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hSnm1B is member of the SNM family of exonucleases
involved in DNA processing and is known to be localized to
telomeres via binding to the telomere-binding protein TRF2.
Here we demonstrate that the C terminus of hSnm1B facilitates
the concentration of hSnm1B on telomeres by promoting ubiq-
uitin-mediated degradation of hSnm1B that is not localized to
telomeres, as well as by blocking protein degradation and fos-
tering localization to telomeres via binding of TRF2. Finally, a
mutant of hSnm1B stabilized independently of exogenous
TRF2-induced cell death. Taken together, we speculate that
sequestering hSnm1B at telomeres by a combination of stabiliz-
ing the protein when bound to telomeres and degrading it when
not bound to telomeres may be a means to prevent potentially
lethal effects of unregulated hSnm1B activity.

Telomeres are DNA/protein structures that protect the ends
of chromosomes from illegitimate recombination and degrada-
tion (1). The DNA portion of human telomeres is composed of
a G-rich repeat (TTAGGG) that extends past the complemen-
tary C-rich strand, forming a 3� extension. This extension loops
back and invades the double-stranded region, forming a lariat
structure termed the t-loop that is thought to play a role in
telomere function (2). The core set of telomere proteins in
humans that bind directly to telomeric DNA is composed of
one protein, POT1, that binds directly to single-stranded telo-
meric DNA, and two proteins, TRF1 and TRF2, that bind
directly to double-stranded telomeric DNA (3, 4). The latter
protein, TRF2, binds double-stranded telomeric DNA as a
homodimer and has been shown to promote t-loop formation
in vitro (2). Disruption of TRF2 function leads to telomere
fusions and aDNAdamage response (5, 6). As such, TRF2 plays
a critical role in the structure and function of telomeres. TRF2
also recruits a number of proteins to the telomere (4), and
hence understanding the relationship of these proteins to TRF2
could shed light on the central role TRF2 plays at the telomere.
One such protein that binds directly to TRF2 in human cells

is hSnm1B (7–9). hSnm1B is one of three human homologues
of the yeast Saccharomyces cerevisiae protein Snm1 (PSO2), so

named because mutations in this gene render yeast sensitive to
nitrogen mustard (10–12). Snm1 is a member of the �-CASP
family of proteins that contain a metallo-�-lactamase domain
and possess nuclease activity (13–16). In humans, the three
proteins with homology to Snm1 are Snm1A, Artemis
(Snm1C), and Snm1B (Apollo) (8, 9, 17). Snm1A is a mitotic
checkpoint protein (18), and Snm1A�/� mice have a predispo-
sition to cancer and are susceptible to infection (19). Artemis
(Snm1C) is critical for processing single-strand intermediates
formed during V(D)J recombination and is involved in the
maintenance of telomere length and genomic stability (20–22).
Finally, knockdown of hSnm1B by RNAi sensitizes cells to
interstrand cross-linking agents (23), induces DNA damage
foci formation at telomeres in S-phase (8), and further increases
the number of these foci in cells in which TRF2 function is
disrupted (8, 9). The direct binding of hSnm1B to TRF2 (7–9),
the telomere localization of hSnm1B (7–9), and formation of
DNAdamage foci at telomeres upon knockdown of hSnm1B (8,
9) indicate that hSnm1B is a bona fide telomere-associated
protein.
We previously found that ectopic expression of TRF2

increased the stability of hSnm1B, suggesting that protein sta-
bility may be a means of regulating hSnm1B function (7). A
common mechanism by which protein stability is regulated is
polyubiquitination and subsequent degradation by the protea-
some (24). Moreover, the stability and function of at least two
other telomere-associated proteins, hTERT and TRF1, are reg-
ulated by polyubiquitination and degradation via the protea-
some (25–27). This prompted us to investigate the relationship
between TRF2 and hSnm1B protein stability.

