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SNM1A is a member of the SNM1 family of nucleases
required for cellular processing of interstrand DNA crosslinks
(ICLs). Little is known about themolecular function of SNM1A,
in terms of its recruitment to ICL lesions or its DNA damage
processing activity. Here we show that SNM1A contains a func-
tional PIP box (PCNA-interacting protein box) and a UBZ
(ubiquitin binding zinc finger), required for assembly of SNM1A
into nuclear focus. Moreover, RAD18-dependent monoubiq-
uitination of PCNA is required forMitomycin C andUltraviolet
Light inducible SNM1A nuclear focus assembly. Taken
together, our results identify a novel RAD18-PCNA(Ub)-
SNM1A pathway required for nuclear focus formation and ICL
resistance.

The repair ofDNA interstrand crosslinks (ICLs)4 inmamma-
lian cells requires the coordinate activity of three discrete path-
ways, including nucleotide excision repair (NER), homologous
recombination (HR), and translesion DNA synthesis (TLS) (1).
In addition, yeast SNM1 (also known as Pso2) is required for
ICL repair and appears to function independently of these three
pathways. Pso2 is a member of the �-CASP metallo-�-lacta-
mase family of nucleases (2). Human cells have three homologs
of SNM1 (referred to as SNM1A, SNM1B/Apollo, and SNM1C/
Artemis), and their relative contribution to ICL repair remains
unknown.
Recent studies have elucidated some of the functions of the

SNM1A protein. First, human SNM1A, unlike SNM1B and
SNM1C, can rescue the crosslinker hypersensitivity of a yeast
Pso2 mutant, suggesting that SNM1A is the homologue of the
yeast protein (3). Second, a murine knock-out of SNM1A is
hypersensitive to MMC, but not to ionizing radiation (IR)
(4–6). Third, in response to DNA damage, SNM1A assembles
in subnuclear foci (7), further supporting its role in the DNA
damage response. Fourth, SNM1A can function as a DNA exo-

nuclease in vitro, suggesting that it may have a direct role in
excising DNA ICLs (3, 8).
DNA repair proteins are often recruited to specific sites of

DNA damage through protein-protein interaction domains.
For example, the FHA domain of NBS1 and the BRCT domains
of BRCA1 are required for recruitment of these DNA repair
proteins to complexes containing phosphopeptide motifs (9).
Ubiquitin binding motifs (UBMs) and ubiquitin-binding zinc
fingers (UBZs) are found in some DNA repair proteins and can
target these proteins to monoubiquitinated complexes (10–
12). TheUBZmotif of Pol� for example, can recruit this protein
to monoubiquitinated PCNA. However, the molecular mecha-
nism by which SNM1A is recruited to sites of ICL repair is
currently unknown (7).
In this study, we propose a mechanism for the damage-in-

ducible recruitment of SNM1A to sites of DNA damage. We
identified a conserved UBZ domain in SNM1A, which is func-
tional for monoubiquitin binding. DNA damage, by MMC or
ultraviolet light, activated the UBZ-dependent recruitment of
SNM1A into nuclear foci. Interestingly, this recruitment was
RAD18 dependent, suggesting that RAD18 monoubiquitinates
PCNA, leading to the direct interaction of UBZ-SNM1A with
PCNA-Ub at ICL-stalled replication forks.

EXPERIMENTAL PROCEDURES

Cell Culture and Plasmids—HeLa and HEK 293T cells were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% fetal bovine serum (Sigma) and 1%
Pen-Strep glutamine (Invitrogen). Wild-type and RAD18-defi-
cient HCT116 cells were grown as previously described (13).
Human SNM1A cDNA has been described previously (8) and
was subcloned into pEGFP-C1 vector (BglII and SalI). Mutants
of the PIP box and UBZ domain were further generated based
on the wild-type vector. Plasmid transfection was performed
using Lipofectamine 2000 (Invitrogen), according to the prod-
uct manual.
Antibodies—Anti-GFP antibody (JL-8) was from Clontech.

