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ABSTRACT Although members of the Slfn family have been implicated in the regu-
lation of type I interferon (IFN) responses, the mechanisms by which they mediate
their effects remain unknown. In the present study, we provide evidence that tar-
geted disruption of the Slfn2 gene leads to increased transcription of IFN-stimulated
genes (ISGs) and enhanced type I IFN-mediated antiviral responses. We demonstrate
that Slfn2 interacts with protein phosphatase 6 regulatory subunit 1 (PPP6R1), lead-
ing to reduced type I IFN-induced activation of nuclear factor kappa B (NF-�B) sig-
naling, resulting in reduced expression of ISGs. Altogether, these data suggest a
novel mechanism by which Slfn2 controls ISG expression and provide evidence for a
critical role for Slfn2 in the regulation of IFN-mediated biological responses.
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The type I interferons (IFNs), IFN-� and IFN-�, are potent cytokines that inhibit both
viral infections and cell growth (1, 2). Binding of type I IFNs to their cognate cell

surface receptor, IFNAR, induces activation of the canonical Janus-activated kinase
(JAK)/signal transducer and activator of transcription (STAT) signaling pathway, leading
to STAT1 and STAT2 phosphorylation and their dimerization and association with
interferon regulatory factor 9 (IRF9), forming the IFN-stimulated gene factor 3 (ISGF3)
complex. Once active, this complex translocates into the nucleus and binds interferon-
sensitive response elements (ISREs) present in the promoter region of IFN-stimulated
genes (ISGs), leading to their expression (3–5). Additionally, IFN engagement of IFNAR
activates noncanonical signaling pathways that regulate transcription of ISGs through
activation of other transcription factors, including nuclear factor kappa B (NF-�B), IRF1,
IRF8, IRF3, ATF-2, retinoic acid/retinoic acid receptor (RA/RAR) complex, RA/retinoic X
receptor complex, and STAT5/CRK-like proto-oncogene (Crkl) complex (3). IFN-�/�-
induced activation of the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway
activates NF-�B, which in turn regulates transcription of ISGs (6–9). Under physiological
conditions, NF-�B is located in the cytoplasm bound to its specific inhibitor I�B complex
(10, 11). Signal-induced activation of I�B kinase (IKK) leads to phosphorylation of the I�B
regulatory domain and, subsequently, ubiquitination and degradation of the I�B com-
plex by the proteasome (10, 11). Under these conditions, NF-�B becomes active and
translocates into the nucleus, where it promotes gene transcription (10, 11).

The Schlafen (Slfn) proteins were first identified in mice and found to be differently
expressed during thymocyte maturation and T cell activation (12). There are 10 mem-
bers of the mouse Slfn family, divided into three groups: group I comprises Slfn1, Slfn1L,
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and Slfn2; group II comprises Slfn3 and Slfn4; and group III comprises Slfn5, Slfn8, Slfn9,
Slfn10, and Slfn14 (13). All murine and human SLFN proteins contain a highly conserved
domain, the SLFN box, located next to the ATP/GTP binding AAA domain, whose
function is still not well understood (13, 14). Groups II and III contain a SWADL domain,
defined by five specific amino acids (Ser-Trp-Ala-Asp-Leu), and only Slfn proteins within
group III exhibit a C-terminal extension with a motif homologous to that of superfamily
I of DNA/RNA helicases (13, 14). Previously, we demonstrated that some Slfn proteins
are induced by type I IFNs and that Slfn2 plays a key role in the generation of
IFN-�-induced antiproliferative responses in NIH 3T3 cells (15). In the present study, we
sought to define the mechanism of action of Slfn2 in type I IFN signaling. Our results
demonstrate that Slfn2 is a negative regulator of ISG expression through regulation of
the NF-�B signaling pathway.

RESULTS
Absence of Slfn2 expression enhances IFN-�-inducible transcription of select

ISGs and IFN-dependent antiviral responses. To elucidate the role of Slfn2 in the
generation of type I IFN-mediated responses, we generated Slfn2 knockout (KO) mouse
embryonic fibroblasts (MEFs) using CRISPR (clustered regularly interspaced short pal-
indromic repeat)/Cas9 technology. We cotransfected MEFs with a pool of three plas-
mids, each carrying target-specific 20-nucleotide guide RNAs (gRNAs) specific for the
Slfn2 gene (Fig. 1A, left) and with a Cas9 nuclease homology-directed repair (HDR)
plasmid, which incorporates red fluorescent protein (RFP) and a puromycin resistance
gene, for selection of cells where Cas9-induced DNA cleavage has occurred. We
validated the generation of Slfn2 KO MEFs, comparing the expression of Slfn2 between
wild-type (WT) and Slfn2 KO MEFs by quantitative reverse transcription (qRT)-PCR
analysis (Fig. 1A, right).