MATERIALS AND METHODS

Cell Culture—Human cell lines 293T and HeLa were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented
with 15% fetal calf serum.
Plasmids—pcDNA3-myc-TRF2 was a kind gift fromDomin-

ique Broccoli, pHA-ubiquitin was a kind gift from Xiao-Fan
Wang. pCMV-myc encoding Myc epitope-tagged TRF22–300
(encoding amino acids 2–300) and TRF2246–445 (encoding
amino acids 246–445), and pEGFP (-C1) and pBabePuro alone
or encoding N-terminally green fluorescent protein (GFP)2-
tagged hSnm1B (GFP-hSnm1B) were previously described (7).
pCMV5-Flag-hSnm1B was engineered by subcloning N-termi-
nally Flag epitope-tagged hSnm1B (Flag-hSnm1B) into pCMV5
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(28). pCMV5-Flag-hSnm1B2–462, pEGFP-hSnm1B2–495, and
pBabepuro-GFP-STOP-hSnm1B were generated by intro-
ducing a STOP codon by site-directed mutagenesis after
amino acid 462 of hSnm1B, 495 of hSnm1B, and between
GFP and hSnm1B, respectively. The six pBabePuro-GFP-
hSnm1B496–532-N1-N6 plasmids were generated by substi-
tuting every consecutive six amino acids beginning with
mutant N1 at amino acid 496 (corresponding to the amino
acid of full-length hSnm1B) with the sequence NAAIRS by
site-directed mutagenesis, as previously described (29), in
the terminal 37-amino acid region of hSnm1B of the previ-
ously described plasmid pBabepuro-GFP-hSnm1B496–532

(7). pCMV5-Flag-hSnm1BN2, pBabepuro-GFP-hSnm1BN2,
and pBabepuro-GFP-hSnm1BN3 were generated by substi-
tuting amino acids 502LKYLLT (N2 mutation) or 508PVN-
FFQ (N3 mutation) in hSnm1B with the sequence NAAIRS
by site-directed mutagenesis. All mutations were confirmed
by direct sequencing.
Visualization of GFP-tagged hSnm1B and hSnm1B2–495—

293T cells grown on cover slips coated with 100 mg/ml poly-D-
lysine, Mr �300,000 (Sigma) were transiently transfected with
either pEGFP-hSnm1B or pEGFP-hSnm1B2–495 and/or
pcDNA3-myc-TRF2 using FuGENE 6 (Roche Applied Sci-
ences) according to the manufacturer’s protocols. After 48 h,
cells were fixed in 3.7% formaldehyde in phosphate-buffered
saline for 10 min at room temperature. The cells were then
washed twice with phosphate-buffered saline, mounted, and
observed using the �100 objective lens on an Olympus IX70
confocal microscope.
Immunoblot—293T cells were seeded in 10-cm tissue culture

dishes and transiently transfected with 2.5 �g of each of the
combinations of the plasmids encoding the indicated trans-
genes using the FuGENE 6 reagent as above. Whole cell lysates
were collected in radioimmune precipitation assay buffer 48 h
later and immunoblotted with primary antibodies �-Flag (M2)
(Sigma),�-Myc (Invitrogen), and�-GFP (B-2) (Santa Cruz Bio-
technology), �-�-tubulin (2.1) (Sigma) to detect Flag-hSnm1B
and derived mutants, Myc-TRF2 and derived mutants, GFP-
tagged hSnm1B proteins and �-tubulin, respectively. Where
indicated, film was scanned and bands quantitated using
Microsoft PhotoShop.
Immunoprecipitations—293T cells were seeded in 10-cm

tissue culture dishes and transfected with 2.5 �g of each of
the combinations of the plasmids encoding the indicated
transgenes using the FuGENE 6 reagent as above. Whole cell
lysates were collected in radioimmune precipitation assay
buffer 48 h later and immunoprecipitated for 2 h using anti-
FlagM2 agarose (Sigma), resolved by SDS-PAGE, and immu-
noblotted with primary antibodies �-Flag (M2) (Sigma),
�-HA (Roche Applied Sciences), and �-polyubiquitin
(P4D1) (Santa Cruz Biotechnology) to detect hSnm1B and
polyubiquitinated hSnm1B, respectively.
Colony Formation, Cell Counting, and DAPI Staining—HeLa

cells were infected with retrovirus generated from the afore-
mentioned pBabePuro constructs as previously described (30),
48 h later, medium was supplemented with 1.0 �g/ml of puro-
mycin (Sigma). For colony formation, cells were cultured
another 2 weeks, after which plates were stained with crystal

violet to visualize puromycin-resistant colonies. For cell count-
ing, cells were cultured another 5 days after which two sam-
plings of cells from duplicate plates were stained with trypan
blue and trypan blue-negative cells counted on a hemocytom-
eter. For DAPI staining, cells were cultured another 5 days on
coverslips, fixed with 3.7% formaldehyde, and incubated with
0.5% Nonidet P-40 and stained with 0.1 �g/ml DAPI. A mini-
mum of 10 random fields were examined for the presence of
cells with apoptotic DAPI staining.
Reverse Transcriptase PCR—293T cells were transiently

