
The telomeric protein SNM1B/Apollo is required for normal cell
proliferation and embryonic development

Shamima Akhter1, Yung C. Lam1, Sandy Chang1,2,*, and Randy J. Legerski1
1Department of Genetics, The U.T. M.D. Anderson Cancer Center, 1515 Holcombe Blvd,
Houston, TX 77030, USA
2Department of Hematopathology, The U.T. M.D. Anderson Cancer Center, 1515 Holcombe Blvd,
Houston, TX 77030, USA

Summary
Conserved metallo β-Lactamase and β-CASP (CPSF-Artemis-Snm1-Pso2) domain nuclease
family member SNM1B/Apollo is a shelterin-associated protein that localizes to telomeres
through its interaction with TRF2. To study its in vivo role, we generated a knockout of SNM1B/
Apollo in a mouse model. Snm1B/Apollo homozygous null mice die at birth with developmental
delay and defects in multiple organ systems. Cell proliferation defects were observed in Snm1B/
Apollo mutant mouse embryonic fibroblasts (MEFs) owing to high levels of telomeric end-to-end
fusions. Deficiency of the nonhomologous end-joining (NHEJ) factor Ku70, but not p53, rescued
the developmental defects and lethality observed in Snm1B/Apollo mutant mice as well as the
impaired proliferation of Snm1B/Apollo-deficient MEFs. These findings demonstrate that
SNM1B/Apollo is required to protect telomeres against NHEJ-mediated repair, which results in
genomic instability and the consequent multi-organ developmental failure. Although Snm1B/
Apollo-deficient MEFs exhibited high levels of apoptosis, abrogation of p53-dependent
programmed cell death did not rescue the multi-organ developmental failure in the mice.
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Introduction
SNM1/Apollo is a member of the SNM1 (Sensitivity to Nitrogen Mustard) or PSO2
(sensitivity to PSOralen) gene family that encodes proteins involved in RNA processing,
DNA metabolism, and cell cycle regulation (Cattell et al., 2010; Yan et al., 2010). The
common features of this family are a metallo-β-lactamase (MBL) fold and an appended β-
CASP (CPSF-Artemis-Snm1-Pso2) domain (Moshous et al., 2001; Callebaut et al., 2002),
which together have been shown to constitute a nuclease activity in the SNM1 proteins (Ma
et al., 2002; Pannicke et al., 2004; Li et al., 2005; Lenain et al., 2006; Hejna et al., 2007;
Povirk et al., 2007; Hazrati et al., 2008; Yannone et al., 2008; Weterings et al., 2009). The
founding member of the family, SNM1, was discovered in budding yeast (Henriques &
Moustacchi, 1980; Ruhland et al., 1981) and has a singular role in the repair processing of
DNA interstrand cross-links (ICLs), but not in the repair of double-strand breaks (DSBs) or
monoadducts (Magana-Schwencke et al., 1982; Wilborn & Brendel, 1989; Li & Moses,
2003; Barber et al., 2005). The mammalian ortholog Artemis has been shown to have roles
in V(D)J recombination, repair of DSBs by both nonhomologous end joining (NHEJ) and
homologous recombination, and in cell cycle regulation in response to DNA damage
(Moshous et al., 2001; Ma et al., 2002; Riballo et al., 2004; Zhang et al., 2004; Geng et al.,
2007; Beucher et al., 2009). A second mammalian ortholog SNM1A has roles in mediating
resistance to some cross-linking drugs and in regulating cell cycle checkpoints in response to
DNA damage and spindle poisons (Dronkert et al., 2000; Akhter et al., 2004; Ahkter et al.,
2005; Akhter & Legerski, 2008). SNM1B/Apollo has been shown to have a variety of roles
in cellular metabolism including the repair of ICLs and in mediating a mitotic checkpoint in
response to spindle poisons (Demuth et al., 2004; Bae et al., 2008; Liu et al., 2009). In
addition, a number of laboratories have reported that SNM1B/Apollo interacts with the
telomere-binding protein TRF2 and has a role in telomere maintenance (Freibaum &
Counter, 2006; Lenain et al., 2006; van Overbeek & de Lange, 2006; Chen et al., 2008;
Demuth et al., 2008). TRF2 is a member of the shelterin complex (de Lange, 2005), which
protects telomeres from the activation of the DNA damage response (DDR) and the resulting
end-to-end joining of chromosomes (Denchi & de Lange, 2007). Likewise, depletion of
SNM1B/Apollo by siRNA was also shown to lead to the activation of a DDR at telomeres
and increased levels of chromosomal end-to-end fusions when TRF2 was also removed
(Lenain et al., 2006). Toward the goal of elucidating a fuller understanding of the cellular
role of SNM1B/Apollo, we used a gene-targeting strategy to knockout its function in a
mouse model. In work to be reported elsewhere (Lam et al., 2010), we have made a
thorough analysis of the defect in telomere maintenance in Snm1B/Apollo null cells. These
studies confirm that in the absence of SNM1B/Apollo, telomeric end-to-end fusions are
greatly elevated because of the activation of the DDR. Furthermore, this phenotype is a
result of a requirement for the nuclease function of SNM1B/Apollo to resect leading strand
telomeres to create 3′ overhangs necessary for telomere protection. Here, we report on the
consequences of the knockout of Snm1B/Apollo to the developing embryo and the effects
on cellular proliferation.