Next, we examined the effects of Slfn2 on the regulation of ISGs by specifically
analyzing the differential expression of type I IFN-inducible genes in untreated versus
IFN-�-treated Slfn2 WT and KO MEFs, using RNA-sequencing (RNA-seq) analysis. Com-
parison of the transcriptomic profile between untreated and IFN-�-treated cells re-
vealed differential expression of type I IFN-inducible genes in the Slfn2 WT and KO
MEFs: IFN-inducible expression of 113 unique genes in Slfn2 WT MEFs and 84 unique
genes in Slfn2 KO MEFs (Fig. 1B; see Tables S1 and S2 in the supplemental material).
Additionally, 314 genes were found to be induced by IFN-� treatment in both Slfn2 WT
and KO MEFs (Fig. 1B and C; see Table S3 in the supplemental material). Importantly,
among them, 80 ISGs were found to be induced at levels at least 2-fold higher in
IFN-�-treated Slfn2 KO MEFs than in Slfn2 WT MEFs, and 52 ISGs were found to be
induced at levels at least 2-fold higher in IFN-�-treated Slfn2 WT MEFs than in Slfn2 KO
MEFs (see Table S3 in the supplemental material; highlighted in red and blue, respec-
tively). Ontology analysis of these two groups of genes revealed that 39 genes are
involved in the defense response to virus in Slfn2 KO MEFs (Fig. 1D; see Data Set S1 in
the supplemental material), whereas only 17 genes were found to be involved in
response to virus in Slfn2 WT MEFs (Fig. 1E; see Data Set S2 in the supplemental
material). Ontology analysis of the genes differentially induced by IFN-� treatment only
in Slfn2 WT or in Slfn2 KO MEFs (see Tables S1 and S2 in the supplemental material)
revealed that they are involved in different biological functions and molecular mech-
anisms, such as regulation of cell matrix adhesion in Slfn2 KO MEFs and protein
methylation in Slfn2 WT MEFs (see Data Sets S3 and S4 in the supplemental material).
Next, we validated the RNA-sequencing results by qRT-PCR analysis of untreated versus
IFN-�-treated Slfn2 WT and Slfn2 KO MEFs (pooled and single clones) (Fig. 2A and B). We
show that the Cxcl10, Ifit1, Ifit3, Irf7, Irf9, Isg15, Mx1, and Oasl2 genes were significantly
induced to higher levels in the cells with targeted Slfn2 disruption. Viewed together,
our results suggest that Slfn2 may have a key role in the transcriptional regulation of
ISGs. To determine whether increased type I IFN-induced expression of select antiviral
ISGs in Slfn2 KO MEFs correlates with more effective type I IFN-induced antiviral
responses, we examined IFN-�-inducible antiviral responses against encephalomyocar-
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FIG 1 Loss of Slfn2 enhances transcription of select type I IFN-stimulated genes. (A) Slfn2 KO MEFs were generated using CRISPR/Cas9
technology. (Left) Schematic representation of the three single guide RNA (sgRNA) target sites located in the Slfn2 locus (red rectangles).

(Continued on next page)
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ditis virus (EMCV) in Slfn2 WT versus Slfn2 KO MEFs. We provide evidence that Slfn2 KO
MEFs are more sensitive to the antiviral effects of IFN-� than Slfn2 WT MEFs (Fig. 2C).
Of note, in our previous study, we showed that Slfn2 knockdown/depletion did not
affect IFN-�-induced antiviral responses (13). In contrast, in the present study, complete
knockout of Slfn2 by the CRISPR/Cas9 methodology led to complete depletion of the
Sfln2 gene; thus, the absence of Slfn2 is associated with enhanced expression of
immune-related ISGs and enhanced IFN-�-induced antiviral responses.

Increased type I IFN-induced transcription of select ISGs in Slfn2 KO MEFs is not
dependent on activation of the JAK/STAT signaling pathway. To investigate
whether the increase in select IFN-�-inducible ISG expression in Slfn2 KO MEFs is due
to increased STAT1 activity in the cells, we treated Slfn2 WT and Slfn2 KO MEFs with
IFN-� in a time course study and analyzed the phosphorylation levels of STAT1 by
immunoblotting. Our results showed that IFN-�-mediated phosphorylation of STAT1 on
tyrosine 701 was similar in Slfn2 WT and Slfn2 KO MEFs (Fig. 3A). Surprisingly, IFN-�-
induced phosphorylation of STAT1 on serine 727 was defective in Slfn2 KO MEFs
compared to Slfn2 WT MEFs (Fig. 3B). Previously, we and others have shown that
protein kinase C delta (PKC�) is required for type II IFN-induced phosphorylation of
STAT1 on serine 727 (16, 17). Accordingly, we examined IFN-�-inducible PKC� phos-
phorylation and observed less PKC� phosphorylation in Slfn2 KO MEFs than in Slfn2 WT
MEFs (Fig. 3C). We next conducted a series of electrophoretic mobility shift assays
(EMSAs) employing both ISRE and sis-inducible element (SIE) DNA elements and lysates
from IFN-� treated MEFs. Lysates from IFN-�-treated Slfn2 KO MEFs resulted in reduced
ISGF3-ISRE complex formation in the cells than lysates from IFN-�-treated Slfn2 WT
MEFs (Fig. 3D). Moreover, we also observed reduced binding of STAT1 homodimers,
STAT3 homodimers, and STAT1-STAT3 heterodimers to SIE in Slfn2 KO MEFs compared
to Slfn2 WT MEFs following IFN-� treatment (Fig. 3E). To determine whether reduced
ISGF3-ISRE complex formation in Slfn2 KO MEFs correlated with reduced IFN-�-
dependent ISRE enhancer activity in the promoters of ISGs, we stably transduced both
Slfn2 WT and Slfn2 KO MEFs with a luciferase reporter lentiviral vector containing an
ISRE that drives transcription of the luciferase gene and measured luciferase activity in
untreated and IFN-�-treated cells. Our results demonstrate that IFN-�-mediated ISRE-
luciferase activity is reduced in Slfn2 KO MEFs compared to Slfn2 WT MEFs (Fig. 3F).
Viewed together, our data demonstrate that the enhanced IFN-�-induced expression of
select ISGs we observed in Slfn2 KO MEFs is neither dependent on nor associated with
activation of the classical type I IFN-induced JAK/STAT signaling pathway.

Slfn2 controls type I IFN-induced activation of NF-�B. To investigate which
transcription factors (TFs) might be responsible for the enhanced IFN-inducible ISG
expression we observed in Slfn2 KO MEFs, we analyzed the predicted TF binding sites
present in the promoter regions of the genes that were found to be induced greater by
IFN-� in Slfn2 KO MEFs (see Table S3 in the supplemental material; highlighted in red)
than in Slfn2 WT MEFs, using the Interferome database (18). We identified different
binding sites for the NF-�B family of TFs in the promoter regions of the genes (Fig. 4).
Interestingly, many of these genes present NF-�B binding sites but not ISRE binding
sites, suggesting that loss of Slfn2 may alter regulation by IFN of ISRE-independent
NF-�B target genes (Fig. 4). Studies have shown that IFN-� induces activation of NF-�B
through both canonical and noncanonical pathways and that the promoter regions of