transfected with 1 �g of the plasmids pBabePuro, pBabePuro-
GFP-STOP-hSnm1B, -GFP-hSnm1B, -GFP-hSnm1BN2, and
-GFP-hSnm1BN3. After 48 h, RNA was purified from the cells
using the RNA-Bee reagent (Tel-Test) according to the manu-
facturer’s instructions and reverse-transcribed with an oli-
go(dT) primer as previously described. Resultant cDNA was
PCR-amplified with primers 5�-AACAGCCACAACGTC-
TATATC-3� and 5�-AAGAAGAGACGTGCGGTGCCAG-3�
to specifically detected ectopic GFP-hSnm1B or primers
5�-GAGGTGCAGAGCGACTACand 5�-GCTGTTCACCTG-
CAAATCCA to detect glyceraldehyde-3-phosphate dehydro-
genase as a control.

RESULTS

Binding to TRF2 Stabilizes hSnm1B—Given that hSnm1B
binds directly to TRF2 (7–9) and that hSnm1B is more highly
expressed in the presence of ectopic TRF2 (7), we investigated
the mechanism by which TRF2 regulates hSnm1B levels. To
begin, we tested whether hSnm1B must bind TRF2 to be stabi-
lized. To this end, 293T cells were transiently transfected with
expression plasmids encoding Flag epitope-tagged hSnm1B
(Flag-hSnm1B) andMyc epitope-taggedTRF2 (Myc-TRF2) as a
positive control, Flag-hSnm1B without exogenous Myc-TRF2
as a negative control, and Flag-hSnm1B2–462 lacking the last 70
amino acids that facilitate TRF2 binding, in the absence or pres-
ence of Myc-TRF2. Cells were then lysed, and immunoblotted
with an �-Myc antibody to validate appropriate Myc-TRF2
expression and an �-Flag antibody to assay for Flag-hSnm1B
protein levels. As already noted (7), Flag-hSnm1B levels were
increased in the presence of Myc-TRF2 (Fig. 1, lanes 2 and 3).
This stabilization was lost if the TRF2 binding domain was
deleted in hSnm1B, evidenced by the low levels of Flag-
hSnm1B2–462 detected in both the presence and absence of
Myc-TRF2 (Fig. 1, lanes 7 and 8). To address the possibility that
deletion of the last 70 amino acids simply led to a misfolded
protein, we tested if the levels of full-length hSnm1B were
reduced in the presence of the mutant Myc-TRF2246–445 that
lacks the N-terminal region responsible for binding hSnm1B
and the C-terminal DNA binding region (7). In contrast to the
high levels of Flag-hSnm1B detected in the presence of Myc-
TRF2 (Fig. 1, lane 3), the levels of Flag-hSnm1B in the presence
of Myc-TRF2246–445 remained as low as Flag-hSnm1B in the
absence of exogenous TRF2 (Fig. 1, lanes 2 and 5). As the TRF2
binding domain has been mapped even further to the most
terminal 37 amino acids of hSnm1B (7), we validated that an
hSnm1Bmutant deleted for this smaller region also failed to be
stabilized in the presence of Myc-TRF2 (not shown). The
enhanced levels of Flag-hSnm1Bdid not depend upon theDNA
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binding activity of TRF2, as a similar experiment demonstrated
that Flag-hSnm1Bwas still stabilized upon co-expression of the
mutant Myc-TRF22–300 (31) that lacks the C-terminal Myb
DNAbinding domain (Fig. 1, lane 4). hSnm1Bprotein levels are
thus elevated in the presence of TRF2, andmoreover, the bind-
ing domains responsible for this interaction on the two proteins
are required for this effect. Taken together, these results sup-
port the conclusion that TRF2 binding stabilizes hSnm1B.
TRF2 Inhibits Polyubiquitination of hSnm1B—As TRF2

binding to hSnm1B stabilized the protein (Fig. 1) and the
telomere-associated proteins TRF1 and hTERT are known to
be polyubiquitinated and degraded (25–27), we hypothesized
that binding of TRF2 prevents the polyubiquitination and sub-
sequent degradation of hSnm1B. To first address whether