Results
Snm1B/Apollo-deficient mice, a perinatal lethality

To examine the function of SNM1B/Apollo in an animal model, we generated Snm1B/
Apollo knockout mice. The design of the targeting construct by which exon 4 was deleted
from Snm1B/Apollo and replaced by the pGK-neo cassette to generate a disruption of the
gene in mouse ES cells has been previously reported (Lam et al., 2010). Deletion of exon 4
eliminated over 66% of the Snm1B/Apollo coding region, which includes the β-CASP
domain, the nuclear localization site, and the TRF2 binding site. Here, we describe the
phenotypic consequences of the disruption of SNM1B/Apollo in this mouse model.
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Heterozygous Snm1B/Apollo mice exhibited apparent normal development and were viable
and fertile. Analysis of crosses between heterozygous mice, on a B6/129 mixed genetic
background, showed that 100% of Snm1B/Apollo homozygous mutants died immediately
around the time of birth indicating a perinatal lethal phenotype (Table 1).

Snm1B/Apollo is essential for normal murine embryogenesis
To investigate the perinatal lethality of Snm1B/Apollo embryos, timed heterozygous
matings were performed, and females were sacrificed from E11.5 to E19.5. All embryos
were alive at the different stages of embryogenesis (Table 2). The Snm1B/Apollo−/−

embryos displayed no overt gross structural defects; however, they were strikingly smaller
than Snm1B/Apollo+/+ or Snm1B/Apollo+/− embryo littermates during all developmental
stages examined (Fig. 1A). The average body weight of Snm1B/Apollo−/− embryos at E16.5
was 0.222 ± 0.019 g (n = 4), which was ~40% of the body weight of wild-type 0.545 ±
0.012 g (n = 6) or heterozygous 0.539 ± 0.11 g (n = 14) littermates. Histological analyses
performed on day E13.5, E16.5, and E18 Snm1B/Apollo−/− embryos revealed a global
developmental impairment because of hypocellularity in almost all organs (Fig. 1B–E). All
Snm1B/Apollo−/− embryos died at the postnatal (P0) stage. Analysis of brain and lungs at
this stage by H&E staining revealed that the mutant brains were hypocellular, and that the
normal laminar arrangement of cells in the cortex was disrupted (Fig. 1C). Histological
analysis of the lungs of E16.5 Snm1B/Apollo−/− mutant embryos showed enlarged alveolar
cells lining the bronchioles of Snm1B/Apollo−/− lungs with marked pleomorphism
compared to wild-type controls (Fig. 1E). This immature lung phenotype is suggestive of
respiratory distress. In addition, we also found that the Snm1B/Apollo−/− thymus was
markedly hypocellular (Fig. 1D). The endocardial cushions of the heart were prominent and
poorly differentiated, consisting of immature-appearing mesenchymal cells. In some areas,
gut epithelium (small intestine) was disorganized with piling up and atypia of columnar
epithelium in the gut (data not shown). Together, this cellular morphology suggests that
there is a delay or arrest in development in Snm1B/Apollo−/− embryos that affects multiple
organ systems.