FIG 1 Legend (Continued)
(Right) Slfn2 mRNA expression in Slfn2 WT and Slfn2 KO MEFs was determined by qRT-PCR using Slfn2-specific primers, and Gapdh was used
for normalization and as an internal control. The graph shows means and standard errors (SE) of the results of three independent
experiments. Statistical analyses were performed using a ratio-paired one-tailed t test (**, P � 0.01). (B and C) Slfn2 WT and KO MEFs were
left untreated (UT) or were treated with mouse IFN-� for 6 h. Gene expression profiles of Slfn2 WT and KO MEFs, untreated and treated with
IFN-�, were compared in three independent experiments for Slfn2 WT MEFs and in two independent experiments for Slfn2 KO MEFs, using
MouseWG-6 v2.0 Expression BeadChips (Illumina) and Illumina iScan. (B) Venn diagram showing the differentially expressed genes in Slfn2
WT and Slfn2 KO MEFs after IFN-� treatment. (C) Heat map depicting the differential expression of ISGs in Slfn2 WT and KO MEFs. (D)
Ontology analysis of the ISGs induced at least 2-fold more by IFN-� in Slfn2 KO MEFs than in Slfn2 WT MEFs. (E) Ontology analysis of the
ISGs induced at least 2-fold more by IFN-� in Slfn2 WT MEFs than in Slfn2 KO MEFs.
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FIG 2 Loss of Slfn2 enhances transcription of antiviral ISGs and increases IFN-inducible antiviral responses. (A) Slfn2 WT and
KO MEFs were either left untreated or treated with mouse IFN-� for 6 h. qRT-PCR analyses of the relative mRNA expression
of the indicated genes after IFN-� stimulation are shown. The expression levels of the indicated genes were determined using
Gapdh for normalization and as an internal control. The data are expressed as fold change over untreated samples, and the
graphs represent means and SE of the results of three independent experiments (Mx1 and Oasl2) and four independent
experiments (Cxcl10, Ifit1, Ifit3, Irf7, Irf9, and Isg15). Statistical analyses were performed using a one-tailed ratio-paired t test (*,
P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). (B) Slfn2 WT MEFs and Slfn2 KO MEFs derived from selected single clones
were left untreated or were treated with mouse IFN-� for 6 h. qRT-PCR analyses of the relative mRNA expression of ISGs after
IFN-� stimulation are shown. The expression levels of the indicated genes were determined using Gapdh for normalization and
as an internal control. The data are expressed as fold change over untreated samples, and the graphs represent means and
SE of three independent experiments (Ifit3 and Oasl2) and five independent experiments (Cxcl10, Isg15, Irf7, and Irf9). Statistical
analysis was performed using a one-tailed ratio-paired t test (*, P � 0.05). (C) Slfn2 WT and Slfn2 KO MEFS were treated with
mouse IFN-� for 16 h, as indicated, and then challenged with EMCV. EMCV-induced CPE was determined 24 h later. The values
shown represent means and SE of the results of four independent experiments. Statistical analyses were performed using a
two-tailed unpaired t test (*, P � 0.05).
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ISGs have binding sites for NF-�B (9, 19). Accordingly, we next investigated the role of
Slfn2 in type I IFN-induced activation of the NF-�B signaling pathway. We provide
evidence that Slfn2 KO MEFs have increased nuclear levels of NF-�B p65 compared to
Slfn2 WT MEFs (Fig. 5A). Additionally, the levels of the NF-�B inhibitor I�B� are reduced
in the cytoplasmic fractions of Slfn2 KO MEFs compared to Slfn2 WT MEFs (Fig. 5B), and
the levels of the NF-�B inhibitor I�B� are increased in the cytoplasmic fractions of Slfn2
KO MEFs compared to Slfn2 WT MEFs (Fig. 5C). Next, to determine whether the higher
levels of expression of IFN-�-induced ISGs in Slfn2 KO MEFs are due to increased
IFN-�-mediated NF-�B p65/p50 activation in these cells, we overexpressed the
dominant-negative mutant I�B�M in Slfn2 WT and Slfn2 KO MEFs (Fig. 5D). The I�B�M
mutant protein is not susceptible to phosphorylation at the N-terminal Ser32 and Ser36,

FIG 3 Slfn2 activity is required for IFN-�-mediated activation of JAK/STAT signaling. (A to C) Slfn2 WT and
Slfn2 KO MEFs were serum starved overnight and then treated with mouse IFN-�, as indicated. Equal
amounts of total cell lysates were prepared and resolved by SDS-PAGE and immunoblotted with the
indicated antibodies. (D and E) Slfn2 WT and Slfn2 KO MEFs were either left untreated or treated for 15 min
with mouse IFN-�, as indicated. Nuclear extracts were prepared and reacted with radiolabeled ISRE (D) and
SIE (E) probes. Protein-probe complexes were resolved by native gel electrophoresis and visualized by
autoradiography. (F) Slfn2 WT and Slfn2 KO MEFs were stably transduced with an ISRE-luciferase reporter
construct. The cells were either left untreated or treated with mouse IFN-� for 6 h, followed by measure-
ment of luciferase activity. The data are expressed as fold increase of luciferase activity in response to IFN-�
treatment over control, untreated samples for each condition. The graph shows means and standard errors
of the mean (SEM) of the results of four independent experiments. Statistical analyses were performed
using a two-tailed unpaired t test (***, P � 0.001).
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FIG 4 Transcription factor binding sites present in the promoter regions of genes that were more highly induced in IFN-�-treated Slfn2 KO MEFs than
in Slfn2 WT MEFs. Shown is analysis of the predicted transcription factor binding sites present in the promoter regions of the genes that were induced

(Continued on next page)
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which have been replaced by alanines, thereby inhibiting the translocation of NF-�B
p65/p50 to the nucleus (Fig. 5D). Analyses of mRNA expression of Cxcl10, Ifit1, Irf9, and
Mx1 after IFN-� treatment in Slfn2 WT and Slfn2 KO MEFs transfected with an empty-
vector plasmid (pcDNA) or an I�B�M mutant plasmid showed that the increased
IFN-�-induced expression of these genes in Slfn2 KO MEFs is lost when NF-�B p65/p50
activation is inhibited (Fig. 5E). Together, these results suggest that Slfn2 inhibits
IFN-�-mediated transcription of ISGs by regulating the activation of NF-�B signaling.

