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a b s t r a c t
Although the ﬁrst members of the Schlafen gene family were ﬁrst described almost 10 years ago, the precise molecular/biochemical functions of the proteins they encode still remain largely unknown. Roles in
cell growth, haematopoietic cell differentiation, and T cell development/maturation have, with some
experimental support, been postulated, but none have been conclusively veriﬁed. Here, we have determined the subcellular localization of Schlafens 1, 2, 4, 5, 8, and 9, representing all three of the murine
subgroups. We show that the proteins from subgroups I and II localize to the cytoplasm, while the longer
forms in subgroup III localize exclusively to the nuclear compartment. We also demonstrate upregulation
of Schlafen2 upon differentiation of haematopoietic cells and show this endogenous protein localizes to
the cytoplasm. Thus, we propose the different subgroups of Schlafen proteins are likely to have functionally distinct roles, reﬂecting their differing localizations within the cell.
Ó 2008 Elsevier Inc. All rights reserved.

The ﬁrst Schlafen (Slfn) genes were identiﬁed by Schwarz et al.
as a multigene family in mice whose members were differentially
expressed during thymocyte maturation and T cell activation [1].
Subsequent studies revealed three subgroups based on overall sequence homology and size of the encoded proteins [2]: subgroup I
is composed of the shortest three proteins (Slfn1, Slfn2, and Slfn
Like 1 [3]); Slfn3 and Slfn4 form subgroup II; while subgroup III
comprises ﬁve proteins, Slfn5, Slfn8–10, and Slfn14, all of which
possess large C-terminal extensions when compared to subgroups
I and II [2]. Thus, 10 murine Slfn proteins exist, all which contain
several highly conserved domains/motifs (Fig. 1). Within all Slfn
proteins is a domain not found in any other characterized proteins,
a so-called ‘‘Slfn box”, which lies adjacent to a divergent AAA domain [2,4], a motif thought, based on homology, to function similarly to the classical AAA domains in GTP/ATP binding. The classical
AAA domain-containing proteins perform a vast range of roles
including protein degradation and folding, vesicle transport/fusion,
and transcription [5–7]. The highly conserved ‘‘SWADL” domain,
deﬁned by a ﬁve amino acid (Ser-Trp-Ala-Asp-Leu) signature, also
appears to be Slfn protein-speciﬁc and is conﬁned to subgroups II
and III. Additionally, within the C-terminal extensions found in
the subgroup III Slfns are sequence motifs homologous to the
superfamily I of DNA/RNA helicases [2], domains known to mediate many different aspects of DNA and RNA metabolism, ranging
from transcription, splicing and translation to RNA degradation
[8,9]. Thus, the identiﬁcation of these potential functional domains
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within the Slfn protein family provides few clues to their activities
and roles.
Slfns 1–3 have been reported to possess potent growth inhibitory properties in vitro [1,2,4], presumably through the inhibition
of cyclin D1 expression [4]. However, these observations cannot
be replicated in our laboratory [10]. Mice lacking Slfn1 appear to
exhibit a normal phenotype [1], while transgenic mice expressing
Slfn1 or Slfn8 within the T-cell lineages displayed an overall decrease in thymocyte number [1,2]. Slfn gene expression has been
reported to increase after viral and bacterial infection [2,11–19],
and upon stimulation of macrophages [2,20,21]. Furthermore, AP1 and NF-jb are reported to regulate Slfn2 expression [11]. These
data hint at a role for the Slfn proteins in the immune response.
There is evidence that Slfn expression increases during cellular
differentiation. Geserick et al. showed that the majority of Slfns
are upregulated upon IL6- or LIF-driven differentiation of the M1
monocytic leukemia cell line into macrophage-like cells [2]. While
other studies have demonstrated similar ﬁndings in other, predominantly haematopoietic cell lines [22–25]. Our own studies revealed that Slfn1, 2, 3, and 4 were upregulated after differentiation
was induced in ERMYB [26] and FDB1 [27] myeloid cells [10,28].
Given our lack of knowledge on the function of Slfn proteins, we
have determined the subcellular localization of the murine Slfn
proteins, as a step towards elucidation of their molecular/biochemical activities. Using mammalian cell lines and epitope tagged versions of the proteins, we have found clear differences in
localization between the subgroups I and II Slfns compared with
those from subgroup III. In addition, we have analysed the localization of endogenous Slfn2 following its upregulation in differentiated myeloid haematopoeitic cells.
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Fig. 1. The murine Schlafen protein family. The 10 murine Slfn proteins are aligned
in a phylogenetic tree to the left, which evidently divides the family into three
distinct subgroups. Shaded boxes represent regions of high conservation within the
Slfn proteins. The ‘‘Slfn box” and the divergent AAA domain characterize all of the
Slfn proteins, while the ‘‘SWADL” and DNA/RNA helicase domains are exclusive to
subgroups II and/or III. Figure is modiﬁed from [2] and the phylogenetic tree prepared using the BioManager program (http://www.angis.org.au) [37,38].