Snm1B/Apollo deficiency causes a cell proliferation defect
The common developmental defect observed in Snm1B/Apollo homozygous embryos
appears to be a generalized reduction in body size and hypocellularity compared with their
control littermates that could be because of defect in cell proliferation. Therefore, we
established primary mouse embryonic fibroblast (MEF) cultures from wild-type and
homozygous mutant mice at E13.5 to investigate their growth potential. Using the 3T3
proliferation protocol (Todaro & Green, 1963), quantitative studies on the growth of MEFs
in culture and their development into established lines were conducted. Snm1B/Apollo−/−

mutant MEFs grew very poorly compared to wild-type MEFs (Fig. 2A), indicating that
under tissue culture conditions, SNM1B/Apollo has a role in promoting normal cell growth.

To determine the basis of the proliferative defect observed in Snm1B/Apollo mutant MEFs,
we examined a number of parameters of cell growth. Cell cycle analysis indicated that sub-
G1 cells had increased approximately 60-fold in Snm1B/Apollo−/− MEFs compared to wild-
type cells at passage 3, indicating a high level of apoptosis in the mutant cells (Fig. 2B). The
status of replicating (S phase) cells was analyzed by BrdU incorporation at cell passage
number three. BrdU staining showed a dramatic reduction in the S-phase population of up to
80–85% in Snm1B/Apollo−/− mutant MEFs compared to wild-type cells (Fig. 2C). We also
examined two parameters of aberrant cell growth and observed that Snm1B/Apollo−/− MEFs
had dramatically increased levels of tetraploid (Fig. 2D) and binucleated cells (Fig. 2E)
compared to wild-type MEFs. Finally, we also examined cell proliferation in embryos by
injecting pregnant females with BrdU. In contrast to the high level of S-phase cells observed
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in Snm1B/Apoll+/+ embryos, a dramatically lower level was observed in Snm1B/Apollo−/−

embryos (Fig. 3A). The Ki-67 protein (also known as MKI67) is a recognized cellular
marker for cellular proliferation (Scholzen & Gerdes, 2000). Examination of this marker in
embryonic tissues also revealed a strong proliferation defect in the Snm1B/Apollo−/−

embryos (Fig. 3B). Taken together, these findings suggest that genomic instability and
increased apoptosis account for the proliferation defects observed in Snm1B/Apollo null
cells.

Snm1B/Apollo−/− MEFs exhibit telomeric fusions
SNM1B/Apollo has been previously implicated in telomere protection during S phase of the
cell cycle via an interaction with the shelterin component TRF2 (Freibaum & Counter, 2006;
Lenain et al., 2006; van Overbeek & de Lange, 2006; Chen et al., 2008; Demuth et al.,
2008). To investigate whether the observed proliferation defects may be the result of
telomere end-to-end fusions, we examined metaphase spreads of primary (passage 2) MEFs
derived from Snm1B/Apollo+/+ and Snm1B/Apollo−/− embryos. In contrast to Snm1B/
Apollo+/+ and Snm1B/Apollo+/− MEFs, approximately 90% of all Snm1B/Apollo−/−

displayed highly aberrant metaphases (Fig. 4A,B). The mutant cells also exhibited a high
level of end-to-end chromosome fusions including p-p, p-q, and q-q arm fusions (Fig. 4C,
left panel). Telomere FISH revealed that fusions were accompanied by telomere signals at
fusion sites (Fig. 4C, right panel). These results suggest that a high degree of chromosomal
instability occurs in the absence of SNM1B/Apollo, and this phenotype likely contributes to
the proliferation defects observed in Snm1B/Apollo MEFs.

Ku70, but not p53, deficiency rescues the proliferation defect and lethality of Snm1B/
Apollo−/− mice

The cell proliferation defects described previously including slow growth, apoptosis, and
reduced S-phase population in Snm1B/Apollo−/− cells indicate that SNM1B/Apollo is
essential for normal cellular progression. In many cases, it has been observed that a cross
with p53-deficient mice can rescue embryonic lethality associated with extensive apoptosis
as a result of excessive DNA damage (Gao et al., 2000). To determine whether p53
deficiency can rescue the observed defects in Snm1B/Apollo−/− embryos, we performed a
series of crosses with Trp53−/− mice and generated Snm1B/Apollo+/− Trp53−/− and Snm1B/
Apollo−/− Trp53−/− genotypes. We found that Snm1B/Apollo p53 double-homozygous
mutant embryos exhibited a reduced body size and died shortly after birth similar to Snm1B/
Apollo−/− mice (Fig. S1). We conclude that the developmental defects and perinatal lethality
of Snm1B/Apollo−/− mice were not rescued by the loss of p53.