Slfn2 binds PPP6R1, a regulator of NF-�B signaling, controlling IFN-�-induced
expression of ISGs. To identify the mechanism by which loss of Slfn2 expression
enhances IFN-�-dependent NF-�B activation, we investigated which proteins interact
with Slfn2 in the presence of IFN-� by performing mass spectrometry (MS). For this, we
overexpressed turbo-green fluorescent protein (TGFP)-tagged Slfn2 protein (Slfn2-
TGFP) in NIH 3T3 cells, immunoprecipitated the complexes formed with Slfn2 using
anti-TGFP antibody, and then analyzed them by mass spectrometry (Fig. 6A). Our
proteomic studies revealed 41 putative Slfn2 binding partners in the presence of IFN-�
stimulation (Fig. 6A and B and Table 1). Of these, serine/threonine protein phosphatase
6 regulatory subunit 1 (PPP6R1) has previously been identified as involved in the
PP6-mediated dephosphorylation of I�B�, inhibiting its degradation in response to
treatment with tumor necrosis factor alpha (TNF-�) (20). Ontology analysis of the 41
putative Slfn2 binding partners revealed that PPP6R1 is involved in regulation of
phosphatase activity (Fig. 6B). To confirm our mass spectrometry results, we immuno-
precipitated PPP6R1 from IFN-�-treated Slfn2 WT MEFs transfected with Slfn2-TGFP- or
TGFP-expressing plasmids and confirmed that PPP6R1 interacts with Slfn2, but not with
TGFP, by immunoblotting analysis (Fig. 6C). Previous studies have shown that PPP6R1
binds I�B� and that knocking down of PPP6R1 enhances I�B� degradation after TNF-�
treatment (20, 21). Phosphorylation and degradation of the I�Bs is the critical step that
leads to activation of the NF-�B family of TFs (10). To examine whether the reduced
interaction between Slfn2 and PPP6R1 could be responsible for the higher IFN-�-
induced activation of NF-�B, leading to enhanced expression of ISGs in Slfn2 KO MEFs,
we knocked down Ppp6r1 in Slfn2 KO MEFs, treated the cells with IFN-� for 6 h, and
then evaluated gene expression for Cxcl10, Irf7, Irf9, Ifit1, and Mx1 by qRT-PCR analysis
(Fig. 6D). Our results revealed that knockdown of Ppp6r1 in Slfn2 KO MEFs decreases
IFN-�-induced expression of these ISGs (Fig. 6D), suggesting that the interaction
between Slfn2 and PPP6R1 affects the activation of IFN-inducible NF-�B signaling and
subsequent transcription of ISGs.

DISCUSSION

Understanding the roles of Slfn2 in different physiological/pathological contexts is
important, since Slfn2 has been found to regulate distinct signaling pathways and to
affect molecular mechanisms in a cell-type-specific/tissue-dependent manner (22). For
example, in naive T cells, Slfn2 was shown to regulate quiescence by preventing
endoplasmic reticulum stress that in turn regulates cholesterol levels (23). This ensures
naive T cells remain quiescent yet poised for activation by specific stimuli, such as a
microbial invasion (23, 24). In primary mouse neurons, type I IFN-induced antiviral
responses against neurotropic viruses were defective and heterogeneous, due to a
reduced induction of 15 ISGs, including Slfn2, in the cells compared to primary
fibroblasts derived from the same mice (25). In osteoclast precursors, receptor activator
of NF-�B ligand (RANKL) selectively induces Slfn2 expression, which is required for
osteoclastogenesis, by regulating c-Jun activation and expression of NFATc1 and c-Jun
(26). In previous studies, we provided evidence for type I IFN-inducible expression of
Slfn1, Slfn2, Slfn3, Slfn4, Slfn5, Slfn8, and Slfn9 in murine renal cell carcinoma cells,
melanoma cells, and fibroblasts (15, 27). These mouse Slfn proteins are classified as

FIG 4 Legend (Continued)
by IFN-� at least 2-fold more in Slfn2 KO MEFs than in Slfn2 WT MEFs in our RNA-seq analysis using the Interferome database (http://www.interferome
.org). All the predicted binding sites for the different transcription factors are indicated.
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FIG 5 Higher expression of IFN-�-induced ISGs in Slfn2 KO MEFs is NF-�B dependent. (A to C) Slfn2 WT and Slfn2 KO MEFs were serum starved
overnight and then treated with mouse IFN-�, as indicated. Cellular lysates were prepared and fractionated into cytosol and nuclear fractions, and
then equal amounts of lysates were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. (D) Slfn2 WT and Slfn2 KO MEFs
were transfected with pcDNA-I�B�M vector or pcDNA empty-vector plasmids. Twenty-four hours later, cellular lysates were prepared and
fractionated into cytosol and nuclear fractions, and then equal amounts of lysates were resolved by SDS-PAGE and immunoblotted with the
indicated antibodies. (E) Slfn2 WT and Slfn2 KO MEFs were transfected with pcDNA-I�B�M vector or pcDNA empty-vector plasmids. Twenty-four

