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SNM1A is a member of a small gene family that is characterized 

by a metallo-b-lactamase fold and an appended b-CASP domain 

that together are proposed to function as a DNA nuclease [1–4]. In 

budding yeast the single SNM1 gene is involved in mediating resis

tance to interstrand cross-linking drugs such as nitrogen mustard 

or mitomycin C (MMC), but not to other forms of DNA damage such 

as that induced by IR or UV [5,6]. scSNM1 appears to function to 

repair double-strand breaks (DSBs) that are created when a repli

cation fork encounters an interstrand cross-link (ICL), although, its 

precise function remains unidentified [7]. In mammalian cells five 

homologs have been identified and include SNM1A, SNM1B/Apollo, 

Artemis, ELAC2, and CPSF73 [8–11]. Each of these genes contains the 

metallo-b-lactamase and b-CASP domains, but are otherwise dis

tinct. These genes have been shown to play a variety of roles in cel

lular metabolism. For example, Artemis is required to cleave DNA 

hairpins at coding joints during V(D)J recombination, for repair 

of DSBs by the nonhomologous end joining pathway, and for cell 

cycle checkpoint regulation in response to DNA damage [11–15]. 

SNM1B/Apollo is required for the protection of telomeres during S 

phase, and in mediating resistance to DNA ICLs [16–18]. SNM1A has 

been shown to have the surprising function of being involved in an 

early mitotic or prophase checkpoint in response to spindle stress, 

a role that does not appear to involve a DNA damage response 

[19]. In addition, however, we have shown previously that SNM1A 

localizes to sites of IR-induced foci (IRIF), and that it strongly colo

calizes at these foci with Mre11 and 53BP1 [20]. SNM1A was also 

shown to co-immunoprecipitate (co-IP) with 53BP1 before and 

after exposure to IR indicating that these two proteins are physi

cally associated. However, SNM1A-deficient cells are not sensitive 

to IR, and have only a minor sensitivity to mitomycin C (MMC), 

but not to other ICL-inducing agents [9,21]. These findings sug

gest that SNM1A does not have a direct role in the repair of DSBs, 

but that it does likely function in some aspect of the DNA damage 

response (DDR). In this report we confirm that SNM1A localizes 

to IRIF, and that this localization is dependent upon the check

point kinase ATM. In addition, we show that SNM1A is required for 

the implementation of the G1 phase checkpoint in response to IR 

treatment.

Materials and methods

Cell culture. Snm1A MEF culture conditions were as previously 

described [21]. The growth medium for HT-1080 cells, MCF-7 cells, 

and HEK293 cells was followed according to the ATCC (Global Bio

resource Center). ATM-deficient cells (GM5849 and GM9627) were 

grown in DMEM-F12, 10% FBS, 0.05 mM nonessential amino acids, 

and 5 mM Na-pyruvate.

siRNA transfection. The siRNA directed against human SNM1A 

was as previously described [19]. The siRNA target sequence for 

53BP1 was AAGCCAGGUUCUAGAGGAUGA, and for H2AX was 

CAACAAGAAGACGCGAAUC. All siRNAs were transfected into cells 

with Oligofectamine (Invitrogen). Forty-eight hours after transfec

tion, knockdown of the specific protein was determined by immu

noblotting or immunostaining analysis.

G1-phase checkpoint analysis. For Snm1 MEFs, 1 £ 106 cells were 

seeded 24 h before the experiment. Irradiation was performed in a 
137Cs c-ray irradiator at 3 Gy. After 8 h untreated and irradiated cells 

were pulse-labeled with 10 mM BrdU (Roche) for 30 min at 37 °C. 

For HT-1080 cells, 3 £ 105 cells were seeded 24 h before siRNA trans

fection. Forty-eight hours later, irradiation and BrdU treatment 

were performed as above. Cells were trypsinized and harvested 
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in cold 10% FBS in PBS, fixed with cold 70% ethanol and kept at 

4 °C over night. Cells were then incubated with blocking buffer (4% 

BSA, 0.1% Triton X100 in PBS) for 30 min at room temperature. The 

cell pellet was suspended with 100 ml PBS plus 1 ml of 2 N HCL 

and incubated for 30 min at room temperature. Cells were stained 

sequentially with anti-BrdU antibody and fluorescein isothiocya

nate conjugated anti-mouse IgG antibody. DNA was stained with 

propidium iodide and RNA was digested with 50 lg/ml RNase for 

30 min at 37 °C. Cells were subsequently analyzed by FACS.

