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snml mutants of Saccharomyces cerevisiae have been shown to be specifically sensitive to DNA interstrand
crosslinking agents but not sensitive to monofunctional alkylating agents, UV, or ionizing radiation. Five
homologs of SNM1 have been identified in the mammalian genome and are termed SNM1, SNM1B, Artemis,
ELAC2, and CPSF73. To explore the functional role of human Snml in response to DNA damage, we
characterized the cellular distribution and dynamics of human Snml before and after exposure to DNA-
damaging agents. Human Snm1 was found to localize to the cell nucleus in three distinct patterns. A particular
cell showed diffuse nuclear staining, multiple nuclear foci, or one or two larger bodies confined to the nucleus.
Upon exposure to ionizing radiation or an interstrand crosslinking agent, the number of cells exhibiting Snm1
bodies was reduced, while the population of cells with foci increased dramatically. Indirect immunofluores-
cence studies also indicated that the human Snm1 protein colocalized with S3BP1 before and after exposure
to ionizing radiation, and a physical interaction was confirmed by coimmunoprecipitation assays. Further-
more, human Snml foci formed after ionizing radiation were largely coincident with foci formed by human
Mrell and to a lesser extent with those formed by BRCA1, but not with those formed by human Rad51. Finally,
we mapped a region of human Snm1 of approximately 220 amino acids that was sufficient for focus formation
when attached to a nuclear localization signal. Our results indicate a novel function for human Snml1 in the

cellular response to double-strand breaks formed by ionizing radiation.

The cellular response to DNA damage is a complex inter-
acting network of pathways that mediate cell cycle checkpoints,
DNA repair, and apoptosis. A model lesion for the investiga-
tion of these pathways has been DNA double-strand breaks,
which rapidly induce cell cycle checkpoints and are repaired by
a number of different pathways. In Saccharomyces cerevisiae,
these lesions are preferentially repaired by a homologous re-
combination pathway, which requires proteins from the
RADS?2 epistasis group. In mammalian cells, both homologous
recombination and nonhomologous recombination pathways
are utilized. Extensive studies in mammalian cells have shown
that complexes of DNA repair and cell cycle checkpoint pro-
teins rapidly localize to sites of double-strand breaks induced
by ionizing radiation and create foci that can be detected by
immunofluorescent analyses.

Two types of mutually exclusive or nonoverlapping ionizing
radiation-induced foci have been observed, those containing
the Rad51 protein and those containing the Mrell-Rad50-
NBS1 complex (13, 25). Rad51 foci, which contain the tumor
suppressor proteins BRCA1 and BRCAZ2, also appear during S
phase in the absence of exogenous induction of DNA damage
(5, 29, 43-45). Mrel1-Rad50-NBS1 foci can be detected as
early as 10 min after irradiation and are clearly present at sites
of DNA breaks while DNA repair is ongoing (25, 28, 33).
These foci also colocalize with the BRCA1 protein, which has
been shown to be required for their formation, possibly
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through its physical interaction with human Rad50 (hRad50)
(53). In addition, coimmunoprecipitation experiments per-
formed with BRCALI have indicated the presence of a large
number of additional proteins in this complex (referred to as
the BRCAIl-associated surveillance complex) (47). These in-
clude the mismatch repair proteins Msh2, Msh6, and Mlh1, the
checkpoint kinase ATM, the product of the Bloom’s syndrome
gene BLM, and replication factor C. The product of the Fan-
coni’s anemia group D2 gene (FANCD?2) has also been shown
to colocalize with BRCA1 ionizing radiation-induced foci (11).
BRCAI1, NBS1, and hMrell have all been shown to be sub-
strates of the ATM kinase and to become phosphorylated in
response to the presence of DNA breaks (6, 7, 12, 13, 21, 49,
52).

More recently, two additional proteins have been shown to
be involved in the very early stages of ionizing radiation-in-
duced focus formation. H2AX, a variant histone H2A mole-
cule, is phosphorylated within 1 to 3 min after exposure to
ionizing radiation, and this modified form, known as y-H2AX,
is associated with the sites of double-strand breaks (35, 39).
Also, p53-binding protein 1 (53BP1) is rapidly phosphorylated
and relocalized to foci that overlap those containing y-H2AX,
and the Mrell-Rad50-NBS1 complex is subsequently re-
cruited to the same sites (2, 37, 42, 50). The rapid localization
of y-H2AX and 53BP1 to sites of double-strand breaks sug-
gests that they are involved in the initial stages of DNA dam-
age detection and/or processing.

The snmlI-1 (for sensitivity to nitrogen mustard) mutant
allele of S. cerevisiae was discovered in a screen for mutants
lacking resistance to the bifunctional alkylating agent nitrogen



8636 RICHIE ET AL.

mustard (40). Mutations in SNM were later found to be allelic
to mutations in the PSO2 gene, which had previously been
identified by selecting for mutants sensitive to psoralen plus
UVA (15). Further characterization of these mutants has
shown that they are specifically sensitive to bi- or polyfunc-
tional alkylating agents while exhibiting nearly wild-type levels
of sensitivity to UV or ionizing radiation and to monofunc-
tional alkylating agents.

