEFs were derived from embryos at 13.5
days postconception and grown in Dulbecco’s modified Eagle medium with 10%
fetal bovine serum, 1� nonessential amino acids, 2-mercaptoethanol (55 mM),
penicillin (50 U/ml), and streptomycin (50 U/ml). Cells were cultured according
to standard 3T3 protocol and used between passages 3 and 5. Immortalized
Snm1�/� and Snm1�/� cells were obtained at passages 20 and 15, respectively.
For synchronization, cells were treated with 2 mM thymidine for 15 h, released
into regular medium for 10 h, then treated with 2 mM thymidine for 17 h, and
released into 500 ng of nocodazole/ml.

Flow cytometry and analysis of micronuclei. To examine the kinetics of mitotic
entry and exit under mitotic stress, lower-passage MEFs were exposed to 125 ng
of nocodazole/ml. DNA content, measured by propidium iodide staining, and
mitotic index, determined by MPM-2 staining, were analyzed by fluorescence-
activated cell sorting (FACS). Formation of micronuclei in the presence of 125
ng of nocodazole/ml, 200 ng of taxol/ml, or 200 ng of Colcemid/ml was deter-
mined by 4�,6�-diamidino-2-phenylindole (DAPI) staining and quantitation by
fluorescence microscopy. For phenotypic rescue by human SNM1 (hSNM1), cells
were transfected with the indicated DNAs and exposed to nocodazole (125
ng/ml) 24 h later. After an additional 24 h of incubation, cells were stained with
DAPI and analyzed by fluorescence microscopy.

Time lapse videomicroscopy. MEFs were seeded at 3 � 105 per 25-cm2 tissue
culture flask. Cells in the presence or absence of nocodazole (125 ng/ml) were
observed under phase-contrast microscopy on an Olympus (Melville, N.Y.)
IX-70 inverted microscope for as long as 24 h. Images were captured every 30 s
from numerous locations within the flask by using a color charge-coupled-device
camera (C5810; Hamamatsu, Hamamatsu City, Japan). The camera and an XYZ
stage were controlled by IPLab image analysis software (Scanalytics, Fairfax,
Va.), allowing automated image acquisition at prerecorded locations within the
flask. Images were captured by using a 20� air objective (numerical aperture,
0.40) for a pixel resolution of 0.6 �m.

Immunofluorescence. Cells were plated onto glass coverslips, synchronized,
and exposed to nocodazole. At the indicated times, coverslips and selectively
detached cells (collected by cytospin onto microscope slides) were fixed with 4%
paraformaldehyde for 30 min, permeabilized, and blocked with 4% bovine serum
albumin and 0.1% Triton X-100 in phosphate-buffered saline for 1 h. Mitotic
cells were stained with anti-phosphohistone H3 and fluorescein isothiocyanate-
conjugated anti-rabbit immunoglobulin G (IgG) as the secondary antibody. Cen-
trosomes were stained with anti-�-tubulin and rhodamine-conjugated anti-mouse
IgG as the secondary antibody. DNA was stained with DAPI. Prepared slides
were analyzed by fluorescence microscopy.

Cdc2 kinase activity and immunoblotting. Cyclin B-associated Cdc2 kinase
activity was determined in extracts derived from synchronized cells as described
elsewhere (21). Cyclin E and cyclin A levels were determined by immunoblotting
as described elsewhere (17). Gel bands were quantified by Kodak 1D Image
Analysis software (Eastman Kodak Co., Rochester, N.Y.).

Colony survival assay in response to mitotic stress. Synchronized MEFs were
exposed to the indicated concentrations of nocodazole for 8 h. Detached (mi-
totic) cells were collected and washed twice with phosphate-buffered saline.
Subsequently, 200 cells were replated in a 100-mm-diameter dish, and after 2
weeks, colonies were fixed with methanol-acetic acid (3:1) and stained with 4%
trypan blue.

Immunoprecipitation. Polyclonal antibodies (designated 3086) to the carboxy-
terminal 268 amino acid residues of hSnm1 have been described previously (27).
Polyclonal antibodies (designated 6815) to the amino-terminal portion of hSnm1
were raised in rabbits by using amino acid residues 27 to 418 fused to maltose
binding protein. Polyclonal antibodies to Cdc27 (H-300) and 53BP1 were ob-
tained from Santa Cruz Biotechnology and generously provided by P. Carpenter,
respectively. Coimmunoprecipitation experiments were performed with nuclear
or whole-cell extracts essentially as described previously (27).