Immunofluorescence. Cells were grown on glass slides and 

exposed to the indicated doses of IR. To generate DSBs by microir

radiation, cells were treated with a Micropoint UVA laser (365 nm) 

(Photonic Instruments) with a power setting of 20% essentially as 

described [22]. After incubation, cells were fixed with 4% para

formaldehyde for 20 min, and blocked with 4% BSA and 1% Triton 

X100 in PBS for 1 h at room temperature. Cells were then immu

nostained with either c -H2AX, 53BP1, or SNM1A [20] antibodies. 

DNA was stained with DAPI.

In vitro kinase assay. HEK293 cells were irradiated with IR (15 Gy) 

and allowed to recover for 30 min. Cells were harvested with TGN 

buffer (50 mM Tris pH7.5, 50 mM glycerophosphate, 150 mM NaCl, 

10% glycerol, 1% Tween 20, 1 mM NaF, 1 mM NaVO4, 1 mM phenyl-

methyl-sulfonyl-fluoride, 2 mg/ml pepstatin A, 5 mg/ml leupeptin, 

10 mg/ml aprotinin, and 1 mM DTT). ATM was immunoprecipitated 

with ATM antibody and protein A beads blocked with 5% BSA. Pre

cipitated ATM was washed with TGN buffer 2 times, RIPA buffer 

1 time, and kinase buffer 1 time, and then resuspended in 30 ml 

kinase buffer. Ten mCi g-32P-ATP and 1 mg of substrate were added, 

and the samples were incubated for 30 min at 30 °C. Samples were 

analyzed after SDS PAGE by autoradiography.

Co-immunoprecipitation assay. Co-immunoprecipitation assays 

were performed with the indicated antibodies as previously 

described [19].

Results

We have previously shown that SNM1A localizes to sites of DSBs 

created by exposure to IR [20], however, the function of SNM1A at 

these sites was not apparent. SNM1A-deficient cells are not sensi

tive to IR suggesting that it does not play a direct role in the repair 

of these lesions. Since SNM1A, Artemis and SNM1B/Apollo have 

all been shown to have roles in various checkpoint pathways in 

response to cellular stress, we examined whether SNM1A-deficient 

cells are defective in the G1 cell cycle checkpoint. As shown (Fig. 1A 

and C), depletion of SNM1A in HT-1080 cells by siRNA transfection 

resulted in a clear defect in the ability of these cells to arrest in G1 

as indicated by BrdU incorporation. To further confirm this pheno

type, mouse embryonic fibroblasts (MEFs) were also examined in 

this assay. A complication of using these cells is that the Snm1A¡/¡ 

MEFs become rapidly aneuploid with time in culture because of the 

defect in mitotic function [19]. Nevertheless, as shown (Fig. 1B,C), 

three different Snm1A¡/¡ MEF clones exhibited a similar defect in 

the G1 checkpoint in comparison to wild-type MEF clones. Thus, 

in both human and mouse cell lines a deficiency in expression of 

SNM1A results in a defective G1 checkpoint response upon expo

sure to IR.
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Fig. 1. SNM1A is required for the IR-induced G1 phase cell cycle checkpoint. (A) Western blot shows the depletion of SNM1A in HT-1080 cells 48 h after siRNA transfection 

(right panel). FACS analysis of siRNA-transfected HT-1080 cells with or without exposure to IR (3 Gy). (B) Spontaneously immortalized Snm1A MEFs were examined as 

described in (A). (C) Graph represents the ratio of untreated BrdU positive cells to IR treated BrdU positive cells shown in (A,B). MEF cell lines #1, #2, and #3 represent three 

independently derived clones from Snm1A+/+ or Snm1A¡/¡ embryos.
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We have previously shown that SNM1A colocalizes with Mre11 

and 53BP1 at IRIF, and also co-IPs with 53BP1 before and after 

induction of DSBs [20]. To determine if 53BP1 is required for the 

localization of SNM1A at IRIF, we depleted its expression by siRNA. 