Molecular analysis of snml1 mutants treated with either ni-
trogen mustard or psoralen plus UVA showed that incision
near the sites of interstrand crosslinks proceeded normally;
however, a late step in interstrand crosslink repair that is re-
quired for restoration of high-molecular-weight DNA ap-
peared to be defective (24, 27). Molecular cloning of the yeast
SNM1 gene showed that it encoded a novel 76-kDa protein
with a nuclear localization signal and one putative zinc finger
motif (14, 38). The SNMI gene is, under normal conditions,
poorly transcribed (about 0.3 transcripts per cell), but a four-
fold induction can be seen within 4 h after treatment with
agents that induce interstrand crosslinks, but not by monofunc-
tional alkylating agents or the UV-mimetic agent 4-nitroquino-
line-1-oxide (48). Interestingly, induction of SNMI is depen-
dent upon the DUNI gene, which is known to be required for
transcription of genes induced by yeast cell cycle checkpoint
pathways activated by DNA damage or replication blocks (10).
The biochemical function of the Snm1 protein remains unde-
termined.

Dronkert et al. (9) reported the identification of three hu-
man cDNAs that are homologous to the yeast SNM1 sequence,
referred to as hSNM1, hSNM1B, and hSNM1C (now referred
to as Artemis). The three proteins encoded by these genes
share a region of approximately 300 amino acids that are sim-
ilar to the yeast protein but are otherwise unique. This homol-
ogous region encodes a metallo-B-lactamase domain (31) and
has been found in two other mammalian proteins, CPSF73, an
mRNA cleavage and polyadenylation factor (16), and ELAC2,
a putative prostate cancer protein (46). Dronkert et al. (9)
characterized the phenotype of mouse embryonic stem cells
that were homozygous for a disrupted SNM1 allele. These cells
exhibited a slight increase (twofold) in sensitivity to mitomycin
C compared to wild-type cells but not to other crosslinking
agents or to ionizing radiation. This low level of sensitivity may
be due to functional redundancy between the mammalian ho-
mologs or to the fact that this allele did not result in a null
phenotype and may have retained partial function.

Mutations in Artemis have recently been associated with a
form of radiosensitive severe combined immunodeficiency syn-
drome that exhibits a deficiency in V(D)J recombination (31).
In addition, Artemis has been shown to contain a nuclease in
its conserved metallo-B-lactamase domain that cleaves the
hairpin at the end of coding joints during V(D)J recombination
(23).

Here we report on the cellular dynamics of human Snml
protein upon treatment with DNA-damaging agents. We show
that hSnm1 forms damage-inducible foci that are largely coin-
cident with those formed by hMrel1. In addition, hSnm1 co-
localizes with the 53BP1 protein before and after exposure to
DNA damage and physically associates with this protein.
Lastly, we mapped the domain of hSnm1 that is responsible for
focus formation to a region of 220 amino acids. These findings
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suggest that hSnm1 likely plays a role in the cellular response
to genotoxic agents.

MATERIALS AND METHODS

Cell culture and DNA transfections. HeLLa, HEK293, HT-1080, and MCF-7
cells were grown in minimal essential medium (MEM) supplemented with 10%
fetal calf serum. Nijmegen breakage syndrome and normal human fibroblast cells
were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum. Both transient and stable DNA transfections were performed
with the FuGENESG transfection reagent according to the manufacturer’s rec-
ommendations (Roche Molecular Biochemicals).

Plasmids and constructs. The original plasmid containing the human SNMI
c¢DNA (KIAA0086) was obtained from Takahiro Nagase (32). PCR was per-
formed to add the Flag epitope in frame with the 5’ end of the human SNM!
c¢DNA with the primers 5'-ATCTCGAGCCATGGACTACAAGGACGACG
ATGACAAGGTATACGTCGACATGTTAGAAGACATTTCCGAA (sense)
and CATCATAAACTGGACGTATCT (antisense). The 407-bp PCR product
was digested with X0l and PmlI and inserted into the KIAA0086 plasmid at the
same sites. The sequence fidelity of the resulting plasmid (pBS-Flag-hSNM1) was
confirmed by DNA sequencing. The Flag-hSnm1 open reading frame was sub-
sequently cloned into the mammalian expression vector pEBS7 (36) and also
fused with enhanced green fluorescent protein (EGFP) with the pEGFP-C1
vector from Clontech. The pEGFP-hSNM1 plasmid was cut with combinations of
several restriction enzymes and religated, resulting in fusion proteins containing
various in-frame deletions or truncations of hSNM1.

The EGFP-hSNM1 open reading frame was subsequently cloned into the
pShuttle-CMV plasmid and recombined with the adenovirus genome with the
pAd-Easy kit from Stratagene. Recombinant virus was obtained by transfection
of the linearized pAd-EGFP-hSNM1 plasmid into HEK293 packaging cells and
used according to the manufacturer’s protocols.

RNA hybridizations. Multitissue RNA blots were purchased from Clontech
and hybridized with a 3?P-labeled probe corresponding to the full-length insert
isolated from the hSNM1 clone KIAA0086.

Antibodies and immunoblotting. A bacterially expressed recombinant protein
consisting of a hexahistidine tag fused to the last 268 amino acids of the hSnm1
open reading frame was purified by nickel ion affinity chromatography. Poly-
clonal antibodies against this polypeptide were raised in rabbits following stan-
dard protocols. hSnm1 antiserum was affinity purified against antigen that had
been blotted and immobilized on nitrocellulose paper.