Materials and methods
Slfn constructs. Slfn1, Slfn4, and Slfn8 clones were obtained from Dr. Jens Zerrahn
(Max-Planck Institute for Infection Biology, Germany), Slfn2 was ampliﬁed from ERMYB cells, Slfn5 and Slfn9 were purchased from the Fantom clone repository (Institute for Molecular Bioscience, Brisbane, Australia). Full length 30 FLAG-tagged Slfn
coding regions were ligated into the pcDNA3 plasmid. Slfn9 coding region was ligated into pCM5-KHA2M1 [29], downstream of two HA epitope sequences.
Cell culture. HEK 293T cells were cultured in Dulbecco’s Modiﬁed Eagle’s Medium (DMEM) containing 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml
penicillin, and 100 lg/ml streptomycin. HEK 293 T cells (1  105 in six-well plates)
were transfected with 4 lg DNA using Lipofectamine 2000 reagent (Invitrogen). ERMYB cells [25] were growth in Iscove’s Modiﬁed Dulbecco’s Medium (IMDM) containing 10% FCS, 80 U/mL GM-CSF and 1 lM b-estradiol (Sigma–Aldrich). To induce
differentiation, b-estradiol was removed and cells cultured for 3 days with 1 lM
estrogen antagonist ICI,182,780 (Tocris Bioscience).
Immunoﬂuorescence. HEK 293T cells were grown on coverslips and 48 h posttransfection, were washed with PBS and ﬁxed with methanol:acetone:formaldehyde (47.5:47.5:5) for 1 min at 20 °C. Cells were blocked with PBS/BSA (3%)/
Tween-20 (1%) for 1 h on ice, then incubated for 1.5 h on ice with the following primary antibody/s: anti-FLAG M2 (Sigma–Aldrich) (1:150 dilution), anti-HA (Abcam)
(1:2000 dilution), anti-SC-35 (Sigma–Aldrich) (1:1000 dilution), anti-RNA Polymerase II (Covance) (1:50 dilution), anti-Slfn2 (Santa Cruz) (1:25 dilution). Cells were
washed with PBS and incubated for 45 min on ice in DAPI (Invitrogen) (1:1000 dilution) and the following secondary antibody/s: anti-mouse IgG-FITC (Sigma–Aldrich)
(1:64 dilution), anti-Rabbit IgG-Texas Red (Invitrogen) (1:750 dilution), anti-Goat
IgG-FITC (Santa Cruz) (1:100 dilution). Cells were washed with PBS, dried, mounted
using ProLongÒ Gold anti-fade reagent (Invitrogen) and visualized with a Zeiss Imager Z1 microscope ﬁtted with an ApoTome imaging system.
Whole cell extracts. Cells were collected from 10 cm dishes, washed with PBS
and resuspended in 500 lL lysis buffer (100 mM NaCl, 30 mM Tris–HCl (pH 8.0),
10 mM EDTA, 0.1% NP-40 and protease inhibitors). Cells were sonicated twice at
50% output for 10 s and centrifuged for 40 min at 4 °C.
Immunoblotting. Total protein (30 lg) was suspended in 1 SDS-buffer (50 mM
Tris–HCl (pH 6.8), 2% SDS, 0.1% bromophenol blue, 10% glycerol, and 100 mM bmercaptoethanol) and fractionated by SDS–PAGE. Proteins were transferred to
polyvinylidene diﬂuoride membranes, and incubated in 5% nonfat milk powder in
TBS-T buffer (Tris-buffered saline, pH 7.2, 0.1% Tween 20) for 1 h before O/N incubation with primary antibody (anti-FLAG (1:1000), anti-Slfn2 (1:50), anti-b-actin
(1:4000)). Membranes were washed thrice, before incubation with secondary,
horseradish peroxidase conjugated antibodies for 1 h. Membranes were washed
thrice and developed with ECL reagent (Amersham Biosciences).
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lack of speciﬁc commercial antibodies to the majority of the proteins. Thus, to determine the subcellular localization of the murine
Slfn proteins, FLAG-tagged versions were expressed in HEK 293T
cells and immunoﬂuorescence analyses were performed. As shown
in Fig. 2A, the majority of Slfn1 is present in the cytoplasm, with a
minor proportion also evident in the nucleus. Slfn2 and Slfn4 show
similar patterns of expression. Both of these proteins are clearly
and exclusively cytoplasmic (Fig. 2B and C). Hence, these three proteins, from subgroups I and II of the family, predominantly or
exclusively localize to the cytoplasm in mammalian cells. Similar
results were found with other cell lines, including murine NIH/
3T3 cells (data not shown). To conﬁrm the correct proteins were
expressed in each instance, immunoblotting was carried out and
the expected sized proteins for Slfn1 (40 kDa), Slfn2 (42 kDa),
and Slfn4 (69 kDa) were observed (Fig. 2D).