(Continued on next page)
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ISGs, but the mechanism(s) by which they regulate type I IFN responses is poorly
understood (27). In the present study, we investigated the role of Slfn2 in type I IFN
signaling. IFN-�/� activation of IFNAR leads to activation of JAK/STAT signaling, which
results in the expression of STAT-dependent ISGs (2, 5, 28, 29). Studies have shown that
type I IFN treatment induces degradation of I�B�, increasing NF-�B p65/p50-mediated
transcription of antiviral ISGs, such as Mx1 and Nmi (8). Moreover, different groups have
provided evidence that type I IFNs and TNF-� work together to protect the host from
lethal virus infection by enhancing transcription of antiviral ISGs through activation of both
JAK/STAT and NF-�B signaling pathways (19, 30). Interestingly, our data suggest that Slfn2
plays a key role in the regulation/balance of type I IFN-mediated activation of STAT1 and
NF-�B. High circulating levels of IFN and/or ISGs have been linked to autoimmune diseases
and type I interferonopathies (31, 32). Additionally, type I IFN signaling is induced by a DNA
damage response and may contribute to the accumulation of DNA damage and promote
cellular senescence and premature aging (33). Characterization of the specific role of Slfn2
in the tight regulation of type I IFN responses, beyond an antiviral response, and in
preventing deleterious effects of type I IFNs on specific cell types or tissues is warranted. In
our studies, IFN-treated Slfn2 WT MEFs exhibited increased activation of JAK/STAT signaling
but decreased activation of NF-�B signaling compared to IFN-treated Slfn2 KO MEFs. Our
results suggest that Slfn2 interacts with PPP6R1, possibly preventing its binding to I�B�.
Following IFN engagement of IFNAR, the IKK complex, composed of IKK�, IKK�, and IKK�,
phosphorylates both NF-�B inhibitors I�B� and I�B�. Once phosphorylated, I�B inhibitor
molecules are ubiquitinated, leading to their degradation by the proteasome, enabling
NF-�B homodimers (p65/p65) and heterodimers (cRel/p65 and p65/p50) to translocate into
the nucleus and activate gene transcription, including that of ISGs (Fig. 7) (10, 34, 35). In
contrast, in the absence of Sfln2 expression, PPP6R1 binds to I�B�, preventing its phos-
phorylation by the IKK complex during IFN stimulation. Under these conditions, the IKK
complex predominantly phosphorylates I�B�, which is then degraded by the proteasome,
leading to increased levels of free NF-�B p65/p50 complex, which translocates into the
nucleus, resulting in higher transcription of select ISGs (Fig. 7) (9, 34, 35).

In a recent study, we identified human SLFN5 as a transcriptional corepressor of
STAT1-induced ISG transcription (36). Viewed together, our studies provide evidence
that SLFN proteins are involved in the regulation of both canonical and noncanonical
type I IFN-inducible signaling pathways. IFN engagement of IFNAR activates STAT3,
leading to the induction of the PI3K/AKT signaling pathway, which in turn induces
activation of NF-�B (7). In Daudi cells, with defective STAT3 expression, type I IFN
treatment fails to activate NF-�B, resulting in defective type I IFN-mediated antiviral
responses (7, 37, 38). Our results show that Slfn2 KO MEFs are more sensitive to type I
IFN-mediated antiviral responses, possibly because these cells exhibit higher levels of
activated NF-�B p65/p50 heterodimers in their nuclei than Slfn2 WT MEFs, thereby
leading to enhanced transcription of antiviral ISGs.

NF-�B signaling has been implicated in the pathogenesis of many human diseases,
including inflammatory diseases, cancers, autoimmune diseases, and virus infections
(11, 39). The clinical use of type I IFNs for the treatment of cancers and virus infections
has not yielded the kinds of outcomes that the promise reflected in in vitro and/or in
vivo studies suggested (4, 40, 41). Targeting SLFN proteins could be a mechanism to
enhance type I IFN responses, mediated by modulation of NF-�B signaling.

MATERIALS AND METHODS
Cell culture. MEFs were isolated from C57/BL6 mice and cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics. NIH 3T3 cells were

FIG 5 Legend (Continued)
hours after transfection, the cells were treated with mouse IFN-� for 6 h. qRT-PCR analyses of the relative mRNA expression of the indicated genes
after IFN-� stimulation are shown. The expression levels of the indicated genes were determined using Gapdh for normalization and as an internal
control. The data are expressed as fold change over untreated samples, and the graphs represent means and SE of the results of three
independent experiments. Statistical analyses were performed using ordinary one-way ANOVA, followed by Tukey’s multiple-comparison test.
P values between IFN-�-treated pcDNA- and I�B�M-transfected Slfn2 KO MEFs are shown (*, P � 0.05; **, P � 0.01).
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FIG 6 Slfn2 interacts with PPP6R1, regulating IFN-�-mediated ISG expression. (A) NIH 3T3 cells were transfected with Slfn2-TGFP- or TGFP-overexpressing
plasmids and then treated with mouse IFN-� for 30 min. Cell lysates were prepared and then immunoprecipitated (IP) with either TGFP-specific antibody or
control nonimmune rabbit IgG, as indicated. (Left) Fifty micrograms of the immunoprecipitated proteins was resolved by SDS-PAGE and immunoblotted with
anti-TGFP antibody. The asterisk indicates expression of Slfn2-TGFP. (Right) Three milligrams of the immunoprecipitated proteins was subjected to mass
spectrometry analysis. The Venn diagram shows the number of proteins identified by mass spectrometry as putative interactors of Slfn2, highlighted in yellow.
(B) Ontology analysis of the 41 proteins bound to Slfn2 as detected by mass spectrometry. Shown is a heat map of enriched terms across input protein lists.
Colors reflect P values. (C) Slfn2 WT MEFs were transfected with Slfn2-TGFP- or TGFP-overexpressing vector plasmids and treated with mouse IFN-� for 30 min.
Cell lysates were prepared, and then equal amounts of proteins were immunoprecipitated with anti-PPP6R1-specific antibody. (Left) Immunoprecipitated
proteins were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. The crosses indicate heavy and light chains. (Right) Total cell lysates
(INPUT) derived from the same experiment were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. (D) Slfn2 KO MEFs were transfected
with either Ppp6r1 siRNA or control (CTRL) siRNA. Twenty-four hours after transfection, the cells were treated with mouse IFN-� for 6 h. qRT-PCR analyses of
the relative mRNA expression of the indicated genes after IFN-� stimulation are shown. The expression levels of the indicated genes were determined using
Gapdh for normalization and as an internal control. The data are expressed as fold change over untreated samples, and the graphs represent means and SE
of the results of four independent experiments. Statistical analyses were performed using a one-tailed ratio-paired t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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purchased from the ATCC (CRL-1658) and were cultured in DMEM supplemented with 10% bovine serum
(BS). The cells were cultured at 37°C and 5% CO2 and tested for mycoplasma contamination.