Monoclonal antibodies specific for hRad51 were provided by Eva Lee (Uni-
versity of Texas Health Science Center at San Antonio). Monoclonal anti-
hMrell and anti-Rad50 antibodies were provided by John Petrini (Memorial
Sloan-Kettering Cancer Center) or purchased from Genetex, and a monoclonal
antibody to 53BP1 was provided by Thanos Halozonetis (Wistar Institute) (42).
Monoclonal antibodies against BRCA1 were purchased from Oncogene Re-
search. Details on the polyclonal antibodies raised against the first 524 amino
acid residues of 53BP1 will be published elsewhere (Morales et al., unpublished
data). Monoclonal antibodies against a-tubulin and the Flag epitope (M2) were
purchased from Sigma. Antibodies against the GFP protein were purchased from
Clontech.

HeLa whole-cell extracts and HEK293 mini-nuclear extracts were prepared as
described before (20, 41). Samples were combined with 1 volume of sodium
dodecyl sulfate loading buffer and separated by denaturing polyacrylamide gel
electrophoresis. Proteins were transferred to nitrocellulose, and immunoblotting
was performed with standard protocols with antibodies diluted in binding solu-
tion (1% dry milk protein, 0.5% Tween 20, Tris-buffered saline, pH 7.0), and
detection was performed with the enhanced chemiluminescent assay (Amersham
Pharmacia Biotech).

In vitro translation and immunoprecipitation. Flag-hSnm1 protein labeled
with [**S]methionine was produced in vitro with the TNT coupled reticulocyte
lysate system from Promega. All immunoprecipitations were performed by in-
cubating cell lysates or extracts with affinity-purified primary antibodies or pre-
immune serum, followed by a second incubation with protein A-agarose beads
from Sigma Chemicals. The beads were then washed four times with NET-N
buffer (20 mM Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% NP-40). The
precipitated complexes were resuspended in sodium dodecyl sulfate loading
buffer, boiled, resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, and analyzed by autoradiography or immunoblotting.

Immunofluorescence. Cells were grown on glass slides and exposed to the
indicated doses of ionizing radiation from a '*’Cs source. 4-Hydroperoxycyclo-
phosphamide (4HC) was prepared as a fresh stock at (4 mg/ml) in phosphate-
buffered saline. This stock was added directly to the culture medium to a final
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FIG. 1. (A) Northern blot of mRNAs from various tissues was probed with hSnm1 cDNA. A probe for B-actin was used to control for loading.
(B) In vitro-translated Flag-hSnm1 protein labeled with [*>S]methionine was precipitated by anti-hSnm1-protein A-agarose beads, protein A
beads only, or preimmune-protein A beads. B and SN indicate beads and supernatant, respectively.

concentration of 4 pg/ml, and cells were returned to the incubator. After 60 min,
the medium was replaced with fresh warm medium. Cells were then allowed to
recover for 4 h or 22 h in the incubator. After treatment, cells were washed with
Tris-buffered saline (TBS) and fixed with freshly prepared methanol-acetone
(1:1) at room temperature for 90 s, and cells were permeabilized by washing with
TBS plus 0.1% Tween 20 (TBST) for 15 min at room temperature. Slides were
then blocked with 5% goat serum in TBST for 30 min at room temperature in a
humidified chamber and incubated with the primary antibodies for 30 min under
the same conditions. Samples were washed in TBST and incubated with fluores-
cently labeled secondary antibodies. Anti-rabbit immunoglobulin G conjugated
to fluorescein isothiocyanate and 4',6'-diamidino-2-phenylindole (DAPI) were
obtained from Sigma Chemicals. Anti-mouse immunoglobulin G conjugated to
rhodamine was purchased from Jackson Immunologicals. Prepared slides were
then analyzed by fluorescent microscopy.

Cell cycle analysis with the laser scanning cytometer. Human breast cancer
MCEF-7 cells were seeded onto coverslips and allowed to grow for 48 h before
ionizing radiation treatment. Five hours after exposure to 10 Gray, the irradiated
cells, together with untreated controls, were fixed and stained with anti-hSnm1
antibodies as described above and counterstained with 10 g of propidium iodide
and 200 pg of RNase A per ml. The stained cells were scanned on a laser
scanning cytometer (CompuCyte, Cambridge, Mass.) with the argon ion laser
(488 nm) and the standard green and long red filter sets and integration con-
touring set.

Two-hybrid analysis. Yeast two-hybrid experiments were performed as previ-
ously described (19), with the full-length hSNM1 open reading frame fused to the
GALA4 activation domain. Plasmids encoding either hMrell, hRad50, or Nbsl
fused to the GAL4 DNA binding domain were generously provided by John
Petrini (Memorial Sloan-Kettering Cancer Center).

RESULTS

Characterization of hNSNM1 expression. The human cDNA
clone (designated KIAA0086, GenBank accession number
D42045) was identified in a database search for genes homol-
ogous to the yeast SNM1. Sequence analysis indicated that the
largest open reading frame consists of 3,120 bp and that the
putative translation initiation codon is at nucleotide residue
919. This long 5’ untranslated region contains an internal ri-
bosome entry site that regulates translation of hSnm1 (51).

Northern blot analysis with the cDNA insert as a probe
detected a single transcript of approximately 4.5 kb in all tis-
sues tested, with the highest levels being seen in the pancreas
and the brain (Fig. 1A). Similar data by Kikuno et al. were
posted in the HUGE database via the World Wide Web (18).
Their data include various additional tissues and show elevated
hSNM1 message in the testis. In contrast to the significant
interstrand crosslink-specific upregulation seen with the yeast
SNM1 mRNA (48), no changes in hSNM1 transcript levels or
size were observed in HeLa cells within 22 h after treatment
with mitomycin C (not shown).