Next, several Slfn proteins from subgroup III were analysed.
Within the C-terminal extensions of these proteins is a putative
nuclear localization signal, indicating that these may in fact be nuclear proteins. A RKRRR motif is found at amino acid position 832–
836 in Slfn8 and Slfn9, and is partially conserved in Slfn5 (aa805–
807) and Slfn10 (aa830–834). FLAG-tagged versions of Slfn5, Slfn8,
and Slfn9 expressed in HEK 293T cells revealed that, in contrast to
the Slfn proteins in subgroups I and II, Slfns 5, 8, and 9 are exclusively localized to the nucleus (Fig. 3). The proteins are all excluded
from the nucleolus and display a ‘‘speckled” staining pattern across
the remainder of the nucleus, which is especially evident for Slfn9
(Fig. 3C). Again, expression of each speciﬁc Slfn protein was veriﬁed by immunoblotting (Slfn5 101 kDa, Slfn8 and Slfn9
105 kDa; Fig. 3D).
Co-localization of subgroup III Schlafen proteins with nuclear factors
Slfns 5, 8, and 9 were found to be expressed in distinctive speckled patterns across the nucleus. This suggested that these proteins
may localize to the splicing machinery or to active sites of transcription, which often show similar patterns [30,31]. Thus, we conducted co-localization studies using HA-tagged Slfn9 and

Results
Subcellular localization of the Slfn proteins
To date, nothing has been reported in regard to the subcellular
localization of the Slfn proteins, which may in part be due to the

Fig. 2. Immunoﬂuorescence analysis of subgroups I and II Schlafen proteins. FLAGtagged Schlafen1 (A), Schlafen2 (B), and Schlafen4 (C) proteins were expressed by
transient transfection in HEK 293T cells. From left to right is DAPI staining of the
nuclei, the Schlafen proteins and the overlays of these two images (nuclei in blue,
Schlafen proteins in green). Immunoblotting conﬁrmed expression of each speciﬁc
protein (D).
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Fig. 3. Localization of subgroup III Schlafen proteins. Expression of FLAG tagged
Schlafen5 (A), Schlafen8 (B), and Schlafen9 (C) in HEK 293T cells is shown. In each
case, the nuclei are shown stained with DAPI on the left, Schlafen proteins in the
middle panels and the overlays are shown on the right (nuclei in blue, Slfn proteins
in green). Expression of each protein was conﬁrmed by immunoblotting (D).

antibodies against the SC-35 protein, which forms part of the splicing machinery [32], and against the active, phosphorylated form of
RNA polymerase II (pRNA Pol II). Co-localization of Slfn9 with
pRNA Pol II (A) and SC-35 (B) is shown in Supplementary Fig. 1.
While expression patterns are not exactly the same, it is clear that
there is overlap of staining between Slfn9 and pRNA Pol II (Supplementary Fig. 1A Overlay 1). However, co-immunoprecipitation
experiments failed to detect binding of any Slfn protein to either
of these nuclear factors (data not shown). Thus, we have observed
co-localization of subgroup III Slfn proteins with regions of active
transcription, which is independent of detectable direct association
with pRNA Pol II.
Expression of Schlafen2 in differentiated myeloid cells
To conﬁrm upregulated expression upon differentiation and to
analyse the subcellular localization of the endogenous Slfn2 protein, the ERMYB cell line, which proliferates with an immature
myeloid phenotype and can be induced to differentiate into macrophages [26], was used. Q-PCR conﬁrmed that Slfn2 is upregulated
at the mRNA level under these conditions [10]. Proliferating and
differentiated cells were analysed by immunoblotting and immunoﬂuorescence using the commercially available Slfn2 antibody
(Santa Cruz). No Slfn2 expression was detected in proliferating
cells (Fig. 4A and B), but a clear upregulation was seen in those
cells induced to differentiate (Fig. 4A and C). Furthermore, it is
clear that the endogenous Slfn2 protein localizes exclusively to
cytoplasm (Fig. 4C). These results agree with those of Fig. 2B, demonstrating that endogenous Slfn2 localizes to the cytoplasm.
Discussion
Here we have determined the subcellular localization of several
murine Slfn proteins. Our analyses have established distinct localization patterns among the three Slfn subgroups, with the proteins
from subgroups I and II displaying cytoplasmic staining and the
members from subgroup III exhibiting exclusively nuclear staining.