hSnm1B is polyubiquitinated, 293T
cells were transiently transfected
with expression plasmids encoding
HA-ubiquitin alone as a negative
control or HA-ubiquitin and Flag-
hSnm1B. Cells were lysed, Flag-
hSnm1B was immunoprecipitated
by virtue of the Flag epitope, and the
immunoprecipitate was immuno-
blotted with �-Flag antibody to
detect Flag-hSnm1B, and �-HA or
�-ubiquitin antibodies to detect
polyubiquitinated Flag-hSnm1B.
Immunoprecipitated Flag-hSnm1B
was readily detected by both the
�-HA and �-ubiquitin antibodies as
a smear, but was absent in negative
control cells lacking Flag-hSnm1B
(Fig. 2, lanes 1 and 2). Thus,

hSnm1B is polyubiquitinated. To explore the influence of TRF2
on hSnm1B polyubiquitination, the status of ubiquitinated
Flag-hSnm1B was assessed. 293T cells were transiently trans-
fected with expression plasmids encoding HA-ubiquitin, Flag-
hSnm1B, and Myc-TRF2, and then immunoblotted to detect
ubiquitinated and total Flag-hSnm1B. hSnm1B protein levels
were normalized at loading to account for stabilization of
hSnm1B by TRF2. Ectopically expressed Myc-TRF2 reduced
the ratio of polyubiquitinated to total Flag-hSnm1B protein
(Fig. 2, lane 3). Such data are consistent with a model by which
TRF2 binding blocks polyubiquitination and subsequent deg-
radation of hSnm1B.
The C Terminus of hSnm1B Regulates Protein Stability—As

stabilization of hSnm1B required an interaction with TRF2
(Fig. 1) and this interaction blocked polyubiquitination of
hSnm1B (Fig. 2), we sought to determine whether the C-termi-
nal TRF2-interaction domain of hSnm1Bwas sufficient for sta-
bilization. As themost terminal 37 amino acids of hSnm1Bwas
the smallest region responsible for TRF2 binding and hSnm1B
stabilization, we used this region for analysis. We first assessed
whether this region alone imparted protein instability when
fused to GFP, and whether this instability could be rescued by
bindingTRF2. 293T cells were therefore transiently transfected
with expression plasmids encoding GFP alone or with Myc-
TRF2 as a control versus the C-terminal 37 amino acids of
hSnm1B fused to GFP (GFP-hSnm1B496–532) alone or in the
presence of Myc-TRF2. Lysates were then isolated and immu-
noblottedwith an�-Myc antibody to validate appropriateMyc-
TRF2 expression and an �-GFP antibody to assess the stability
of GFP orGFP-hSnm1B496–532. GFP alonewas readily detected
by immunoblot, and ectopic expression of TRF2 had only a
minor effect on the level of this protein (Fig. 3A, lanes 2 and 3).
However, GFP-hSnm1B496–532 was nearly undetectable (Fig.
3A, lane 4), indicating that the last 37 amino acids of hSnm1B
inducedprotein instability. Finally, co-expression ofMyc-TRF2
stabilized the expression levels of GFP-hSnm1B496–532 protein
(Fig. 3A, lane 5). Taken together, we conclude that the very C
terminus of hSnm1B imparts protein instability, andmoreover,
that binding of TRF2 to the same region inhibits this effect.

FIGURE 1. TRF2 binding stabilizes hSnm1B. Lysates from 293T cells transiently transfected with expression
plasmids encoding the indicated combinations of WT or mutant versions lacking both DNA and hSnm1B
binding regions (246 – 445), or the DNA binding region (2–300) of Myc-TRF2 and WT or a mutant version lacking
the C-terminal 70 amino acids (2– 462) of Flag-hSnm1B were immunoblotted (IB) with �-Flag and �-Myc
antibodies to detect Flag-hSnm1B and Myc-TRF2, respectively. The immunoblot for �-tubulin serves as a
loading control.