Inhibition of expression by siRNA. The sequence of the coding strand of the
hSNM1 small interfering RNA (siRNA) was CAGAGUGUCCUGAUGGUCU.
The efficacy of the hSNM1 siRNA was determined by the following protocol. On
day 1, HeLa cells were transfected with a construct expressing enhanced green
fluorescent protein (EGFP)-hSNM1. On the following day, the cells were trans-
fected with the hSNM1 or control siRNA and subsequently incubated for an-
other 24 h, after which lysates were prepared for immunoblotting.

RESULTS

Snm1-deficient cells exhibit an aberrant arrest in response
to mitotic stress. In a previous report, it was shown that trans-
lation of hSNM1 is controlled by an internal ribosome entry
site (IRES) that upregulates its expression during mitosis (40).
This finding prompted us to search for a possible mitotic func-
tion for this protein. To investigate the role of Snm1, we
generated mice with a homozygous Snm1 deletion by targeted
disruption in mouse ES cells. The Snm1�/� mice were viable
and fertile but displayed atypical phenotypes that will be re-
ported on elsewhere. To investigate the possibility of mitotic
dysfunction, we exposed asynchronous MEFs to the spindle
poison nocodazole for various times and examined them by
FACS. This analysis showed that with time of incubation,
Snm1�/� MEFs displayed a significantly higher increase in the
fraction of cells with 4N DNA content than did wild-type cells,
indicating an abnormal response to the spindle poison in the
absence of functional SNM1 (Fig. 1a and b). The increase in
the fraction of cells with 4N DNA content suggested that
Snm1�/� cells had failed to undergo normal cytokinesis,
whereas wild-type cells were affected to a lesser extent. At
higher concentrations of the drug, both cell types failed to
undergo normal cytokinesis (data not shown). To assess the
possibility of aberrant mitosis, we analyzed both cell types for
formation of micronuclei in the presence of nocodazole and
two other spindle poisons, Colcemid and taxol, and found that
the levels of these aberrant nuclei dramatically increased in
Snm1�/� cells (Fig. 1c and d). Untreated cells exhibited very
low levels of formation of micronuclei. We assayed in total six
different Snm1�/� MEF isolates from mice derived from two
independent ES cell clones, and all exhibited similarly en-
hanced formation of micronuclei in the presence of spindle
poisons. In addition, transfection of a construct expressing
hSNM1 into Snm1�/� MEFs resulted in decreased formation
of micronuclei in the presence of nocodazole compared to
transfection of a vector control (see Fig. S1 in the supplemen-
tal material). Furthermore, depletion of hSNM1 expression in
HeLa cells by siRNA resulted in increased formation of mi-
cronuclei in the presence of drug (Fig. 1e and f). Taken to-
gether, these results indicated that the observed mitotic phe-
notypes were due to the absence of Snm1.

A mitotic stress checkpoint is defective in Snm1-deficient
cells. Micronucleated cells, a signature of mitotic catastrophe,
are indicative of a mitotic checkpoint defect, as shown previ-
ously in MAD2�/� and Chfr-deficient cells (21, 30). To assess
the possibility of a mitotic checkpoint defect, we synchronized
spontaneously immortalized MEFs by a double thymidine
block, released them into nocodazole, and monitored the mi-
totic index by MPM-2 staining and FACS analysis. Snm1�/�

and wild-type MEFs entered mitosis at the same time after
release, but the mutant MEFs exited mitosis approximately 4
to 6 h earlier, suggesting the loss of a mitotic stress-induced
checkpoint (Fig. 2a). To confirm altered progression through
mitosis, we assayed cyclin B-associated Cdc2 kinase activity in
synchronized immortalized MEF cells. Consistent with the re-
sults of MPM-2 staining, this assay showed that in the presence
of nocodazole, Snm1�/� cells lacked the prolonged arrest ob-
served in wild-type cells (Fig. 2b). To quantitate the duration
of spindle poison-induced mitotic arrest in asynchronous
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MEFs, we used live time lapse videomicroscopy. In the absence
of nocodazole, the average durations of mitosis were 29.7 � 4.6
and 36.9 � 7.9 min in Snm1�/� and Snm1�/� cells, respec-
tively. When these cells were exposed to nocodazole, the av-
erage time in mitosis increased to 9.60 � 3.00 and 2.73 � 1.16 h
for Snm1�/� and Snm1�/� cells, respectively (Fig. 2c and d). In
addition to the increased duration of mitotic arrest, wild-type
cells also exited mitosis more heterogeneously than Snm1�/�

cells. To confirm that Snm1�/� cells exited mitosis more rap-
idly than wild-type cells in the presence of mitotic stress, we
synchronized immortalized MEFs and measured cyclin E lev-
els after release of the MEFs into nocodazole. We observed
elevated levels of cyclin E at 16 h after release from the double
thymidine block for Snm1�/� cells but not until 24 h after
release for wild-type cells (Fig. 2e). These results were consis-
tent with the mitotic index data shown in Fig. 2a and also
indicated that both cell types ultimately adapted and entered
the G1 phase, although after a longer delay for wild-type cells.
In the presence of an active p53-dependent checkpoint path-
way, cells with 4N DNA content arrest in G1 with high cyclin E
levels (2, 17). Thus, taken together, these results define a role
for SNM1 in a mitotic stress checkpoint that more than triples
the time of cell cycle arrest in the presence of spindle poisons.

The checkpoint defined by Snm1 occurs prior to chromo-
some condensation. There is increasing evidence that multiple
checkpoints regulate the transitions that occur during mitosis.
The spindle checkpoint that monitors progression from meta-
phase to anaphase was originally discovered in budding yeast
and has now been well characterized in mammalian cells (7).
More recently, a novel checkpoint defined to date by a single
factor, Chfr, has been reported to enforce a prophase arrest
after exposure of mammalian cells to spindle poisons (30). A
pathway monitoring the transition from anaphase to telophase
has also been described in yeast (24). To delineate the mitotic
checkpoint defined by SNM1, we synchronized immortalized
MEFs and assessed their mitotic states by monitoring chromo-
somal condensation and centrosome separation as a function
of time after release into nocodazole (Fig. 3a). Quantitation of
these states (Fig. 3b) indicated that by 8 h after release, wild-
type cells were arrested largely with uncondensed chromo-
somes, and a high fraction of cells persisted in this stage until
at least 16 h. In addition, centrosomes, which normally migrate
to opposite poles during prophase, were typically unseparated
or in close proximity. In contrast, Snm1�/� cells observed at 8
and 12 h were arrested with condensed chromosomes and with
widely separated and, in a significant fraction, multiple centro-
somes (Fig. 3c). By 16 h, Snm1�/� MEFs had progressed
through mitosis and a large fraction had formed micronucle-
ated cells. Presumably, the delay observed in Snm1�/� MEFs
with condensed chromosomes is due to activation of the spin-
dle checkpoint that should be functional in these cells.

To further verify that cell cycle arrest was occurring in mi-
tosis, we examined phosphohistone H3 staining as a function of
time after release into nocodazole (Fig. 3d and e). Our results
showed that both wild-type and Snm1�/� cells had elevated
levels of this marker at the time of arrest, indicating that the
delay in both cell types occurred during mitosis, consistent with
the activation of cyclin B/Cdc2 kinase and the videomicroscopy
studies shown above. These experiments also showed that in
Snm1�/� cells, levels of phosphohistone H3 returned within
16 h to those observed in interphase, while they remained high
in wild-type cells, consistent with a reduced mitotic delay in the
mutant cells. Taken together, these findings indicate that
SNM1 is involved in a mitotic stress checkpoint that is enforced
prior to chromosome condensation. To further define the tim-
ing of this checkpoint in mitosis, we examined cyclin A levels in
wild-type and mutant cells upon synchronization and release
into nocodazole. Cyclin A is degraded during prometaphase in
mammalian cells (10) and thus can be used as a marker of early
mitosis. As shown in Fig. 3f, cyclin A levels remained high in
wild-type cells until about 12 h after release from the thymi-
dine block, whereas in Snm1�/� cells, cyclin A levels were
greatly reduced by 8 h. These findings confirm a mitotic stress
checkpoint defect in SNM1-deficient cells and indicate that this
checkpoint occurs before the end of prometaphase, indicating
that it is distinct from the spindle checkpoint.

To determine if the lack of the early mitotic checkpoint
affected viability in the presence of a spindle poison, immor-
talized MEFs were synchronized and released into nocodazole
for 8 h. Mitotic cells were collected, replated into a drug-free
medium, and assayed for their ability to form colonies. As
shown in Fig. 3g, Snm1�/� cells exhibited a dramatic decrease
in survival compared to wild-type cells, consistent with a defect
in a mitotic stress-induced checkpoint.