We prepared affinity-purified antibodies raised against a re-
combinant hSnm1 polypeptide encompassing residues 762
through 1040. These antibodies weakly recognized the original
recombinant antigen by immunoblotting but did not recognize
a band corresponding to the endogenous hSnml protein in
HeLa whole-cell extracts. Further attempts to detect the full-
length protein were similarly unsuccessful, despite the use of
several different methods of cell lysate preparation or of ex-
tracts from HEK?293 cells transiently expressing EGFP-tagged
hSnm1 (data not shown). Despite this inability to detect
hSnm1 by immunoblotting, these antibodies successfully im-
munoprecipitated in vitro-translated Flag-hSnm1 protein la-
beled with [**S]methionine, which migrated at approximately
140 kDa (Fig. 1B) and ectopically expressed EGFP-hSnm1
(see below). This evidence suggests that the failure of these
antibodies to detect hSnm1 via immunoblotting is due to an
apparent difficulty in recognizing the denatured form of the
protein. Dronkert et al. (9) also reported an inability to detect
the endogenous protein with antibodies raised against the re-
gion between amino acids 644 and 763.

hSnm1 protein localizes to distinct structures in the nu-
cleus. To determine the subcellular location of the hSnml
protein, we observed the staining pattern of anti-hSnm1 affin-
ity-purified antibodies by indirect immunofluorescence. Three
distinct patterns were observed after staining asynchronous
MCF-7 cells. An individual cell showed either diffuse nuclear
staining, one or two large nuclear structures that for conve-
nience we refer to as bodies (Fig. 2a), or multiple smaller
nuclear foci (Fig. 2b). Similar staining patterns were also ob-
served in the primary human fibroblast line GM08399 (not
shown) and the human fibrosarcoma cell line HT-1080. In the
latter cell line, we noticed a decrease in the number of cells
displaying bodies and a corresponding increase in the popula-
tion of focus-positive cells (not shown). High-resolution con-
focal microscopy of the hSnm1 bodies indicated that they had
an average diameter of approximately 2 wm and were amor-
phous or irregular in shape, while the individual foci were
usually less than a micrometer in diameter and had a more
spherical shape (not shown).

To confirm the immunofluorescence results, we transiently
transfected HeLLa and MCF-7 cells with a plasmid encoding
hSnm1 fused to enhanced green fluorescent protein (EGFP-
hSnm1). We observed that EGFP-hSnm1 localized to nuclear
bodies in both HeLLa and MCF-7 cells (Fig. 2c). In certain cells
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FIG. 2. hSnml is localized to the nucleus. Indirect immunofluorescence of MCF-7 cells probed with hSnm1 affinity-purified polyclonal
antibodies displaying (a) diffuse nuclear staining and hSnm1 bodies (as indicated by white arrow) or (b) multiple nuclear foci. Epifluorescence of
MCEF-7 cells expressing EGFP-hSnml1 fusion protein showing localization to (c) a nuclear body and (d) foci (transfected cell indicated by white
arrow). An undamaged HT-1080 cell transiently expressing the Flag-hSnm1 fusion construct was stained with (e) anti-hSnm1 antibodies and (f)
anti-Flag M2 monoclonal antibodies. (g) The two images are shown merged after DAPI staining.
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FIG. 3. Quantitative analysis of hSnm1 focus induction after DNA damage in MCF-7 cells by indirect immunofluorescence. hSnm1 antibodies
were used to probe cells at various times after treatment with either ionizing radiation (IR) or 4HC. The percentages of cells displaying diffuse
nuclear staining with fewer than 10 foci (open bars), hSnm1 bodies (hatched bars), and more than 10 foci (black bars) were calculated after scoring
at least 100 nuclei for each time point. Reported here are the averages and standard deviations of three data sets.

that happened to express higher levels of EGFP-hSnml, the
fusion protein tended to be localized at small foci (Fig. 2d). To
further verify these results, we transfected HT-1080 cells with
a construct encoding hSNM1 fused to the Flag epitope and
doubly stained them with purified anti-hSnm1 antibodies and
the monoclonal anti-Flag M2 antibody. In all cells staining
positive for Flag foci, anti-hSnm1 also detected foci that com-
pletely colocalized with those stained by the Flag antibody
(Fig. 2e to g). These observations indicate that the affinity-
purified anti-hSnm1 antibodies correctly identified hSnm1 in
situ and that ectopically expressed hSnm1 was localized to
subnuclear structures, similar to the endogenous protein. In-
terestingly, we were unable to obtain a cell line stably express-
ing EGFP-hSnm1 or Flag-hSnml1, suggesting that overexpres-
sion of this protein is toxic. A similar finding was reported by
Dronkert et al. (9).

hSnm1 nuclear foci are inducible by DNA damage. To de-
termine whether the nuclear localization of hSnml was ef-
fected by DNA damage, we exposed MCF-7 cells to 10 Gray of
ionizing radiation and stained them with anti-hSnm]1 at various
times postirradiation. Cells were then classified by their anti-
hSnm1 staining pattern into three groups: cells with diffuse
nuclear staining, cells with hSnm1 bodies, and cells with more
than 10 hSnml foci. An increase in the fraction of cells con-
taining foci was detected within 30 min, while the fraction of
cells containing bodies decreased correspondingly (Fig. 3).
Within 5 h, the population of cells containing bodies was vir-
tually abolished. Surprisingly, the population of cells with
fewer than 10 foci (including the cells with diffuse nuclear
staining) remained relatively unchanged. Upon exposure to the
interstrand crosslink-inducing agent 4HC, no significant

changes were detected 4 h after drug removal, but a fourfold
induction of focus-containing cells was detected 22 h after 4HC
exposure.