The telomeric fusions described previously (Fig. 4) and elsewhere (Lam et al., 2010) appear
to be mediated by the NHEJ pathway of DSB repair. Ku, which is a core component of the
NHEJ pathway, is a heterodimer composed of Ku70 and Ku80. Ku70 null mice are viable
but exhibit a reduced size and shortened lifespan (Guo et al., 2007). To examine the effect of
Ku70 deficiency on the Snm1/Apollo phenotype, we performed crosses to generate Snm1B/
Apollo−/− Ku70−/− mice. Interestingly, the loss of Ku70 resulted in the rescue of the
perinatal lethality of the Snm1B/Apollo−/− embryos. The Snm1B/Apollo−/− Ku70−/− mice
were viable and exhibited a survival curve highly similar to Ku70−/− mice (Fig. 5A). The
proliferation defect observed in Snm1B/Apollo−/− MEFs was largely rescued in the Snm1B/
Apollo−/− Ku70−/− mice, and apoptosis levels were similar to those observed in Ku70−/−

cells (Fig. 5B,C), but lower than those observed in Snm1B/Apollo−/− cells (Fig. 2B). These
findings indicate that the abrogation of NHEJ rescues the defects in Snm1B/Apollo−/− mice
consistent with the reduced telomeric end-joining observed in Snm1B/Apollo−/− Ku70−/−

MEFs as we have reported elsewhere (Lam et al., 2010). In all notable respects, except the
one discussed below, the Ku70−/− mice and the Snm1B/Apollo−/− Ku70−/− mice were
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phenotypically indistinct, and somewhat surprisingly, there were no differences in cancer
incidence, which was not elevated in either strain. One minor difference that we noted
between the Snm1B/Apollo−/− Ku70−/− and the Ku70−/− mice was that the former exhibited
black paws and tails (Fig. 5A). Interestingly, such a phenotype has been reported in mice
with mutations in ribosomal proteins leading to the stabilization of p53 and consequent
upregulation of Kit ligand expression and epidermal melanocytosis (McGowan et al., 2008).
In addition, several mouse models with telomere dysfunction have also been reported to
exhibit hyperpigmentation (Munoz et al., 2005; Martinez et al., 2009). Thus, it is likely that
the absence of SNM1B/Apollo leads to damaged telomeres and the subsequent stabilization
of p53.

Discussion
In this report, we have described the physiological consequences of a disruption of SNM1B/
Apollo in a mouse model. Snm1B/Apollo null embryos died immediately after birth as a
result of multi-organ developmental failure leading to an inability to survive outside the
womb. Cellular studies on MEFs in culture and examination of tissues showed that Snm1B/
Apollo−/− cells had reduced proliferation capacity and increased apoptosis compared to
wild-type or heterozygous littermates. These defects are the likely causes of the observed
multi-organ developmental failure. We also showed that absence of SNM1B/Apollo led to
an elevated level of chromosome end-to-end fusions, thus confirming the role for SNM1B/
Apollo in telomere protection. In a separate report (Lam et al., 2010), we have characterized
in detail the molecular mechanism responsible for the increased chromosomal fusions.
SNM1B/Apollo possesses a 5′–3′ exonuclease activity, and we showed that this activity is
required to generate 3′ single-stranded overhangs at telomeres formed by leading-strand
replicative synthesis. Generation of 3′ single-stranded overhangs is required for the
formation of protective structures (t-loops) at the telomere, which prevent the activation of
the DDR and the resulting chromosomal end-to-end fusion (Longhese, 2008). Thus, we
propose that the disruption of SNM1B/Apollo leads to elevated chromosomal fusions and
the accompanying genomic instability, which in turn causes cellular proliferation defects
and developmental organ failure. In support of this model, we showed that a cross with
Ku70 null mice resulted in the rescue of the perinatal lethality because of the genomic
disruption of SNM1B/Apollo. Ku70 is a core component of the NHEJ pathway, and
abrogation of this DSB repair pathway in Snm1B/Apollo−/− Ku70−/− cells led to greatly
reduced chromosomal end-to-end fusions compared to Snm1B/Apollo−/− cells (Lam et al.,
2010). Thus, in the absence of NHEJ, the deprotection of telomeres caused by the absence of
SNM1B/Apollo does not result in increased genomic instability and the resulting organ
failure. It is interesting to note that the developmental deficiencies of Snm1B/Apollo null
mice do not appear as severe at early stages because the embryos at E11.5 show only
moderate growth reduction (Fig. 1A). This result may be explained by reported findings
indicating that homologous recombination as opposed to NHEJ is the primary pathway of
DSB repair during the early stages of mouse development (Orii et al., 2006).