Anti-FancD2 antibody (FI-17) and anti-PCNA antibody (PC-
10) were both from Santa Cruz Biotechnology. Anti-actin
monoclonal antibody (AC-40) was from Sigma. Rabbit anti-
UAF1 antibody was described previously (14).
Induction of DNA Damage and GFP Fluorescence—For UV

damage, cells on imaging chambers were washed once with
phosphate-buffered saline and UV-irradiated at various doses
using UV Stratalinker 2400 (Stratagene). Afterward, fresh
mediumwas added, and cells were incubated for indicated time
before being processed for microscopy.
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ForMMC(Sigma) treatment, a stock solution of 1mg/mlwas
prepared and added onto cells to final concentrations as indi-
cated. Cells were further incubated for indicated time before
being processed for microscopy.
For GFP fluorescence, cells were fixed with 4% formaldehyde

(Sigma), and then treated with 0.15% Triton X-100 (Sigma),
followed by staining with DAPI. Photography was performed
using a Zeiss AX10 fluorescence microscope. For focus quanti-
fication, GFP-positive cells were first identified, and among
these cells, those containingmore than 10 subnuclear foci were
scored as positive for focus formation.
GST Pull-down Assay—GST fusion proteins were expressed

in Escherichia coli BL21(DE3) Strain, and purified using gluta-
thione-Sepharose beads. GFP-tagged SNM1Awt or mutants
were transfected into HEK293T cells, and cell lysates were pre-
pared using lysis buffer containing 50mMTris-HCl, pH 7.5, 150
mM NaCl, 0.5% Nonidet P-40, and protease mixture inhibitor
(Roche). The total protein concentration of the lysates was nor-
malized using BradfordAssay. Beadswith equal amount ofGST
fusion protein were incubated with indicated cell lysates for 3 h
at 4 °C. Beads were thenwashedwith lysis buffer for three times
and boiled in 1� SDS loading buffer.
Western Blot—Cells were harvested, and total protein extract

was prepared using radioimmune precipitation assay buffer (50
mM Tris-HCl pH 7.3, 150 mM NaCl, 1 mM EDTA, 1% Triton

X-100, 1% sodium deoxycholate, 0.05% SDS). Protein extracts
were normalized using Bradford Assay, loaded onto polyacryl-
amide gels, and transferred onto nitrocellulose membranes.
Immunoblottingwas performed using the indicated antibodies.

RESULTS

The UBZ Domain of SNM1A Can Interact with
Monoubiquitin—The ubiquitin binding zinc finger, UBZ, has
been identified in the Y-family of translesionDNApolymerases
(10). For instance, the UBZ domain of polymerase � binds to
the monoubiquitin moiety of ubiquitinated PCNA, thereby
allowing Pol� to participate in translesion DNA synthesis
(TLS).
Previous studies have indicated that the proteins Pol� (10,

15), RAD18 (10, 13, 16), andWRNIP1 (17, 18) contain a similar
UBZ domain (C2HC).We performed a search with the Hidden
Markov Model (HMM) (19, 20), using this conserved UBZ
domain as bait, and found that SNM1A shares critical amino
acid residues in a UBZ domain in its N-terminal region (Fig. 1,
A and B). This putative UBZ domain was not observed in
SNM1B or SNM1C. Because RAD18 accumulates in aUBZ-de-
pendentmanner at sites of DNAdamage (13), we reasoned that
the UBZ of SNM1A might be important for recruitment in
subnuclear foci.

FIGURE 1. SNM1A has conserved ubiquitin binding zinc finger and PIP box. A, schematic representation of the domain structures of SNM1 family from
human and budding yeast. The UBZ domain and PIP box are labeled in dark gray. B, sequence alignment of the UBZ domain from Pol�, Rad18, WRNIP1, and
SNM1A from multiple species. The critical cysteines and histidines of the zinc fingers are labeled in black, and other highly conserved amino acids are labeled
in gray. C, sequence alignment of the PIP box in SNM1A from different species. The consensus amino acids QXXIXXY(F)F are labeled in black. hs, Homo sapiens;
mm, Mus musculus; rn: Rattus norvegicus; bt, Bos taurus; gg, Gallus gallus; dr, Danio rerio; xl, Xenopus laevis; dm, Drosophila melanogaster; sc, Saccharomyces
cerevisiae.
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Some UBZ-containing proteins, such as Pol� (21) or Pol�
(22), also contain a PIP box (PCNA interaction motif).
Sequence analysis of SNM1A revealed a conserved PIP box at
amino acid sequence 556–563 (Fig. 1C). A PIP box was not
observed in SNM1B or SNM1C, though scPso2 does contain a
degenerative PIP box at a different location, compared with
human SNM1A. The presence of a PIP box and a UBZ domain
in the human SNM1A primary amino acid sequence suggested
a model in which SNM1A is recruited to monoubiquitinated
PCNA (PCNA-Ub). We reasoned that SNM1Amight function
downstream of PCNA-Ub in a DNA repair pathway.
Initially, we determinedwhether the putativeUBZdomain of