Snm1 and 53BP1 interact with the anaphase-promoting
complex/cyclosome. The mechanism by which Snm1 enforces a
checkpoint response is unknown; however, the APC/cyclosome
is a central regulator of mitotic transitions and a primary target
of the spindle checkpoint. We therefore examined whether
Snm1 and components of the APC physically associate. hSnm1
is a protein expressed at low levels due to the presence of an
IRES that depresses translation of the gene (40); nevertheless,
as shown in Fig. 4a, antisera raised against two distinct regions
of hSnm1 both coimmunoprecipitated the Cdc27 subunit of
the APC from HeLa extracts, whereas preimmune sera did not.
It has been shown previously that Snm1 and the checkpoint
protein 53BP1 interact before and after exposure of cells to IR
(27). Thus, as a further verification, we were able to show that
antisera to 53BP1 also coimmunoprecipitated Cdc27 (Fig. 4c).
Reciprocal immunoprecipitations with anti-Cdc27 antibodies
were found to coimmunoprecipitate both hSnm1 and 53BP1,
further validating these interactions (Fig. 4b and d). The in-

FIG. 1. Spindle poisons induce mitotic catastrophe in Snm1�/� MEFs. (a) FACS profiles of asynchronous wild-type and Snm1�/� MEFs
exposed to nocodazole (125 ng/ml) for the indicated times and stained with propidium iodide. (b) Graphical presentation of the data shown in
panel a. (c) Snm1�/� MEFs exposed to the indicated spindle poison for 24 h and analyzed by DAPI staining show increased levels of
micronucleated cells. (d) Representative images of cells treated as described for panel c. (e) Immunoblot analysis of depletion of hSnm1 in HeLa
cells by siRNA as monitored by the reduction in transiently expressed EGFP-hSnm1. (f) Increased formation of micronuclei in HeLa cells depleted
of hSnm1 and exposed to nocodazole (125 ng/ml) for the indicated times.
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teraction of 53BP1 with the APC is interesting in light of
previous findings showing that 53BP1 is localized to kineto-
chores and is hyperphosphorylated during mitosis in response
to spindle poisons (15). We next examined whether incubation
in the presence of nocodazole would enhance the interaction
between the APC and either Snm1 or 53BP1. Interestingly, the
drug appeared to have little or no effect on the strength of
these interactions (Fig. 4e). We therefore examined these in-
teractions as a function of the cell cycle. HeLa cells were
fractionated by cell elutriation, and coimmunoprecipitation as-
says indicated that both Snm1 and 53BP1 constitutively inter-
act with the APC throughout the cell cycle (Fig. 4f). These
findings suggest that Snm1 and possibly 53BP1 may act as
mediators of an early mitotic checkpoint by targeting the APC.

DISCUSSION

We have demonstrated here that in SNM1-deficient cells are
defective in a mitotic stress checkpoint that delays entry into
metaphase in the presence of spindle poisons. This phenotype
is similar to that observed for Chfr-deficient cells and suggests
that both genes may participate in the same pathway. Analysis
of cancer cell lines and primary tumors has shown that Chfr is
inactivated in a high proportion of these specimens, implying
that this pathway is an important mechanism of cancer sup-
pression (30, 32). In addition, inactivation of this pathway may
also explain why some tumors are highly susceptible to the
cytotoxic activity of spindle poisons. In the original report on
the role of Chfr in a mitotic stress checkpoint, it was concluded