FIGURE 2. hSnm1B polyubiquitination is blocked by TRF2 binding. Flag-
hSnm1B was immunoprecipitated (IP) with �-Flag antibody from lysates of
293T cells transiently transfected with expression plasmids encoding the
indicated combinations of Flag-hSnm1B, HA-ubiquitin, and Myc-TRF2 and
immunoblotted (IB) with �-HA or �-ubiquitin antibodies to detect polyubiq-
uitinated hSnm1B or �-Flag antibody to detect Flag-hSnm1B. Lysates were
loaded to normalize protein levels of Flag-hSnm1B. Mock Flag immunopre-
cipitation serves as a control for nonspecific immunoprecipitation of ubiq-
uitin proteins.
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We propose that the binding of
TRF2 to the C terminus of hSnm1B
may physically block ubiquitination
of hSnm1B as a means to stabilize
the protein. Indeed, ectopic expres-
sion of TRF2 reduced polyubiquiti-
nation of hSnm1B (Fig. 2). A predic-
tion of this hypothesis is that there
exists a sequence within the termi-
nal 37 amino acids of hSnm1B that
promotes protein instability inde-
pendent of exogenous TRF2, which
if mutated would stabilize hSnm1B.
Thus, we screened for mutants that
would stabilize GFP-hSnm1B496–
532 in the absence of TRF2 by substi-
tuting every consecutive six amino
acids of the encoded C-terminal
37-amino acid region of hSnm1B
with the sequenceNAAIRS (32) and
assayed the resultant mutants for
stability in the absence and presence
of exogenous TRF2. 293T cells were
transiently transfected with expres-
sion plasmids encoding GFP-
hSnm1B496–532 harboring one of the
six NAAIRS mutants, which
together span the C-terminal 37
amino acids of hSnm1B, in the
absence or presence of exogenous
Myc-TRF2. Resultant cell lysates
were immunoblotted with an

�-GFP antibody to monitor the stability of GFP-hSnm1B496–
532 ormutants thereof, and an�-Myc antibody to confirmMyc-
TRF2 expression. Five of these NAAIRS mutants behaved sim-
ilar to the control GFP-hSnm1B496–532, being unstable unless
exogenous Myc-TRF2 was present (Fig. 3A, lanes 6, 7, and
10–17). However, none of the mutants was as stable in the
presence of Myc-TRF2 as the wild-type peptide, and corre-
spondingly exhibited reduced Myc-TRF2 binding (not shown).
Therewasonemutant termedGFP-hSnm1B496–532-N2, inwhich
the sequence 502LKYLLT was mutated to NAAIRS, which was
stable in both the absence and presence of Myc-TRF2 (Fig. 3A,
lanes 8 and 9). The simplest interpretation of these data is that
the sequences within the N2 region induce hSnm1B protein
instability, and moreover, that binding of TRF2 to the C termi-
nus of hSnm1B blocks the ability of this region to promote
protein instability.
To address whether the N2 mutation would similarly pro-

mote protein stability when introduced into full-length
hSnm1B, 293T cells were transiently transfected with expres-
sion plasmids encoding Flag-hSnm1B and Myc-TRF2246–445
that failed to bind hSnm1B as a negative control, Flag-hSnm1B
andMyc-TRF2 as a positive control, and Flag-hSnm1Bwith the
N2 mutation (Flag-hSnm1BN2), in the presence of either Myc-
TRF2246–445 or Myc-TRF2, followed by immunoblot of result-
ant cell lysates with an �-Flag antibody to detect Flag-hSnm1B
or Flag-hSnm1BN2 and �-Myc to validate appropriate Myc-

FIGURE 3. The C terminus of hSnm1B regulates protein stability. A, top, amino acid sequence of the terminal
37 amino acids of hSnm1B. Position of the six N1-N6 mutations in which the indicated amino acids were
substituted with the sequence NAAIRS are noted below with a line. Bottom, cell lysates from 293T cells tran-
siently transfected with expression plasmids encoding the indicated combination of GFP alone (GFP) or GFP
fused to the last 37 amino acids of hSnm1B (hSnm1B496 –532) in the WT or NAAIRS substitution mutation (N1-N6)
configuration in the absence or presence of Myc-TRF2 were immunoblotted (IB) with an �-GFP antibody to
detect GFP or GFP-hSnm1B496 –532 proteins or an �-Myc antibody to detect Myc-TRF2. Mock transfection (lane 1)
serves as a control for nonspecific signal. Immunoblot for �-tubulin serves as a loading control. B, cell lysates from
293T cells transiently transfected with expression plasmids encoding Flag-hSnm1B or Flag-hSnm1BN2 in the pres-
ence of either Myc-TRF2246–445 or Myc-TRF2, were immunoblotted with an �-Flag antibody to detect Flag-hSnm1B
and Flag-hSnm1BN2 or an �-Myc antibody to detect Myc-TRF2. The immunoblot for �-tubulin served as a loading
control. Levels: Flag-hSnm1B levels normalized to wild-type hSnm1B in the presence of Myc-TRF2246–445.