SNM1A can bind ubiquitin. For this purpose, we generated the
cDNA-encoding GFP-tagged full-length wild-type SNM1A
protein or mutant SNM1A protein. Specifically, we generated
two mutant forms of SNM1A, each containing amino acid
changes in the UBZ domain (C125F and CC(122/125)AA
mutants). Fig. 2A demonstrates that a GST-Ub fusion protein
can selectively pull down GFP- SNM1Awt but cannot pull
down SNM1A (CCAA) or SNM1A (C125F) mutant proteins.
These results indicate that the UBZ domain of SNM1A is
required for monoubiquitin binding.
We next examined the PCNA binding activity of the PIP box

of SNM1A (Fig. 2B). A GST-PCNA fusion protein precipitated
GFP-SNM1Awt (lane 7). Consistently, a GST-PCNA-Ub
fusionprotein precipitatedGST-SNM1Awt evenmore strongly
(lane 10), suggesting that the combination of a PIP box and a
UBZdomain results in enhanced binding of SNM1A tomonou-
biquitinated PCNA. A mutant version of SNM1A (GFP-
SNM1A-YFAA), with a disrupted PIP box sequence, failed to
bind to either GST-PCNA or GST-PCNA-Ub (lanes 8 and 11,
respectively). Taken together, these results confirm that
PCNA-Ub and SNM1A have multiple sites of interaction.
DNA Damage Activates the UBZ-dependent Assembly of

SNM1A into Nuclear Foci—The presence of a functional UBZ
domain and PIP box in the SNM1A protein suggested that this
domain may be required for DNA damage-inducible foci
assembly. We therefore transfected HeLa cells with the cDNA
encoding GFP-SNM1Awt, and examined spontaneous and
damage-inducible focus formation (Fig. 3). MMC and UV acti-
vated the assembly of GFP-SNM1Awt nuclear foci (Fig. 3A),
and this focus formation demonstrated dose dependence (Fig.
3,B andC). Specifically, there was a dose-dependent increase in
SNM1Awt foci after cellular exposure to UV light in the 0–60
J/m2 range and a dose-dependent increase following MMC
exposure in the 0–100 ng/ml range.
We next examined the requirement of the UBZ domain and

the PIP box in DNA damage-inducible nuclear focus formation
(Fig. 4). Approximately 20% of transfected cells expressing
GFP-SNM1Awt exhibited nuclear foci, even in the absence of
exogenous DNA damage. UV activated up to 50% of cells with
nuclear foci, and MMC activated up to �60% of cells with
nuclear foci. Disruption of the PIP box (YFAAmutant) resulted
in nearly complete loss of nuclear foci. These results indicate
that the PIP box, and likely intracellular PCNA binding, is
required for both spontaneous and damage inducible foci
assembly. Interestingly, disruption of the UBZ domain did not

affect spontaneous SNM1A focus formation but instead
blocked the DNA damage-inducible SNM1A focus formation.
RAD18 Is Required for DNA Damage-inducible SNM1A