FIG. 2. Snm1�/� cells have a mitotic checkpoint defect. (a) FACS profile of synchronized MEFs released from the G1-S block into nocodazole
(0 h) for the indicated times and stained with MPM-2 antibody. (b) Cyclin B-associated Cdc2 kinase activities of synchronized wild-type and
Snm1�/� MEFs released into nocodazole on a histone H1 substrate. (c) Representative example of determination of mitotic length by videomi-
croscopy. Arrows in each panel indicate the same cell observed at the indicated times. At least 50 cells were observed for each genotype. (d)
Quantitation of time lapse videomicroscopy of wild-type and Snm1�/� MEFs at mitosis in the presence or absence of nocodazole. The length of
mitosis was determined morphologically by timing when a cell first became rounded and refractile and when it subsequently flattened back onto
the surface as shown in panel c. (e) Immunoblot analysis of cyclin E levels in synchronized wild-type and Snm1�/� MEFs released into nocodazole
from a G1-S block. Vinculin was used as a loading control.
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FIG. 3. SNM1 defines an early mitotic checkpoint. (a) Representative images of wild-type and Snm1�/� MEFs synchronized, released into
nocodazole, and analyzed by DAPI staining. In the right panels, centrosomes (red) were identified by indirect immunofluorescence of �-tubulin.
(b) Fractions of cells with condensed DNA and widely separated centrosomes (left panel) and of cells with uncondensed DNA and slightly
separated centrosomes (right panel) as a function of time after release from a G1-S block. Noc., nocodazole. (c) Quantitation of centrosome
number after release into nocodazole. In the key, the numbers of centrosomes observed are given in parentheses. (d) Representative images of
wild-type and Snm1�/� MEFs synchronized, released into nocodazole, and analyzed for phosphohistone H3 staining (green). DNA was stained
with DAPI (blue). (e) Fraction of phosphohistone H3-positive cells as a function of time after release into nocodazole from a G1-S block. (f)
Immunoblot analysis of cyclin A levels in synchronized wild-type and Snm1�/� MEFs released into nocodazole from a G1-S block. (g) Colony
survival assay of wild-type and Snm1�/� MEFs exposed to nocodazole at the indicated concentrations.
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that the delay in the presence of spindle poisons was enforced
during prophase. However, subsequent studies with Xenopus
extracts showed that Chfr is a ubiquitin ligase that targets
Polo-like kinase 1 (Plk1) for destruction by the proteasome
(16). Degradation of Plk1 was proposed to result in a delay in
the activation of the Cdc25C phosphatase and the inactivation
of the Wee1 kinase, ultimately causing a delay in the activation
of Cdc2–cyclin B. In this proposed pathway, the checkpoint
would prevent the G2-to-M transition (22). However, our find-
ings and those reported by others (30) showed that Cdc2–

cyclin B is activated in the presence of spindle poisons in
mammalian cells. In addition, our studies by videomicroscopy
and on the phosphorylation of histone H3 indicate that the
checkpoint is enforced during mitosis. Moreover, a study with
HeLa cells has shown that activation of Cdc2–cyclin B is inde-
pendent of Plk1 with or without exposure of cells to nocoda-
zole (18). Thus, these results indicate that Cdc2–cyclin B is not
the target of the checkpoint and that the checkpoint is en-
forced after activation of this kinase during prophase but be-
fore its degradation in metaphase (6). Additionally, our exam-
ination of cyclin A levels indicated that the checkpoint occurs
prior to the degradation of this protein, which occurs during
prometaphase (10). Interestingly, a recent analysis of the tu-
mor suppressor RASSF1A showed that it is a negative regu-
lator of the APC and that its overexpression in mammalian
cells causes early mitotic arrest due to a failure to degrade
cyclin A (34). This finding thus established the principle that
inhibition of the APC can result in an early mitotic arrest that
occurs prior to and is independent of the spindle checkpoint
pathway that operates in metaphase. Therefore, as a working
model, we propose that Snm1 acts in a mitotic stress check-
point pathway that negatively targets the APC, resulting in
arrest in early mitosis prior to chromosome condensation.

Prior studies of Snm1 in human cells have shown that it is a
nuclear protein that forms foci at sites of DNA DSBs induced
by IR (27). These foci colocalize with those containing
�-H2AX, 53BP1, and components of the BRCA1-associated
surveillance complex (1, 25, 26, 29, 38, 39). In fact, both Snm1
and �-H2AX coimmunoprecipitate with 53BP1, suggesting
that all three of these proteins reside in a common complex (1,
27). These findings may appear at odds with the results de-
scribed above showing the involvement of Snm1 in a mitotic
stress checkpoint; however, it has been demonstrated that the
spindle poison paclitaxel causes DNA strand breaks in prolif-
erating human cells by an indirect mechanism (3, 8). Thus,
conceivably the stimulus for the early mitotic checkpoint may
be DNA damage as opposed to microtubule disruption per se,
a hypothesis that is more consistent with the demonstrated
localization of Snm1 and 53BP1 to sites of DSBs during the
interphase of the cell cycle. The timing of the checkpoint, prior
to chromosome condensation, might facilitate DNA repair
processing, which would be problematic on condensed chro-
matin. Further support for this model comes from the finding
that the APC has been shown to be a target of a DNA damage
checkpoint in chicken cells (35). In addition, recent studies
have shown that DNA damage during mitosis is a trigger for a
response that results in centrosome inactivation and fragmen-
tation and that prevents the proliferation of cells with genomic
instability (13, 36). In many respects these findings are consis-
tent with our own results, which suggest that Snm1 may par-
ticipate in a pathway that monitors genome integrity during
mitosis in order to prevent aberrant chromosomal segregation
and ultimately tumorigenesis. Alternatively, Snm1 may partic-
ipate in multiple checkpoint pathways that respond to various
types of cellular stress.
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