Reagents. Recombinant mouse IFN-� was provided by Biogen. The antibodies against phospho-
PKC� (p-PKC�) (Thr 505; number 9374S), PKC� (number 9616S), p-STAT1 (Ser 727; number 8826S),
p-STAT1 (Tyr 701; number 7649S), pSTAT3 (Tyr 705; number 9131S), lamin A/C (number 2032S),
NF-�B–p65 (number 8242S), and NF-�B–p50 (number 13586S) were obtained from Cell Signaling. The
antibodies against actin (number sc-8432), STAT1 (number sc-346), STAT3 (number sc-482), I�B� (number
sc-203), I�B� (number sc-7275), and HSP90 (number sc-7941) were obtained from Santa Cruz Biotech-
nology. The antibody against TGFP (number PA5-22688) was obtained from Thermo Fisher, anti-GAPDH
(anti-glyceraldehyde-3-phosphate dehydrogenase) (number MAB374) was obtained from Millipore. Con-
trol small interfering RNA A (siRNA-A) (number sc-37007) and mouse PPP6R1 siRNA (number sc-106531)
were from Santa Cruz Biotechnology. pcDNA3.0-I�B�M was kindly provided by Francesca Zazzeroni
(University of L’Aquila, L’Aquila, Italy) and was previously described (42).

Generation of Slfn2 KO MEFs using CRISPR/Cas9 technology. Slfn2 KO MEFs were generated as
described in our previous study (36). Briefly, 2 �g of the Slfn2 CRISPR/Cas9 KO plasmid (m2; number
sc423017) and 2 �g of the Slfn2 HDR plasmid (number sc423017-HDR; Santa Cruz Biotechnology) were
cotransfected into MEFs using the Lipofectamine 3000 transfection reagent (Thermo Fisher), according
to the manufacturer’s instructions. Forty-eight hours after transfection, the MEFs were cultured in the
presence of puromycin (1 �g/ml), and 2 weeks later, the puromycin-resistant cells were expanded and
RFP-expressing MEFs were sorted by flow cytometry. We obtained single clones using flow cytometry
cell-sorting technology. Deletion of the Slfn2 gene was confirmed by qRT-PCR using Slfn2-specific primers
and by RNA-sequencing analysis.

Protein mass spectrometry analysis. NIH 3T3 cells (6 � 106) were seeded in 15-cm plates. Next, the
cells were transfected with either pCMV6-TGFP-Slfn2 or pCMV6-TGFP using the Lipofectamine 3000

TABLE 1 List of putative protein interactors of Slfn2 identified by mass spectrometrya

No. Identified protein Accession no. Molecular mass (kDa)

1 Alpha-enolase OS � M. musculus GN � Eno1 PE � 1 SV � 3 ENOA_MOUSE 47
2 CAD protein PYR1_MOUSE 243
3 Caprin-1 CAPR1_MOUSE 78
4 Collagen alpha-1(I) chain CO1A1_MOUSE 138
5 Collagen alpha-2(l) chain CO1A2_MOUSE 130
6 Cytoplasmic dynein 1 heavy chain 1 DYHC1_MOUSE 532
7 Endoplasmin ENPL_MOUSE 92
8 Enhancer of mRNA-decapping protein 4 EDC4_MOUSE 152
9 Filamin-A FLNA_MOUSE 281
10 Gamma-adducin ADDG_MOUSE 79
11 Heterogeneous nuclear ribonucleoprotein A0 ROA0_MOUSE 31
12 Importin subunit beta-1 IMB1_MOUSE 97
13 Interferon-induced protein with tetratricopeptide repeats 1 IFIT1_MOUSE 54
14 La-related protein 1 LARP1_MOUSE 121
15 Lupus La protein homolog LA_MOUSE 48
16 Myosin light polypeptide 6 MYL6_MOUSE 17
17 N-Acetylglucosamine-6-phosphate deacetylase NAGA_MOUSE 44
18 Protein argonaute 2 AGO2_MOUSE 97
19 Protein C21orf2 homolog CU002_MOUSE 28
20 Putative helicase MOV-10 MOV10_MOUSE 114
21 RNA-binding motif, single-stranded-interacting protein 1 RBMS1_MOUSE 44
22 Serine/threonine-protein phosphatase 6 regulatory subunit 1 PP6R1_MOUSE 95
23 T-complex protein 1 subunit eta TCPH_MOUSE 60
24 Transcriptional activator protein Pur-alpha PURA_MOUSE 35
25 Transitional endoplasmic reticulum ATPase TERA_MOUSE 89
26 tRNA selenocysteine 1-associated protein 1 TSAP1_MOUSE 32
27 UDP-glucose:glycoprotein glucosyltransferase 1 UGGG1_MOUSE 176
28 40S ribosomal protein S24 RS24_MOUSE 15
29 40S ribosomal protein S29 RS29_MOUSE 7
30 40S ribosomal protein S30 RS30_MOUSE 7
31 60S acidic ribosomal protein P2 RLA2_MOUSE 12
32 60S ribosomal protein L10a RL10A_MOUSE 25
33 60S ribosomal protein L13a RL13A_MOUSE 23
34 60S ribosomal protein L18a RL18A_MOUSE 21
35 60S ribosomal protein L28 RL28_MOUSE 16
36 60S ribosomal protein L29 RL29_MOUSE 18
37 60S ribosomal protein L35 RL35_MOUSE 15
38 60S ribosomal protein L37a RL37A_MOUSE 10
39 60S ribosomal protein L38 RL38_MOUSE 8
40 60S ribosomal protein L5 RL5_MOUSE 34
41 60S ribosomal protein L7 RL7_MOUSE 31
aPPP6R1 information is in boldface.
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reagent (Thermo Fisher) according to the manufacturer’s protocol. Twenty-four hours later, the cells were
treated with mouse IFN-� at 104 IU/ml for the indicated time, followed by coimmunoprecipitation: 3 mg
of total cell lysates was incubated overnight at 4°C with anti-TGFP antibody as indicated, followed by
incubation at 4°C for 1 h with protein G-Sepharose 4 Fast Flow beads (GE Healthcare). The same
procedure was followed using anti-rabbit IgG antibody (BD Pharmigen; number 550875) as a control. The
beads were then washed three times with Nonidet P-40 buffer. Protein complexes were eluted from the
beads and submitted for mass spectrometry analysis. Samples were run on an SDS-PAGE gel, and a gel
lane was divided into 10 gel fractions based on molecular weight before performing in-gel digestion. The
gel bands were washed in 100 mM ammonium bicarbonate (AmBic)-acetonitrile (ACN) and reduced with
10 mM dithiothreitol at 50°C for 30 min. Cysteines were alkylated with 100 mM iodoacetamide in the dark
for 30 min at room temperature. The gel bands were washed in 100 mM AmBic-ACN prior to adding 600
ng trypsin for overnight incubation at 37°C. Supernatant that contained peptides was saved in a new
tube. The gel bands were washed with 50% ACN-5% formic acid (FA) at room temperature for 10 min
with gentle shaking, and the eluates were collected. The wash step was repeated using 80% ACN-5% FA
and 100% ACN, and all the eluates were then subjected to SpeedVac drying. After lyophilization, peptides
were reconstituted with 5% ACN-0.1% FA in water and injected onto a trap column (150-�m inside
diameter [i.d.] by 3 cm packed in house with a ReproSil C18aq high-pressure liquid chromatography
[HPLC] column [3 �m]) coupled with a nanobore analytical column (a 75-�m i.d. by 10.5-cm PicoChip
column packed with ReproSil C18aq [1.9 �m]; New Objectives). Samples were separated in a linear
gradient of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in ACN) over 45 min,
using an Easy nano-liquid chromatography (LC) instrument (ThermoFisher Scientific). MS data were
obtained on an LTQ Velos Orbitrap mass spectrometer (ThermoFisher Scientific). The data collected were
analyzed using Mascot (Matrix Science) 2.5 against the UniProt database, and the results were reported
at a 1% false-discovery rate (FDR) in Scaffold 4.5 (Proteome Software). We considered Slfn2 putative
interactor proteins to be those found to bind only Slfn2, excluding proteins that were bound to the IgG
and TGFP negative controls.