Recruitment to Nuclear Foci—Like SNM1A, the E3 ubiquitin
ligase, RAD18, is required for cellular resistance to MMC (6).
RAD18 is also required forUV resistance. In response to certain
kinds of DNA damage, RAD18 is known to monoubiquitinate
the DNA replication processing factor, PCNA. We reasoned
that monoubiquitinated PCNA may be the site of SNM1A
recruitment, for a number of reasons. First, RAD18-deficient
murine cells are hypersensitive to crosslinking agents, such as
MMC, though the molecular basis for this hypersensitivity has
remained unknown (23, 24). Second, a DT40 knock-in cell line
containing PCNA (K164R) (i.e. a point mutation at the site of

FIGURE 2. SNM1A physically interacts with Ub and PCNA through its UBZ
domain and PIP box. A, GST and GST-Ub were used to pull down human
wild-type and mutant GFP-SNM1A overexpressed in HEK 293T cells. PIP(Y-
FAA) is the PIP Box mutant with mutation of YF (562/563) to AA. UBZ(CCAA) is
the UBZ mutant with the mutation CC (122/125) to AA. UBZ(C125F) is another
UBZ mutant with the mutation C125F. B, GST, GST-PCNA, and GST-PCNA-Ub
agarose were used to pull down human wild-type and mutant GFP-SNM1A
overexpressed in HEK 293T cells. EV is the empty vector.
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RAD18-dependent monoubiquitination) is known to be hyper-
sensitive to DNA crosslinking agents (23, 25).
We therefore tested the hypothesis that RAD18 mediates

SNM1A recruitment through PCNAmonoubiquitination (Fig.
5). For this purpose, we compared two human colon cancer cell
lines, one which is wild-type for RAD18 and one which has a
biallelic disruption of RAD18. Stimulation of the RAD18(�/�)
cells with UV light resulted in the formation of a low level of
PCNA-Ub (Fig. 5A, lane 2), consistent with previous studies
(26). The RAD18(�/�) mutant cells failed to activate
PCNA-Ub after UV exposure (lane 5). MMC failed to activate
the monoubiquitination of PCNA in either the RAD18(�/�)
cells (lane 3) or the RAD18(�/�) cells (lane 6) under the con-
ditions used in this experiment (MMC, 100 ng/ml, 12 h).

More recent studies have indi-
cated that crosslinking agents can
activate PCNAmonoubiquitination
(27, 28). To further examine MMC-
inducible monoubiquitination of
PCNA in the RAD18(�/�) cells, we
next tested a higher concentration
of MMC (4 �g/ml) over a three-day
time course (Fig. 5B). Under these
conditions, MMC activated PCNA
monoubiquitination (Fig. 5B, lanes
2–4), consistent with these earlier
studies.
We next transfected the

RAD18(�/�) and RAD18(�/�)
cell lines with the cDNA encoding
GFP-SNM1Awt. Both cell lines
assembled SNM1A foci spontane-
ously (i.e. in the absence of external
DNA damage). The RAD18(�/�)
cells exhibited an increase in
UV-damage inducible SNM1A foci,
whereas the RAD18(�/�) cells
were unable to mount a damage-in-
ducible response (Fig. 5C). Interest-
ingly, the RAD18(�/�) cells, but
not the RAD18(�/�) cells, also
exhibited a MMC-inducible
increase in GFP-SNM1A focus for-
mation (Fig. 5D).

DISCUSSION

In the current study, we exam-
ined the primary amino acid
sequence of SNM1A and identified
a PIP box and a UBZ. We demon-
strated that these domains have
direct (in vitro) binding activity for
PCNA and ubiquitin, respectively,
suggesting that theymay participate
in recruitment of SNM1A to the
replication fork. We therefore
examined the DNA damage-induc-
ible assembly of the SNM1Aprotein

into nuclear foci. Efficient focus formation was dependent on
the PIP box and UBZ domain of SNM1A, as well as on the
cellular function of the RAD18 protein. Our results support a
model (Fig. 5E) in which DNA damage activates RAD18, lead-
ing to monoubiquitination of PCNA at the sites of stalled rep-
lication forks. This ultimately leads to PIP box and UBZ-medi-
ated SNM1A recruitment.
SNM1A can also assemble in nuclear foci in the absence of

PCNA monoubiquitination. For instance, cells expressing a
UBZ mutant form of SNM1A still form SNM1A foci (20% of
cells). Also, cells with a disruption of RAD18 can form SNM1A
foci (20% of cells). But in these situations therewas no enhance-
ment of foci number or size afterDNAdamage. Consistentwith
these observations, a mutant form of SNM1A, in which the PIP