As shown (Fig. 2A and Fig. S1), the absence of 53BP1 did not affect 

the localization of SNM1A to IRIF. Reciprocally, an examination of 

Snm1A MEFs indicated that Snm1A was also not required for the 

localization of 53BP1 to IRIF (Fig. 2B). H2AX is a variant histone 

that is phosphorylated (c-H2AX) at sites of DSBs, and is responsi

ble for the recruitment of proteins involved in checkpoint and DNA 

repair functions [23]. However, depletion of H2AX did not affect 

the localization of SNM1A to IRIF indicating that SNM1A does not 

function downstream of c-H2AX (Fig. 2C and Fig. S1).

In response to IR the upstream kinase ATM, a member of the 

phosphatidylinositol-3-OH kinase-like (PIK) family, phosphory

lates a number of checkpoint and DNA repair proteins involved 

in mediating the DDR [24,25]. To determine if ATM affects the 

localization of SNM1A to IRIF, we examined this response in two 

ATM-deficient cell lines. Interestingly, as shown (Fig. 3A), the 

absence of ATM activity resulted in a failure of SNM1A to localize 

Fig. 2. IR-induced SNM1A foci do not depend on c-H2AX or 53BP1. (A) HT-1080 cells were depleted of 53BP1 by siRNA, and exposed to IR (10 Gy). Four hrs later cells were 

fixed and immunostained with the indicated antibodies. (B) IR-induced 53BP1 foci formation was not affected in in Snm1A-/- MEF cells. Cells were processed as in (A). (C) 

HT-1080 cells were depleted of H2AX by siRNA, and processed as described in (A).
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to IRIF. The single large foci found in the ATM-deficient cells 

likely represents an SNM1A body, which are typically the local

ization of SNM1A observed in approximately half of untreated 

cells [20]. After IR treatment these bodies appear to dissolve and 

SNM1A relocates to sites of DSBs. To further confirm that ATM is 

required for the localization of SNM1A to sites of DSBs, we used 

microirradiation to form DSBs in control and AT cells. Again, 

SNM1A failed to relocalize to sites of DSBs (Fig. 3B). These find

ings indicate that ATM is required for the localization of SNM1A 

to sites of DSBs.

Artemis is a member of the SNM1 gene family and has been 

shown to be phosphorylated in response to DNA damage by 

the PIK kinases ATM, DNA-PK, and ATR both in vitro and in vivo 

[12–15,26–29]. PIK kinases have a strong preference for phos

phorylation at (S/T)Q motifs [30,31], and Artemis contains a clus

ter of these sites (referred to as a (S/T)Q cluster domain or SCD) 

in its nonconserved region. Likewise, SNM1A also has a cluster 

of these sites in its nonconserved domain (Fig. 4A). To deter

mine if SNM1A is a potential substrate of ATM, we expressed a 

recombinant form of the nonconserved region in Escherichia coli 

and purified it by means of a fused maltose binding protein (MBP) 

tag. For a negative control we used MBP-SNM1B. As shown (Fig. 

4B), ATM was able to phosphorylate MBP-SNM1A-NT in vitro, 

but not MBP-SNM1B. These results indicate that SNM1A may be 

Fig. 3. IR-induced SNM1A foci formation is dependent upon ATM. (A) ATM-deficient cells were irradiated with IR (10 Gy). Four hours later cells were fixed and immunostained with 

the indicated antibodies. The arrow indicates an SNM1A body. (B) Induction of DSBs by UVA laser microirradiation indicates defective localization of SNM1A in AT cells. MCF-7 or 

AT cells were microirradiated at 365 nm and 4 h later cells were fixed and immunostained with the indicated antibodies. Arrows indicate the line of laser microirradiation.
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a direct phosphorylation substrate of ATM, which is consistent 

with a requirement for this kinase in the localization of SNM1A 

to sites of DSBs.