To determine if the different subnuclear localizations of
hSnm1 were related to the cell cycle, we performed laser scan-
ning cytometry on asynchronous MCF-7 cells stained with anti-
hSnm1 and propidium iodide. After the x,y coordinates and
DNA content (propidium iodide integral) of each cell were
recorded, the anti-hSnm1 staining pattern was scored manually
by observing at least 150 of the scanned cells through the
eyepiece with a standard fluorescein isothiocyanate filter. Due
to the characteristic clumpy growth of MCF-7 cells, only cells
that could be identified unambiguously as single cells were
scored. The correlation between the propidium iodide integral
and the anti-hSnml1 staining pattern was then analyzed with
the S-Plus statistical software package (Insightful Co.). We
observed that in an unirradiated population, the Snm1 bodies
occurred most often in G; cells, high numbers of foci are
correlated with G, cells, and the S-phase population displayed
the most cells with diffuse nuclear staining (Fig. 4A). Five
hours after exposure to 10 Gray of ionizing radiation, the G-
and S-phase but not G,-phase populations displayed an in-
crease in the number of focus-containing cells (Fig. 4B).

hSnm1 nuclear foci colocalize with hMrell after ionizing
radiation treatment. The formation of discrete nuclear foci has
been observed for other DNA repair proteins, particularly
those involved in recombinational repair pathways. To deter-
mine whether the foci containing hSnm1 overlapped either of
the previously described foci containing hRad51 or hMrell,
we examined HT-1080 and MCF-7 cells by immunofluores-
cence before and after exposure to ionizing radiation. Staining
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FIG. 4. Quantitative analysis of hSnm1 nuclear staining during the cell cycle. (A) Histogram displaying the DNA content of asynchronous
untreated MCF-7 cells analyzed by laser scanning cytometry and the observed frequencies of the different hSnm1 staining patterns corresponding
to the G,, S, and G, subpopulations. PI, propidium iodide. (B) Similar data obtained from MCF-7 cells taken 5 h after treatment with 10 Gray
of ionizing radiation. The percentages of cells displaying diffuse nuclear staining with fewer than 10 foci (white bars), hSnm1 bodies (hatched bars),
and more than 10 foci (black bars) were calculated after scoring at least 150 nuclei for each time point.

in unirradiated cells for both hSnm1 and hRad51 indicated
that hRad51 was not present at the hSnm1 bodies and that
hSnm1 was not localized to hRad51 foci seen in what were
presumably cells undergoing S phase (not shown). Further-
more, no colocalization could be seen following irradiation,
although both proteins could be seen as nonoverlapping foci
forming within the same nuclei (Fig. 5a to c).

Double staining of unirradiated cells with antibodies for
hSnm1 and hMrell failed to detect any hMrell in the hSnm1
bodies, but exposure to ionizing radiation led to a substantial
amount of overlap between the foci formed by these two pro-
teins (Fig. 5d to f). We also examined the localization of
BRCALI with respect to hSnm1 ionizing radiation-induced foci
and found that colocalization occurred but not to the extent
observed with hMrell (Fig. 5g to i).

It has been shown previously that cells derived from patients
with Nijmegen breakage syndrome do not form hMrell ion-
izing radiation-induced foci because they express a mutated
form of the NBS1 protein (3). To determine whether hSnm1
foci showed a similar dependence on the NBS1 protein, pri-
mary Nijmegen breakage syndrome fibroblast cells were
stained with anti-hSnm1 before and after ionizing radiation
treatment. Undamaged Nijmegen breakage syndrome cells ex-
hibited hSnm1 bodies and diffuse nuclear staining similar to
MCEF-7 cells (Fig. 6a). Nine hours after exposure to ionizing
radiation, hSnm1 foci could be detected in most cells (Fig. 6b),
indicating that the full-length NBS1 protein is not required for
the formation of hSnm1 bodies or ionizing radiation-induced
foci.

To ascertain whether the colocalization of the hSnm1 and
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FIG. 5. Colocalization of hSnm1 foci with hMrell and BRCAL1 but not hRad51, as determined by indirect immunofluorescence. HT-1080 cells
were irradiated with 10 Gray and stained 2 h later with (a) anti-hSnm1 and (b) anti-hRad51; (c) merged fields after DAPI staining. HT-1080 cells
were irradiated with 15 Gray and stained 9 h later with (d) anti-hSnm1 and (e) anti-hMrell; (f) merged fields after DAPI staining. Partial
colocalization with BRCA1 ionizing radiation-induced foci was observed 5 h after 10 Gray, as shown by (g) anti-hSnm1 and (h) anti-BRCA1; (i)

both fields merged with DAPI staining.

hMrell ionizing radiation-induced foci was indicative of a
physical interaction, we attempted to coimmunoprecipitate
hMrell with anti-hSnm1 antibodies. We failed to detect any
hMrell in hSnm1 immune complexes from lysates prepared
from either untreated or irradiated cells (data not shown).
Similarly, no interaction was detected between hSnm1 and any
of the primary members of the hMrell complex, including
hMrell, hRad50, and NBS1, with the yeast two-hybrid system
(data not shown).