FIGURE 3. SNM1A forms damage-inducible nuclear foci after UV and MMC treatment. A, representative
images of GFP-SNM1A foci without cellular damage or after cellular treatment with UV or MMC. GFP-SNM1A
was transfected into HeLa cells, and the cells were treated with UV (40J/m2, 6h) or MMC (25 ng/ml, 12 h).
B, quantification of SNM1A foci after different doses of UV treatment (0, 20, 40, 60J/m2, 6 h). Measurement
indicates the percentage of cells with more than 10 subnuclear foci among all the cells expressing GFP-SNM1A.
GFP-Pol� was used as a positive control for focus formation. The data shown were an average of results from
four independently repeated experiments. Student’s t test was performed on the original data sets, * indicates
that p � 0.05, ** indicates that p � 0.01, and *** indicates that p � 0.001. C, quantification of SNM1A foci after
different doses of MMC treatment (0, 25, 50, 100 ng/ml, 12 h). The data shown was an average of results from
three independently repeated experiments. Student’s t test was performed on the original data sets; * indicates
that p � 0.05; ** indicates that p � 0.01.
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box (located from residues 556 to 563 on SNM1A) is disrupted,
cannot form foci, either spontaneously or after cellular expo-
sure to DNA-damaging agents. These results suggest that

SNM1A can associate directly with
unubiquitinated PCNA at the repli-
cation fork. The results are also con-
sistent with a previous study that
identified a region from residues
394 to 615 on SNM1A, which is
required for spontaneous focus for-
mation (7).
Our results are consistent with

previous studies indicating that
RAD18 is required for DNA
crosslink repair. A murine knock-
out of RAD18 results in both MMC
(crosslinker) and UV hypersensitiv-
ity (4, 8). How crosslinking agents
activate the ubiquitin ligase activity
of RAD18 remains unknown.
Recent studies suggest that RAD18
recruitment to damaged chromatin
and its subsequent activation may
require RAD51C (29). Also, block-
age of a replication fork by an ICL
may activate local ssDNA forma-
tion and RPA binding, leading to
the recruitment and activation of
RAD18 (30).
Previous work suggested that

RAD18 is not essential for SNM1A
activity. In chicken DT40 cells, for
example, SNM1A and Rad18 are
not epistatic for crosslink repair
(31). Moreover, Kannouche et al.
(21) originally did not detectMMC-
inducible PCNA ubiquitination,
suggesting that crosslinks do not
activate this RAD18-inducible
PCNA modification. More recent
studies, however, demonstrate that
MMC or other interstrand cross-
linking agents, such as cispla-
tin, can activate PCNA-Ub, al-
though this activation appears to
occur at higher doses of MMC and
only after a delay of 24–48 h (27,
28). Indeed, we observed that
SNM1A does assemble in RAD18-
dependent DNA damage-induced
foci after MMC treatment and that
MMC can activate PCNA monou-
biquitination after 24 h in our cell
system. We also considered the
possibility that RAD18 may directly
interact with SNM1A after
crosslink damage and may recruit
SNM1A to these sites, similar to the

mechanism described for polymerase � activation and recruit-
ment (32). However, based on repeated attempts, we found no
evidence of a direct interaction betweenRAD18 andSNM1Apro-

FIGURE 4. The PIP box and UBZ domain are required for SNM1A focus formation. A, representative images
of focus formation of wild-type and mutant SNM1A in HeLa cells without damage and after treated with UV.
cDNA encoding wild-type, PIP box mutant (YF(562/563)AA), UBZ mutant (CC(122/125)AA) were transfected
into HeLa cells, and the cells were treated with UV (40J/m2, 6 h). B, quantification of the wild-type and mutant
SNM1A foci after UV (40J/m2, 6 h) and MMC (100 ng/ml, 12 h) was measured by counting the percentage of cells
with more than 10 subnuclear foci among all the cells that were GFP-positive. The data shown was an average
of results from four independently repeated experiments. Student’s t test was performed on the original data
sets; ** indicates that p � 0.01. For PIP(YFAA) and UBZ(CCAA), the p values between the data sets of before and
after DNA damage were much higher than 0.05, indicating that there were no significant increases in the
percentage of cells with foci after UV or MMC treatment of these two mutants.
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teins (data not shown). Finally, we cannot exclude the possibility
that other monoubiquitinated targets of RAD18 are required for
MMC-induced SNM1A focus formation. Overall, these results
support a model in which RAD18-dependent PCNA monoubiq-
uitination enhances, but is not essential for, SNM1A recruitment.
SNM1A therefore appears to be recruited to either unmodi-