The results described above suggest that SNM1A may be a 

substrate of ATM in vivo. If so, then it is expected that SNM1A and 

ATM interact. Reciprocal co-immunoprecipitations (co-IP) of these 

proteins showed that this prediction was correct (Fig. 4C). Further

more, the interaction was greatly enhanced after exposure of cells 

to IR particularly as shown by the co-IP with an ATM antibody. 

These results suggest that ATM recruits SNM1A to sites of DSBs and 

likely phosphorylates it at these sites. We have established that 

SNM1A is required for implementation of the G1 checkpoint and 

that it interacts with ATM. Thus, we examined markers that are 

activated downstream of ATM to effectuate the G1 checkpoint to 

determine if SNM1A plays a role in their activation. P53 is a direct 

phosphorylation target of ATM in response to DNA damage, and 

p21 is a transcriptional target of p53 [23]. Depletion of SNM1A 

reduced ATM-mediated phosphorylation of p53 and the down

stream activation of p21 (Fig. S2). Taken together these findings 

suggest that SNM1A is required for the full implementation of the 

G1 checkpoint.

Discussion

Our previous studies on the mammalian members of the SNM1 

gene family have revealed cell cycle checkpoint functions for 

SNM1A, SNM1B/Apollo, and Artemis. These functions are wide rang

ing and involve responses not only to DNA damage but also to other 

forms of cellular stress such as spindle poisons. Artemis functions 

in the G2/M checkpoint in response to IR to regulate the activation 

of Cdk1-cyclin B and thereby recovery from the induced cell cycle 

arrest [12,15]. We have shown that SNM1B/Apollo functions in an 

S phase checkpoint specifically in response to DNA interstrand 

cross-linking agents [32]. In this case SNM1B/Apollo is required for 

the formation of DSBs that occur during S phase when a replication 

fork encounters an interstrand cross-link. The formation of the DSB 

activates ATM and thus prolongs the S phase arrest allowing for 

removal of the cross-link. Perhaps most surprising are our findings 

showing that SNM1A is involved in an early mitotic checkpoint that 

arrests cells in prophase in response to spindle poisons [19]. This 

pathway also requires a gene termed CHFR which has been shown 

to be highly mutated in many different forms of cancer indicat

ing the importance of this pathway in tumorigenesis (Scolnick and 

Fig. 4. SNM1A is a phosphorylation substrate of ATM in vitro and interacts with ATM in vivo. (A) The SQ and TQ sites present in the N-terminus (NT) region of SNM1A and in 

full-length SNM1B are shown. (B) An IP kinase assay shows that recombinant MBP-SNM1A-NT (SNM1A residues 1–393), but not SNM1B is an ATM substrate. Left side of each 

panel shows Coomassie blue stained gels, and right sides show autoradiograms. “Mock” indicates an immunoprecipitation performed with a nonspecific IgG. “NS” indicates 

a nonspecific substrate of ATM. (C) Immunoblot showing reciprocal co-IP of ATM and SNM1A with or without IR treatment (10 Gy).
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Halazonetis, 2000; type [33–38]. Both CHFR and SNM1A have been 

shown to act as tumor suppressors in the mouse [21,39].

In this report we have added to the growing body of evidence 

that SNM1 family members act as cell cycle regulators in response 

to cellular stress. In our previous studies we had shown that SNM1A 

is recruited to IRIF and that it interacts with 53BP1 [20]. We have 

shown here that SNM1A is required for implementation of the G1 

checkpoint. Surprisingly, the recruitment of SNM1A to IRIF does 

not require 53BP1 or vice versa despite the fact that these proteins 

interact. This finding is consistent with the result that c-H2AX is 

also not required for the recruitment of SNM1A since the recruit

ment of 53BP1 requires c-H2AX [23]. Rather the recruitment of 

SNM1A to IRIF appears to be mediated by ATM perhaps directly 

since SNM1A and ATM interact, and this interaction is enhanced 

upon IR treatment. Our results also suggest that SNM1A is a likely 

substrate of ATM. The exact role that SNM1A plays at IRIF is unclear, 

however, our evidence indicates that it does affect the activation of 

downstream effectors of the G1 checkpoint such as p53 that is a 

direct phosphorylation target of ATM.
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