Our results also demonstrate possible co-localization of subgroup

III Slfn proteins with the active form of RNA polymerase II. Furthermore, we have conﬁrmed upregulation of Slfn2 upon differentiation of haematopoeitic cells and established that upregulated,
and presumably active, Slfn2 shows an exclusive and ubiquitous
cytoplasmic localization.
The lack of commercial antibodies against the majority of Slfn
family members necessitated the use of ectopically expressed,
epitope-tagged versions of each protein for this study. However,
the use of such proteins is not without its limitations. One potential problem is that addition of a tag may alter the way in which
the native protein folds, interfering with the secondary structure
of the tagged protein and thus, possibly altering its function and
localization. However, conﬁrmation of the cytoplasmic localization of endogenous Slfn2 (Fig. 4C) and that fact that similar localization patterns were observed using amino terminal FLAG tagged
Slfn1, Slfn2, Slfn5, and Slfn8 constructs and carboxyl terminal HA
tagged Slfn1 and Slfn9 (Supplementary Fig. 1 and data not shown)
indicate the results provided here are likely to be an accurate representation of the localization of the Slfn proteins. Furthermore,
Gubser et al. have shown the camelpox viral Slfn homolog (vSlfn), which is most similar to Slfns 1 and 2, localizes predominantly to the cytoplasm in mammalian cells [33], agreeing with
our ﬁndings.
Protein localization goes hand in hand with protein function,
with correct localization both essential for and a major determinant of function. Thus, the different subcellular localizations found
between the Slfn proteins, implies functional diversity. This notion
is supported by previously published data. For example, subgroups
I and II Slfn proteins, which are cytoplasmically localized (Fig. 2)
are reported to inhibit cellular proliferation [1,2,4], while those
found in the nucleus (Fig. 3) do not [2]. However, the cytoplasmic
localization of Slfn1 creates something of a conundrum, as the reported growth suppression by Slfn1 occurred through inhibition of
Cyclin D1 expression, at the level of promoter activity [4]. How the
cytoplasmic Slfn1 could cause such an effect without being present
in the nucleus is unclear. Indeed, our recent data do not support a
role for either Slfn1 or Slfn2 in growth suppression [10]. A further
possible disparity arising from the data presented here relates to
the similar effects of transgenically expressed Slfn1 [1] and Slfn8
[2] on thymocyte numbers. The opposing subcellular localizations
of these two proteins combined with their reported differential effects on cell growth [1,2] are somewhat difﬁcult to reconcile with
similar suppressive effects on thymocyte proliferation.
Further evidence for functional differences between the Slfn
proteins is provided through analysis of the predicted proteins
themselves. As shown in Fig. 1, the subgroup III proteins all contain
large carboxyl terminal extensions, not found within the proteins
from other subgroups. Highly homologous regions with the superfamily I RNA/DNA helicases are found in these extensions and indicate potential functions in DNA/RNA metabolism [2]. Indeed our
results showing possible co-localization with the active form of
RNA Polymerase II, indicates that Slfn5, 8 and 9 may be involved
in the process of transcription.
Using the ERMYB cell line, we have found upregulated expression of Slfn2 during myeloid differentiation (Fig. 4). Various other
studies have also linked the expression of Slfn2 with cellular, and
in particular haematopoeitic cell, differentiation [2,23,34–36].
Thus, while little is known regarding the precise function of Slfn2,
current evidence suggests a role in haematopoeitic differentiation.
However, it should also be noted that a function within mature,
fully differentiated cells is equally plausible. In addition to enhanced expression upon differentiation, this view is further supported by the upregulation of the Slfns in response to various
inﬂammatory stimuli, including infection with bacteria and
viruses. Response to such stimuli requires mature cells, such as
macrophages and T cells. Hence, while Slfn2 could be involved in
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Fig. 4. Schlafen2 expression in proliferating and differentiated myeloid cells. ERMYB cells were cultured in the presence or absence of b-estradiol for 72 h to induce
proliferation or differentiation, respectively. (A) Whole cell extracts were analysed
by immunoblotting using anti-Schlafen2 antibody (top panel), with b-actin as a
loading control. Subcellular localization of the Schlafen2 protein was analysed in
proliferating (B) or differentiated (C) ERMYB cells. In each case, the top panels
display cells magniﬁed 10 times (10) and the bottom panels show cells visualized
with 63 magniﬁcation. Overlay images show expression of Slfn2 in green and
DAPI stained nuclei in blue.
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cellular characteristics of the Slfn proteins, the identiﬁcation of Slfn
binding partners will be a critical step in conﬁrming the putative
functional roles suggested by the limited functional data currently
available. In parallel, it will be essential to examine in detail the
consequences of loss of function on relevant cell types.
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