Also of interest was our finding that a knockout of p53 was unable to rescue the perinatal
lethality found in Snm1B/Apollo null mice indicating that p53-dependent apoptosis was not
responsible for the observed defects in cellular proliferation. This finding was surprising in
light of a recent report in which a conditional knockout of the telomere-binding protein
TRF1, which induced perinatal lethality, was rescued by p53 deficiency (Martinez et al.,
2009). The TRF1-deficient cells exhibited increased telomere damage similar to that
observed in Snm1B/Apollo−/− cells. As the conditional TRF1 knockout was induced only in
stratified epithelia, and did not affect other organ systems, it is possible that this particular
cell type was subject to rescue by p53 deficiency, whereas the whole animal knockout of
SNM1B/Apollo was not capable of rescue. A knockout of ATM also did not rescue Snm1B/
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Apollo null mice indicating that the NHEJ pathway responsible for the chromosomal end-to-
end joining was not dependent upon this kinase (Lam et al., 2010). This finding is
interesting in light of the fact that at least some forms of DSBs are dependent upon ATM for
their repair (Adams et al., 2010; Suzuki et al., 2010).

Our studies on a knockout model of SNM1B/Apollo in the mouse have led to a further
understanding of its role in telomere biology. Its 5′–3′ exonuclease activity is required to
resect the newly synthesized leading strand at telomeres to form the t-loop protective
structures (Lam et al., 2010). In the absence of SNM1B/Apollo, genomic instability occurs
causing multi-organ failure and perinatal lethality. While the null genotype results in
lethality in mice, it is distinctly possible that somatic mutations of SNM1B/Apollo could
lead to cancer or other diseases in humans. In fact, while this paper was in preparation, it
was reported (Touzot et al., 2010) that a splice variant of SNM1B/Apollo lacking the TRF2-
binding domain was found in patients with Hoyeraal–Hreidarsson syndrome, a disease
characterized by premature aging, bone marrow failure, and immunodeficiency. This splice
variant led to telomere dysfunction and cellular senescence confirming the role of SNM1B/
Apollo in telomere maintenance in humans.

Experimental procedures
Generation of mice

Generation of Snm1B/Apollo knockout mice by disruption of exon 4 was described
elsewhere (Lam et al., 2010). To generate double mutants of Snm1B/Apollo and Trp53 or
Ku70, Snm1B/Apollo−/+ mice were crossed with Trp53−/− (129/C57BL; kindly provided by
Guillermina Lozano), or Ku70−/− mice, which were then bred to generate all cohort mice.
Genotyping for Trp53 and Ku70 was performed by PCR as described previously (Jacks et
al., 1994; Li et al., 2007).

Mouse handling
All mice were maintained according to NIH guidelines and an approved Animal Care and
Use Committee protocol. Mice used in this study were housed in conventional specific
pathogen-free facility and were regularly monitored.

Embryo collection, histology, and morphometric analysis
Embryos at stage E13.5 were used to generate MEFs. For morphometric analysis, different
stages of embryos were collected and fixed, and embedded according to a standard protocol.
Sagittal step sections were performed every 100 μm, and 5-μm sections were stained with
hematoxylin and eosin (H&E). Tissues were analyzed by light microscopy.