RNA-sequencing analysis. (i) Library construction and sequencing. Library construction and
sequencing were performed at the Genomics Core facility at the University of Chicago. RNA quality and
quantity were first determined with the Agilent Bioanalyzer 2100, accepting RNA integrity numbers (RIN)

FIG 7 Role of Slfn2 in type I IFN signaling. Shown is a schematic representation of a proposed mechanism by which Slfn2 controls expression of
ISGs.
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of �7 and quantities of 100 ng or more per sample. The total-RNA samples were treated with DNase I
to degrade any possible DNA contamination, followed by rRNA removal using RiboZero (Epicentre,
Madison, WI). Directional libraries were prepared using an Illumina TruSeq Stranded Total RNA HT sample
preparation kit (Illumina, San Diego, CA) according to the manufacturer’s instructions. The barcoded
libraries were amplified by PCR, and the resulting cDNA libraries were quantified using quantitative PCR
(qPCR). Equimolar amounts of each cDNA library were pooled and sequenced on an Illumina HiSeq2500,
with four libraries multiplexed per lane.

(ii) Transcriptome analysis. The quality of DNA reads, in fastq format, was evaluated using FastQC.
Adapters were trimmed, and reads of poor quality or aligning to rRNA sequences were filtered. The
cleaned reads were aligned to the Mus musculus genome (mm10) using STAR (43). Read counts for each
gene were calculated using htseq-count (44) in conjunction with a gene annotation file for mm10
obtained from the University of California—Santa Cruz (UCSC) (http://genome.ucsc.edu). Differential
expression was determined using DESeq2 (45). The cutoff for determining significantly differentially
expressed genes was an FDR-adjusted P value of less than 0.05.

Enriched ontology cluster analyses. Gene lists (GenBank accession numbers) from corresponding
RNA-seq results and protein lists identified from corresponding mass spectrometry were converted to
gene lists and submitted to the Metascape database (http://metascape.org) (46, 47). Metascape first
identified all statistically enriched terms, and accumulative hypergeometric P values and enrichment
factors were calculated and used for filtering. The remaining significant terms were then hierarchically
clustered into a tree based on kappa-statistical similarities among their gene memberships, and a kappa
score of 0.3 was applied as the threshold to cast the tree into term clusters.

Antiviral assays. The antiviral effects of mouse IFN-� on Slfn2 WT and KO MEFs were determined by
challenging cells with EMCV, and the extent of virus-induced cytopathic effect (CPE) was determined, as
previously described (48).

Luciferase assays. Slfn2 WT and KO MEFs carrying the pGF1-ISRE-Luc reporter vector were generated
as previously described (36). Slfn2 WT and KO MEFs stably transfected with the ISRE luciferase reporter
were seeded (500 cells per well) in triplicate in a 96-well plate. The next day, cells were either left
untreated or treated with 5 � 103 IU/ml of mouse IFN-� for 6 h and then lysed using 100 �l of cell culture
lysis reagent (Promega). Luciferase activity was then measured using a Cytation 3 plate reader (BioTek
Instruments Inc.) after addition of 100 �l of luciferase assay substrate (Promega), according to the
manufacturer’s protocol.