Induction of hMrell ionizing radiation-induced foci has
been shown to be normal in cells derived from the cancer-

prone syndrome ataxia telangiectasia, which causes defects in
the ATM protein (28). Examination of hSnml1 foci in primary
ataxia telangiectasia fibroblast cells after exposure to ionizing
radiation showed that foci formed normally in these cells (not
shown), indicating that ATM is not required for focus forma-
tion by hSnml.

hSnm1 colocalizes and physically associates with h53BP1
protein. 53BP1, a BRCA1 C-terminus (BRCT) domain-con-
taining protein, has recently been reported to localize to nu-
clear foci of various sizes that also colocalize with phosphory-
lated histone H2AX after DNA damage (2, 37, 42, 50). After
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FIG. 6. hSnml focus formation occurs normally in Nijmegen breakage syndrome cells. GM7166 primary fibroblasts were fixed 9 h after mock
treatment or after exposure to 15 Gray of ionizing radiation (IR) and subjected to indirect immunofluorescence with anti-hSnm1. (a) Mock-treated

cells; (b) after ionizing radiation exposure.

exposure to ionizing radiation, the 53BP1 protein is phosphor-
ylated by ATM and also colocalizes with hMrel1 ionizing ra-
diation-induced foci. Given these findings, we examined
whether the immunofluorescent staining pattern of hSnml
overlapped that of 53BP1 before and after exposure to ionizing
radiation.

Without treatment, both proteins were highly colocalized to
the larger nuclear structures that we refer to as bodies (Fig. 7a
to ¢). Thirty minutes after exposure to ionizing radiation, the
53BP1 foci were well developed, although what appeared to be
bodies were still present, whereas the foci formed by hSnm1
were fewer in number and not as robust (Fig. 7d to f). At 90
min after exposure, neither protein was observed in bodies,
and both the number of hSnm1 foci per cell and the amount of
overlap with 53BP1 foci had increased. At 5 h after exposure,
the overlap between the two foci was extensive.

Although qualitative in nature, these results suggest that
53BP1 relocalizes to sites of damage more rapidly than hSnml,
but that the ultimate destination of both proteins is the same.
This interpretation should be taken with caution because vari-
ables such as epitope masking may have affected the strength
of the hSnm1 signal at early time points. Nevertheless, these
findings indicate an interesting colocalization of 53BP1 and
hSnm1 proteins before and after exposure to ionizing radia-
tion. We also examined the localization of 53BP1 in cells ex-
pressing EGFP-hSnm1. 53BP1 was colocalized with EGFP-
hSnm1 in cells that displayed bodies (Fig. 8), but not in cells
containing EGFP-hSnm1 foci. In the latter cells, S3BP1 stain-
ing was either very weak compared to neighboring untrans-
fected cells or not colocalized with the EGFP-hSnm1 foci (not
shown).

To determine if there is a physical association between
53BP1 and hSnml, extracts were prepared from untreated
HeLa cells, immunoprecipitated with anti-hSnm1 antibodies,

and immunoblotted for 53BP1. As shown in Fig. 9A, 53BP1
was immunoprecipitated with the anti-hSnm1 serum. Since we
were unable to detect endogenous hSnm1 by immunoblotting,
immunoprecipitations with anti-53BP1 were performed with
nuclear extracts made from HEK293 cells infected with an
adenovirus expressing EGFP-tagged hSnm1. This enabled the
use of a monoclonal anti-EGFP antibody to detect the EGFP-
hSnm1 fusion protein by immunoblotting. As shown (Fig. 9B),
antibodies against 53BP1 were able to coimmunoprecipitate
EGFP-hSnml1 protein, confirming that hSnm1 and 53BP1 are
members of the same protein complex. When combined with
the immunofluorescent results, these data suggest a close and
possibly direct association between hSnm1 and 53BP1 before
and after DNA damage.

Focus-forming region of hSnml1 is localized to a discrete
domain. To define the region of hSnml1 that is required for
focus formation, full-length and truncated versions of the
EGFP-hSNM1 fusion construct were prepared, transfected
into HT-1080 cells, and examined for cellular localization (Fig.
10A). Removal of up to 425 amino acids from the carboxyl
terminus of the hSnm1 protein (A615-1040) had no effect on
focus formation, but removal of 646 amino acids resulted in
diffuse nuclear staining and the loss of observable foci (Fig.
10B, panels a and b). These findings suggested that the region
between amino acid residues 394 and 615 is involved in focus
formation either by binding to DNA directly or by interacting
with other proteins present at the foci.