Proliferation assay
To monitor proliferation, MEF cells were maintained on a defined 3-day passage schedule
by plating 3 × 105 cells (3T3 protocol) in 60-mm dishes as described previously (Todaro &
Green, 1963). The cells were counted at each passage, and the total number was calculated
prior to replating. Growth rates at passage 2 were determined by plating replicate cultures of
2.5 × 104 cells in 35-mm dishes. Triplicate cultures were harvested every day thereafter, and
cells were counted. To measure the fraction of cells in S phase, cells, at passage 3, were
briefly exposed to 5-bromo-2′-deoxyuridine (BrdU); subsequently, cells were stained with
In Situ Cell Proliferation kit, FLUOS (Roche, Indianapolis, IN, USA). To label replicated
DNA in embryos, mothers carrying 14-day-old embryos were injected with BrdU (Zymed,
San Francisco, CA, USA). Two hours later, the animals were sacrificed and the embryos
were collected. Embryos were then processed for paraffin embedding, and sections were
immunostained with anti-BrdU antibody.
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Chromosome analysis: cytological preparation and fluorescence in situ hybridization
(FISH)

Chromosome analyses were performed as described previously (Multani et al., 2000). At
least 35 metaphases were analyzed from each sample for chromosome aberrations. For FISH
analysis, cytological preparation of both wild-type and Snm1/Apollo homozygous MEF
cells were hybridized with a human telomeric DNA probe.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Knockout of Snm1B/Apollo causes developmental abnormalities. (A) Gross morphology of
E11.5, E16.5, and E19 embryo littermates. (B) H&E-stained histological sections of E16.5
Snm1B/Apollo embryos (wild-type and homozygous). (C–E) H&E-stained histological
sections of brain, lung, and thymus from E16.5 wild-type and homozygous Snm1B/Apollo
embryos.
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Fig. 2.
Knockout of Snm1B/Apollo causes proliferation defects in mouse embryonic fibroblasts
(MEFs). (A) Cellular growth was followed by the 3T3 protocol (upper panel), and
proliferation rates were determined for passage 2 Snm1B/Apollo MEFs (lower panel). MEFs
by embryo number and genotypes are as indicated in the graphs. (B) Snm1B/Apollo−/−

MEFs exhibit increased apoptosis as indicated by FACS analysis showing an elevated
subG1 population. (C) The S-phase population is reduced in Snm1B/Apollo−/− MEFs as
indicated by BrdU incorporation in passage 3 cells. (D) Quantitation of abnormal
metaphases in passage 3 Snm1B/Apollo−/− MEFs. (E) Quantitation of binucleated cells by
DAPI staining in passage 3 Snm1B/Apollo−/− MEFs.
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Fig. 3.
Cell proliferation of Snm1B/Apollo embryos was examined in different organs. (A) Cell
proliferation measured by immunostaining for BrdU in the indicated organs (E14). (B)
Immunostaining for the proliferation marker Ki-67 in the indicated organs (E16.5).
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Fig. 4.
Knockout of Snm1B/Apollo increases chromosomal instability in mouse embryonic
fibroblasts (MEFs). (A) Metaphase chromosomes are shown from primary MEF cultures
(passage 2). Arrows indicate fused chromosomes. (B) Quantitation of aberrant metaphases
shown in (A). (C) Snm1B/Apollo−/− mutant MEFs exhibit elevated levels of telomeric
fusions as shown by a FISH assay. Arrows indicate fused chromosomes (right panel). The
graph shows a summary of the frequency of chromosomal aberrations in early-passage
MEFs. Short and long chromosomal arms are indicated by p and q, respectively.
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Fig. 5.
Knockout of Ku70 rescues the Snm1B/Apollo−/− phenotype. (A) Snm1B/Apollo−/− Ku70−/−

mice are viable and approximately the size of Ku70−/− mice (left panel). The survival of
Snm1B/Apollo−/− Ku70−/− mice is comparable to Ku70−/− mice as shown by Kaplan–Meier
analysis (right panel). (B) Growth of Snm1B/Apollo−/− Ku70−/− primary mouse embryonic
fibroblasts (MEFs) is similar to Ku70−/− primary MEFs as indicated in a proliferation assay.
(C) Cell cycle analysis by FACS indicates that the level of apoptosis as shown by the sub-
G1 population is similar between Snm1B/Apollo−/− Ku70−/− MEFs and Ku70−/− MEFs.
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