FIGURE 4. TRF2 promotes localization of hSnm1B to the telomere. A, rep-
resentative direct fluorescence image of 293T cells transiently transfected
with the indicated combinations of expression plasmids encoding GFP-
hSnm1B, GFP-hSnm1B2– 495, and Myc-TRF2. B, graphical quantification of the
localization of GFP-hSnm1B and GFP-hSnm1B2– 495 in the absence and pres-
ence of Myc-TRF2. Cells defined as having punctate nuclear localization con-
tained at least two punctate nuclear foci per cell.
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TRF2 expression. As noted previously (Fig. 1), control Flag-
hSnm1Bwas barely detectable, and this level was elevated in the
presence of wild-type Myc-TRF2 (Fig. 3B, lanes 1 and 2). Flag-
hSnm1BN2 was expressed in the presence of Myc-TRF2246–445
at levels approaching Flag-hSnm1B stabilized by wild-type
Myc-TRF2 (Fig. 3B, lane 1 versus 3). Furthermore, Flag-
hSnm1BN2 stability was not enhanced in the presence of wild-
type Myc-TRF2 (Fig. 3B, lane 3 versus 4). Thus, the N2 muta-
tion increased the stability of the full-length hSnm1B in the
absence of TRF2.
TRF2 Promotes Localization of hSnm1B to Telomeres—

hSnm1B was unstable unless bound to TRF2, a telomere-bind-
ing protein (31).We thus speculated that hSnm1Bnot bound to
TRF2 is degraded as a means of ensuring that only telomere-
bound hSnm1B accumulates within cells. A prediction of this
idea is that TRF2 binding should concentrate hSnm1B at
telomeres. To test this, the subcellular localization of GFP-
hSnm1B and GFP-hSnm1B2–495 lacking the C-terminal 37
amino acids was assessed by direct fluorescence in the absence
and presence of exogenous TRF2. Specifically, 293T cells were
transiently transfected with expression plasmids encoding

GFP-hSnm1B or GFP-hSnm1B2–
495 in the absence or presence of
Myc-TRF2, and 48-h later, punctate
nuclear staining indicative of
hSnm1B telomere localization (7)
was assayed. �40% of cells trans-
fected with GFP-hSnm1B alone dis-
played nuclear punctate localization
characteristic of telomeric localiza-
tion, while the remaining cells dis-
played diffuse nuclear localization.
However, in the presence of Myc-
TRF2, this balance shifted to nearly
100% punctate with very little dif-
fuse staining, indicating that TRF2
promotes the association of hSnm1B
to telomeres. GFP-hSnm1B2–495,
which cannot bind TRF2, displayed
almost exclusively diffuse nuclear
localization irrespective of whether
Myc-TRF2 was present or not (Fig.
4, A and B). Given that TRF2 bind-
ing increases hSnm1B protein sta-
bility (Fig. 1) and telomere staining
(Fig. 4), we propose that TRF2 con-
centrates hSnm1B at telomeres by
both stabilizing hSnm1B and teth-
ering it to telomeres.
Stabilization of hSnm1B Inde-

pendent of TRF2 Inhibits Colony
Formation and Cell Viability—
Overexpression of the related pro-
tein hSnm1A in human cells has
been reported to induce cell death
(33, 34). We thus speculated that
hSnm1B may be targeted to
telomeres or degraded, otherwise

unregulated levels of hSnm1B could induce cell death. To
explore this possibility we tested whether the full-length
hSnm1B harboring the N2 mutation (hSnm1BN2) that is stable
in the absence of exogenous TRF2 reduced colony formation, a
measure of cell proliferation and viability. Specifically, HeLa
cells were infectedwith a retrovirus encoding both the puromy-
cin selectable marker and GFP-hSnm1BN2, which is stable in
the absence of exogenous TRF2, to assess the effect of inappro-
priate stabilization of hSnm1B on cell viability. HeLa cells were
also infected with the same retrovirus encoding both the puro-
mycin selectable marker and GFP-hSnm1B or GFP-hSnm1BN3