To further examine this issue, we deleted an additional re-
gion upstream between residues 109 and 394 in the A615-1040
construct, leaving the putative nuclear localization signal be-
tween amino acids residues 16 through 20 intact. The resulting
EGFP fusion protein was still localized to nuclear foci (Fig.
10B, panel c); however, a minority of cells also displayed dif-
fuse nuclear localization. Deletion of the putative focus-form-
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hSnml

FIG. 7. Colocalization of hSnm1 and 53BP1 in foci as detected by indirect immunofluorescence. MCF-7 cells were mock treated (a, b, and c)
or treated with 10 Gray of ionizing radiation and fixed after 30 min (d, e, and f), after 90 min (g, h, and i), or after 5 h (j, k, and 1). (a, d, g, and
j) Polyclonal anti-hSnm1 staining with fluorescein isothiocyanate; (b, e, h, and k) monoclonal anti-53BP1 staining with tetramethyl rhodamine
isocyanate; (c, f, i, and 1) merged fields plus DAPI staining.
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FIG. 8. Colocalization of EGFP-hSnm1 protein with 53BP1. MCF-7 cells were transfected with pEGFP-hSnm1 followed by staining with
anti-53BP1 and Toto-3. Localization of (a) EGFP-hSnm1 and (b) 53BP1 to a nuclear body in the same cell; (c) the two fields merged with Toto-3.

ing region in an otherwise intact hSnml protein resulted in
unusual localization to a small number of large foci (Fig. 10B,
panel d). It is not clear whether these represent novel struc-
tures or possibly aberrant versions of the foci or bodies de-
tected previously by immunofluorescence. A slightly larger de-
letion between residues 311 and 615 resulted in diffuse nuclear
staining and loss of the aberrant structures (not shown).

DISCUSSION

We have analyzed the cellular distribution of hSnm1 protein
in several cell lines and have shown that it localizes to the
nucleus in two apparently distinct structures, which we refer to
separately as bodies and foci. The former appear as larger
aggregates of protein that typically occur only once or twice per
cell, while the latter are smaller and more numerous accumu-
lations of protein. Interestingly, approximately half of the cells
usually exhibited neither pattern, but instead showed diffuse
nuclear localization.

Upon exposure to ionizing radiation, a time-dependent de-
crease in the number of bodies and a corresponding increase in
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FIG. 9. Coimmunoprecipitation of 53BP1 and hSnml. (A) HeLa
cell extracts were incubated with beads only, preimmune serum, or
affinity-purified anti-hSnm1 antibodies. Polyclonal anti-53BP1 anti-
bodies were used to detect 53BP1 by immunoblotting. (B) HEK293
nuclear extracts were prepared with or without infection with EGFP-
hSnml-expressing adenovirus and immunoblotted with monoclonal
antibodies against EGFP or polyclonal antibodies against 53BP1. Im-
munoprecipitations (IP) were performed with these extracts with anti-
hSnm1 and anti-53BP1 antibodies as shown.

the number of foci per cell were observed. These observations
suggest that hSnm1 is dispersed from the bodies and migrates
to sites of repair, as represented by foci, upon exposure to
DNA-damaging agents. In the case of ionizing radiation-in-
duced damage, foci can be seen within 30 min. An equivalently
toxic dose of the interstrand crosslinking agent 4HC also in-
duced the formation of foci, but to a lesser extent and only
after a relatively long incubation. If double-strand breaks are
the focus-inducing lesion in both types of damage, their differ-
ences in formation rate may be explained by recent results by
Akkari et al. (1). They have shown that in order for an inter-
strand crosslinking agent to induce a cell cycle checkpoint in
human fibroblasts, those cells must pass through a single S
phase following exposure. It has also been demonstrated that
double-strand breaks occur as intermediates during crosslink
repair in mammalian cells (8). Thus, the slower kinetics of
focus induction by 4HC may be due to the additional time
needed to pass through S phase in order to process these
lesions into double-strand breaks.

Cell cycle analysis by laser scanning cytometry of an asyn-
chronous population stained with anti-hSnm1 showed that G,
cells had the highest proportion of cells containing Snm1 bod-
ies and G, cells had the highest proportion of cells containing
foci, while cells in S phase had the highest frequency of diffuse
nuclear staining. Furthermore, after exposure to ionizing radi-
ation, the percentages of cells containing foci increased in the
G;- and S-phase subpopulations, with the latter group showing
the larger relative induction. Interestingly, the G, subpopula-
tion showed little change in the hSnm1 staining profile before
and after ionizing radiation treatment. Since this method al-
lowed us to evaluate the DNA content and hSnm1 localization
simultaneously for each individual cell, we are able to conclude
that hSnm1 ionizing radiation-induced foci can form in all
phases of the cell cycle. The significance of the finding that the
bodies largely form in G, phase is not clear, but this does
indicate that the localization of hSnml in untreated cells is
under cell cycle control.

The biological significance of the hSnm1 bodies remains
undetermined. Our observations on their occurrence and mor-
phology distinguish them from other subnuclear structures
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FIG. 10. Deletion analysis of hSNM1. (A) Various truncations and in-frame deletions were constructed in the hSNM1 segment of the
EGFP-hSNM1 fusion gene. The solid black region indicates EGFP, and vertical lines indicate the conserved metallo-f-lactamase domain. Each
construct was transfected into HT-1080 cells, and the location of the EGFP signal was determined 24 h later. (B) Expression of EGFP-hSnm1

deletion mutants in HT-1080 cells.

such as Cajal bodies and promyelocytic leukemia bodies, al-
though the occurrence of such objects is also known to be
influenced by changes in the cell cycle (22, 26). One possibility
is that they function as protein reservoirs to sequester hSnm1
until its function is required. The formation of nuclear foci in
cells overexpressing epitope-tagged hSnml1 in the absence of
DNA damage could then be a consequence of these reservoirs’
filling to capacity. Since we and others have found that even
slight overexpression is deleterious to cells, there is reason to
believe that hSnm1 activity is tightly regulated (9). Additional
posttranslational regulation is controlled at least in part by the

presence of an internal ribosome entry site in the 5’ untrans-
lated region of hSNM1 (51).