fied PCNA or to monoubiquitinated PCNA at the stalled repli-

cation fork. The molecular events which follow recruitment
remain unknown. It is likely that SNM1A then provides an exo-
nuclease function required for crosslink repair. Crosslink repair
requires initial endonuclease incisions, on one DNA strand, on
each side of the crosslink. These incisions result in the looping
out of the crosslink, bound to a short stretch of single strand
DNA. It is possible that the exonuclease activity of SNM1Awill

FIGURE 5. SNM1A foci assembly is dependent on RAD18. A, characterization of the HCT116 RAD18(�/�) and RAD18(�/�) cell lines. HCT116 RAD18(�/�)
and RAD18(�/�) cells were either untreated or treated with UV (50J/m2, for 6 h) or with MMC (100 ng/ml, 12 h). Cells were harvested and Western blot was
performed to determine the ubiquitination level of PCNA. FANCD2 was used as the positive control for damage caused by UV or MMC, and UAF1 (14) was used
as the loading control. B, high dose of MMC treatment could induce PCNA monoubiquitination. HCT116 wild-type cells (parental) were exposed continuously
to the indicated MMC concentration for 0 –3 days. Whole cell lysates were prepared at the indicated time points and immunoblotted with antibodies to
FANCD2, actin, and PCNA. C, UV-inducible SNM1A foci are dependent on RAD18. The cDNA encoding GFP-SNM1Awt was transfected into HCT116 RAD18(�/�)
and RAD18(�/�) cells. Cells were either untreated or treated with UV (50J/m2, 6 h). Foci were measured by counting the percentage of cells with more than 10
subnuclear foci among all the cells that express GFP-SNM1A. GFP-Pol� was used as a positive control for the focus formation. Student’s t test was performed
on the original data sets, *** indicates that p � 0.001. In RAD18(�/�) cells for both SNM1A and Pol�, the p values between the datasets of before and after UV
treatment were much higher than 0.05, indicating that there were no significant increases in the percentage of cell with foci after UV treatment. D, MMC-
inducible SNM1A foci are dependent on RAD18. HCT116 RAD18(�/�) and RAD18(�/�) cells were transfected with the cDNA encoding GFP-SNM1Awt, and
the cells were either untreated or treated with MMC (100 ng/ml, 12 h), as indicated. Foci were quantified using the same methods described in C. Student’s t test
was performed on the original data sets, *** indicates that p � 0.001. In RAD18(�/�) cells, the p value between the datasets of before and after MMC treatment
was much higher than 0.05, indicating that there were no significant increases in the percentage of cell with foci after MMC treatment. E, proposed model of
RAD18-dependent PCNA monoubiquitination and SNM1A recruitment onto PCNA-Ub through its PIP box and UBZ domain.
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be required to trim this ssDNA, before translesion synthesis can
proceed. Future studies will address this model.
Finally, the RAD18-PCNA(Ub)-SNM1A activation pathway

appears to be independent of another DNA crosslink repair
pathway, the FA pathway (33). MMC inducible assembly of
SNM1A occurs normally in FA pathway-deficient cells (data
not shown). Also, FA pathway-deficient cells appear to be
hyperdependent on a functional RAD18-PCNA(Ub)-SNM1A
pathway. Knockdown of RAD18 (34) or SNM1A (5) in an FA
pathway-deficient cell results in a further increase in
crosslinker-inducible chromosome breakage. The crosstalk
between these two independent DNA crosslink repair path-
ways will be the subject of future experiments.
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