(amutation that does not effect protein stability) as controls for
effects of ectopic hSnm1B on cell viability, and GFP-(STOP)-
hSnm1B, in which a stop codon was inserted between GFP and
hSnm1B to ensure that only GFP is expressed as a control for
the effects of infection on cell viability. 48-h later, medium was
supplementedwith puromycin and cells cultured for 2 weeks to
select for puromycin-resistant colonies or counted after 5 days
after puromycin selection. Infection of cells with the GFP-
(STOP)-hSnm1B-, GFP-hSnm1B-, or GFP-hSnm1BN3-ex-
pressing retrovirus all resulted in robust colony formation and

FIGURE 5. The N2 mutation that stabilizes hSnm1B independent of exogenous TRF2 reduces colony
formation and leads to apoptotic cell morphology. A, representative images of crystal violet stained plates
of HeLa cells stably infected with retroviruses encoding GFP-hSnm1B, GFP-hSnm1BN2, GFP-hSnm1BN3, or GFP-
(STOP)-hSnm1B 14 days after selection in puromycin. B, average number � S.E. of viable HeLa cells stably
infected with retroviruses encoding GFP-hSnm1B, GFP-hSnm1BN2, GFP-hSnm1BN3, or GFP-(STOP)-hSnm1B 5
days after selection in puromycin from two separate samples isolated from duplicate plates. C, total RNA
isolated from 293T cells transiently transfected with retroviral vectors used above encoding the indicated
versions of GFP-hSnm1B were RT-PCR-amplified to validate transgene expression. Addition of RNase validates
that the reaction products were derived from RNA. RT-PCR of RNA isolated from mock-infected cells serves as
a control for nonspecific RT-PCR amplification. Glyceraldehyde-3-phosphate dehydrogenase serves as a load-
ing control. D, representative images of DAPI-stained HeLa cells stably infected with retroviruses encoding
GFP-hSnm1B, GFP-hSnm1BN2, GFP-hSnm1BN3, or GFP-(STOP)-hSnm1B 5 days after selection in puromycin.
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cell viability, indicating a relatively minor effect of stable low
expression of hSnm1B on cell viability. However, almost no
colonies and few viable cells infected with retrovirus encoding
GFP-hSnm1BN2 were detected (Fig. 5,A and B). This effect was
not due to altered expression of the retroviral constructs as all
four viral constructs expressed equivalent levels of mRNA as
assayed by RT-PCR (Fig. 5C) and protein as assessed by GFP
levels by fluorescence microscopy (not shown) when tran-
siently transfected into 293T cells. The reduction in colony and
cell number corresponded to an increase in cells characterized
by an apoptotic phenotype. Specifically, �90% of HeLa cells
stably expressing GFP-hSnm1BN2 displayed globular DAPI-
positive staining, as compared with �10% of HeLa cells stably
expressing GFP-(STOP)-hSnm1B, GFP-hSnm1B, or GFP-
hSnm1BN3 (Fig. 5D).We thus speculate that stabilized hSnm1B
produced by the GFP-hSnm1BN2 construct is deleterious to
cells and that this effect is averted by either destabilization or
sequestration to the telomere by binding to TRF2.

DISCUSSION

The C-terminal 37 amino acids help regulate hSnm1B. First,
this region promotes protein instability, evidenced by the fact
that fusing this region to GFP induced protein instability, and
moreover, mutating the sequence responsible for this activity
(N2 mutation) reversed this effect. Second, this instability is
regulated by TRF2. Ectopic expression of TRF2 reversed the
instability imparted by fusing the last 37 amino acids of
hSnm1B to GFP, and full-length hSnm1B lacking this region
was instable in the presence of TRF2. Third, hSnm1B is polyu-
biquitinated and this ubiquitination as well as protein instabil-
ity is reduced upon binding TRF2. Fourth, binding of TRF2 and
stabilization of hSnm1B is associated with elevated telomere
localization of hSnm1B. We also found that ectopic expression
of an hSnm1Bmutant that is stable in the absence of exogenous
TRF2 reduced colony formation and induced cell death, per-
haps a result of unregulated exonuclease activity of the protein.
It is interesting to note that the related hSnm1A protein is also
toxic to cells when inappropriately expressed (33, 34), and that
the levels of hSnm1A are also tightly regulated, only in this case
by an IRIS sequence that regulates protein translation primarily
at mitosis (18). Taken together, we speculate that sequestering
hSnm1B at telomeres by a combination of stabilizing the pro-
tein when bound to telomeres and degrading the protein when
not bound to telomeres, may be a means to prevent potentially
lethal effects of unregulated hSnm1B activity.
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