The apparent colocalization of hSnm1 with Mrell and, to a
lesser extent, with BRCA1 ionizing radiation-induced foci in-
dicates that hSnm1 is relocated to sites of double-strand
breaks, but the significance of this relocalization is unclear.
The less extensive localization with BRCA1 was expected be-
cause this protein also colocalizes with hRad51 ionizing radi-
ation-induced foci (5, 43). There is little evidence to suspect
Snm1 of having a direct role in double-strand break repair,
since mouse cells carrying an SNMI allele with an internal
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deletion displayed wild-type sensitivity to ionizing radiation-
induced damage and a slight sensitivity to mitomycin C (9).
However, the significance of these findings is uncertain, since
this disrupted allele may not have resulted in a null phenotype.
In addition, it is not yet known whether there is functional
overlap among the mammalian Snm1 homologues.

A recent report by Moshous et al. (31) showing that muta-
tions in Artemis cause sensitivity to ionizing radiation as well
as a defect in V(D)J recombination suggests that members of
the Snm1 protein family may be involved in the detection
and/or repair of double-strand breaks. It was also observed
that the conserved domain within the Snm1 homologs repre-
sents a metallo-B-lactamase fold, implying that these proteins
contain a hydrolase activity that has been reported to encode a
nuclease activity that may be involved in processing the ends of
double-strand breaks (31). Since studies with yeast snml mu-
tants have shown that they are not deficient in the initial
incision events that occur at crosslinks but are defective in a
later step required for the restoration of high-molecular-
weight DNA from fragmented DNA (24, 27), the yeast ho-
molog may be involved in the recognition and/or processing of
double-strand breaks that occur as intermediates during inter-
strand crosslink repair.

The colocalization of hSnm1 and 53BP1 in the nucleus be-
fore and after ionizing radiation and their physical association
supports the hypothesis that hSnm1 is involved in the DNA
damage response. Although the function of 53BP1 in the DNA
damage response has yet to be ascertained, somewhat more is
known about 53BP1 than about hSnml. Its observed rapid
ionizing radiation-induced focus formation and strong associ-
ation with y-H2AX suggest that it may act upstream of the
actual repair processes (2, 37, 42, 50), and recent findings by
one of us show that 53BP1 null homozygous mice are hyper-
sensitive to ionizing radiation (P. B. Carpenter, unpublished
results). A recent report by Celeste et al. (4) has shown that
ionizing radiation-induced foci containing BRCA1, 53BPI,
and Mrell do not form in cell lines homozygous (—/—) for
H2AX.

We have not as yet determined whether the formation of
hSnm1 foci or bodies has a similar dependence on H2ZAX or on
53BP1. A recent report by Jullien et al. presented evidence for
53BP1’s localization to the kinetochores of mitotic cells (17).
In addition to its relatively high abundance on kinetochores
that failed to capture microtubules, their work discovered that
53BP1 is hyperphosphorylated in response to mitotic spindle
poisons. This suggests that 53BP1 may play a role in mitotic
checkpoint control in addition to any function it may serve in
the response to DNA damage.

Using expression of EGFP-hSNM1 fusions that resulted in
truncations or targeted deletions of hSnm1, we mapped a re-
gion of 220 amino acids from residues 394 to 615 that is
involved in focus formation. This region lies upstream of the
conserved metallo-B-lactamase domain and does not contain
any known sequence motifs. This ability of a short sequence
segment to direct proteins to discrete sites within the nucleus
has been observed for other DNA repair-replication proteins.
Both DNA ligase I and replication factor C contain a homol-
ogous sequence of about 20 amino acids that directs these two
proteins to replication factories through an interaction with
PCNA (30). Also, a small region has been mapped within the
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xeroderma pigmentosum group G protein that is responsible
for its focus formation after exposure to UV irradiation (34).
Presumably, the focus-forming region of hSnm1 either directly
interacts with aberrant DNA structures or interacts with one or
a small number of proteins at such sites.

Conclusions. The initial studies of Snml and Artemis in
mammalian cells are consistent with studies in S. cerevisiae
indicating a role for this family of proteins in the cellular
response to DNA damage (9, 31). The characterization of a
disrupted allele of SNM1 in the mouse showed a mild increase
in sensitivity to mitomycin C in embryonic stem cells and an
increased rate of mortality in whole animals that had been
injected with this drug (9). Our results have demonstrated that
before the introduction of DNA damage, hSnm1 protein lo-
calizes in the nucleus to a discrete structure that also contains
53BP1. A physical association between hSnm1 and 53BP1 was
also shown by immunoprecipitation in extracts from untreated
cells. After DNA damage, hSnm1l colocalizes with 53BP1,
Mrel1-Rad50-NBS1, and to a lesser extent with BRCA1 ion-
izing radiation-induced foci. While it was previously shown
that 53BP1 is phosphorylated and relocalizes to sites of dou-
ble-strand breaks after ionizing radiation treatment and to
kinetochores during mitosis, its role in the response to geno-
toxic damage remains unknown. Likewise, the role of hSnml
remains to be elucidated, but taken together, our findings
suggest that 53BP1 and hSnm1 may cooperate in these path-
ways.
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