Overexpression system and siRNA-mediated knockdown. The Slfn2 (NM_011408) cDNA clone
was purchased from Origene. The Slfn2 open reading frame (ORF) was cloned directly into an SgfI-MluI-
digested pCMV6-AC-TGFP plasmid (Origene). pCMV6-AC-TGFP was used as a control vector. NIH 3T3 cells
or MEFs (6 � 106 cells) were seeded in 15-cm plates. Next, the cells were transfected with either
pCMV6-TGFP-Slfn2 or pCMV6-TGFP, using Lipofectamine 3000 reagent (Thermo Fisher), according to the
manufacturer’s protocol. Twenty-four hours later, the cells were treated with mouse IFN-� at 104 IU/ml
for the indicated time, followed by coimmunoprecipitation and immunoblot analyses. Slfn2 WT and KO
MEFs (6 � 106) were seeded in duplicate in 15-cm plates. The next day, the MEFs were transfected with
either pcDNA3.0-I�B�M or pcDNA3.0 as a control, using Turbofect (Thermo Fisher) according to the
manufacturer’s protocol. Twenty-four hours later, the cells were treated with 5 � 103 IU/ml of mouse
IFN-� for the indicated time, followed by RNA isolation and qRT-PCR analysis.

Immunoprecipitations and immunoblotting. MEFs or NIH 3T3 cells were starved overnight in
DMEM containing 0.25% FBS and then treated with 104 IU/ml of mouse IFN-� in DMEM containing 0.25%
FBS for the indicated times. After treatment, the cells were lysed in Nonidet P-40 buffer (40 mM HEPES,
pH 7.5, containing 0.1% Nonidet P-40, 120 mM sodium chloride, 1 mM EDTA, 10 mM sodium pyrophos-
phate, 50 mM NaF, and 10 mM B-glycerophosphate) to which protease and phosphatase inhibitors were
added (Millipore). For immunoblot analyses, lysates were resolved by SDS-PAGE (Bio-Rad), transferred to
Immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore), and then probed with primary and
secondary horseradish peroxidase (HRP)-conjugated antibodies. After reaction with Amersham ECL
detection reagent (GE Healthcare), the blots were visualized for the indicated proteins using a ChemiDoc
MP imager (Bio-Rad) or autoradiography. For coimmunoprecipitation analyses, total cell lysates were
incubated overnight at 4°C with anti-TGFP antibody or anti-PPP6R1, as indicated, followed by incubation
at 4°C for 1 h with protein G-Sepharose 4 Fast Flow beads (GE Healthcare). The same procedure was
followed using anti-rabbit IgG antibody (BD Pharmingen; number 550875) as a control. The beads were
then washed three times with Nonidet P-40 buffer. Protein complexes were eluted from the beads,
resolved by SDS-PAGE, and processed for immunoblot analysis.

Real-time qRT-PCR. Slfn2 WT and KO MEFs (1.5 � 106) were seeded in 10-cm plates. One day later,
MEFs were either left untreated or treated with 5 � 103 IU/ml of mouse IFN-� for 6 h. Total RNA was
isolated using an RNeasy minikit (Qiagen) and retrotranscribed using an Omniscript reverse transcription
kit (Qiagen). TaqMan qRT-PCR was performed using commercially available primers (Thermo Fisher):
Gapdh, Mm99999915_g1; Slfn2, Mm 00488307_m1; Cxcl10, Mm00445235_m1; Ifit1, Mm00515153_m1;
Ifit3, Mm01704846_s1; Irf7, Mm00516793_g1; Irf9, Mm00492679_m1; Oasl2, Mm00496187_m1; Isg15,
Mm01705338_s1; Mx1, Mm01218004_m1; and Ppp6r1, Mm00556520_m1.

Mobility shift assays. Slfn2 WT and KO MEFs were either left untreated or treated with 104 IU/ml of
murine IFN-� for 15 min. The cells were washed twice with ice-cold phosphate-buffered saline and
resuspended in hypotonic buffer (12 mM HEPES, pH 7.9, 4 mM Tris, pH 7.9, 0.6 mM EDTA, 10 mM KCl, 5
mM MgCl2, 1 mM Na3VO4, 1 mM Na4P2O7, 1 mM NaF, 0.6 mM dithiothreitol [DTT], 0.5 mM phenylmeth-
ylsulfonyl fluoride [PMSF], 10 mg/ml aprotinin, 2 mg/ml leupeptin, 2 mg/ml pepstatin A). Following a
10-min incubation, the cells were supplemented with 0.2% Triton X-100 and disrupted by repeated
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passage through a 25-gauge needle; then, the suspensions were centrifuged at 12,000 � g for 40 s. The
pellets were incubated in high-salt buffer for 30 min and clarified by centrifugation at 12,000 � g for 20
min. Hypotonic buffer contained 12 mM HEPES, pH 7.9, 4 mM Tris, pH 7.9, 0.6 mM EDTA, 300 mM KCl,
5 mM MgCl2, 1 mM Na3VO4, 1 mM Na4P2O7, 1 mM NaF, 0.6 mM DTT, 0.5 mM PMSF, 10 mg/ml aprotinin,
2 mg/ml leupeptin, 2 mg/ml pepstatin A, and 20% glycerol. The protein concentration was determined
using the Bio-Rad protein assay, and 10 �g of extracts was analyzed by EMSA. The extracts were
incubated with 32P-end-labeled double-stranded oligonucleotides representing the SIE of the human
c-fos promoter (5=-AGCTTCATTTCCCGTAAATCCCT-3=) and the ISRE of the human 2-5A synthetase
promoter (5=-AGCTTCCCTTCTGAGGAAACGAAACCA-3=) in the presence of 2 �g of herring sperm DNA in
EMSA buffer for 20 min. Protein-probe complexes were resolved on 4.5% polyacrylamide gels, dried, and
exposed to X-ray film. The EMSA buffer contained 13 mM HEPES, pH 7.9, 65 mM NaCl, 0.15 mM EDTA,
0.06 mM EGTA, 1 mM DTT, and 15% Ficoll.

Statistical analysis. Data were analyzed using Prism v6.0 (GraphPad Software, Inc.). Student’s t test
or a ratio-paired t test was used for comparison of one observation between two groups, and one-way
analysis of variance (ANOVA) was used to compare more than two groups, followed by Tukey’s
multiple-comparison test, as indicated in the figure legends. Differences were considered statistically
significant when P values were less than 0.05.

Accession number(s). The raw RNA-seq data have been uploaded to the NIH GEO Web portal under
accession number GSE109991.
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